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In robotics, networks, and many related fields, a typical controller design prob-
lem needs to address both logical and informational constraints. The logical con-
straints may arise due to the complex task description or decision making process,
while the information-related constraints emerge naturally as a consequence of the

limitations on communication and computation capabilities.

In the first part of the thesis, we consider the problem of synthesizing an
event-based controller to address the information-related constraints in the con-
troller design. We consider dynamical systems that are operating under continuous
state feedback. This assumes that the measurements are continuously transmit-
ted to the controller in order to generate the input and thus, increases the cost of
communication by requiring huge communication resources. In many situations,
it so happens that the measurement does not change fast enough that continuous

transmission is required. Taking motivation from this, we consider the case where



instead continuous feedback we seek an intermittent-feedback. As a result, the sys-
tem trajectory will deviate from its ideal behavior. However, the question is how
much would it deviate? Given the allowed bound on this deviation, can we design
some controller that requires fewer measurements than the original controller and
still manages to keep the deviation within this prescribed bound? Two important
questions remain: 1) What will be the structure of the (optimal) controller? 2) How
will the system know the (optimal) instances to transmit the measurement? When
the system sends out measurement to controller, it is called as an “event”. Thus, we
are looking for an event-generator and a controller to perform event-based control

under the constraints on the availability of the state information.

The next part focuses on controller synthesis problems that have logical,
spatio-temporal constraints on the trajectory of the system; a robot motion plan-
ning problem fits as a good example of these kind of finite-time logically constrained
problems. We adopt an automata-based approach to abstract the motion of the
robot into an automata, and verify the satisfaction of the logical constraints on
this automata. The abstraction of the dynamics of the robot into an automata
is based on certain reachability guarantee of the robot’s dynamics. The controller
synthesis problem over the abstracted automata can be represented as a shortest-

path-problem.

In part III, we consider the problem of jointly addressing the logical and in-

formation constraints. The problem is approached with the notion of robustness of



logical constraints. We propose two different frameworks for this problem with two
different notions of robustness and two different approaches for the controller synthe-
sis. One framework relies on the abstraction of the dynamical systems into a finite
transition system, whereas the other relies on tools and results from prescribed per-
formance control to design continuous feedback control to satisfy the robust logical
constraints. We adopt an hierarchical controller synthesis method where a contin-
uous feedback controller is designed to satisfy the (robust) logical constraints, and
later, that controller is replaced by a suitable event-triggered intermittent feedback

controller to cope with informational constraints.
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Chapter 1: Introduction

In recent years, systems have become more complex, distributed and intercon-
nected. Moreover, the controllers for such systems are required to be designed for
higher level task descriptions —which often times require satisfaction of logical con-
straints and complex decision making. With this increasing complexity and sophis-
tication of the systems, new metrics for the design of the controllers are considered.
These new metrics account for communication, sensing and computing overhead
associated with the computation of the feedback control laws; and these metrics
are much different from the classical Hy or H,, performance criteria. Although
controller synthesis problems in the past have addressed instances with boolean de-
cision variables, switched or hybrid systems, however, representing certain higher
level specifications require special forms and tools of mathematics. Some of these
specifications can be represented and formally verified by using temporal logic' [53].
Similarly, efforts have been made in reducing the communication and computational
overhead associated with controller synthesis by using techniques such as low (or
variable) precision quantization [100]. Recently, the focus has been shifted towards

reducing the frequency of sensing rather than the quality of the sensed measure-

!Temporal logic was invented in the domain of computer science for purpose of automated
formal testing and verification [78]



ments to deal with limited network bandwidth. These techniques adaptively change
their sampling instances to assist the controller to ensure the performance criteria.

With the emergence of new topics such as Cyber-Physical-Systems(CPSs) or
Internet-of-Things(IoT), systems are becoming more heterogeneous and resource
constrained; and therefore they require systematic and careful modification to the
existing theories in order to address the challenges and requirements in those sys-
tems. Needless to mention that these systems are expected to perform complex
tasks with minimal information exchange so that communication bandwidth and
sensing energy are not overused.

Information has manifold interpretations in different fields of studies. By
information in this thesis we primarily mean the knowledge of state (or output)
measurements, and by information constraints we mean the limited access of such

information to the controller.

1.1 CPS and Emergence of Logical Constraints

Cyber-Physical Systems span a broad class of systems with multiple physical
components —generally known as the plants— which are interconnected through cer-
tain cyber components. As CPSs encompass large number of systems, it is difficult
to mathematically generalize the requirements and objectives associated with such
systems. However, in many systems of our interests such as Robotics [15], Traf-
fic Network [23], etc. logical decision making among the subsystems and temporal

constraints on the actions of the subsystems are crucial factors in feasibility and



optimality of the given task specification.

In control, the plants are generally represented with dynamical systems where
the flow of the certain state (signal) is controlled by some actuator input. The
logical constraints are used to evaluate certain higher level specifications of these
signals; for example signal z(t) should reach the value 5 before x(t) becomes negative.
Such a specification can be represented using the temporal logic as follows (z(t) >

0)U(xz > 5), where U is the Until operator.

1.1.1 Temporal logic and dynamical systems

The behavior of the overall system is characterized by the evolution of the state
trajectory of the underlying dynamical system associated with the CPS. Therefore,
the temporal logical specifications are imposed on the trajectory of the states. The
trajectories are controlled by operating the actuators and consequently, the con-
trol inputs are to be designed such that the trajectories are ensured to satisfy the
temporal logical constraints.

Temporal logic was designed primarily with the focus of verifying temporal
properties of Finite State Machines (FSMs) or systems with discrete states and dis-
crete controlled transition from one state to another. However, a typical dynamical
system in control have continuous state and control space. Therefore, initial tech-
niques on this field relied on the abstracting a dynamical system into a finite state
machine [40], [1], where the transitions are made by certain choice of particular con-

trol actions. The complexity of resulting FSM of a dynamical system is proportional



to the accuracy of the abstraction. The constraint in constructing the FSM is that
the original system should be able to mimic the behavior of the FSM. Finally, the

temporal logical specification is evaluated on the FSM.

1.2 Information Constraints and Intermittent Feedback

Another aspect as highlighted in the beginning is the constraint in the commu-
nication and sensing resources in a CPS. In many cases, when the state signal does
not vary much for an interval of time and one may reduce the amount of sensing
and transmission of the sensed signal to the control with barely any degradation
in the performance. Thus intermittent sampling may lead to significant reduction
in the communication resources: especially in a CPS with multiple agents which
incurs a huge amount of the intra-system communication. Periodic sampling pos-
sibly would be most intuitive approach towards an intermittent feedback controller
synthesis. However, finding a suitable period is a challenging task [7]. In the recent
years event-triggered and self-triggered control have gained popularity in this aspect
where the system adaptive selects the sampling instances based on the performance

criteria.

1.2.1 Event-triggered controller synthesis

In event-triggered control the sampling instances of state measurements are
computed adaptively. The event-triggered system is composed of two parts: a con-

troller and an event-generator [7]. The event generator determines the sampling



instances which are also known as the ‘events’ based on the evolution a certain
event signal (a function of the state signal).

Synthesis of an event-trigger system is a co-design of the controller and the
event generator. The controller depends on the frequency of the events generated by
the event-generator and the events are generated based on the the quality of some
signal which depends on the control input. Most often, the event-generator follows
a threshold based policy, that is, an sampling is done (and immediately sent to the
controller) when some signal crosses a threshold. Also, to maintain simplicity, the

controllers are chosen to be simple zero order hold [29], [28].

1.3 A framework to combine Temporal logic and event-triggered con-

straints for dynamical systems

Since in a CPS, the two types of constraints —logical and information— may
arrive simultaneously, efforts must be taken to combine these two framework. How-
ever, the challenge lies in the fragile behavior of a logical constraint. Consider the
example in Fig. 1.1 where in both the cases the continuous feedback trajectory (black
curve with arrowhead) satisfies the task and hence the logical constraint evaluates
to be true. Event-triggered trajectories generally deviate from the continuous feed-
back trajectory. Therefore, if we consider an € tube around the continuous feedback
trajectory as shown in Fig. 1.1, we see that not all trajectories (consider the red dot-
ted line) can satisfy the logical task of eventually reaching A. Therefore, combining

event-trigger framework with a temporal logical constrained problem is non-trivial.
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Figure 1.1: Task: trajectory should reach A eventually

However, this issue can be addressed by robustifying the logical constraints [37].

1.4 Contributions of the Thesis

The first problem of this thesis addresses the event-triggered controller syn-
thesis problem of a nondeterministic linear system. The performance criterion is to
mimic the continuous feedback trajectory with e-precision using the event-triggered
controller. Although, threshold based policies are ubiquitous in event-trigger liter-
ature, however, in this chapter we formally show that the threshold based policies
are optimal for these systems. Also, we study the optimal controller associated with
the threshold based optimal event-generator. We extend our results from finite time
horizon to infinite time horizon as well. This is presented in Chapter 2. Relevant
Publication:

D. Maity and John S. Baras, “Optimal Event-triggered Control of Non-deterministic



Linear Systems”, IEEE Transactions on Automatic Control, (under Review).

In the next problem we focus on the class of control-affine nonlinear systems.
The objective is similar to Chapter 1 in the sense that the event-triggered trajectory
should mimic the continuous feedback trajectory with any given precision. We
adopt a Lyapunov function based technique for the design of our threshold-based
event-generator. For this problem, to retain simplicity, we adhere to the practice
of choosing the controller from the zero-order-hold class. This is the content of
Chapter 3 of this thesis. Relevant Publication:

D. Maity and J. S. Baras, “Fvent Based control of Nonlinear Systems: A Lyapunov
Function Based Approach”, IEEE Conference on Decision and Control, 2015,

So far we have assumed the disturbance to be non-deterministic but its statis-
tics are unknown. In the next segment we consider noise with known distributions
(precisely, Wiener noise). We focus on the nonlinear stochastic optimal control
problems with intermittent feedback. The results of this chapter is connected with
the well celebrated Hamilton-Jacobi-Bellman (HJB) equations. We show an inter-
mittent feedback controller might be designed from the corresponding continuous
feedback controller. The results are presented in Chapter 4.

In Chapter 5 we study an intermittent feedback based controller synthesis
problem for multi-agent systems. We show that for Linear-Quadratic-Gaussian sys-
tems, the sub-game-perfect equilibrium (SPE) control policy for the agents does not
depend on the event-triggering instance. Moreover, the SPE control policy and the
SPE sampling policy can be found by solving two decoupled dynamic programming

problems. Relevant Publication:



D. Maity, A. Anastasopoulos, and J. S. Baras, “Linear Quadratic Games with Costly
Measurements”, IEEE Conference on Decision and Control, 2017.

Next we study the controller synthesis problem under temporal logic specifica-
tion in a robotics motion planning framework. We propose an automaton abstrac-
tion of the dynamics of the robot based on reachability aspects. We also focus on
addressing finite time temporal logic tasks where we have time bounds on executing
the tasks. This is presented in chapter 6. relevant publication:

D. Maity and J. S. Baras, “Motion Planning in Dynamic Environment with Bounded
Time Temporal Logic Specifications”, Mediterranean Conference in Control and Au-
tomation, IEEFE, 2015.

In Chapter 7 we propose a framework to combine the temporal logic con-
straints and information constraints in the controller synthesis. Our approach is
compositional in nature, i.e., firstly a continuous feedback controller is designed us-
ing the method proposed in Chapter 6 and subsequently that controller is replaced
with an event-triggered one using the results presented in Chapter 3. Furthermore,
we address the effects of delay in the measurement transmission as well. Relevant
Publication:

D. Maity and John S. Baras, “Fuvent-Triggered Controller Synthesis for Dynamical
Systems with Temporal Logic Constraints”, American Control Conference, IEEFE,
2018

Chapter 8 of the thesis also deals with jointly addressing the logical and infor-

mation constraints. While in Chapter 7 we took an abstraction based approach, in

this chapter we do not abstract the dynamics into an Finite State Machine (FSM)



rather we adopt prescribed performance based control approach. Hence, in one
hand, this method does not suffer from computational complexity issues associated
with the increasing size of the FSM, however on the other hand, the class of tempo-
ral logical tasks that can be addressed in this framework is restricted compared to
Chapter 7. However, the design of the event-trigger strategy is similar to Chapter 3,
i.e., a continuous feedback control is approximated by a zero-order-hold controller
and threshold-based event-generator. Relevant publication:

D. Maity, L. Lindeman, John S. Baras, and Dimos V. Dimarogonas “FEvent-triggered
Feedback Control for Signal Temporal Logic Tasks”, IEEE Conference on Decision

and Control, 2018.



Chapter 2: Part I
Controller Synthesis under Resource Constraints:

Event-triggered Control Approach

In this chapter, an event-triggered controller is sought to replace the continuous
feedback policy with an intermittent feedback one for a non-deterministic linear
system. The non-determinism arises due to the presence of an exogenous disturbance
in the dynamics of the system. An event-triggered framework communicates the
measurement to the controller only at certain discrete time instances which are
generated by an event-generator. The objective of this new control architecture is
to synthesize an optimal event-generator and controller such that the trajectory of
the states of the event-triggered system mimics the same of the feedback system
with prescribed precision. The optimality is in the sense that the least number of
state measurements are sent to the controller.

The results of this chapter show that such an optimal event-triggered controller
retains the linear structure when the continuous feedback controller is linear; and the
optimal event-generator follows a threshold based policy, where the event-generator
decides to send the state measurement to the controller every time a certain signal

exceeds a certain threshold.

10



We start with a finite horizon design problem and the extend the results for
infinite horizon controller synthesis. The structural properties of the optimal event-
triggered controller and event-generator remain unchanged when extended to an

infinite horizon.

2.1 Introduction

Consider the generic linear non-deterministic control system in R" as given in

(2.1).

z=Axz+ Bu-+d

z(0) = xo. (2.1)

where d is a non-deterministic exogenous disturbance acting on the system. The
initial state 2(0) is known.

Given a control law u(t) = K(t,z(t)), control of such a system described in
(2.1) generally requires continuously reading the sensor measurements, transmitting
it to the controller. In a centralized system, the performance depends on the con-
tinuity of the communication, and computing the control signal accurately. In a
distributed system, although the controller is implemented distributively, however,
it also requires continuous interaction among the subsystems. Sensing, communica-
tion and data handling are indispensable parts for networked control systems. As
a result, their performance is generally determined by the available resources to
perform sensing, transmission, and computation. Scarcity of such resources are the

11



sources of performance degradation for large and interconnected systems.

In the recent past, researchers have proposed novel techniques to approxi-
mate the control law u = K (t,z(t)), for system (2.1), in such a way that requires
only finite number of transmission (i.e. discrete-time transmission) to overcome the
problem with continuous sensing, continuous transmitting and continuous comput-
ing [6] [44], [5]. Event-based control has been proved to be very effective in dealing
with limited resources such as transmission bandwidth, sensing energy and com-
putational resources. Clearly such an approximate control signal will only lead to
a behavior of the state trajectory which is approximate to the trajectory obtained
from continuous feedback. Such control scheme generally has two components: the
Controller and the Event-Generator. The event-generator decides the discrete time
instances when the state measurement is to be transmitted, and the controller com-
putes the control based on the received measurements from the event-generator.

A great deal of research has been performed in the last few decades to impro-
vise such frameworks and extend them to non-linear and stochastic systems. In [7],
a comparison between the performance of event based control and periodic-sampling
based control has shown that under some conditions the event based control per-
forms better than periodic control. A simple PID controller is proposed in [5] for
event based control which reduces large CPU computation at the cost of minor
control performance degradation. The supremacy of event-based strategy over a
periodic-sampling strategy is not only in reducing the number of transmission when
there is not much variation in the measurements, but also in increased transmis-
sion when there is rapid variation. In periodic sampling, the challenge is to find
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the suitable period of transmission to guarantee a certain level of performance. In
the recent studies, the foci mostly have been on finding a feasible controller and
a compatible event-generator that together can approximate the continuous feed-
back trajectory with arbitrary precision. The aim of this chapter is to identify
the optimal controller and event-generator pair which minimizes the total number
of measurement transmissions, hence entailing minimalistic energy, bandwidth and
computation resources.

In event-based control, self-triggered control or periodic control, the controller
being unable to access the continuous state, it estimates the state and the estimated
state is used to produce the control input. Since the generated control input is
different from the actual (continuous) feedback input, the response of the system is
not as it would have been if there were a continuous state feedback. Let the state of
the continuous feedback system be denoted as x.(t) and the state of the event-based
system as x(t). The signal e(t) = z(t) — z.(t) denotes the deviation in trajectories
for using the event-based controller. For a given €, the aim is to find an event-
generator and a corresponding controller such that ||e(t)|| < e for all ¢ with minimum
transmission. The framework of our work is similar to [64] and [66], but none of them
addresses the question of optimality. The framework is schematically represented
in Figure 2.1 where the event-generator determines the triggering instances and
consequently sends the state information to the controller through the switched
communication link. The system is influenced by the exogenous disturbance d(t).
In [64], for a similar problem (without the optimality criterion) it was assumed that

the closed loop plant dynamics with linear feedback is asymptotically stable (i.e.
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|
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Figure 2.1: Event based control loop with three subsystems: control input generator,
the plant and the event generator. The communication link is shown in dashed line
which allows communication only in discrete manner.

A — BK is Hurwitz) and in this chapter no such assumption is made. Similar to
[64], we restrict ourselves to design event-based controller to replace the continuous
controller which are linear feedback i.e K(t,z(t)) = K(t)x(t). If the system is not
asymptotically stable, the residual error, e(ty), after the k-th triggering persists,
and for unstable systems it might increases exponentially. The proposed approach
assures that the control input can be designed (by introducing an ‘corrective’ control
component ¢ (t)) in such a way that can mitigate this residual error.

The main contributions of this chapter are:

First, the optimal structure of the event-triggered controller is derived and
it is found to be only dependent on the latest state information, and not on all
the prior measurements. Thus, the controller does not need any (extra) memory
(except latest measurement) to implement the control law. Further, it is found
that the optimal controller is linear with respect to the latest state measurement.
Moreover, we show uniqueness (and existence) of such optimal controller.

Second, we show that the controllability of the system is sufficient to ensure (by

constructing additional corrective control) that there exists a event-based controller
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and an event-generator so that the norm of the error, ||e(t)||, can be bounded by any
given positive constant e for all £. Thus, our approach is applicable to those systems
where the closed-loop system is not Hurwitz; hence extending the applicability of
event-triggered controllers to the class of problems that are not readily handled by
existing techniques such as [64].

Third, we design our event-triggering mechanism that minimizes the total
number of triggering under the worst case disturbance (d(-)). It is shown by the
study that such an event-triggering mechanism has a threshold based policy. This
policy is found by solving certain dynamic programming, and the policy is unique.
Such a triggering policy does not exhibit Zeno behavior, i.e., inter-triggering dura-
tion has a finite positive lower bound.

The rest of the chapter is organized as follows: Section 2.1.1 performs a com-
prehensive literature survey; Section 2.3 formulates the general problem that will be
addressed; Section 2.4 provides the optimal controller synthesis; Section 2.5 describes
the optimal event-triggering strategy; and Section 2.7 illustrates the framework with

examples. Finally we conclude our chapter with a discussion in Section 2.8.

2.1.1 Literature Review

Event based controller synthesis is a well studied topic in control for more
than a decade or so, and the literature is vast and enriched with various aspects
of event-based frameworks on many different systems. This section provides a brief

and concise representation of these works.
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In present literature, various seemingly similar frameworks have been studied
to reduce the communication overhead e.g. Event-Based control [8], self-triggered
control [94], [59] and periodic-time control [75], [18], [106]. The essence behind
these techniques is to transmit the measurements at discrete time instances rather
than communicating continuously. Even comparisons among such methodologies
have been performed to judge the effectiveness, see for example [7], [8]. In the
literature, asynchronous control [42], event-based sampling [6], event-driven sam-
pling [44], Lebesgue sampling [8], deadband sampling [76] have been proposed to
carry out the idea of supplicating communication only when some event has been
occurred. In [45], the authors analyzed event-based control in a stochastic set-
ting. [25], [26], [101], took a different approach to reduce the information content
rather than reducing the communication frequency. A state feedback approach for
an event based system is considered in [64] where the feedback control is generated
from another system which is updated every time a trigger is introduced. Later this
framework was extended to consider the output feedback scenario in [57]. Output
feedback based decentralized event-trigger control is also consider in [31], [104]. [104]
studies the problem of multi-agent consensus in an output feedback event-based
framework. Event-based control for distributed interconnected linear systems is
proposed in [29] and [86].

In event-triggered framework, there are some works which aim to directly
optimize certain cost function rather than penalizing the actual trajectory deviation.
Such an event-based control of the standard LQG problem in lossy channel is studied

in [73] and proposed a sub-optimal solution to it. An event triggered state estimation
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has been the focus of study in [74].

In parallel, event-based control for non-linear systems have been explored in
the recent past. Asymptotic stability of an event-triggered non-linear system is
studied in [95] with the assumption of input-state-stability. [91] studies a real-time
scheduling and stabilizing control task under event-triggered framework. This work
is extended for homogeneous and polynomial nonlinear systems in [3]. A feedback
linearization based approach was taken in [90] to design an event-based controller
for nonlinear systems. The nonlinear counterpart of [66] is investigated in [65] using
a Lyapunov function based approach. An Lyapunov function based approach was
also taken in [97] to study non-linear event based systems under delay and packet

drop-outs.

2.2 Notation

x(t): state of the event based system at time ¢, x.(t): state of the equivalent
continuous feedback system at t, e(t) = x(t) — z.(t): error in the state trajectory.
d : Ry — R™ the exogenous disturbance, t;: the i-th triggering instance, x(t;):
value of the state at i-th triggering instance, 6(t): the latest triggering instance
before time ¢, N(t): number of measurements sent until time ¢, J(t) = {x(ti)}lﬁ%)
(or {x(ti)}il\;%) U {e(ti)}i]i(é) ): the information available to controller at time ¢,
IC(t,3(t)): the generic structure of the controller, C: event-triggered controller, &:
event generator, u(t): continuous feedback input, 4(t): event-triggered (intermittent

feedback) input, J: cost function of total number of transmissions, ®(t,s), ®(t, s):
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state transition matrices, || - ||: a norm in R".

2.3 Problem Formulation

Let us consider the linear non-deterministic dynamics of a system to be given

by (2.2)

& =Ar + Bu+d (2.2)

z(0) =z

where for all ¢, z(t) € R" is the state of the system and w(t) is the control. d(t) is
an n dimensional exogenous disturbance to the system which is non-deterministic.
We assume that d : [0,00) — R™ is an Lebesgue integrable function so that (2.2)
has a well defined solution for all ¢ > 0; we also assume d(-) € D for some set
D (in general, D is the set of Lebesgue integrable functions, sometimes we assume
D = L£>°([0,T]) i.e. the set of bounded Lebesgue integrable functions).

Let a feedback control u(t) = —Kx(t) has been designed to achieve some
desirable behavior on the trajectory x(-). In the absence of d, it is sufficient to know
only the initial state xy to calculate u(t) for all ¢; however, the presence of d makes
it absolutely necessary to know z(t) in order to calculate u(t) precisely.

The closed-loop continuous feedback system has the state dynamics (2.3)

i, = Az, +d (2.3)
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where A = A — BK.

The communication of the state measurement to the controller is done in a dis-
crete time manner and on demand. Due to the availability of discrete measurements,
{z(t;) }ien, as opposed to continuous measurements {z(s)}s>o, the computation of
the control u(t) will not be accurate and hence the trajectory z(-) will deviate from
its desired trajectory z.(-). In this chapter our constraint on the controller C and
event-generator £ is to ensure ||z(t) — z.(t)|| < € for all ¢ and for all realization of
the disturbance d(-).

In this framework, since the communication is done in a discrete time manner,
the exact state of the system, x(t), is available to the controller only at those time
instances, t;. Let at any time ¢, 6(t) denote the latest instance ( ¢; < t) when the
state value (z(t;)) was communicated to the controller. Therefore 6(t) is a piecewise
constant function and 0(t) < ¢t where the equality holds at the triggering instances.

Therefore, the control has to be designed in a way such that it does not require
the continuous measurement of the state of the system and, nonetheless, it drives the
new system to approximate the closed loop system (2.3) within the given tolerance
bound for any realization of the disturbance d. Let u(t) = K(t, {x(tz)}fi(lt)) where
tn@y = 0(t); N(t) denotes the total number of measurements sent until time ¢. The

new system with @ as control input has the dynamics

&= Az + Bi+d (2.4)

x(0) = xo.
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The deviation of z(¢) from z.(t) will depend on the choice of {¢;}i>1, N(¢)
and /C(+,-); and these are our optimization variables. We divide these variables into
two groups € = {N(¢), {t;}}, and C = K(-,), where £ will be referred as the event-
generator which will decide the sampling instance ¢; and send x(t;) to the controller,
and C will be named as the event-triggered controller which will generate the input
u(t) based on the measurements sent by &.

Formally, we define that the control input is given by

at) = lC(t, 3(1&)) (2.5)

N(t)
=1

where from our previous discussion, J(t) = {x(t;)} and will be called as the
information available to C at time ¢t. Later in Section 2.4, we will notice that for
systems with non-Hurwitz A, the controller C needs more information than the state
value x(t;) at the triggering instances to ensure ||e|| < e. In fact, we will notice that
€ needs to send the pair (z(t;),e(t;)) to C at each triggering instance ¢;. Therefore,
in that case 3(t) = {{z(t:)} ), {e(t:)}2 P},

The event-generator &£ is attached to the plant and makes its decision at time
t based on the information F; = {z(s) }o<s<t-

It is straightforward to notice that, the more measurements are acquired, the
‘closer’” x(t) will be to z.(t). For given T, ande > 0, the requirement is to design (£, C)
pair such that supc( 7y [|7c(t) — ()| < € for every realization of the disturbance

d(-) while minimizing the number of measurements sent by £ to C.

First, we will solve this problem for a finite horizon [0,7] and later we take

20



T — oo to study the infinite horizon behavior. Therefore for a finite horizon [0, 77,

formally:

Problem 2.3.1. For any given € > 0,

inf sup N(T) (2.6)
€€ d()ep

s.t. sup ||z.(t) —z(t)]| <e vd(-) € D. (2.7)
te[0,7)

For an infinite horizon problem, we make the following assumptions that
limy o0 [|2c(t)]| < +o0, and [ ||d(t)||dt < +oo.
We consider the following problem (the formulation ensures the optimization

problem attains a finite value when there is a feasible event-based £ and C):

Problem 2.3.2. For any given € > 0, and some T < 400

N(T)
J7. = inf sup et 2.8
=i Y 29
s.t. sup ||z.(t) —z(t)]| <e vd(-) € D. (2.9)
t€[0,T]

Let & and C;. be the solution of the finite horizon problem with cost J5.. Then for

infinite horizon:

J>, = limsup J7, (2.10)
T—o0

&L = limsup &7, (2.11)
T—o0

C., = limsupCy. (2.12)
T—o0
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We assume that problems 2.3.1 and 2.3.2 are feasible, i.e., for each problem
there exists a pair (£,C) such that the problem has a finite value at the optimum.

In event-triggered control, the design of £ needs to satisfy non-Zeno behavior,
i.e., there should not be infinite number of state transmission within any finite time
interval. Note that both problem formulation incurs +oco cost for any £ with Zeno

behavior.

2.3.1 Assumptions

The following assumptions are carried out throughout the chapter:

1) The communication link through which the event-generator sends the infor-
mation to the controller is delay-free, noiseless, and none of the packets are dropped
out.

2) The system parameters (A, B, K) are assumed to be time invariant.

3) The initial condition z(0) is deterministic and the initial information to the

controller is J(0) = {z(0)}.

2.4  Optimal Controller Synthesis

In this section we devout our attention to the effects of the controller C on the
error signal e(t).

For simplicity, we restrict ourselves to the space of control strategies which are
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affine in the latest measurement, i.e.

(1) = K (1, ()11 = L(e)a(8() + (1) (2.13)

where L(t) and v (t) characterize K(t, ), and 1 (t) does not depend on z(6(t)). Later
we will remove this assumption and consider a general controller as proposed in (2.5)
and show that the affinity assumption does not lose generality (see Theorem 2.4.6).

Let us note that with the control given in (2.13), the state dynamics evolve

x(t) = Ax(t) + BL(t)x(0(t)) + By (t) + d(t) (2.14)

and the error e = r — 2, has the dynamics

We will occasionally suppress the time argument, to maintain brevity, when-
ever the context is not ambiguous.

From (2.14), we can write:
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where
t

F(t) = ®(t,0(t)) + /a@ O(t,s)BLds.

®(t,s) is the state transition matrix corresponding to drift matrix A, i.e.

% = Ad(t,s) and P(s,s) = I for all s,¢; for the time invariant case, ®(t,s) =
eA(tfs).
Thus,

¢ = Ae + B(KF + L)x(0(t)) + Bo + d, (2.15)

where ¢(t) = o (t) + K [y, ®(t, s)B(s)ds and di(t) = BEK [y, (¢, 5)d(s)ds.

Solving the linear dynamics of e, we can write:

t

e(t) = d(t,0(t))e(A(t)) + /H(t) d(t, s)dy(s)ds + f(t)

where ®(t, s) = eAl=9) By using the fact that for all s € [0(¢), ], 6(s) = 6(t), we
obtain

£(t) = /e  BEIBUFLS) + L6)2(00) +0(5))ds.

From the expression of e in (2.15),

t

sup [0) | =sup (1, 6)e(0(0) + £10) + [ , th(s)ds]|

One can note that f(¢) is the only part in e(t) that does not depend on the

disturbance d. ®(t,6(t))e(A(t)) depends on the disturbance until time #(t) and the
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effect of the disturbance for the interval [#(t), ¢] is only in the term f;(t) d(t, s)d, (s)ds.
Since the disturbance signal could be any Lebesgue integrable function, and the
controller wants to minimize the sup, ||e(t)||, the optimal choice for C would be to
minimize ||f(¢)|| . Thus, in this case, the necessary and sufficient condition for
an optimal f(-) is f(t) = 0 for all £. Since ¢(s) does not depend on z(0(t)), then

f(t) = 0 is equivalent to:

KF(t)+L(t) =0 (2.16)

for all t. The following lemma characterizes the L(t) that is able to satisfy (2.16).
Lemma 2.4.1. L(t) = —K®(t,0(t)) satisfies KF(t) + L(t) = 0.
Proof. Let us substitute L(t) = —K®(t,(t)) in the expression on F(t):

F(t) = ®(t,0(t)) — /6;) ®(t,s)BK®(s,0(t))ds

= O(t,0(t)) + /9 ) %(@(t, 5)B(s, 0(t)))ds

= d(t,0(1)).

Hence, KF(t) + L(t) = 0 for all ¢. O

The following theorem characterizes the optimal controller structure and its

behavior:
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Theorem 2.4.2. Under the event-triggering scheme where the only information sent
by € to C is the sampled state value x(t;), and C uses an affine controller as given
in (2.15), the optimal controller that tries to ensure Supgep Supyejo 1y le(t)|| < € has

the following structure:

a(t) = —Kag (2.17)

where for all t € [t;,t;11)

.Z.‘d = Axd

Proof. The optimal controller will have the structure that satisfies the necessary
conditions (2.16). Hence, ¥(-) = 0 and using Lemma 2.4.1 L(t) = —K®(t,0(t)).

The theorem is proved by noting that z4(t) = ®(t, 6(t))z(A(t)) O

This structure for the controller, (2.17), was assumed without justification for

optimality in earlier works [64], [66].

Remark 2.4.3. Comparing the dynamics of x. and x4, we notice a ‘certainty-
equivalence’ type property in the controller structure; i.e. x4 is an (worst case)

estimate of x. and the control u replaces x.(t) with that estimate.
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Therefore, using the optimal controller as described in Theorem 2.4.2,
é=Ae+d,. (2.18)

The stability and boundedness of e is totally determined by the matrix A and
the disturbance d; (or equivalently d), and not by any parameter of the controller
C and &£. The vast majority of the past work is based on the assumption that
A is Hurwitz and D C £2([0,T]). Since D C £2([0,T]), therefore ||d(t)| < d
almost everywhere for some d > 0. Therefore, with these assumptions, ||d;(¢)|| <
dAIBE]| [y I10(t, 5)]|ds.

Thus, it is trivially true that:

Je(Oll < sup ()] | (e, s)ds < Bsup s 1)

where § = [~ d(t,s)ds < co. Maintaining an event-triggering scheme such that

sup, ||di(t)| < e/B will ensure ||e(t)|| < e. By noticing that ||d;(¢)|| < d||BK]| f;(t) |D(t, s)||ds,
it is sufficient to ensure fet(t) |®(t,s)||ds < ¢/(Bd|BK||). Therefore, under the
assumptions of bounded noise and Hurwitz closed-loop system, the triggering in-

stances can be computed offline by solving f;(t) |®(t,s)||ds < €/(Bd||BK]). A
event-triggered control problem with these assumptions has been studied in [64],

and the conclusion was alike.We want to address the problem when A is not Hur-

witz and/or D Z L£([0,T]).

To maintain the continuity of the analysis, let us assume that £ can also
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measure e(t) for all ¢, and at each triggering instance t;, £ sends the information
(x(t;),e(t;)) to C. For now, this is an assumption that £ knows e(t) since in practice
€ has only the knowledge of F; ( F; = {x(s) }o<s<:) and ‘somehow’ it has to compute
e(t). Later in this chapter we will show how &£ can compute e(¢) for all ¢.

Here we restrict ourselves (without loss of generality, see Theorem 2.4.6 for

the general result) to the controller structures:
u(t) = L)z (0(t)) + (¢, e(0(1))). (2.19)

Using this control input, and after some simplifications

t

e(t) Zgl(b"e(e(f)))+92(ta5€(9(t)))+/ O(, 5)d (s)ds.

0(t)

where
t

gi(t,x) = d(t,0())x +/ O(t,s)Bo(s, x).

o(t)
o(t,r) =(t,x) + Kf;(t) ®(t,s)Bi(s,x)ds and

g2(t,x) = |:/0(t) O(t,s)(B(KF(s)+ L(s)))ds|x.

The requirement is finding controller C such that g, (¢, e(0(t))) = 0 and go(t, z(0(t))) =

0 (or minimize [[gy(¢, e(0(£)))[], llg2(t, 2(6(2)))1])-
Notice that g, (¢, z(6(t))) can be made equal to 0 for all ¢, if L(t) = —K®(t, 0(t))

as stated in Lemma 2.4.1.
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From the expression of g;(t, ), for a fixed x, one can verify that:

ai1(t,x) = Agy (t,x) + Bo(t, ) (2.20)

g1(0(t),x) =x

Therefore, g;(t, ) has a linear dynamics with ¢(t, z) acting as a control input
to that system. Therefore making g(¢,x) = 0 for all ¢, z, is equivalent of asking
whether (A, B) is a controllable pair. Since we have freedom in selecting ¥ (¢, ), we
can control the value of ¢(t, x) by properly selecting 1 (t, z). The following theorem

formally states how to bring g(¢, ) to 0 by proper choice of ¢(¢,x).

Theorem 2.4.4. If (A, B) is a controllable pair, then there exists a ¢(t,z) such

that g1 (t,x) =0 for all t > 0(t). Moreover, such a ¢(t,x) is linear in x.

Proof. Controllability of (A, B) implies controllability of (A, B). For a controllable
time invariant linear system, the state is controllable to the zero state in arbitrarily

small time. Therefore, Vo and Vr € (0(t),t] 3¢(-,x) : [0(t),r] — R™ such that

T

0=gi(r,z) = ®(r,0(t))z +/ O(r, s)Bo(s, x),

o(t)

which implies such a ¢(-,z) is linear in x, i.e. ¢(s,z) = vy(s)z for all s,z. One can
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verify that

can ensure gy (r,z) = 0 for all » > 6(t) + 0, where

a(s) = /S ®(0(t),0)BB'®(0(t),0) do,
a(t)

W (8) = [a(6(t) + )] . (2.21)

Since § can be made arbitrarily small, we can have ¢;(t,2) = 0 for all ¢ >

o(t). O

Although, ¢ could be made arbitrarily small in Theorem 2.4.4, we must note
that the gain of the proposed controller in Theorem 2.4.4 depends on W (d). The
eigenvalues of W (6) increases (arbitrary high) as 6 — 0. Thus, from an implementa-
tion point of view, ¢ should have some finite positive value, even though theoretically
0 can be arbitrarily small.

As soon as we set § to have some finite positive value, we have to ensure
within the period [t;, t; + ) (¢; is any triggering instance) no triggering occurs. This
could be trickier since we need to ensure sup, ||e(t)|| < e while we have ||e(t;)]| = €
and d(t) can take any realization within the period [t;,t; + ¢). Thus it might cause
a Zeno effect in the triggering system. A more detailed discussion to tackle this

implementation issue is presented in Section 2.8. For the analysis further, we will
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assume that 0 is chosen arbitrarily small.
Controller C has the freedom to select ¥ (¢, ) and not ¢(t,z) directly. There-
fore, we need to ensure that there exists a 1(¢, z) for the proposed ¢(t, z) in Theorem

244.

Proposition 2.4.5. For all t € [0(t),0(t) + 4],
U(t,z) = (K(t,0(t) — B'OO(t),t)W)x

and Y(t,z) = KO(t,0(t))x Yt > 0(t) + 6 achieves the d(t,x) in Theorem 2.4.4.

Where W is defined in (2.21).

Proof. We start by using the definition of ¢(t, z):

o(t,z) = Y(t,x) + K/e(t) O(t, s)Bi(s, x)ds,

and let us choose (t,z) = K®(t,0(t))z + 11 (t, ). Thus,

o(t,x) = KO(t,0(t))x + 1 (t,z) + K /o(t) O(t, s) By (s, x)ds.

Let us now select,
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Thus, one can verify that for all ¢ € [0(¢),0(t) + ],

o(t,x) =K®(t,0(t))x — B'®0(t),t) Wz — K/t ®(t,s)BB'®(0(t),s) Wads
0(t)
=K®(t,0(t)) (I — a(t)W)z — B'®(0(t),t) Wz
=y(t)z
Similarly, for ¢ > 6(t) 4 0,

0(t)+6

Mmm:KGWﬁ@»—A @@QBRMﬂm@ﬂﬂﬂx

()

—KOt,0()) (I — a(0(t) + 6)W)z =0

as desired. O

Therefore, the corrective control input can be expressed as compactly
B(t,e(6(8)) =KD, 0(0)e(8(1)) — LicoyssBB(6(t). 1) We(6(2))

where

is an indicator function.

Thus, under the assumption that (A, B) is controllable, we have proved that
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for any t > 0(t) + 9,

o(t) = /6 B(t, 5)d; (s)ds. (2.22)

In the analysis so far, we have restricted ourselves to controller of the form:

Kt 3(0) =K (& Az (1)}, fe(t) 1Y)

=L(t)z(0(t)) + M(t)e(0(t))

In the next theorem, we show that the optimal controller is indeed of this form and

the restriction does not lose generality.

Theorem 2.4.6. If (A, B) is a controllable pair and the controller C has information
J(t) = ({x(tl)}?:(tl),{e(t,)}?:(tl)), then the optimal controller has the following linear
form:

= L(t)x(0(t)) + M(t)e(6(t))

where L(t) = —K®(t,0(t)), and M(t) = K®(t,0(t)) — Licou1sB'P(0(t), )W (5).

W (6) is defined in (2.21).
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Moreover, with this controller, e(t) can be controlled to have the value:

for all t > 0(t).

Proof. The proof of this Theorem is presented in Appendix 2.10.1. m

As a remark from Theorem 2.4.6, we obtain that the evolution of the error
e(t) is reset at each triggering instance, irrespective of whether A is Hurwitz or not.
This is only done through the appropriate construction of the corrective component
(1) in the control, and without this component e(t) will grow exponentially when
A is unstable and hence violate the requirement ||e(t)|| < € for any Zeno effect free
triggering strategy.

At this point, we have shown that under the assumption that £ can measure
and transmit both x(6(t)) and e(6(t)), the controller C can ensure that V¢ > 6(t),
(2.22) holds. Therefore, the next step would be to determine triggering instances
t; (hence characterizing 6(-)) such that ||e(t)|| < € is satisfied. Also, we need to
ensure that £ can precisely calculate e(t;) at each triggering instance so that it can
communicate it to the controller.

At this point, we focus on how & would precisely calculate and send e(¢;) to
the controller at each triggering instance. In practice, £ has the knowledge F; and
calculation of e(t) requires the knowledge of z, which is not available. From the

dynamics of z(t), if the controller’s parameters L(t) and ¢ in (2.19) are known to
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&, then & can uniquely determine e(t) by observing x(t) only. To see this, let us

define a dummy state z4(t) which follows the dynamics

th = A[L’d—f—Ba

where @ is the input generated by the optimal controller (¢, J(t)). If £ knows the
structure of the controller, then £ can compute x, precisely just by observing x(t).

Now, if we define a new variable A(t) = z(t) —x4(t), then A(t) follows the dynamics:

From the definition of A, one can immediately verify that BKA(t) = dy(t). Thus,
in order to know dy(t), £ needs to monitor z(t) and compute z4(t). We no-
tice that due to the third assumption that J(0) = {z(0)}, we have e(0) = 0.
Hence, based on whether the corrective control 1 is used or not, we either have
f0 d(t, s)dy(s)ds or e(t) = fot ®(t, s)dy (s)ds due to (2.22) and (2.18) respec-
tively. Therefore, in either situation, e(t) can be calculated by the event-generator
€. Hence, even in the absence of z.(t), e(t) can be calculated precisely only from
the knowledge of x(t) and computing a dummy state z4(t).
Fortunately, the optimal structure of L(t) is unique and therefore C does not

need to communicate this information to the event-generator. Similarly ) has a
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structure that is determined by the parameter . Therefore, the only information
related to C that £ needs to know is the value of § chosen by C. To resolve this issue,
in the same framework, £ can prescribe a 0(¢;) for the controller send the augmented
information (x(t;), e(t;),6(t;)) to C. Otherwise if C selects d(t;) (for equation (2.21))
after receiving (x(t;), e(t;)), then that value of §(¢;) needs to be communicated to &;
and this requires a bi-directional communication between the controller and event-
generator. Whichever of these two methods are adopted, our next results are going
to be invariant of this choice.

In the following analysis, without loss of generality we will assume that 0(¢;)
is chosen arbitrarily small enough, either by C or by &, at each triggering time ¢;

such that at the next triggering instance t;,1,

t
e(t):/ O(t,s)dy(s)ds, YVt <t
t;

Now that we have the optimal controller designed and event-generator having
the precise knowledge of e(t) for all ¢, we are ready to study the optimal event-

generating scheme by solving Problem 2.3.1.
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2.5 Optimal Event Generator Synthesis

In this section we will assume that the optimal C uses a 1(-) (or &€ prescribes

a 0 arbitrarily small) such that for all ¢ > 6(t), we have

Later we will remove that assumption that ¢§ is arbitrarily small and consider a ¢

which is finite and bounded from below (see Section 2.8).

Definition 2.5.1. Two optimization problems P1 and P2 are equivalent if the op-
timal solution of one is the optimal solution for the other and the corresponding

optimal values for both the problems are the same.

Let us formulate an unconstrained optimization problem that is equivalent to

Problem 2.3.1.

Problem 2.5.2. For any given € > 0,

inf./(C.€). (2.23)

(C,€) = sup (N(T) + sup c“([le(s)]])),

d(-)eD s€[0,T7
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where

+o00 x> €.

Proposition 2.5.3. Problem 2.3.1 1s equivalent to Problem 2.5.2.

Proof. Note that the optimal C for both the problems will be same as what discussed
in Section 2.4. Therefore, we will focus on synthesising £ only.

Let & be an optimal solution for Problem 2.3.1. By finiteness assumption,
J(C, &) is finite, and satisfies the constraint supjy 7 [le()|| < €. Asaresult, Ji(C, &) =
J(C,&).

Let us assume &, be an optimal solution of Problem 2.5.2, then J;(C, &) <
Ji(C, &) = J(C,&). Since Ji(C, &) is finite, it satisfies the constraint supy, 7 [[e(t)[] <
¢; and therefore it is a feasible solution for Problem 2.3.1, and further J(C, &) =
J1(C, &).

Thus, J(C, &) = Ji1(C,&) < J(C,&) < J(C,&). Hence J(C, &) = J(C, &) =

J1(C, &) = J1(C, &). O

The construction of Problem 2.5.2 is followed by the well-known barrier func-
tion method in optimization [102], however, we do not construct a barrier function
which is smooth and continuous such as log-barrier-functions. Instead of following
a gradient based optimization here on the unconstrainted objective J;(C, &), we will
adopt a dynamic programming based approach, where the solution of the dynamic

program will be the time instances to trigger the events.
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Let us define the set

S:{to,tl,"‘ , b | Vi t; < tizq1,to > 0,t; < T, GN}

S denotes the set of all possible event-triggering strategies. Analogous to S,

let us also define:

S(t) = {to,t1, -t | Vi, t; < tig1,to > t,t; <T,l € N}

which is the set of all feasible triggering instances after time .

Since ming ¢ J1(C, £) = ming J;(C*, ) where C* is the optimal controller dis-
cussed previously, we will suppress the dependency of J; (or J) on C* in the following
analysis.

Let us denote a value function

Vi(t,e)= _ inf — sup {[€][+ sup ¢
(t,e) £eS(t),e(t)= ed()p{| | Se[t% “(le(s)IN}

V(T,e) =0, (2.24)

and V'(0,0) will be the solution to Problem 2.5.2. Also, note that if ||e(t)|| = ||e]| > e,
then V(t,e) = +o0.

From the special structure of ¢*(-), we can write supcp, 7 ¢“([le(s)[]) = supgep 4 c(lle(s) )+
sup,ep ) ¢ (lle(s)]]) for all r € [¢, T7.

Let us assume ||e(t)|| < e and {t,t5,--- , &5} € S(¢) be the optimal triggering
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instances starting at time ¢. Therefore, by optimality criterion,

V(t,e)= inf {ly<r+ sup sup c(|le(s)|]) + V(to,0)}

to>t,e(t)=e d(-)ED s€lt,to]

:1t6<T "‘ V(té, O)

Clearly for all s > t,

V(t,0) > V(s,0),

ensuring that V(,0) is a non-increasing function.

Let us define:
() =inf {T > s >t | le(s)] = ¢ }

where in our convention inf over an empty set evaluates to be 4+o0o. Therefore

t5 < 7*(t). Also, we have for all » < 7*(t), V(r,0) > V(7*(t),0). Thus,
1t(’;<T + V@S? 0) Z 17'*(15)<T + V(T*<t)7 0) (225>
However, since t{ is optimal, then for all s > ¢,

liger + V(15,0) < Licr + V(5,0) + sup sup c*([le(r)]]).
d(-)eD rejt,s]
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Substituting, s = 7*(t),

Liscr + V(t5,0) < Lreyer + V(77(1), 0). (2.26)
Combining (2.25) and (2.26), we obtain:

Liger + V(t5,0) = L=y + V(77(2), 0). (2.27)

Noticing that the function 1..7 4+ V(-,0) : Ry — Ry U {400} is non-increasing and
t5 < 7*(t), the condition for ¢ to be optimal is t§ = 7*(¢).

Therefore,

Thus, the triggering strategy is to wait until the error reaches to the value €

and then trigger an event in order to ‘reset’ the error.

Remark 2.5.4. Formally, if t; is the i-th triggering instance, then

t;) = inf {T >s>1 | |le(s)] = e} (2.28)

to = mf{T > 5> 0| [le(s)]| = e}

The event triggering mechanism (2.28) is very common in literature e.g. [64],

[66], [65], [29] , however, to the best of our knowledge, none of the past works
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formally states the optimality of such a strategy. In the following we show that

the event-triggering strategy is unique and well defined, i.e., the strategy does not

exhibit Zeno behavior.

Theorem 2.5.5. The optimal triggering strategy (2.28) is unique.

Proof. Let & = {tj,t3,..,4), } and & = {t§,13,..,1},} be any two optimal solutions

of the dynamic programming equation (2.25). Then by (2.28), for all i = 1,2, - - -

th = inf {s >0 sup |le(r)| = 6}7
)

1
se(t;_,,T (t: 5]

and sup,cu 1) [le(r)]| <e. Similarly,
17

t2 = inf {s >0 sup |le(r)| = 6}7

2
Se(t'flvT) (t%ﬁl,s]

k3

and SUPe(if 1) lle(r)|| < e.

th = inf {320 sup |le(r ze}:t2
b= it {5201 s el = f =

Therefore using mathematical induction based argument, ¢} = ¢? for all 7 and

l1212:l.

]

Corollary 2.5.6. The optimal cost J,(C*,E*) is finite iff there is no Zeno effect in

the event triggering mechanism.

Proof. First, let us assume that the optimal triggering mechanism (€*) is free

of Zeno behavior. Therefore, for the horizon [0,T], there are only finite num-
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ber of triggering instance, say {to,t1,---,t;}. From (2.28), within each interval
0, to], [to, ta], - -+, [ti, T, ||e(t)]| < e. Hence, J;(C*,E*) =V (0,0) =1 < +o0.

Now, let us assume that Jy(C*,E*) = J < +oo. Thus, £ and C* ensure
supgyep le(t)|| < e for all ¢t € [0,T]. Therefore from (2.5.2), J = N(T) = [€].
Thus there are only finitely many triggering instances and hence, the triggering

mechanism does not exhibit Zeno behavior. O

Now, we also claim that J;(C*,E*) is always finite, and the finiteness of
J1(C*, E*) is ensured by showing that there exists a time interval of positive measure

between any two triggerings.
Theorem 2.5.7. The inter-event times are bounded from below.

Proof. Let t; be a triggering instance when (z(t;), e(t;)) was sent to the controller.

Thus, for all t > t;

If t;11 is the next triggering instance, then
tiv1
€= H/ (P(tiﬂ,s)dl(s)dsH.
t;
Using dy(t) = BK [, ®(t, s)d(s)ds,
tit1 5
€= H / (D(tis1, 5) — Bt s))d(s)dsH.
t;
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Thus,
€ < A(ti, ti1)

where for all o > 7

A(r,0) = sup [[(®(o,5) — (o, 8))H/U d(s)llds.

s€[r,o]

Note that A(7,7) = 0 and it can be verified that A(-,-) is an uniformly con-
tinuous function on a compact domain. Thus for all € > 0, 3§ > 0 !, such that if
| (71, 01) — (72, 02)|| <9, then ||A(1y,01) — A(72, 09)|| < € for all (71, 01), (T2, 02) such
that o, > 71,1 =1, 2.

Using 71 = 7o = 01 = t;, for all oy such that |0y — ;| <9, ||A(t;, 00)|| < €

However, ¢ < A(t;,t;11). Thus, |t;41 — t;| > 0. Therefore for each triggering

instance t;, the next triggering is atleast after ) amount of time. O]

Remark 2.5.8. Using the assumption that [ ||d(t)||dt < 400 one can show that
the inter-event times are bounded from below by & for an infinite horizon problem as

well.

Lemma 2.5.9. For all T > 0, 3p > 0 such that sup, ||d(t)|| < p implies there will

be no triggering.

1§ will depend on ¢; it should be denote it by d(e)
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Proof. Note that, for all t < T,

le@] < p/o 12 (T, 5) — (T, 5)]|ds.

Therefore, for all p < 2 SuPy le(®)|| < € and hence there will be no

TR —8(T)
triggering. O
Therefore, for the trivial case d(t) = 0, there will be no triggering and more-
over, e(t) = 0. This shows the well known fact that for a deterministic system, any
feedback law can be realized with the only information of the initial state.
To summarize, we have proved that for any time invariant controllable lin-
ear system, any linear feedback can be replaced by an event-triggered feedback by

satisfying the constraint sup, ||e(t)|| < e for any € > 0.

2.6 Infinite Horizon Design Problem

In this section, we visit the optimal (£,C) design problem for the infinite
horizon problem as presented in Problem 2.3.2.

From Section 2.4, we notice that the controller synthesis does not depend on
the horizon [0, 7], and neither does it depend on the cost function. Rather, the
design is aimed to satisfy the constraint |le(t)|| < e for all ¢. Thus, for an infinite
horizon problem, the optimal C will have the same structure. One can formally
prove this statement by repeating the analysis done in Section 2.4, however, we do

not present the analysis here to maintain brevity.
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In order generate the optimal &, let us construct the equivalent problem as it

was done for the finite horizon problem.

Problem 2.6.1. For any given € > 0,

inf/r(C, €) (2.29)
where
N(T)
Rr(€.€)= sw (3¢t s (e}
=1 ’

If €7 is the solution of the above problem then &£ = limsups_, E7.

For any finite horizon [0,77], the optimal triggering instances {tj,t,--- , ¢}

depends on the horizon T'. Let us formally denote

T(T) = {to(T), 11(T), - -, ¥y (T)}- (2.30)

With slight abuse of notation, by limsup,_,. &}, we basically want to compute
T (00) = limsupy_,., 7(T); and then we want to characterize £ by T (o0). In

general, for an infinite horizon problem, limsup,_,. N(T') converges to infinity in

(2.30). However, if limsup;_,., N(7T) is countable then limsup;,_, Efi(lT Ve ti s
finite. On the other hand, if the triggering strategy forms a continuum of triggering

(1) o—ti

instances (i.e. Zeno behavior), then limsup, %OOZ i = 00. Therefore, the

optimal triggering instances —that achieve finite value for J; p— found by this formu-
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lation excludes Zeno behavior, but at the same time it allows for countable number

of triggerings which are desired for an infinite horizon problem.

Proposition 2.6.2. Problem 2.3.2 is equivalent to Problem 2.6.1.

The proof of this proposition is very similar to the proof of Proposition 2.5.3
and hence we omit it.
Let us denote a value function for the infinite horizon problem for any arbitrary

interval [0, T'):

€]
Vr(t,e) = inf sup el 4+ sup c(|le(s
it = ot oo (3¢ s (es)))
Vr(T,e) =0, (2.31)

and limsup,_, . Vr(0,0) is what we are interested in.

Let ¢ty > t be the first element of S(), then by dynamic programming principle,

Vr(t,e) = inf {1;cre™ + sup sup c(|le(s)|) + Vr(to,0)} (2.32)
to=t d(-)€D selt,to]

Clearly, in this case as well, for all s > ¢

VT(t, 0) Z VT(S, O)

47



Let us define:

t*(t) = inf {szt sup ||le(r :e}.
i) = int {321 sl

Therefore by the same argument as for the finite horizon case,

e %O + Vi (t5(t),0) thi(t)y < T
Vp(t,e) = (2.33)

0 t5(t) = o0

Thus, the triggering strategy is exactly same as what we had before and the
strategy does not depend on the horizon T, although the output of the strat-
egy (i.e. number of triggerings) varies with 7. One property to note here is, if
{to.t1,- -+ ;tn(r)} are the optimal time instances for triggering for a horizon [0, T}],
and {sg, 51, -, Sn(m)} are the optimal time instances for triggering for a horizon
0, T3] (Ty > T4), then N(Ty) > N(T1) and s; = t; for all 0 < ¢ < N(Ty). This is
nothing but the optimality principle.

From (2.33), one can obtain

Vio(t,€) 2 limsup Vip(t, e) = e~ 4V ((t),0).

T—o00

The value function Vi (t, e) depends on T'; and its value is non-decreasing as T’
increases. The following theorem ensures that for the optimal £7_, the value function

Vo (t, €) attains a finite value for all ¢ and ||e|| < e.
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Theorem 2.6.3. The optimal value of the asymptotic case (T — o) of Problem

2.6.1 1s finite at E7,.

Proof. First let us note that for the asymptotic case:

€]
Ve(t,e) =limsup inf su i+ sup ¢
(.0) =Tmowp nf eup (3" + sup (e}
limsup Vo (T,e) =0, Ve (2.34)

T—o00

and the optimal value of the asymptotic problem is V,(0,0).
Due to Remark 2.5.8, one can show that for the infinite horizon case also there

exists 0 > 0 such that the inter-event times are at least ¢ apart, i.e. t;41 —t; > 0 for

all 1.
Therefore, using (2.34), one can write:
k—1
Voo(0,0) = > e 4+ Vi (54, 0)
i=0
where the first k& optimal triggering instances are t§,t7,t5,--- ,t;_, . Using the fact

that tj,; —t; > ¢ for all i > 0 and ¢{ > d, one can obtain ké < t;_,. Hence,

1— e—ké

< - -
VOO(O7 0) — 1 _ 675

+ Voo (ti_1,0).

Thus for any k-th triggering time ¢;_,,

Vo(0.0) < e=tlT Ly e g 2.35
(0,0) < e T v, 0) (2.35)
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Hence taking k — +o00, or equivalently t;_; — oo

]

Let £ be an event-generator such that within some finite interval [T7, T5], the
are N number of generated events. Then, clearly by the definition of J5 o in (2.29),
J2.00(C,Ex) > Ne T2 for any controller C. On the other hand, by Theorem 2.6.3,

we have J5 = V,(0,0) < 126_5. Thus, any optimal event-generating policy would

have only finite number of triggerings within a finite interval. In fact, if Np 5, is

the optimal number of triggering in any interval [T}, T3], then

To—T1

e
N1, < o

Thus, to summarize, for an infinite horizon problem, the next triggering time at any

time t is given by?:

to(t) = inf{s > ¢ sup [le(r)[| = €}.

relt,s]

The triggering strategy is not necessarily a periodic strategy over the infinite horizon.

2This could be formally proved by following the steps similar to the ones used to conclude
Remark 2.5.4
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Figure 2.2: The behavior of the closed loop system in shown in red curve and the blue
curve shows the same for event-based system. The orange tube has the tolerance
radius of 0.1.

2.7 Simulation Results

In this section, we will illustrate our approach using a system evolving in R?

with the dynamics:

j?l 0 1 I 0 1
= + u+ d.
T -2 0.1] |z 0.75 1
The designed control is © = —x5. For this simulation, we used d to be a

bounded valued disturbance with values in [—0.5,0.5]. The e for this simulation was
chosen to be 0.1, and we use || - || norm, i.e., the requirement is ||e(t)||s < e = 0.1
for all t.

In Figure 2.2, we show the trajectory of the closed loop system, the trajectory
of the optimal event-based system discussed here, and the orange tube has a radius
of ¢ = 0.1. One may visualize that the phase-plot ( projection of the plot in the
x1x9 plane) is spiral due to the chosen parameters

In Figure 2.3, we show the optimal control u(t), ¥ (t) and the triggering in-
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0 5 10 %Sme 20 25 30
0.5 T T
% ov‘—/‘ V‘ w
0 5 10 %Sme 20 25 30
0 5 10 Tllliﬂe 20 25 30
Figure 2.3: Top: control u(t) = —K®(t,0(t))z(0(t)) + (t,e(8(t))), Middle:

¥(t,e(6(t))) vs t, Down: The optimal triggering time instances.

stances. For the whole time interval of [0,35], only 4 (except the one at time 0)

triggerings were initiated.
To see the effect of ¢ we performed a simulation under same disturbance and

selected 1) = 0. The state trajectory and the corresponding error norm is presented
in Figures 2.4 and 2.5 respectively.

These figures support the fact that ¢ plays a very important role in ensuring
system’s performance (and stability) for an event-based system when the closed loop

dynamics is not Hurwitz.

2.8 Discussion

2.8.1 A note on the choice of 4 in Theorem 2.4.4

In the analysis, we have theoretically shown that under the controllability

assumption on (A, B), the effect of the residual error e(f(¢)) can be nullified in
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2.5+
2~ ——x,(1): continuous feedback trajectory
———x(t): event based trajectory with ¢/{t}
1.5 4 y(t): event based trajectory without v(t)

X it %, {8,y, (0

0.5 o
0 @MS"‘WWMV

10 30
Time 40-2

% 1 (8, %, (B, ()

Figure 2.4: The state trajectories: closed loop system, optimal event-based sys-

tem with information sharing J = {z(¢;), e(t;) }i=12...., and event-based system with
information J = {z(t;) }iz12...

0.5 T T T T
||e{t)]| without using w(t)
|l t}]| with (L]
0.4 lletthl wlt)
=03
o
=
7]
=0.2
0.1
0 1 . A " .
a 5 10 15 20 25 30 35 40

Time

Figure 2.5: The norm of the error for event based systems under two different
situations: using ¥ (t) (red) and without ¢ (t) (yellow).
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arbitrary small time and hence for all ¢ > 6(t), e(f) does not depend on e(6(t)).
However, as the permitted time (§ in Theorem 2.4.4) to mitigate the effect of e(6(t))
gets smaller and smaller, the amplitude of the corrective control gets larger and
larger; and in the limit 6 — 0, the corrective control component becomes a Dirac-
delta distribution. In practice, the system might not be able to handle such an
‘impulsive’ nature of the controller. Therefore, in this section, we make an attempt
to study the same problem while allowing the controller to have a certain positive
amount of time to mitigate this error. The purpose of this subsection is primarily
on the implementation aspect of such a controller, where we aim to show that even
without using an ‘impulsive’ controller, the requirement ||e(t)|| < e can be still
achieved by slightly changing the threshold for the event-triggering strategy. In
order to do so, we assume that the disturbance is bounded sup, ||d(t)|| < D. The
study of the problem with arbitrary d(-) is beyond the scope of this chapter.

The performance of the (heuristic) method that we are going to propose, de-
pends on a parameter « € (0.5, 1).

Firstly, let us note that, by choosing the optimal linear controller we have

((2.42),(2.44))
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where a(t) can be chosen freely.
Since (A, B) is a controllable pair, by suitable pole placement ||G(¢,7)| <

e t=0®e(h(t)) can be achieved for any A > 0. Let the event-generator & triggers

an event when ||e(t)|| = ae where o € (0.5,1). Let us also note that,

h(t)_/e é(t,s)dl(s)ds_/e (1, 5) — B(t, 5))d(s)ds

() ()
is a differentiable function with h(6(t)) = 0 and 1/ (0(¢)) = 0°.
Thus, we can define

Dy =sup{s >0(t) | sup [h(r)| <(1—a)e}.
s relf(t),s]

Due to the above mentioned properties of h(t), Dy —6(¢) is strictly positive, in fact,

Dy —0(t) > (1;—3)6 where Ly, is the Lipschitz constant of hh.

Therefore, for all t € [0(t), D1], h(t) < (1 — a)e and we have the following

lemma:

Lemma 2.8.1. If (A, B) is a controllable pair, then for all X > 0 there exists control

such that for all t € [0(t), D]

IG(t,3)]| < [G(Ot), T)[[e =0

G(D1,3) = 0.

Moreover, the controller that achieves the above requirement, produces control signal

?’h’+ is the upper-Dini-derivative of h
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of bounded value.

These ensure Vt < Dy, |le(t)|| < € and at time ¢ = Dy,

Dy
le(DD)l = / 12(, s) BEdi(s)[lds = (1 — a)e < ae
o(t)

Thus, the inter-triggering intervals are at least of (1 — «)e/L;, duration and
hence the controller has (1 —«)e/ Ly, amount of time to mitigate the effect of residual

error e(0(t)).

2.8.2 An approximate solution for optimal control problems

Let us consider the following optimal control problem:

Problem 2.8.2. Find an event-generator and optimal controller pair (€,C) such

that:

T
min sup [N(T) + a/ I(s,z(s),u(s))ds (2.36)
&L 4()ep 0

st.  i=Ar+Bi+d (2.37)

where U is an event-based control (linear in measurements) input generated by (€,C),

and o > 0.

Solving this problem even for quadratic [(s, z,u) is not trivial (as compared to
the well celebrated LQ problems) due to the event-based structure of the controller.

Such an optimization problem is common when there is communication cost associ-
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ated with the transmission of the measurements. However, using our approach one
can solve this problem approximately. In the first stage, let us solve Problem 2.8.3

to get a linear feedback controller.

Problem 2.8.3.

min sup l /0 (s, 2(s), u(s))ds (2.38)

U d()eD

st. t=Ar+ Bu+d (2.39)

where u is in the space of linear feedback controllers.

The above problem can be solved by assuming u = Kx and then perform
optimization in the space of R™*" matrices.

In the second stage the linear feedback control obtained by solving Problem
2.8.3 is approximated with an event-based control @ that solves Problem 2.3.1.

Let us denote u*(t) and x*(t) to be the optimal control and the corresponding
optimal trajectory for the Problem 2.8.3. If @(t) and z(t) are the optimal approxi-
mation of u* and z* by soving Problem 2.3.1, then ||z*(¢) — z(t)|| < ¢, and one can

also show that ||u*(t) — @(t)|| < Ly(t)e for some function L, (t) > 0. Thus,

T T
/ l(s,z,0)ds = / I(s,u™,z")ds + O(e).
0 0

Therefore, the event-trigger controller generated in this two-step approach
produces a cost which is O(€) away from the optimal cost of the continuous feedback
system. Taking ¢ — 0, we will have fOTl(s,x,ﬂ)ds — fOTl(s,u*,x*)ds, however
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N(T) (the number of triggerings) will be higher as e — 0.
The study of this optimal control problem is not the aim of this chapter, and
this section is meant to demonstrate the applicability of this approach beyond the

problems described in Problem 2.3.1-2.6.1.

2.9 Conclusion

In this chapter, we propose an optimal controller and event-generator pair to
replace a linear continuous feedback controller with an event-triggered one. The
deviation in trajectories between the continuous feedback system and the event-
triggered system was considered to be a metric of performance. The analysis shows
that for any given performance bound € > 0, there always exists a pair of event-
triggered controller and event generator that bounds the trajectory deviation by e,
provided the system is controllable.

We show that the optimal controller is linear with respect to the latest in-
formation received. Moreover, the presence of corrective component ¥ (¢, e(0(t))) is
the crucial part of the controller when the closed-loop system is not Hurwitz. It is
the (-, -) which ensures that the deviation in state trajectory does not grow un-
boundedly for a non-Hurwitz system. Without this component in the controller, the
constraint ||e(t)|| < e cannot be guaranteed (as illustrated in the simulation results).

The optimal event generator follows a threshold strategy where the threshold
is the given performance metric €. The event generator tracks the error e(¢) and

transmits the state and error measurements to the controller whenever ||e(t)|| reaches
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the threshold e. Such a threshold based policy is ubiquitous and implementable

easily. Further, such a threshold strategy does not exhibit Zeno behavior.

2.10 Appendix

2.10.1 Proof of Theorem 2.4.6

Let us consider the general form of the controller to be:

a(t) = K (t At} e} (2:40)

To maintain brevity we will use K (¢, J;) instead of K (t, {a()Y) {e(t) ) ) where
J, is the information related to the state measurement that is available to controller

at time t.

Thus,
&= Ax+ BK(t,I;) +d (2.41)

which leads to (using the fact that between 6(t) and ¢, no information arrives from

EtoC, ie Ty =T,="T94 =T (say) for all s € [§(¢),1]):

where F(t,3) = ®(t,6(t))2(0(1)) + [y, (¢, 5)BK(s, 3)ds
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Therefore e = x — x,. can be represented as:

¢ =Ae + BKx + BK(t,7)

t
¢ =Ae + BKF(t,3) + BK(t,3) + BK/ ®(t,s)d(s)ds.
0(t)
Denoting di(t) = BK [y, ®(t,s)d(s)ds,
t ~
e(t) = G(t,7) —i—/ O(t,s)dy(s)ds. (2.42)
where

G(t,7) = /g ;) B(t,$)B(KF(s,3) + K(s,3))ds + (t, 0(£))e(6(t)).

t
sup [le(t)]| = sup(||G(t, J)|| + H/ O(t, s)di(s)ds|)
deD deD o(t)

t
— sup | G(t, )] + sup | / B(t, )y (s)ds|
deD deD  Jo(t)

All the equalities hold in the above derivation since we have no restriction on the
disturbance. In fact, one can notice that G(t,J) depends on the realization of the
disturbance until time 0(¢) and the other term f;(t) ®(t, s)dy(s)ds depends on the
realization of noise after time 6(¢).

Therefore, in order to keep sup,p |le(t)|| as low as possible, controller C is

required to minimize ||G(t,T)|| by properly selecting (¢, J)— since the other term,
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[ fo ®(t,s)dy(s)ds|| is totally determined by the disturbance and hence it is left

uncontrolled.

To further simplify G(t,7), we first note that

t
/ B(t,s)BKF(s,3)ds
o(t)

t

_ / " B(t, ) BEDB(s,0(1))2(0(1)) + / B(t, 5) BK / " (s, 1) BK(r, 3)drds
o(t) o(t) a(t)

- [ adtsatoson « |

r=0(t)

[/ TCi)(t,s)BKCD(s,r)ds}BIC(r,J)dr

t

= (B(t,0(t) — B(t, 0(t)))z(0(2)) + / (®(t,r) — &(t,r)) BK(r, 3)dr

o(t)
Therefore,

G(t,3) =D(t,0(t))e(0(t)) + (B(t,0(t)) — (¢, 0(t)))x (9(t))+/ ®(t,r)BK(r,3)dr

o(t)
(2.43)

Looking into the expression of G(¢,J) in (2.43), one can guess that the /C(¢,J) which
aims to minimize ||G(¢,7J)]|, is only a function of x(0(t)) and e(A(t)) and moreover
KC(t,3) has to be linear with respect to xz(6(t)) and e(6(t)).

Now, we want to check whether there exist matrix valued functions M (t) and
L(t) such that K(t,7) = M(t)e(0(t)) + L(t)z(0(t)) can make ||G(¢,T)| = 0 (or

arbitrary small).
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Let us take L(t) = —K®(t,0(t)), and this leads to

t

G(t,7) = (é(t,e@)) + / @(t,r)BM(r)dr)e(@(t)).

o(t)

This is a similar situation as we dealt with in Theorem 2.4.4. Under the
assumption that (A, B) is a controllable pair, we can choose M (t) such a way that
G(t,7) converges to zero exponentially fast with the decay rate as fast as desired.
Moreover as presented in Theorem 2.4.4, we can make G(¢,J) = 0 for all ¢ > 6(t).

To see this choose M (t) = K®(t,0(t)) + My (t), and thus

t

G(t,7) :<(I>(t,0(t)) +/

" ®(t,7) BM, (r)dr) e(0(t))

=G (t)e(0(1))-
where
G = AG + BM, (2.44)
Go(t) =1

Since (A, B) is controllable, we have the Grammian

0(t)+6
W (6) = /9 ) O(0(t), s)BB'D(0(t), s)ds

is positive definite for all § > 0. Therefore, by selecting M (t) = —1i<g)+sB'®(0(t), t)'W()~!
for all t > 6(t), one can verify that G(t) = 0 for all t > 6(t) + . Since § can be made
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arbitrarily small, one can conclude G(t) = 0 for all ¢ > 0(¢); and hence G(¢,J) = 0
for all ¢ > 6(t)

Thus, IC(t,T) is linear with respect to the elements of J, and furthermore,
it only depends on the latest measurements. Therefore, as a result of using such

K(t,TJ), we can conclude that V¢t > 0(t)
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Chapter 3: Event-Triggered Framework for Control Affine Nonlinear

Systems: A Lyapunov Function Based Approach

In the previous chapter we focused on designing optimal controller and optimal
event-generator for a linear system. In this chapter we focus on an event-triggered
control strategy for control affine nonlinear systems. The proposed method ensures
sufficient reduction in communication by only invoking a communication when some
event has occurred. The error between the continuous state feedback nonlinear
system and the event based system can be bounded in an invariant set. The upper
bound of this error is derived which can be controlled by appropriately choosing the

parameters for the event-triggering function.

3.1 Introduction & Literature Review

Computing the control law of a large system generally requires continuous
reading from the sensors and transmitting these measurements to the control input
generators. As a result, the performance depends on the continuous availability of
the sensor measurements, and efficient and accurate computation of the control law.
For a distributive system, although the computation is done distributively yet it

requires continuous information exchange among the subsystems. Communicating
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the measurements obtained in a sensor network and propagating the data to the
controller are necessary and important part for networked control systems. Conse-
quently, the performance is generally restricted by the available network bandwidth
and computing resources.

To overcome the limitation of available communication resources, researchers
have come up with novel techniques such as event-based control [8], self triggered
control [94], [59] and periodic time control [75], [18] that require only discrete-time
communications. These methods ask for discrete communications between the sen-
sor network and the controller, and as a result the controller can only generate a
control that approximates the continuous state feedback control. The communica-
tion is done periodically, after T" amount of time, in periodic control. Finding a
suitable time period T to guarantee some level of performance is a main challenge
for this approach. In self triggered and event based control, the communication is
done only when some event has occurred.

Event based control has attracted a great deal of research in the recent past due
to its effectiveness. A study that has been made in [7] on the performance of event
based control and periodic control has revealed the fact that under some conditions
the event based control performs better than periodic control. Interested readers
are directed to confer [58] and [43] and the references therein to get a broad review
on event-triggered and self-triggered control, estimation and optimization. Recent
publications like [64] considered a state feedback approach for an event based system
where the feedback control is generated from another subsystem and this subsystem

is updated every time a trigger is generated. Event based control is proposed for
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distributed interconnected linear systems in [29] and [86].

Despite of the wide applicability of event based control, there is not much work,
in literature, for nonlinear systems. In [95], the authors proposed an event based
approach for nonlinear input-to-state-stable (ISS) systems. [96] and [97] studied the
event based stabilization of nonlinear plants using a Lyapunov function based tech-
nique. [91] considered an event based approach for real time scheduling tasks. [3]
extended the technique proposed in [91] for homogeneous and polynomial systems.
Whereas the previous methods are Lyapunov function based approaches, [90] took
a different formalism to study event based control for input-output linearizable sys-
tems with relative degree equal to the dimension (n) of the statespace. In [89], they
refined the method for input-output linearizable input affine nonlinear systems with
relative degree r < n. [90] and [89] focus on the deviation of the event based system
from a continuous state feedback system and showed that this error is bounded.
However, the rest of the past work mostly focus on the stabilizing behavior of the
event based system rather than the actual error incurred due to the event based
approach.

In this chapter, we also adopt a Lyapunov function based approach for an
event based control strategy applied to input affine nonlinear control systems. In
many cases, the control input is of state-feedback form to achieve optimality or
some other desired performance and hence we consider that the controller is a state-
feedback and known to us a priori. Therefore, it will be interesting to see how the
system behaves if this control is approximated by a piecewise constant control. In

the following sections we are going to explain on how to construct such a piecewise
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constant approximation of a given control input by using an event-based approach.
We show that the error incurred by using this approximated input can be bounded
within an invariant subset (Theorem 3.2.4) and moreover, the volume of this set
can be controlled by the choice of some parameters related to the event-triggering
function. We also show that under the adopted event-triggering strategy, there is
a minimum time between two successive events (Theorem 3.3.1) which prohibits

infinite triggerings in finite time.

3.2 Event-Based Nonlinear Control System

Let us consider the input-affine nonlinear dynamics as given in (3.1).

i = f(t,x)+ Zgi(t,m) S (3.1)

where u; is the control input and that input is of the form ~;(x) to achieve some
desired behavior from the system.

The closed loop system is given in (3.2)

m

ic - f(t7 ZL’C) + Zgi(ta J]C) : %(IC) (32)

=1

We assume the following properties for the nonlinear systems considered in (3.1)
and (3.2)
(A1) ~(-) and for all ¢, f(¢,-) and g;(t,-) are Lipschitz functions with Lipschitz

constants Li, Ly and L; respectively, for all i =1,2,--- ,m.
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(A2) f.(t,x) = % and ((g7):)«(t,x) = % are Lipschitz continuous with
Lipschitz constants L and LY respectively, where (g7):(t,x) = g;(t, )y ().

(A3) The closed loop system with u; = v;(z) is exponentially stable.

Note that, we do not assume that the system (3.1) is ISS (Input to state stable), so

the stability of (3.1) with any other input is not guaranteed.

Let us denote

F(tvx) = f(t,i[‘) + Zgi(tax> ’ 7@'(56)7 (33)

i=1

and the trajectory of the closed loop system (3.2) to be x.(t).

Our aim is to generate the controls u; in such a way that does not require
continuous availability of the state z(¢) and the deviation of the trajectory of this
event based system from that of (3.2) is within some tolerance level. To design such
a control we will consider w;(t) = vi(z(tx)), YVt € [t, txr1), where z(ty) is the value

of the state at k-th triggering time ;.

Theorem 3.2.1. Let x = 0 be an equilibrium point for the nonlinear system & =
h(t,x), where h : [0,00) x D — R™ is continuously differentiable, D is some domain
in R™ that contains the origin, and the Jacobian matriz Oh/Ox is bounded and
Lipschitz on D, uniformly in t.

Let
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Then © = 0 is an exponentially stable equilibrium point for the nonlinear system
if and only if it is an exponentially stable equilibrium point for the linear system

&= H(t)x.

Proof. For the proof of this theorem, the readers are directed to [51, Theorem 4.15].

O
Theorem 3.2.2. The linear system
p=A(t)p
is exponentially stable, where A(t) = g—i(t, x)|x:xc(t).
Proof. Let us consider the system,
(ve — p) = F(t, 7. — ) (3.4)

By assumption (A3), (3.4) is an exponentially stable system and hence lim (z.(t) —

t—00

p(t)) = 0. We can write (3.4) in the following way as given in (3.5).

. . oF
ge—p=F(t z) - o—(t ) p+O([Ipl*) (3.5)
Ox z=z.(t)

where limy, o O(|[p||?)/]lp]| = 0. Since z.(t) satisfies (3.2) and by the definition of
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A(t), we obtain from (3.5)

p=A(t)p+O(lp[*)- (3.6)

By assumption (A3), both z.(t) — 0 and z.(tf) — p(t) — 0 exponentially as t — oo
and as a consequence, p(t) — 0 exponentially as ¢ — oo. Therefore, p = 0 is
an exponentially stable equilibrium point for (3.6). Theorem 3.2.1 ensures that
the linearization of the nonlinear system (3.6) around p = 0 (i.e. p = A(t)p) is

exponentially stable. O]

3.2.1 Event Based Closed Loop System and The Error Dynamics

The closed loop system with continuous state feedback is represented in (3.2).
In the event based strategy, since we do not have continuous state feedback, the
control law takes the form of u; = ~;(z(tx)) where x(tx) is the value of the state at
the previous triggering instance t,. Therefore, basically u; is a piecewise constant

function. The event based closed loop system is obtained in (3.7).

b= f(t,x)+ > gilt,x)vi(x(te))  VtE [t tirr). (3.7)

i=1

The error e between the actual closed loop system (3.2) and the event based closed

loop system (3.7) is defined to be x. — z. e follows the nonlinear dynamics (3.8):

m

¢=F(t,x) = F(t,2) + ) g:lt.2)(n(x) = wlz(t)). (3:8)

i=1
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Our goal will be to keep this error bounded while only using the limited state

measurements available at discrete time instances.

Proposition 3.2.3. For allt > ty, The dynamics of e(t) can be written as,

m

¢ = A(t)e + pult,x,xc)e + Z gi(t, 2) (vi(x) = 7i(x(tr))) (3.9)
where
w(t,x, z.) = fol 9L (t, 2 + se)ds — ZE(t, x)‘x:mc(t).

Proof. By using Mean Value Theorem,

LoF
F(t,z.) = F(t,x+e)=F(t,x) + [/ %(t,x + se)ds|e.
0

Using (3.8) along with the application of Mean Value Theorem on F\(t,-), we

obtain,

¢ = A(t)e + (/01 g—i(t,x + se)ds — A(t) )e

+Zgi(t>$)(%(3§) — %i(z(tk)))- (3.10)

Using the definition of A(t) and defining pu(t, z, x.) = fol 9E(t,x + se)ds — A(t), we

obtain (3.9). O

From the expression of u(t,z,x.), clearly u(t,z,z.)|e=0 = wu(t,z.,z.) = 0.
Using this fact, the linearization of u(t, z, z.)e around e = 0 is:

WA = (n+%e)| =0

e=0
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Theorem 3.2.4. There exists € > 0 and a compact set Qe C R™ such that for all

tox,y, if D lgi(t, )y (y)|l2 < € and e(0) € €, then the error e(t) € Q. for all t.
i=1

Proof. Let us first denote

5t {ti}%9) = Y gilt, 2) (i) = 7l (t))),
i=1
where ¢, <t < tr1. We can consider (3.9) to be a nonlinear system with perturba-
tion, where the perturbation term is §(¢, z, {t;}7°,) and the unperturbed nonlinear

system is:

é=A(t)e + u(t,z,z.)e. (3.11)

Theorems 3.2.1 and 3.2.2 along with the fact that linearization of u(t¢, z, z.)e around
e = 0 is zero ensure that the unperturbed nonlinear system (3.11) is exponentially
stable. Let V(t,e) = eI P(t)e be a Lyapunov function for the linear system é =
A(t)e. P(t) satisfies the following properties:

1) P(t) is continuously differentiable, symmetric, bounded, positive define matrix;
that is, 0 < ¢;1 < P(t) < o1, Vt.

2) P(t) satisfies the differential equation P(t) = —AT(t)P(t) — P(t)A(t) — Q(t),
where () is continuous, symmetric, positive definite for all ¢, i.e. Q(¢) > ¢3I > 0.
Considering the same Lyapunov function for the unperturbed system will show that
the unperturbed system (3.11) is exponentially stable if ||e|| < r for some r > 0.

Let us consider the same Lyapunov function for the perturbed system and we
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obtain,

Vit,e) = %e(t)TP(t)e(t)
= eT(AT(t)P(t) + P(t)A(t) + P(t))e
+ 2T P(t)(u(t, 2, ze)e + 0(t, z, x(ty))) (3.12)

=~ Q(t)e + 2¢" P(t)(ult, x, xc)e + 0(t, x, {t:}72))-

Using the definition of u(t¢, z, z.) given in Proposition 3.2.3 and the Lipschitz conti-

nuity assumption, (A2), on F(t,z) we can write ||u(t, z, z.) |l < (L1 + > Lb)|le]ls =
i=1

Llellz -

Therefore, from (3.12), we obtain,

V(t,e) < —csllell3 +2Leale]l3 + 2¢218]l2 €]l

= [lellzllellz = 61)(llell2 — 62)

c3—+/c2—16Lc3 |52 c3++/c2—16Lc2|6]|2
where 6, = 3 219l , 0y = 3 219l )

4Lco 4Lco

If 6, and 6, are real and |le||y € [f1, 65], then V(t,e) < 0 and hence Q. = {e €

R”| |le|la € [0, €3]} is an invariant set. To ensure 6, and 6, are real, we need

10]l2 < 160—563. By defining 2¢ to be %, we have e(t) € € if e(0) € €. and
16]]2 <2 ; 1g:(t, 2)vi(y) ]2 < 2e. ]

||le]|]2 will be bounded from below by 6, however, 6; can be made arbitrarily

small by controlling [|d]|o.
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Corollary 3.2.5. Under the same hypothesis as in Theorem 3.2.4, the behavior of
the event based closed loop system (3.7) remains in a bounded domain around the

tragectory of the closed loop system (3.2).

Corollary 3.2.5 follows from the fact that z.(t) — z(t) = e(t) € Q. and
hence ||x.(t) — x(t)|l2 = |le]l2 € [0,65]. This implies z(¢) remains is a domain

Qze) = {z € R"| [lzc — z[l2 € [0, 6:]}.

In Theorem 3.2.4, we have established an if-then relationship between the
perturbation (¢, z, {t;}7°,)) and the error e. In the next theorem, we will state the

exact relationship between the error e(t) and the perturbation (¢, x, {t;}72,)-

Theorem 3.2.6. Consider the dynamics given in (5.9) and suppose that we have a

Lyapunov function V (t,e) that satisfies

cillell; < V(te) < ellell (3.13)
ov oV
- - < — 2
Y + 5 (A(t)e + pu(t, z, z.)e) < —csllell5 (3.14)
oV
H—ae ) < calle]l2 (3.15)

for all (t,e) € [0,00) x R™ for some positive constants c1,ca,c3 and cy. Then,
le)lls < 5= [ e 9922 5(s, 2, {t1}72) l2ds (3.16)
&1
0

Proof. Let us consider the Lyapunov function described in the statement of this
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theorem and apply it for the system (3.9). We obtain,

. ov oV
V(t,e) = e + a(A(t)e + p(t, x, x.)e + 6(t, z, {t;} %))
< —csllell3 + callell2]|6]]2 (3.17)

Let U(t) = \/V(t, e(t)) and whenever V (¢, e(t)) > 0, we have U(t) = % and

using (3.13) and (3.17) we obtain,

Cq

. C3
)< ——U(t 4] 1
(0 < 3200+ 5 ol (3.9
T 1
We have, V(t,z) = [ Wa(;’y)dy = f%dsx and hence using (3.15), V(t,z) <
0 0

1
¢y [ sds||x||3 = [|«|3. This implies ¢; > 2¢;.
0

Therefore, when V' (t,e(t)) = 0 (i.e. e(t) = 0), we have V(t 4 h,e(t +h)) < $le(t +

h)||3 = £18]137% + o(h?); where limy,_, o(h?)/h* =0

, V(t+ h,e(t+h)) 4
D+ =1 v : < 1
Ut) = lim h < 25 10l (3.19)
Therefore, using (3.18) and (3.19), we can write,
DU < —2U(t) + ——|5 3.20
< —52U0)+ 5= (3.20
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Using Comparison Lemma [51, Section 3.4], we obtain,
t
U(t) < U(0)etes/2e 4 S / (s=es/22 5| ol 3.21
(t) <U(0)e o) 16]]2ds (3.21)
0

Since e(0) = 0, (3.21) and (3.13) ensure,

c —(t—S8)c C o0
el < g0 [ e s, {uh)ads
0

3.3 Event-Triggering Strategy

Since piecewise constant control is used instead of continuous feedback to
drive the system (3.1), the system will fluctuate from its expected behavior. We
will implement an event-triggering strategy so that the system determines when the
exact state z(t) has to be transmitted to the control generator and the behavior of
the system does not go beyond the tolerance level. Our goal is to keep e(t) within
the given tolerance level. Theorems 3.2.4 and 3.2.6 give explicit relation between
the error e(t) and the perturbation d(¢, z, {t;}7°,) caused by control mismatch.

We consider a simple event-triggering function, based on the instantaneous

value of §(t, z, {t;}72,), given in (3.22):

Jevent (162, 2, {t:}Z0)l|2) = € = [|0]]2 (3.22)

where € > 0. Other variants of triggering functions are possible and we refer to some
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of them but due to space limitation, we proceed with our further analysis based on
the stated triggering function given in (3.22). Analysis for other event triggering

function such as (3.23) and (3.24) are similar and straight forward.

elvent<H5H2) =€ + €2€—at - H5H2 (323)
t

2 18ll2) = e — / e t=0e8/22 5] s (3.24)
173

where t; is the time instance when the last event was triggered, €1, €5, €3 and a are

some design parameters which take nonnegative values.

1 2

Svent OF fo ) attains a value

The k+ 1-th event is generated when feyens (similarly
of zero. The event-triggering mechanism (3.22) was used for event based control in
several works like [64] and [41], whereas (3.23) was used in [41].

If the e defined in (3.22) is same as that given in Theorem 3.2.4, we can
guarantee that error will be bounded in a positive invariant set €2, or equivalently the
event based state trajectory will be bounded in a domain around the closed loop state
trajectory. For any other arbitrary e, Theorem (3.2.6) ensures that [[e(t)[s < Ze
forallt € [0, 00). Therefore, in any case, for all chosen € there exist ro(€) > 11(€) > 0,
such that Q(z.) = {z € R"| r; < ||z — z.||]2 < ro} is an invariant set. Similarly for

the triggering mechanisms (3.23) and (3.24), there exist such invariant sets which

depend on the choice of the design parameters €1, €5, €3 and a.

Theorem 3.3.1. Inter event time for the event-triggering mechanism(s) defined in

(3.22) (orin (3.23) and (5.24)) is bounded from below.
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Proof. Clearly, due to the fact that +;(z) is a Lipschitz continuous function, we have

I9]l2 < L, Z lg: (¢, @) |2l (2) = 2(E)2

where L, = max{L!| i = 1,2,---,m}. Since g;(t,-) is a Lipschitz continuous
function and z(¢) remains in a compact domain (€2(z.)), ¢;(¢, ) is bounded for all ¢.

m
Hence, we can write, > [|g:(t, )|z < G < 0.

=0

As a result, ||z(t) — x(tg)]]2 < Gof ensures 10]|2 < e.

2

[l (t) = x(ti)]]2 < H ] (f(s,x) + f;gi(&x)%(fr(tk))) ds

< [ (Llats) =t + K(s)ds (3.25)

g

where L= L 43 Liltr (i) and K s) = Hﬂs, t0))+35 (857 (1)

2

Using Groanwall-Bellman inequality for (3.25), we get,

(1) — z(ty)]|] < X5 / K(s)ds (3.26)

If ¢t + T is the time when the k + 1-th event was triggered, then from (3.26)

eLT/K(s—I—tk)dSZ G;LV (3.27)
0
T
Defining ¢(T") = €T [ K(s + tx)ds, we have ¢(0) = 0 and ¢(T) is continuous,
0
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increasing with finite ¢(7") for all T' € [0, 00). Therefore, there exists T > 0 such

that for all T' < Tiyi, ¢(T) < Goj I and hence, the inter event time is bound from

Tm in

below by Thnin, where Thyn is such that eETmin | K(s+ty)ds = G;LW. O
0

Theorem (3.3.1) suggests that the event-triggering mechanism does not exhibit

Zeno behavior [105].

3.4 Simulation Results

3.4.1 Example 1: Interconnected Inverted Pendulums

The first example demonstrates the application of the event based nonlinear
control scheme, presented in this chapter, on a network of inverted pendulums (Fig-

ure 3.1). The nonlinear dynamics for each pendulum is given in (3.28):

Yook
BN A

Figure 3.1: Three pendulums interconnected by springs. The angular positions are
measured anticlockwise from the vertical axes. [95]

. ! 0l 0
+7 2 A
= + u' 4 ; (3.28)
. . hik
%sin(z’l) — s;;; x| —mlp Z —Tjnlle

J

where ¢ is the angular position of the i-th pendulum and z% is the angular velocity.
g is the acceleration due to gravity, [ is the length and m is the mass of a pendulum, &

is the spring constant and a; is the number of springs attached to the i-th pendulum.
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We consider the following parameter values to conduct the experiment: g = 10, m =
1,l = 2 and k = 5. The parameter values are taken from [95] and [41], where the
authors considered the linearlized dynamics of the pendulums to study event based
control of networked linear systems. h;; = 1 if the i-th and j-th pendulums are
connected by a spring, otherwise, h;; = 0. Similar to the approach adopted in [95]
and [41], we consider the control inputs to be as given below so that the poles of

the closed loop system for each pendulum are at —1 and —2.

u' = —(2ml* — k)xt — mglsin(x}) — 3ml*zh — ka]

if i = 1,3 and for i = 2

u' = —2(ml* — k)z' — mglsin(z}) — 3ml®zh — k(2] + 273).

These control laws linearize the system and decouple each subsystem. A candidate

Lyapunov function of the form (x?)” P'z’ for each subsystem can be chosen inde-

2 1 -4 -3
pendently. We choose P! = P = which gives Q) = . Therefore,

11 -3 —4
c1 = 0.38,¢c0 = 2.62,c3 = 1 and ¢4 = 5.24. We choose the value of ¢ to be 0.05.

The initial condition for the system is chosen to be [7/3,0, —7/5,0, —27/3,0]. The
behavior of the closed loop system and event based system are plotted in Figure 3.2.

The errors associated with each dimension are plotted in Figure 3.3 where the
event-triggering instances are also shown. Total number of events triggered is 49

and the average interval between two events is 0.4083.

80



Angular Position
.
~

Figure 3.2: The red curves show the behavior under continuous feedback and the
blue ones for event based feedback. P1, P2 and P3 correspond to pendulum 1,
pendulum 2 and pendulum 3 respectively.

Figure 3.3: (upper) The red curve is for the error in angular position of pendulum 1,
the blue and black ones are for the same for pendulum 2 and pendulum 3 respectively.
(lower) The event-triggering profile.

3.4.2 Example 2

In the second experiment we consider the following nonlinear dynamics:

1 — sin(xl) —X2
= + u (3.29)

To —T Iy
This system cannot be linearized for any choice of the control input u but with u =
—I5, we can stabilize the system around the origin. A Lyapunov function V (¢, x) =
22422 proves that the closed loop system is exponentially stable. We choose different
initial conditions for this system to observe how the event based system differs from
the closed loop system. We choose twelve different initial conditions as shown in
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Figure 3.4. The initial conditions are chosen in such a way that two of them lie on
the zo = 0 line and five of them are the reflections of other five about the x5 = 0

axis.

Figure 3.4: The red curves are for the continuous feedback system and the blue
curves are for the event based system. All the trajectories converge to the equilib-
rium point at the origin. There are twelve different initial positions as numbered in
the figure.

The event-triggering profile for the different initial positions are shown in Fig-
ure 3.5. The dynamics is symmetric about the xo = 0 axis with the chosen control.
This symmetry is also reflected in the event-triggering pattern. So we only plot the
event-triggering patterns for the first seven initial conditions shown in Figure 3.4.
The triggering patterns for the 5-th and 7-th initial conditions are same since the

initial conditions mirror each other. No further event is triggered after the first one

at ¢t = 0 for the 6-th and 12-th initial conditions.

3.5 Conclusions

In this chapter, we have proposed an event-based control strategy for an input
affine nonlinear system. We use an event-triggering strategy to ensure that the

error remains in a bounded domain, and as a consequence, the event based system
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Figure 3.5: We only show event-triggering profile for the first seven intial conditions,
rest of them are similar to their mirroring initial conditions. Intial conditions on the
line x5 = 0 do not require any triggering (expect the one at ¢t = 0 to set the initial
values) because u = 0. Event-triggering profile is same for intial conditions 5 and 7
since they mirror each other.

approximates the behavior of the continuous state feedback system. The threshold
based nature triggering strategy for this non-linear system is similar to the optimal
triggering strategy for the linear systems proposed in the previous chapter.
Simulation results show the application of event based strategy on two input
affine nonlinear systems. Theorem 3.2.6 gives the explicit expression on the bound-
edness of the error e(t). Theorem 3.3.1 also shows a relation between the inter event
time and the error bound. The optimal error bound can be selected based on the
precision needed and the communication resources available for triggering.
Possible extensions could be to analyse event-triggering controller for a general
nonlinear control systems of the form & = f(¢,z,u), and include time delays and

dropouts into the network.
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Chapter 4: Event-Triggered Optimal Control of Nonlinear Stochastic

Systems

In this chapter we study the classical stochastic nonlinear optimal control in an
intermittent feedback setting. It is well known that the solution of such a problem
is determined by solving the Hamilton-Jacobi-Bellman (HJB) partial deferential
equation (PDE). Solution of the HJB results in a feedback control policy, and that
is not desirable in this case as we hope for intermittent feedback policy. In this
chapter we show that the optimal intermittent feedback policy needs a PDE similar
to HJB to be solved. Furthermore, we show that there is a connection between the
PDE corresponding to optimal intermittent feedback and the HJB equation for the

continuous feedback counterpart of the same problem.

4.1 Introduction & Literature Review

In Chapter 2 we discussed an event-triggered control policy for a linear non-
deterministic system and subsequently in Chapter 3 we extended the similar idea
for a class of nonlinear systems, namely the control-affine class. Like Chapter 2, the
focus is to design optimal control for a stochastic nonlinear system that entails only

finite number of state measurements. As the disturbance in the dynamics for the
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problem in Chapter 2 is non-deterministic and no further information was available
except the optimal strategy required active sensing to perform the event-triggering
mechanism. In this situation, as we are interested in optimizing the expected cost
and the dynamics is subjected to a Wiener noise with known distribution, the opti-
mal instances for triggering the state sampling can be computed offline and hence
it does not require an active sensing.

As we presented in the last two chapters, event triggered control have gained
increasing popularity over the time due the qualities such as reduced sensing, reduced
communication, and often times reduced computation. As presented in [3] and [30],
the event triggered control framework has been adapted to the nonlinear control
settings. Event-triggered control has also been combined with a model predictive
control framework in [60]. Although, in those works, the focus was to develop an
event-trigger strategy for certain class of nonlinear systems to achieve properties like
stability and consensus; and the optimality of the control law or the event-triggering
strategy was not the primary focus of these studies. Similarly, the large body of
past works on event-trigger control do not deal with the optimality aspects: [89],
[90], [91], [94], [95], [96] and [97].

The closest work on this topic that addresses the optimality aspects both in
control and in the number of triggering is studied in [72]. In this work the authors
considered an continuous time stochastic LQG optimal control problem and the
measurements were obtained intermittently in a discrete-time manner. To an extent,
the motivation of this chapter is obtained from this work. Since LQG is a special
case of the stochastic nonlinear control problem, we reproduce the findings of [73]
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from our results. Another work that attempted a similar problem is [80], where
the control had two values, and the optimal trigger instance decided the transition
from one value to the other. There framework only dealt with one transition for the
entire horizon of the problem.

The organization of this chapter is as follows: In Section 4.3 we formulate
the general problem and whose solution is approached in Section 4.4. As the final
optimization problem is not always possible to solve analytically, we consider some

special cases in Section 4.5. Finally, we conclude this chapter in Section 8.6.

4.2 Notation

x(t) : the state of system, dw(t) : Brwonian motion Noise, t;: event-triggering
instance, £ : event generator (set of triggering times t;), C : controller, J(t) : o-
algebra generated by the measurements obtained until time ¢, w(¢,z) : density of
the state z(t) given J(t), 7(t, x, s) : density of the state z(t) given J(s) where s < t.

(-,+) : standard inner product (in Ls).

4.3 Problem Formulation

Let us consider the following nonlinear stochastic dynamics:

dx = f(t,z,u)dt + o(t, x,u)dw(t) (4.1)

dw(t) standard Brownian motion noise in R” with E[dw(t)dw(t)'] = I,dt.
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The finite horizon cost function that we are interested to minimize is:

J(0,z0) = ]E[/O [(s,2(s),u(s))ds + g(T,x(T)) |x(0) = xo|.

The solution of this standard nonlinear stochastic optimal control is char-
acterized by the value function that satisfies the Hamilton-Jacobi-Bellman (HJB)
equation (4.2):

ov ov 0*V

= 5 = win{i(tz,u) + S f (@, u) + tr(5—alt 2, u)} (4.2)

where a = oo’, V(T,x) = 0, and

V(t,z) =E {/t I(s,2(s),u(s))ds + g(T,z(T)) | x(t) =z

The optimal u* is found by solving (4.2), and hence u* is a feedback control
law.

In this work, we address the above mentioned optimal control problem in an
event-triggered framework. By event-trigger, we mean that that continuous feed-
back is not possible and only intermittent on-demand feedback is allowed. The
schematic diagram is as presented in Figure 4.1 where, in contrast to classical con-
trol setup, we have two decisions to be made at the controller side: first, optimal
time instances to ask for the measurements and second, the optimal control law to
steer the dynamics (4.1). In this continuous time framework, we only allow instan-

taneous measurements. The controller needs to pay certain cost in order to receive
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Figure 4.1: Schematic representation of the system.

each measurement. We assume that the communication link used to transmit the
measurement from the sensors to the controller is noiseless and delay-free, i.e., when-
ever the controller receives the measurement it is a perfect copy of the state at that
time instance.

The event-generator £ generates the optimal time instances {t;};>1 at when the
measurements are transmitted to the controller. In this work we assume! that the
controller has the perfect knowledge on the initial state 2(0), and we denote ¢y, = 0.
Let at time ¢, n(t) be the number of measurements that have been transmitted i.e.
the controller C has the information {x(tl)}?:(tg Thus, the control u(t) generated

by the controller C is measurable with respect to the (o)-algebra generated by the

random variables {x(tl)}f:(to) Let us denote J(t) to be the algebra generated by
{a:(tl)}?:(tg Similarly, the optimal time-instances generated by £ at time ¢ is also
J(t) measurable.

Therefore, the new optimization problem for our case is:

IThis assumption can be easily relaxed when we have only the distribution py(-) as opposed to
the actual value of z(0).
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sz{ti]f;ifczu(.)E[/oTl<5ax(s)yu(s))ds +g(T,x(T)) + \E| ‘3(0) _ ﬂio}

where |€| denotes the cardinality of the set £ i.e. the number of measurements
transmitted. A > 0 is the cost associated with each transmission of the measure-
ments.

The optimal cost-to-go for any arbitrary time ¢ > 0 can be written as:

gii)%]E[/oTl(s, 2(s), u(s))ds + (T, 2(T)) + \|€| ‘J(t)]. (4.3)

We restrict ourselves to the class of £ that produces only finite number of
triggerings in the interval [0,7]. We also assume that the joint minimization in

(4.3) can be written as a nested optimization as shown in (4.4)

J*(t) = Iél(gl {E[mcmE[/t 1(s,2(8),u(s))ds + g(T,z(T)) |3(t)| + NE®)| | j(t)]}

(4.4)

where E(t) = {t1 <ty <--- | t; > t}.

In (4.4), we have separated the control cost and measurement acquisition costs,
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and we define the optimal control cost as:

72(1) = min E /t (s, 2(s), u(s))ds + o(T, (1)) [3(1) (4.5)

u

and the measurement cost as:
T(t) = E[A|£(t) \J(t)]. (4.6)

The optimal control cost J¥(t) depends on £(t) since the optimal control u*

depends on the information J which in turn is decided by &.

4.4  Solution Approach

Since z(t) is not available to synthesize control at time ¢, therefore it is cus-
tomary in stochastic control to introduce information state, w(t,-) : R"™ — R, on
which the control depends i.e. u(t) = k(t,w(¢,-)).

The information state is generally the probability density of the state given
the information to the controller i.e. 7(t,z) = P*(z(t) = = | I(t))*. Let us denote
the quantity 7(¢,z,s) = P*(z(t) = = |3(s)) for all s < ¢, and thus 7(t,x) = 7(t, z; 1)

for all z € R™, and 7 (¢, ;s) = By [7(t,-) |I(s)]*.

Lemma 4.4.1. The evolution of 7(t,x;s) for all t > s can be characterized by the

2Here we make an abuse of notation; precisely, 7 (¢, x)dxr = P*(x(t) € dz | J(t)). Similar for the
definition of 7 (¢, , )

3The notation E.y[X] defines the expectation of the quantity X with respect to the random
variable Y
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following special form of Fokker-Planck equation:

on(t, z; s)

AU

7(s,x,8) =7(s,x);

Moreover,

on(t, )

o = L(n(t,) (4.7)

m(t;,r) =*9(x(t;) — x);

where {t;}i>o are the triggering time instances.

Proof. 1f t; be an instant when the measurement arrives to the controller, then

trivially,

w(ti, x) = P(x(t:) = 2| X (L) = 2(t) = (2(t:) — x)

Let also that ¢; and t;.1 > t; be two consecutive sampling instances. For all
t € (ti,tiz1), let us consider a function h(z(t)) where z(t) satisfies the SDE 4.1.

Therefore, by Ito’s rule,

O*h(x)
ox?

4%(0,2,0) = po(z) when initial distribution (po(-)) of (0) is available instead of the actual
value.

dh(z) = Vh(x)(f(t, z,u)dt + o(t,z,u)dw(t)) + %tr(a(t, T, u) )dt.
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Let us define an operator £ such that:

0 (h(z)) = Vh(e)f(t 2, u) + ;tr( ()
Thus,

h(x(t) / Vh(x)o(s,z,u)dw(s) + | Li(h(x))ds

t;

Taking expectation on both sides:

E[h(x(t)) — h(x(t:) | 3(1)] = /ttE[Ci‘(h(x))dSJ

i

/ hly)n(t,y)dy — h(a(t) = / [ £hia)ats,z)dads

Let us denote the adjoint operator of LY by L£" in the following way:

L(hy(z))he(z)dx = L (ho(z))hy(z)dx

R7 R7

Therefore, from (4.8), one can write:

/n h(y)m(t,y)dy — h(z / /n z)L" (7 (s, z))dzds

Taking derivative w.r.t. ¢ on both sides:

/ nh(y)a”((% Y gy - / W) r(t, ) de
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]

Since the above relation holds for any twice differentiable (Ly) function, we
can conclude that 7 (¢, z) is a week solution of the PDE (4.7).

Similarly, one can the prove the PDE associated with 7 (¢, x, s).

Theorem 4.4.2 (Sufficiency for Optimal control). Let there exist a twice differen-

tiable function V(t,x) : [0, T] x R™ — R, such that for all0 <t < T':

—<%—‘;(t, ), m(t, )> = Hhm <l(t, u)+ VVI(t, ) f(t, - )
+ %tr(a(t, -’u)%(@ ')),W(t, )> (4.9)

V(T7 :L‘) = g(T’ :L‘),

and define:

where (f(-),9()) = Jgn f(2)g()dz.

Then, J*(s) = J(s,s) and the optimal u* minimizes the right-hand-side of

(4.9).

Proof. We start by differentiating J (¢, s) w.r.t. first argument ¢:
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From (4.9), we have:

B [( 2. 7(1.)) 13(5)] =By [min {1t 0) + WV ()£ 0)

ot
1 PV N
+ 5tr(alt W) G5 () 7)) 136)].
which leads to

(, s)> = min <l(t, u) + V() ()

+ %tr(a(@ g U)%(t’ '))’ﬁ(t’ A S)>

|
/\
2|
~
—~
~+
N~—
=R

— min <l(t, )+ LUV (L)), 7 (L, s)>.

u

Using the fact that £* and L¥ are adjoint operators under the inner product (-, -),

we can write:

Thus, combining the two results,

%_{ = mn <l(t’ su) + LAV, ), 7 (5 8)> + <L‘}j(v(t, ), 7 (L, - S)>‘

Let us denote:
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H(t,u) = <l(t, u)+ LYV (L)), 7 (1, s)>, and consequently,

88_{ + <l(t, ou), w(t, s)> = H(t,u) — mJnH(t, u)

>0 (4.10)

where the equality holds for © = u* that minimizes the Hamiltonian .

Integrating (4.10) from o(> s) to T leads to:

T

j(T,s)—j(a,s)+/ <l(t,-,u),7~r(t,-;s)>dt20.

o

T

T(o.5) < (o) 7)) + [ (1) 7 5)

- E[/UTz(t,x,u)dt + (T, z(T)) |3(s>}

T
T(o,s) < minE[/ U2, w)dt + 9(T.2(T)) [2(s)]
Furthermore, substituting u = u* (the optimal control minimizing H) in (4.10)
and integrating, one obtains:

T

I (0, 5) :E[/ I(t, z,u*)dt + g(T, (T)) |3(s)]

o

Therefore, the control u that minimizes E[ffl(t,x, w)dt + g(T, x(T)) |’J(s)] must
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be equal to v* with almost sure probability. Thus,

TH(s) = minE[/sTl(t,x,u)dt + (T, 2(T)) |3(s)]

u

= J(s,s).

and the optimal u* is found by solving (4.9). O

The challenging part in order to compute optimal control is to solve the coupled
PDEs of V (¢, ) and 7 (¢, x). However, this is a common fact in nonlinear stochastic

optimal control and there is no-way around it.

Remark 4.4.3. For the case when we have perfect state measurement x(t) for all

time t, then w(t,z) = 6(x(t) — z). Thus (4.9) can be written as:

(2 11.80(0) = ) = min (1(8)+ TV
+ (a0 22 0,) 6(e(t) )
1%

—E(t, z(t)) = mgn{l(t, x(t),u) + VV(t,x(t) f(t, -, u)

+ %tr (a(t, x(t), u)%(t» x(t)))}

which the classical HJB equation for the prefect measurement case.

Since Ji(t) = J(t,t) = [V (¢, z)7(t,z), we now have

J*(t) = rg(itglE[V(t, z)+ A& ()] (4.11)
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where V' (¢, ) satisfies the functional PDE

_<8_V(t, ), w(t, .)> = min <l(t, su) + V() f(E - u)

ot
o*V >

+ %tr(a(zﬁ, -,U)w(t,')),ﬂ(t,') : (4.12)

Solving (4.9) is non-trivial and even more challenging than solving a HJB for a
general stochastic control problem under perfect state observation. In the following
proposition we show that the solution of (4.9) can be constructed from the solution

of an HJB for an equivalent perfectly observable stochastic control problem.

Lemma 4.4.4. The solution of (4.9) can be written as V (t,x) = W (t, J:)—l—ftT YP(s)ds
where Y (t) depends on (t,-) and W (t,xz). W(t,x) is the solution of the HJB equa-

tion under perfect observation, i.e.,

_%_Vf(t, 2) = win (I(t, 2, 0) + VW (t,2) {(t, 7, u)

2

+tr(alt, z, u)%%(t, x))> (4.13)

W(T,z) =g(T,x).

Proof. It can trivially be checked that the terminal condition V(T z) = ¢(T,z)
holds.

Let u = k(z) achieves the minimization in (4.13). Moreover, let us define ()
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as:

() =min (Ut w) + VW () S (L w) + tr(alt, - u)%%v(t, )). (L))
W

= (Ut k() + W) F (E o k(@) + tr(alt, - k(@) G (1) ()

Considering V(t,z) = W (t,z) + ftTw(s)ds, we obtain:

_<88_‘t/(t’ ), w(t, .)> — _<aa—vz/(t, D, w(t, -)> + 9 (t)

Using the definition of ¥ (t), and substituting it in the above equation one obtains:

_<83_‘t/(t, ), w(t, )> = muin <l(t, u)+ VW () f(t, - u)
+ tr(a(t, ) 883?2/ (t, ‘)),W(t, )>
(e k)

+ VW (t, ) f(t, - k(z))

4 tr(a(t, 5 k(x))aag (t, .)),W(t, -)>

Using (4.13) along with the facts that VW = VV, 2% (¢ z) = ZY(¢ ), we can

Oz2 Ox2

obtain:
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which is precisely (4.9). O
Corollary 4.4.5. For allt € [0,T] and for all x € R, V(t,xz) > W(t,x)

Proof. The corollary is proved by showing that ¢ (¢) > 0 for all . For the sake of
brevity, let us denote:
oPW

o(t, x,u) =l(t, z,u) + VW (t,2) f(t, 2, u) + tr(a(t, z, U)W(t, z))

Since u = k(z) is an optimal control for (4.13),

oL,z k(x)) < o(t, x,u)

for all x and w. Thus, for all u

<¢(t7 ) k())v ﬂ-(ta )> §<¢(tv ) U,), ﬂ-(t7 >>
< muin (o(t,-,u),m(t,)).

Therefore,

w(t) = Hluill <¢(t> K u)? ﬂ-(tv )> - <¢(t7 i k())? ﬂ-(t? )> >0 (414>

Thus j;Tw(s)ds > 0 for all ¢, and hence V' (t,z) > W (t,x) for all ¢, x. O

It should be noted that the choice of triggering instances t; affects the value

function V (¢, ) through v (t) since W (t, z) does not depend on the event-triggering
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strategy £(t). From the expression of v(t), one can conclude is that 1 (t) is right

continuous® and ¥ (¢;) = 0 at all triggering instances t;. Recall from (4.11) that

J*(t) :I?(itgl]E[V(t,:L’) + AE| | 3(t)]

zrgl(gl]E[W(t,x)+/t (s)ds + NE| | 3(0)].

Thus the optimal cost
T
J(0) = E[W(0,2) | 3(0)] + minE| /0 O(s)ds + NE] | 3(0)]

Therefore, the optimization problem to find the optimal triggering policy &()

can be written as:

Problem 4.4.6.

mginE[/O Y(s)ds + AE] | T(0)]

st. Y(t)+ <gz$(t, S k(4)), m(t, )> - muin <¢(t, ), 7(t, )> =0

on(t,x)
ot

m(ti, x) = 0(x(t;) — x).

= LY(n(t,x))

Solving Problem 4.4.6 is non-trivial, however, for certain class of problems

(precisely Linear Quadratic Gaussian), the problem can be solved explicitly and it

Ssince 7(t,-) is right continuous and ¢(t, -, -) is continuous for all ¢
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will be demonstrated in Section 4.5.

4.5 Special cases

4.5.1 Linear Quadratic Gaussian Control

In this section we illustrate the application of Theorem 4.4.2 for a linear

quadratic Gaussian case as described below:

dx = Azdt + Budt + odw(t)

z(0) ~ N(p, )
and the cost function to be optimized is:
T
J=E {/ (2'La + v Ru)dt + z(T)' Qz(T) + NE®)|| -
0

The probability density w(¢,z) will follow the Fokker-Planck equation (with

resetting):

a”f;’ ) _ Y (r(t ) (A + Bu)) + % Z Z 0 (7 (t, x)a)

m(t;, z) =0(x(t;) — x)

where V - ¢ computes the divergence of the vector valued function ¢(z), and a;;

is the ij-th component of the matrix oo’. Since, it is well known that the density
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function will be Gaussian, we can represent the solution of the above PDE as:

—(z—m<z>>’Két>*1<z—m<t>>

m(t,x) = ae

where the normalizing constant a = (27)~™"/?(det(K(t)))~/? where in this expres-
sion 7 is the mathematical constant 7 and not the distribution 7 (¢, z).
Furthermore, one can verify that guessed solution of 7 (¢, z) satisfy the PDE if

the parameters m(t), K(t) satisfy the following ordinary differential equations:

m =Am + Bu
K =AK + KA +C

m(t;) =z(t;), K(t;) =0

According to Theorem 4.4.2, the optimal u* can be constructed from a value
function V' (¢, z) satisfying (4.9). Due to Proposition 4.4.6, V(t,z) = W (t,z) +

fthﬂ(s)ds. Where solving (4.13), one can show W (t,z) = 2/ P(t)x + n(t) where

P+ PA+ AP —-—PBR'BP+L=0
n+tr(aP) =0

P(T) =Q,n(T) =0.

The optimal feedback control that minimizes the RHS of (4.13) is u(t) = k(z) =
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—R7'B’Px. Thus,

o(t,z,u) =2’ Lx + v Ru + (Ax + Bu) Pz + 2’ P(Ax + Bu)

+ tr(aP)

Thus, from (4.14),

Y(t) =min (g(t, - u), w(t, ) = (&t k(), 7(t,))
=min (z'Lx +u'Ru+ (Azx + Bu)' Pz
+ 2’ P(Az + Bu) + tr(aP),7(t, z))
— (2'Lx + k(z) Rk(z) + (Az + Bk(z))' Pz
+ @' P(Az + Bk(x)) + tr(aP), n(t,z))
=min (v'Ru + u'B'Pr + 2'PBu, 7(t, 7))
+ (z’PBR™'B'Px,n(t,x))
=tr(PBR ' B PE[z2/]) + m&n{u’Ru + u'B'"Pm + m'PBu}
=tr(PBR™'B'PE[(z — m)(z —m)'])

=tr(PBR'B'PK)
For the event-triggered problem, the optimal u is found be u(t) = —R™'B'P(t)m(t)

which minimizes v’ Ru + v’ B’ Pm + m' P Bu.

Thus Problem 4.4.6 simplifies into:
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Problem 4.5.1.

Nity,ta,-

T
min / tr(P(t)BR™'B'P(t)K (t))dt + AN
in g
st. K=AK+ KA +C

K(t;) = 0.

Furthermore, one can combine the two constraints in the above optimization

problem and express K (t) as:
t /
K(t) = / GA(tis)CeA (tis)dS YVt € [tl, tiJrl)
t;
Thus, Problem 4.5.1 can be represented as:

N thyr ot ~ /
min Z/ /tr(R(t)eA(ts)C’eA (t=9))ds + AN
k=0 k b

Nty tn

to=0,tny1 =T,

where R(t) = P(t)BR'B'P(t).
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4.5.2 Linear Quadratic Control with State Dependent Noise

The dynamics of the states are given as:

P
dx = Axdt + Budt + Z orxdwy(t) (4.15)
k=1

2(0) ~ po(*)

where each dwy(t) is a one dimensional Wiener process noise independent of dw,(t),
and oy, is the corresponding noise matrix, and po(-) is the initial state distribution.
To maintain brevity, we will proceed with the case when p = 1, and accordingly
o1 = 0. The cost function associated with this problem is same as in Section 4.5.1,

J=E {/T(x’Lx + ' Ru)dt + z(T)' Qx(T) + MNE()]| -

Firstly, let us note that the distribution of the state 7 (¢, x) will not be Gaussian
even when py(z) is Gaussian. Moreover, it might be the case, that (¢, z) might not
even be represented in terms of some finite dimensional parameters.

Let us first characterize W (¢, z), as mentioned in Lemma 4.4.4, for this problem

ow
ot min (:n’Lg; +u'Ru++VW(t,z)f(t,z,u)

2

+ tr(a(t, z, U)W@, m)))
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Let us guess W(t,z) = 2/ Pz, then

o = min (x’L:z: + ' Ru + 2’ P(Az + Bu)
+ (Az + Bu)' Pz + tr (am:’a’P))
—2'Pr =min (:E/(L + AP+ PA+0'Po)x +uRu

+ 2'PBu + u'B'Px)

The optimal u* that minimizes the above equation is given as u*(t) = k(z) =
—R7'B’'Pz which is exactly same as the linear quadratic case presented in Section

4.5.1. Thus, in order for our guess ' P(t)x to be a valid value function, we require:

P+ L+ AP+ PA+ 0 Po— PBR'B'P=0

P(T)=Q
For this problem, ¢(t, z,u) is given as:

o(t,x,u) =2'(L+ AP+ PA+ o' Po)x +uRu+uB'Px + 2'PBu
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Thus one can show,

Y(t) =(«’PBR™'B'Pxz,7(t,x)) 4+ min (v'Ru + v'B'Pz + 2’ PBu, 7(t,z))
=tr(PBR ' B PE[x2/]) + min{u'Ru + «'B'Pm + m/ PBu}
=tr(PBR ' B PE[(x — m)(x —m)'])

=tr(PBR™'B'PK)

where m(t) = E[z(t)] = (z,n(t,z)) and K(t) = E[(x —m)(z—m)'] = (z2', 7(t,z)) —

mm/.

Taking expectation on both sides of (4.15),

m = Am + Bu= (A— BR'B'P)m

m(0) = {z, po(x))

Let us define K;(t) = z(t)x(t)" and thus, by Ito rule,

dK; =(Azxdt + Budt + cxdw)x’ + z(Azdt + Budt + oxdw)' + oxx'o’dt

E[K]| =AE[K,] + E[K|]A' + 0E[K)]o" + Bum' + mu'B’

Since 1 = Am + Bu, Ky(t) £ mm/ satisfies Ky = m(Am + Bu)' + (Am + Bu)m'.
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Thus, K(t) = E[K;(t)] — K3(t) satisfies,

K=AK + KA + ocKo' + omm/o’.
K(0) = (zx', po(x)) — m(0)m(0)’

K(t;) = 0.

The above matrix equation can be represented as a vector differential equation by

defining I(t) = vec(K(t)).

[ = Al + vec(omm/c’)
1(0) = vec(K(0))

where A= I®@ A+ A®I+o®o0. Since, tr(+) is an linear operator, we can represent
F(t)l(t) & tr(PBR™'B'PK) for some vector 7(t). Thus, the final optimization

problem becomes:

tot+1
mm / / Ali—s Jvec(omm’o’)dsdt + AN

Nit1,

to=0,ty41 =T,

which is very similar to the optimization problem we received for the standard LQG

case.
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4.6 Conclusion

In this chapter we considered the general nonlinear stochastic intermittent
feedback control. This is not ‘event-trigged’ control per se, as there is no event to
be triggered rather the triggering instances are found offline by optimizing Problem
4.4.6. We showed how the solution of this problem has a strong connection with the
solution of the same problem with continuous feedback control.

For the special structures of the costs and dynamics we show the synthesis of

the optimal controller and event triggering pairs.
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Chapter 5: Linear Quadratic Games with Costly Measurements

While the past chapters are focus on a single controller or (equivalently) cen-
tralized structure of the controller, in this chapter we discuss a game theoretic for-
mulation of intermittent feedback problem. In this chapter we consider a stochastic
linear quadratic two-player' game. The state measurements are observed through a
switched noiseless communication link. Each player incurs a finite cost every time
the link is established to get measurements. Along with the usual control action,
each player is equipped with a switching action to control the communication link.
The measurements help to improve the estimate and hence reduce the quadratic cost
but at the same time the cost is increased due to switching. We study the subgame
perfect equilibrium control and switching strategies for the players. We show that
the problem can be solved in a two-step process by solving two dynamic program-
ming problems. The first step corresponds to solving a dynamic programming for
the control strategy and the second step solves another dynamic programming for

the switching strategy.

'The idea could be extended for a general N player game.
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5.1 Introduction & Literature Review

Linear quadratic (LQ) stochastic games have attracted a great deal of atten-
tion in the control and related community due to its wide applicability in stochastic
control, minimax control, multi-agent systems and economics [13], [34], [38], [98],
[11], [24], [47]. There is a well established notion of (Nash) equilibrium (NE) strate-
gies for static games, and in dynamic games there are refinements of NE known as
subgame perfect equilibria (SPE). Closed form solutions for these NE (or SPE) may
generally not exist or hard to compute if one such exists. Among the various classes
of dynamic games, L(Q games exhibit a closed form expression for SPE, and it is
characterized by some Riccati equations. Necessary and sufficient conditions for the
NE strategies of LQ games have been studied in [38], [17], [11]. Contrary to the
prior belief, [12] shows existence of nonlinear control strategies for LQ games.

Amongst the vast majority of the prior works, the underlying assumption is
the availability of free observations. Dynamic games are studied with either open-
loop strategy (i.e. only measurement is the initial state) or feedback strategies
where the observation is available freely at any time. Challenges emerge when the
measurements are on demand, but costly. This adds an extra layer of decision
making, for the players, because now they have to both, control the system and ask
for measurements.

In this chapter, we consider a class of two-player linear quadratic stochastic
games of finite horizon. The game dynamics are partially observable. Contrary to

the existing literature, the observations are not freely available. Each observation
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(31151) > v
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Figure 5.1: Schematic of the system. Each player has to select their controller
strategy ¢° and switching strategy s'. All the links are noiseless and delay-free.

requires a finite cost for establishing a link for communication. The link through
which the observations are communicated to the players (their controllers) is noise-
less but operated by two switches (Figure 5.1), one for each player. The link is
established only when both the players are willing for it, and they both get the
actual state measurement at that time. Consequently, there is an apparent trade
off between cost of obtaining state measurement and the estimation quality.

In this game, the players can make a precise estimate of the state if they
establish the link at every time instance. However, since the link establishment is
costly, they can compromise the estimation accuracy in exchange of the cost for
accessing the measurement. Therefore, the problem is to optimally decide when to
establish the link and how to use the acquired measurement in order to minimize
their individual cost. Since, in general, the players will have different preferences
over the time instances when they want to acquire the measurement, they have to
come to an agreement when to actually establish the link.

The closest work on the similar game framework has been studied in [68]
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where the authors studied zero-sum stochastic differential LQ games. However, the
selection for switching times were performed in an collaborative way rather than
being the outcome of a strategic interaction. The major digression of the work
presented in this chapter from [68] is that we consider an explicit game for the
switching strategy as well. We express the switch as a Boolean control action and
seek for SPE for both control and switching strategies.

The primary contributions of this chapter are as follows:
(a) We study the SPE of this dynamic game and show that they can be found
through a two-step process. Specifically, in the first step we fix the switching strategy
and study the SPE for control strategies. The study shows that the control strategy
is linear in estimated state, where the gain is characterized with two backward
Riccati equations which can be computed offline. Moreover, the Riccati equations
do not depend on the switching strategy.
(b) Regarding the equilibrium switching strategy, we provide a backward recursive
algorithm to find all SPE where value functions need only be computed over a finite
and quadratically-sized (in the duration of the game) set.
(c) Regarding the equilibrium switching strategy, we show that there are many
equilibria among which there is one that is strictly preferable by both users and has
a Markovian structure. It is found in our study that a strictly preferable switching
strategy for a player not only depends on their own cost-to-go, but also depends on
the cost-to-go for the opponent.

The remaining of the chapter is organized as follows: The problem formulation
is provided in Section 5.2, Section 5.3 contains the results on the SPE of the control
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strategy, SPE for the switching strategy and its offline computation are analyzed in

Section 5.4. Finally we conclude this chapter in Section 5.6.

5.2  Problem Formulation

In the discrete time Gauss-Markov setting, we consider the following linear

dynamics of the state X;:

X1 = AX, + B'U! + B?U + W, (5.1)

where X; € X = R", and U} € U’ = R™ denotes the action of player i. W; € R™ is
a Gaussian noise with E[W,] = 0 and E[W, W] = S6,_, (&, is the Kronecker delta.),
and Xy ~ N (0, X).

There are two additional actions (switching actions) V! € {0,1} and V? €
{0,1}. These switching actions control a switch (switch closes if both are equal to
1) and the observation available to both users is Y; € X U {e} with

X, Vi=v2=1
Y, = (5.2)

e ,else,

where “e” denotes an erasure. The evolution of random variables in period t is
assumed to be ..X; — (V1 V?) = Y, — (U}, U?)...

The information available at time ¢ to player ¢ before she takes the switching
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action V! is

It — (thlj Ul,tfl’ U2,t717 Vl,tfl’ V2,t71)’ (53)

and the information available at time t to player ¢ before she takes the control action

,L' .
U is

I = (I, V', VA, Y)). (5.4)

As a result, the actions have the functional form

‘/Z = Si(‘[t% 1= ]-7 27 (55&)

Ul =gi(h), i=1.2, (5.5b)

where by ¢' = (¢})]=5, s' = (s¢)]_;', we denote the control and switching strategies

of player i. vVt € {0,---,T — 1}, let us denote an [; measurable random variable
Ay =VE-VE

The individual cost that each player needs to minimize is quadratic in state
and action, and it also depends on the switching actions V;! and V2. We consider a
game for a finite duration ({0,---,7'}) and the per-stage costs are explicitly written

as:

CZ(xtvu%vu?’vtlath) :||xt|

ot lluil

b+

o Ni(v) - v]) (5.6)
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forallt € {0,---, 7 — 1} and

Cr(ze, ug,uf, vy, v) = o[l (5.7)

The quantity A; > 0 is the cost paid by player + when both the players attempt to

close the switch and they observe the state information X;. Therefore the average

cost over the time horizon {0,--- , T} is represented as,
T
J'(o",0%) =Y EICH(X,, UL UL VL VY] (5.8)
t=0

where o' = (g', s') denotes the strategy of the player i that corresponds to control
strategy ¢' and switching strategy s°.
The objective of player ¢ is:

min J*(o!, 0?) = min{min J'(c', 0%)} (5.9)
O—Z 874 g74

5.3 Subgame Perfect Control Strategy

For dynamic games with complete information the appropriate equilibrium
concept is a refinement of Nash equilibrium (NE) called the subgame perfect equi-
librium (SPE). A strategy profile (o', 0?) is a SPE if the restriction of (¢!, 0?) to
any proper subgame of the original game constitutes a NE [39, pp. 94].

We seek to characterize the SPE (o'*, 02*) for this switched LQG game. More-

over, we will show that among the multiple SPE, there exists one that simultaneously
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minimizes the cost for both users among all SPE and thus it will be the preferable
SPE solution of this game. In this section, we study the SPE control strategy for

both the players.

Theorem 5.3.1. For any switching profile (s',s*) of the players, the SPE control

strateqy g has the following structure:

U = g7 (1) = —LiX,, (5.10)

where

) AX, 4+ B'U' |+ B*U%,, V' - V2=0
X, = (5.11)

X3, Vi-vEi=1.
Furthermore, the cost-to-go incurred by player i under the SPE control strategy

at any time step k is given by,

T-2

o+ AA) + Y A AE, + Wi
t=k

Pyt | Ex]|?

Qi Ik] + ||Xk| Pi

T-1
I () =E[ Y (B2
t=k

(5.12)

where E, = X; — X,. The matrices L! and P} depend only on the game parameters
A, BY,Q", Q% and Q¥ (detailed expressions are in the proof of the theorem) and thus,

can be calculated offline without the knowledge of the switching strategy profile.

proof The proof of this theorem is provided in Appendix 5.7.1.
To maintain brevity J&*(I;,) will be denoted as Ji*. From this point onward we
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will set Ar = 0 and write (5.12) in compact form as

T-1
Ji (I = [; 1Elg: + Ara | AE, + Wil |+ Xidde) + | Erllg] Te | + 1Xell

(5.13)

It should be noted that in Theorem 5.3.1, the ¢** depends on the given switch-
ing strategy (s', s?) through the X,

There are several remarks to be made at this point.

The stochastic control version of the same problem (i.e. single player single
objective) is a modified Kalman filtering problem where the observations are avail-
able on demand after paying certain cost A per observation. Therefore, the decision
of switching will solely depend on the influence of switching on the error covariance
matrix. This is a side result of our work and details will appear elsewhere.

From Theorem 5.3.1, ming: J* (o', 0%) = ming E[J§]. Therefore, the total cost
incurred by player ¢ with control strategy profile (¢'*, g**) is E[Ji*]. Hence, the total

cost incurred with the switching is:

T—1
ET5) = Bl %ol 3] + E[ 32 (1B + Acal AB + Wil + M) + 11 Brll]
t=0

(5.14)

Another remark that is apparent from our result is that the SPE control strat-
egy is completely characterized by the pair of matrices (P!, P?) which is uniquely

determined by backward dynamic equations.
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5.4 Subgame Perfect Switching Strategy

In this section we complete the procedure for finding the SPE of this game by
focusing on the switching strategies. We will do that by considering the backward
induction process for finding SPE and reduce the cost-to-go functions into a simpler
and more tractable form (compared to the one in (5.13)).

In this problem the switching action is taken first at time k£ based on the
knowledge I, and then the augmented knowledge I, = (I, Vi}, V2, Yy) is used to
select the control strategies U;. In order to visualize it, one might break the time
period [k, k+ 1] into two halves where in the first half, switching action is performed
and in the second half, control action is performed. In Theorem 5.3.1, J%* is the
optimal cost-to-go after the switching decision has been taken at time k.

The actual (before switching action is taken) cost-to-go at stage k is:

T
Vi(I) = B[ > Gl UL U2 VAL VA I (5.15)
t=k

and the optimization (game) variables are control U and switching V;’ for all ¢ > k.

Due to the fact I, D I, for all ¢, we can write

T
Vi(L) =E[E[ 3 Ci(X, UL UE VL VA L] 1] (5.16)

t=k

=E[J;.(9", ¢°)| Ik]

where JZ(gl, 92) = E[Zfzk CZ<Xt7 Utlv UtQa ‘/217 ‘/;2)| jk} :
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Since each player is interested in minimizing their cost, they are interested in
ming ., Vi (I;) at every stage k (finally they want to minimize V{(Iy)).

We can write,
min V} (1) =min{min V(1) } = min E[J}*| I]. (5.17)
Sl,gl S'L g'L S'L

We substitute the expression of Ji* from Theorem 5.3.1 into (5.17), but before that,

let us define,

where AM_1 A"+ S = %4 (since Xo ~ N(0,%))).
We also define M,y = AM, 1A' + S. Note that M, is I; measurable

whereas M, is I; measurable. M, and My, are related as follows:

Mt - (1 - At)Mﬂt—l (519)
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Now let us consider the k-th stage cost Ji.

T—

F B[S (1B + At AB + Wil + N + 1 Brlid B + 153,

=

t=~k
T-1
=K (tT(Qth + Ay (AMA + S)PYL) + )‘iAt) + tr(Q"My)| Ik] + || X | ?D,;‘
Ct=k
T-1 )
:]E (t?“((l — At)QlMﬂt,l —|— At+1Mt+1‘tPtZ+1) + )\lAt) + tr(QZMT” Ik:|
Ct=k
+ 1 Xl (5.20)

Let us define Vi(I;) = E [J}C*\ Ik] Therefore,

N
-

Vé([k) :]E|: (t?“((]_ - At)Qth\t—l) + tT(At+1Mt+1|tPti+1) + /\zAt) + tT(QzMT” ]k

t

Il
B

+E[ 1%

[k] (5.21)

2 .
I

Using (5.47), we get

N
-

Vli([k) = E[ (t?"((l — At)QiMﬂt—l) + t?"(AtMt‘t_lpti) + )\zAt) + t’I"(QZMT)’ Ik

t

Il
=

+ ||Xk\k71|

P (5.22)

The selection of switching strategy st (1) has no effect of X klk—1 and hence it
does not play any role in the game at stage k.

Let us define an instantaneous cost:
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CZ(Mt\t—la Ay) =(1— At)tT(Qth\t—l) + AttT(Mt\t_1Pti) + NAL (5.23)
With slight abuse of notation, after neglecting the X klk—1 term, we obtain,
T
Vi(I) = E[Z P (M1, A)| [k]- (5.24)
Therefore,

min Vi, (1) = min Vi ()

stg

OV (Myje—1, A I |- (5.25)

\Mﬂ

= IHIDE[

Let us denote:

Vit = min Vi (I,). (5.26)

Let us perform the similar backward induction to find the SPE for the switch-

ing strategies. Note at time 7', there is no action to optimize and
Vi(Ir) = E|Ci(Mpp_y, Ar)| JT] :E[tr(QiMT) | Ir). (5.27)
Let us define
Ve = Vi(Ir) = E|tr(Q'My) | Ir|. (5.28)
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Similarly, at T — 1,

Vi (Ir—1) = E[Céul(MT—uT—% Ar_y) + Cy(Mp,0)] Ir_y|. (5.29)

V;’—1<IT71) = E[Cfé“fl(MT—l\T—% ATfl) + tT(Q’LMT)’ IT,1 . (530)
Using Mp_y = (1 = Ap_1)Mp_yjp—2 and My = AMp_ A" + S,

Vé’fl(ITfl) =K C’%,l(MT—uT—Q, Ar_1)+

(1= A )tr(Q (AMy_yp 2 A)) + tr(Q'S)] IT,l] (5.31)

If (skr |, s% |) is a SPE strategy at time 7" — 1 then

V’ff—l([Tfl)

) <Vi_  (Ir_1)

(871,871

- (5.32)

(sh_1:87_4

Vst | and for both i =1,2; j = 1,2 and i # j.

Using the above definition of SPE, s, (I7_;) = 0 for i = 1,2 is an equilibrium
strategy since unilateral change from 0 to 1 does not change the cost for any player.
However, there might be other equilibria (in this case only (1,1)) which produces
lower cost for the above cost function.

It is straightforward to show that the equilibrium strategy at T — 1 is
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, 1if Cp (Mp_yyr—2,1) = Cf (My_yj7—2,0) < tr(Q(AMrp_yr_2A"))
st1(Ur-1) =

0 otherwise

(5.33)

From (5.33) we notice that (1,0) and (0, 1) can also be an equilibrium strategy.
However those equilibria are equivalent to (0,0) in the sense that they produce the
same cost-to-go V¥ | for both i = 1,2. Therefore, we will restrict our attention on
two equilibria (0,0) and (1, 1)

As a remark, it is pointed out that adding an infinitesimal switching cost ¢;
for every time player i requests for a switching (irrespective of whether the switch
was closed or not) will ensure that (0,1) and (1,0) is never an SPE.

Let us note when Ci_y (Mr_yj7—2, 1)—Ch_ | (Mr_1j7-2,0) = tr(Q(AMr_1j7_24")),
then s% | = 0 or 1, both produces the same cost-to-go value. Under such situations,
all possible switching actions are equivalent. In order to obliterate such instances

we make the following assumption:

Assumption 5.4.1. ]fé%—l(MT—HT—Qu 1)_0%_1(MT—1\T—27 0) = tT(Qi(AMT_”T_QA/)),

s*(Ir_1) = 0 for all possible history Ip_i. Then, (5.33) is modified as follows:

, 1 df  Ch o (Mp_yjr-2,1) = Cf_ | (Mp_17-2,0) < tr(Q(AMp_yjp_2A"))
sp_1(Ir—1) =

0 otherwise

(5.34)

Irrespective of whether SPE s, ,(Ir_1) is 0 or 1, the optimal cost-to-go Vi¥ ,
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depends only on M7p_s and also the best SPE strategy (that produces the least cost
among all SPE) s%_, (Ir_1) depends only on Mp_y (or My_yjr—s).

Therefore, we hypothesize the following:

Claim 5.4.2. For any k, there exists a sit(I},) that depends only on M;_; and
produces the least cost-to-go among all SPE. Hence Vi* = Vi*(My_41) (i.e. Vi* only

depends on My_1).

Proof: The hypothesis is true for kK = T,T — 1. Let us assume it is true for

some k+1<T, ie. Vi, =V, (My). Therefore,

manE[ Mt‘t laAt)’ Ik

Then using a dynamic programming argument,

% :minE[C',i(Mk|k—1, Ag) + Vi (My)] Ik]

1
Sk

— minE [C’,i(MHk._l, Ag) + Vi (1= Ag) My Ik] (5.35)

7
Sk

From (5.35), the best equilibrium strategy si*(I;) = 1 if
Co(Mygr—1,1) +Vi51(0) < Cp(Migg—1,0) + Vi (Mygg—1)

(similar to assumption 5.4.1, we only consider the strict inequality), otherwise
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Therefore si*(I;) requires only the knowledge of Mj,_; and hence from (5.35),

Villy) = Vi (My—)

For this class of games, there always exists a Markovian SPE switching strategy

and a Markovian SPE control strategy which produce the least cost-to-go among all

SPE. Though, there might be other non-Markovian SPE strategies which produce

the same cost, however, due to the claim 5.4.2, it is sufficient to consider only the

Markovian strategies to find the best SPE corresponding to the least cost-to-go.

5.4.1 Offline Calculation of Vi*(Mj_;)

In the following we define how the players can take the decision online by using

some stored offline functions (value functions).

Let us define Vi*(M) in the following manner:

VE(M) = CL(M,0). VM and i = 1,2

and

| CUMD)+ V() 0k M) > 1,
Vir(M) =

Ci(M,0) + Vi (AMA'+S)  otherwise.

where ¥(k, M) = min{9*(k, M), 9*(k, M)}, and

Ci(M,0) + Vir (AMA + 5)

Ik, M) = A :
b M) = =G 00 1) + Vi, (0)
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By construction, if Vi* (-) denotes the minimum cost-to-go (for the subgame
starting at k£ + 1) among the SPE, Vi*(-) defined in (5.37) provides the minimum
cost-to-go at stage k for player i. Therefore, by backward inductions, V*(-) denotes
the cost-to-go function along an SPE that simultaneously minimizes the cost-to-go

for both players.

Claim 5.4.3. For any k, M and history Iy, the best switching strategy (SPE) is

gwen by si*(I,) =1 fori = 1,2 if and only if,

CHM, 1) + Vi1 (0) < CL(M,0) + Vit (AM A’ + 9). (5.39)

Otherwise sy (1) = 0 fori=1,2.

proof = is trivially true.

«: First, notice that we have established s ([}) = 0 is an SPE strategy for
all k, I;,. Now let us assume that at some k, M, (5.39) holds, then if player i selects
a strategy such that si([;,) = 0, then the cost-to-go for player i with any strategy

profile ((s')f, 1, (s*)1,,) from time k + 1 onward is

C’,i(M, 0) + VliH(AMA/ + 5, (51>;€+17 (52)g+1)
> Cp(M,0) + Vi (AMA' + 5)

> CL(M, 1) + Vi, (0) (5.40)

Therefore, unilateral deviation is harmful (strictly non-profitable) for the player
i, and that allows us to conclude s} (I;) = 1 for i = 1,2 is an equilibrium for (k, M).
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Therefore (s}.(I1.), s3(Ix)) = (0,0) and (1,1) both are equilibria. However, the cost-
to-go by selecting (1,1) is strictly lesser than selecting (0,0), and this is, therefore,
preferable by the players.

Note that, (5.37) can be calculated and stored offline and (5.39) can be eval-
uated online using the stored values.

Equation (5.39) is equivalent to:

i Vi (AMA + 8) = Vi (0) — tr (P — Q) (AMA' + 5)) (5.41)

which shows a threshold policy for SPE switching.

We note that My _; = X, therefore at time 0 we only need the value Vi (3o)
not the function V5*(-) in the entire space of symmetric positive semidefinite matri-
ces. In order to decide (s3*(Io), s2*(Ip)) we need to know only four values Vi*(0),
Vi*(AXgA + S) for i = 1,2. Therefore, given the variance of Xy, we need to store
only finite number of values to characterize all the value functions for a finite dura-

tion game.

Claim 5.4.4. The mazimum number of values (value function evaluations) needed
to be stored to calculate the switching strategies for entire game of duration [0,T] is

T(T +3).

proof Let at stage k, My, (or My_1) takes mj number of possible distinct
values based on all possible previous history I. Therefore to determine the switching
at time k, we need to make ny comparison tests (5.39) and for each test the Vi* (0)
term is common. Therefore we need to evaluate the value function only at n; + 1
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number of points at time k.
For the switching pair (1,1), M = 0 (or Myy1x = S) and for any other
possible switching profile at stage k, My = My,—;. Therefore at stage k + 1, nj4y

will be at most ny + 1 ( and ng,; possible values of My.) Therefore,

N1 S ng + 1 (542)

with ng =1, we get np, <k + 1.

Total value function evaluations to be stored =

2 x i:(nk +1) <T(T+3).

k=0

The factor 2 in above equation is due to the fact that we have to evaluate the value

functions for both the players.

Remark 5.4.5. A switching is performed only when it strictly reduces the cost-to-go
for both users. Therefore, each switching minimizes the welfare cost-to-go. However,
the converse is not necessarily true i.e. a switching with a potential to reduce the

welfare cost-to-go may not always be performed.

5.4.2 Centralized Optimization vs. Game Setup

The problem we consider here is a game theoretic setup between two players
with their own optimization criterion with two actions (control and switch). While

they can select their controllers independently, however, their individual switching
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action does not affect the system (and cost) unless they switch synchronously. A
valid question to ask is how a centralized agent would select its action strategies in
order to optimize the welfare cost (i.e. the sum of two individual players’ cost).
We have shown in Theorem 5.3.1 that the control strategy is totally charac-
terized by Riccati equations for two-player setup. Similar analysis would show that
same characteristics for the control strategy are true for the centralized agent. How-
ever, it will have a single Riccati equation as opposed to two equations that we have.
Similarly, the gain of the controller might change. Considering the symmetric case
ie. B = B?2 Q' = Q2% Q" = Q% = Q" = Q* we can show that the control strat-

egy for the centralized agent will be equivalent to the strategies of the two agents
L;
(ie. Ly = ), Therefore, for a fixed switching strategy, the optimal welfare cost
L
is the same for both, the game setup and the centralized structure. However, the
centralized switching strategy will be different from game switching if A\; £ \s.
The above anomaly is seen since, in our model, the (selfish) players will not
switch unless the switching strictly reduces their own cost, even though the switch
might reduce the social welfare cost. However, the social welfare cost will always
be minimized when we give the switching control to a centralized entity with the
cost-to-go at stage k being the social welfare V;, = V! + V2. Tt is straightforward to

notice Vi < VI* + V.

The centralized switching strategy is given by

C(M,0) + Vi (AMA + 8) > C(M, 1) + V;:,,(0) (5.43)
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where Ck(+,+) = CL(+,-) + C2(-,+). An interesting study will be to characterize the
social loss [, = V¥ + V&* — Vi

This is also known as price of anarchy and it will be studied elsewhere.

5.5  Simulation Results

We consider the following two-dimensional system to illustrate our analysis
that has been carried out in the preceding sections.

04 08
Xpy1 = X, + UL = U + W,

—0.8 1
where Xy, UL, U2, W, € R? for all k. Wy ~ N(0,0.25I). The observation cost
parameters Ay = 1 and Ay = 1.5.

For the cost (5.6), the following parameters are taken:

0.3 0 0.8 0
le 7Q2: ,Q122Q21:OandQ11:Q22:I.
0 0.7 0 0.2
One can show that Li ; = (=1)""'P{(I+ P} + P?)"'A. By denoting P, =

I+ P! + P?, one can verify:

P} = Q" + AP AP (Pl + 1)P5A

P
We set, the horizon of the game to be T' = 15 and assume that X is known to the
players i.e. My = 0.
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Figure 5.2: The red and blue lines plot Vi*(M*) w.r.t k for i = 1 and 2 respectively.
M* is the optimal trajectory of M, for the optimal switching strategy (s'*, s**). The
black dots show the behavior of the optimal switching signal.

In Figure 5.2, we show the optimal switching strategy A} (= V;I*-V;2*) in black
dots. In a game with horizon 15, the switch was closed for 5 times. In red line, we
plot the value function V!*(M}) along the optimal trajectory of Mj determined by
(5.19) and the optimal Aj. Similarly, in blue lines we plot VZ*(M}).

In Figure 5.3, we illustrate a comparative result for the cases when observa-
tion costs are finite (A = 1, Ay = 1.5) and when observation costs are infinite (so
that no observation is practically acquired). In this figure we see that even with
5 observations (out of 15 possible), there are more than 50% reductions in costs.
The dotted curves in this figure also indicate the envelop of Vi*. In other words, all
the graphs of V{*(M;) obtained by varying the pair (A1, Ay) will remain below the

dotted lines shown in Figure 5.3.
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Figure 5.3: A comparison among the costs for the cases when costly measurements
are available (A\; = 1, A\ = 1.5) and no measurements are available (A = Ay = 00)

5.6  Conclusion

In this chapter, we have considered a switched stochastic LQ game where the
switching carries a finite cost. We have characterized the SPE control and switching
strategies for both the players. The SPE control strategy turns out to be a linear
strategy characterized by Riccati equations which do not depend on the switching
strategy. The quality of state estimation depends on the switching strategy and
hence the switching cost-to-go function depends on the estimation error variance.
We have shown that no-switch (open switch) is always a SPE. However, at certain
time instances coordinated switching is also a SPE. Moreover when both no-switch
and switch are SPE, then the cost-to-go with switching is lower than the same
with no-switching for both players. We studied a two-player game, however similar

analysis is easily carried out for a general n-player game.
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5.7 Appendix

5.7.1 Proof of Theorem 5.3.1

The idea of the proof is based on backward induction. It should be noted that
X, satisfies the Kalman-filter like equations except the fact that the measurements
are only available only through a switching and we always get noise free measure-
ments whenever a switching is done.

We define the filtered variable as X, = E[X; | I;] and the prediction variable

as Xt—l—llt = E[Xt+1| [t]-

Xy = AX, 1 + B'UL, + BUZ, (5.44)

Therefore,

X, = (1- At)Xﬂtfl + A X,

where A; = V! - V2,

)A(m,l satisfies the dynamics (5.11). In a compact form, one can check

X, = AX,_, + B'U} | + B*U? | + A(AE,_, + W,_y) (5.45)
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where E; = X; — Xt. Thus it satisfies the difference equation:
E,=1—=A)(AE, 1+ W) (5.46)
Therefore, we can write
X;= Xy + A(AE_ + W) (5.47)
Let P} satisfy the following backward equation for i = 1, 2:

Pl =Q' + LyQ"Li + L{'QY L] + (A = B'L, = B’L])'P},,(A - B'L; — B'L})

Pp=q" (5.48)
and L! satisfies the relation:

(Q°+ BYRI(1 - B + BRLB) BV B) L,

= BP/(I - B/(Q” + B/'P/B)) ' B/' ) A (549)

Let us consider the cost segment for player i for the given switching strategy

135



profile (s, s%*):

T
Ti(e',0%) =E| 3 Ci(X,, UL U2 VL VA I
T t=k
T
=k ZC’Z(XtvUtlvUEthlaV?) + ||Et|é Ik:i|
T t=k
S T-1 A
—E| S (1%l + 1072 + 107 13) + 1 Xrl] T +
=k
S T-1
E| (BN +Ad) + 1 Brll L] (5.50)
T t=k

Let us denote J;* = ming J}. (g%, ¢*) and g™ = argming: J;(g', ¢**). Similarly

we define J2* and ¢g**.
Claim 5.7.1. For all k,

T—

=B DB + At | AB + Wil | + XA + 1 Erlid] ] + 1%l
k

t=

[y

(5.51)
where A = 0.

proof This is proven by induction. It is easy to check that conditioned under
I,, E, and Xt are uncorrelated.

Hence E[||X.[18:] ] = E[IXilI3: | 7] +El| B3| L.
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Therefore, at k = T, the above claim is true. At k=T — 1,

71 = minE | [ Xz 1|3 + Uz l[3e + 107, 150+

9r_1

1 Xr 2] Troa| + B Broalys + MAry + |1 Brly] | (5:52)
Using X7 = AX7p_1 + B'UL_, + B2U2_,, we obtain
9?71 = _Lin1XT—1

Consequently, the claim holds for £ =T — 1.

Let us assume that the claim holds for some k 4+ 1 < T'. Then,

A T-1
P =E[> (15

2+ N + B3 L)+
t=k
T-1
mm]E[Z 1X,12 o T 1U¢)|2 oii t |U7| Q”> + || X7 ||? O Ik]
t=k
— i E (| Xl + 10 + 102 + 7k + DI ] + B[ Bl + Ai] T

9k

(5.53)

We used that fact that I;, C I, and hence

E[E[lem]lfk] = E[X|Ik]-

Therefore using the hypothesis that the claim holds for k£ + 1, we can write

137



(5.53) as

= i Xl + UL + 102 + 1Kkl | T

T—

H

T-1

+E| Y (1Bl + XA + 1 Erliyl L] +E| 3 Auall AB +Will3 | L]
t=~k t=k+1
(5.54)
Note that,
Xjy1 = AXy 4+ B'U} 4+ B*UE + A1 (AE, + Wy)
and therefore,
E(|[ Xesillzy, | Id] = E[|AXy + B'U; + B Uil | + Akl (ABe + Wil | 1]

. As a result, we obtain,

_mlnE[ kllos + U150 + HUJHQm + |AX, + B*U} +B2UkHP1 | Ik}

T— T-1

[Z IE S + XA + | Erl Ik} +E[ZAH1]|AEt+Wt\

t=k t=k

H

pi| fk]

(5.55)

Note that X, is I, measurable for all ¢. Thus, we can say from (5.55) that the

138



optimal U} for player 1 should be given by:

Ul = —(Q" + B'PL,B") " B'PL, (AKX, + BU}) (5.56)
Similarly, for player 2, it can be shown that the optimal U? will be:

U2 = —(Q® + BYP},\B) ' BV P}, (AX, + B'U}) (5.57)

Comparing the expressions for optimal U} and along with the definition of L} ma-

trices we obtain (basically solving the two linear equations in U} ):
Ui = gi(I) = —Li Xy, (5.58)
Now substituting the optimal U} in (5.55), and using the definition of P} from

(5.48) we get:

I =E| Y (B
k

t=

—

221 + Ay ||AE + W Ii| + HXk’

pi,, T MO+ [ Er

Q P;
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Chapter 6: Part 11
Motion Planning in Dynamic Environments with Bounded

Time Temporal Logic Specifications

In this segment of the thesis, we consider the problem of robotic motion plan-
ning that satisfies some bounded time high level specifications. in this chapter we
will synthesize a continuous feedback control, and in the following chapters we will
focus of synthesizing an event-triggered intermittent feedback control for similar
problems.

Although temporal logic can efficiently express high level specifications such
as coverage, obstacle avoidance, temporal ordering of tasks etc., it fails to address
problems with explicit timing constraints. The inherent limitations of Linear Tem-
poral Logic (LTL) to address problems with explicit timing constraints have been
overcome by translating the planning problem from the workspace of the robot to
a higher dimensional space called spacetime where the existing LTL semantics and
grammar are sufficient to mathematically formulate the bounded time high level
specifications. A discrete path will be generated, that will meet the specifications
with all timing constraints and, at the same time, it will optimize some cost func-

tion. A continuous trajectory satisfying the continuous dynamics of the robot will

140



be generated from the discrete path using proper control laws.

6.1 Introduction

Motion planning [54], [55] of a robot is mainly maneuvering the robot from its
initial position and configuration to a final position and configuration while main-
taining all physical and environmental constraints. This started with the focus on
finding optimal trajectories to reach the goal while avoiding obstacles [19] and then
evolved into generating plans or paths for complex planning objectives in dynamic or
even more complex environments [87], [56]. Planning problems in dynamic or uncer-
tain environments were approached mainly by velocity tuning method [48]. Studies
have been also done on the complexities of planning problems in dynamic environ-
ments [81], [35]. Though these techniques along with the theories of traditional
optimal control with artificial potential functions [19], [103] or cell decomposition or
sampling based methods [55] served as promising approaches for robotic path plan-
ning, they failed to address problems with multiple goals or a particular sequence
of goals.

Researchers have come up with novel formulations and efficient computational
approaches to mathematically formulate specifications such as motion sequencing,
synchronization etc. Temporal logics such as linear temporal logic (LTL), computa-
tional tree logic (CTL), developed for model checking, have been widely accepted by
the robotics community for the purpose of motion planning [36], [92]. Development

of sophisticated model checking tools such as SPIN [46] and NuSMV [20] made it eas-
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ier to generate discrete robot paths satisfying the objectives or to produce counter
examples proving that the objectives are not achievable. Though temporal logic
can efficiently overcome the previous issues with motion sequencing, planning with
multiple goals, however, they cannot mathematically formulate a planning problem
with time bounded objectives.

In robotics and related fields, there is a class of problems where timing con-
straints are common, such as simple as “go to position 1 by time ¢; and eventually go
to position 2 7. Even in a simple navigation problem, if the environment is dynamic,
we have to face timing constraints which cannot be handled by LTL. Planning in
dynamic environments has been done in heuristic ways which do not necessarily
give the optimal solution [48], [35]. Planning with time bounded objectives are
hard because the discrete path has to be generated in such a way that one can
find an equivalent continuous path respecting all the constraints in the dynamics of
the robot and simultaneously satisfying the specifications. [9] considered planning
in dynamic environments for time bounded temporal logic specifications, however,
the dynamics of the robot were modeled using probabilistic Markov models. Mixed
Integer Linear Programming (MILP) approaches have been also considered to solve
planning problems by formulating the problems as mixed integer linear optimization
problems [84], [99], [49].

Metric Temporal Logic (MTL) deals with model checking under timing con-
straints. The complexity of MTL model checking is undecided and MITL (Met-
ric Interval Temporal logic), a subset of MTL, has the complexity of EXPSPACE-
complete [77], whereas LTL is PSPACE-complete [77]. Signal Temporal Logic (STL),
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similar to MTL also performs model checking with timing constraints [33], [32]. Tem-
poral logic has been widely used by the robotics community [36], [92], [9] to solve
problems with complex tasks and that motivates us to use LTL for the planning
problems with time constraints. Based on the facts that LTL is computationally
less expensive and that there is good availability of tools to check LTL specifications,
the goal in this chapter will be to translate a bounded time high level specification
to a purely LTL specification.

So far the temporal logic planning problems, which generally do not include
any explicit timing specification, have been solved in the workspace/configurationspace
of the robot [36], [92], [9]. We will introduce time explicitly along with the workspace
and plan in a higher dimensional space. Hereafter this higher dimensional space will
be called spacetime. Any discrete trajectory generated in spacetime will be forced
to meet the explicit timing constraints.

In this chapter, we will consider completing a task with multiple subtasks and
some subtasks have to be finished within certain time bound while avoiding the
moving and static obstacles in a dynamic environment. We are also interested in
minimizing some cost function along the way of task completion. For this chapter,
we consider the cost function to be the total time to complete the work. One can
consider any cost function with the same framework that we are going to propose
(as pointed out in section 6.5.1 after remark 6.5.13). To solve the problem, we will
borrow some bounded time temporal operators from MTL and then translate them
into usual LTL operators on spacetime. To accomplish the goals, we propose a

framework to extend the LTL to incorporate both finite and infinite (e.g. periodic
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surveillance etc.) duration tasks. A method to synthesize the suitable control laws
is proposed to steer the robot while obeying all constraints. An automata theoretic
approach [21], [93] is adopted to check whether the problem specifications can be
met. Finally, we are also interested in finding control laws that will generate a
continuous trajectory which is equivalent to the discrete path generated by the

automaton.

6.2 Problem Formulation

We consider a robot whose dynamics are given by (6.1).

T = f(t,z,u), x(0) € Xy, x(t) € X, u(t) elU (6.1)

x(t) is the position of the robot at time ¢t > ty3, Xy C X is a compact set that
represents the set of possible initial positions of the robot. The goal of this chapter
is to find a control law u(t) € U so that the trajectory generated by (6.1) follows
some time specific high level requirements. We consider the presence of static as well
as time varying objects within the environment where the robot stays for any time
t(> to). The environment is modeled as time varying and the dynamic properties
of the environment can be used, for example, to describe the presence of moving
obstacles or to describe the state of a door being open or closed at time ¢.

Let IT = {my, ma, - - -, } be the set of atomic propositions which labels X" as a
collection of rooms, doors, free space, obstacles etc. As the environment is dynamic,

there could be a moving body in some part of the free space making that part to be
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treated as obstacle for that time. The occupied place becomes free space as soon as
the body moves to a new place. Thus, labeling the environment is time dependent.

We define a map, F, to label the time varying environment.

F:xXxT-—2" (6.2)

where Z = {[a,b)| b > a > 0} and throughout the chapter 2 denotes the power set
of a set Q. We also define Tlz = {m1| 7 € II,1 € Z} and a mapping Fr : X — 2z
s.t. Fr(z) = mprp iff F(z,I) = .

The general problem we are interested in solving is:

Problem 6.2.1. Given a workspace, a bounded time high level task (¢) and a cost
function, find suitable control law (u(t)) such that the robot with dynamics (6.1)
complete the given task while avoiding collision with all moving and static obstacles

in the environment and minimizes the cost function.

Given any environment, one can approximate and decompose it in polygonal
cells [54], [55], [19] and obtain a cellularly decomposed environment similar to one in
Fig. 6.1. Cellular decomposition of the workspace is a well studied problem and the
interested readers are directed to [54], [55, Section 6.3] and the references therein.
For the rest of the chapter we will consider our planning problem in the workspace
shown in Fig. 6.2 where the spacetime is represented for the planning problem. The
blue segments in Fig. 6.2 represent walls, the red segments represent doors and the
black continuous curve is the trajectory of the moving obstacle. The doors may be
closed for certain time period or open otherwise as shown in Fig. 6.2 with the black
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surface. The 2D projection of this spacetime on the workspace is given in Fig. 6.1.
The initial position of the robot is I (the yellow cell). Only to illustrate the problem
clearly, 2D workspace is considered and time is represented as the third dimension;
otherwise, the same framework works for 3D workspace as well. We consider the

following example problem to illustrate our method.

Example 6.2.2. Starting from I, visit Rs within the time interval Iy, visit Ry within
time interval Iy; before visiting R or Ry, robot must visit Ry. Eventually visit Ry

and Ry, and complete the whole task in the least time.

Figure 6.1: Rectangular decomposition on the workspace of the robot (numbers on
the X and Y axes are only to uniquely identify a cell)

Like Problem 6.2.1, Example 6.2.2 has two aspects: first, it requires some jobs

Time (t/ A1)

Figure 6.2: Discretized spacetime with obstacles (The black surface represents the
fact that the door to that region is closed for that time duration. The black curve
is the continuous trajectory of a moving obstacle.)
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to be done within specific time interval and second, it has an optimization aspect
of completing the whole task in the least time. The task specification (without
the optimization part) itself cannot be expressed using LTL logic due to the explicit
timing specifications. The existing LTL grammar and semantics have to be extended
to capture these types of explicit timing specifications, and for this purpose, we will

define some notations and operators for LTL.

6.3 Preliminaries

This section provides some concepts and notations on LTL, Finite Transition
System (FTS) and Biichi Automata (BA) which will be used throughout the chapter.
Let us denote the trajectory of the system (6.1) starting at to as x[tg] = {z(s) |s >
to = f(t,z,u), z(ty) = zo}.

Definition 6.3.1. The syntax of LTL formulas are defined according to the following

grammar rules:

pu=T|m|=¢[dVe]|dUd | gRo
where m € II, T and L(= —T) are the Boolean constants true and false
respectively. V denotes the conjunction operator and — denotes the negation op-
erator. U and R symbolize the Until and Release operators respectively. Other
temporal logic operators such as eventually (<), always (O) etc. can be represented

using the grammar in definition 6.3.1.

Definition 6.3.2. The semantics of any formula ¢ is recursively defined as:
I[to] }: T Zﬁﬂ' € F(I(to),to)
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xlto] - iff m & F(2(to), to)

lto] = @1V da iff ato] = @1 or x[to] |= @2

zlto] = ¢1 A da iff xlto] = ¢1 and z(to] = ¢

wlto] = 61Uy iff 35 > to s.t. z[s] |= p and ¥ 1o < &' < 5, 2[s'] = 6.

z[to] |E ¢1Rpa iff Vs > to z[s] = ¢ or 38’ s.t. to < &' <5, x[s] = ¢1.

More details on LTL grammar and semantics can be found in [10].

Definition 6.3.3. A Finite Transition System (FTS) is a tuple € = {Q, Qo, 1;,, A, TS,
—¢, he}, where:

Q is a set of states.

Qo C Q is the set of possible initial states.

I1;,, is the set of atomic propositions.

A is the set of all actions or policies.

TS :QxA— Q is a mapping that dictates the transition from one state to another
by applying some action.

—eC Q x Q captures the transitional relationship between the states. (Q;, Q) €—¢
iff o e A s.t. Qj =T5(Qi, ).

he : Q — 2%ib s the map which assigns atomic propositions to the states where

those propositions are satisfied.

Definition 6.3.4. A Biichi automaton (BA) is a tuple B = {Sg, Sop, 25,08, Fp}
where:

Sp is a set of states and Sog is the initial state.

Yg is the set of input alphabets.
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dp 1 Sp x Xp — 258 is a transition relationship.

Fp C Sp is a set of accepting states.

For each LTL formula ¢, a corresponding Biichi automaton can be generated
[21] that accepts the words which satisfy the specification ¢. Generating a Biichi
automaton from a given LTL formula is a well studied problem and the interested

readers may confer [21].

6.4 Extended Linear Temporal Logic

Two new operators Uy and Ry are introduced as follows:
Definition 6.4.1. The extension of the LTL grammar is given by: ¢ ::= ¢Ure | pR1¢

where I € Z. The semantics ¢;Urgs means Is € I s.t. z[s] = ¢y and
Vity < s <s, z[s'] = ¢1. It should be noted that the expression ¢ U, o) is
equivalent to ¢1U¢y. Once we have Uy and Ry, we can always define other temporal
operators such as Oy, Oy etc. Thus, this grammar can model both finite and infinite
duration tasks.
Like the LTL grammar and semantics in [10], similar grammar and semantics can

be defined over the atomic propositions set 117 as follows:

Definition 6.4.2. The syntax of LTL formulas over Iz are defined according to the

following grammar rules:

¢ro=Tr| 7w | =¢r | o1V or| orUor | ¢1Ror | (o1)1

where T; =77V -7 and ny € 1l7.
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Definition 6.4.3. The semantics of any formula ¢y is recursively defined as:
xlto) E 7 iff to € I and m € F(x(to), to)

x[to] |E —mr iff either to ¢ I or m & F(x(ty),to)

x[to] | @1 iff to € I and x[ty] = ¢

lto] = @11, V @21, iff z[to] E G or z[to] E 2,

zlto] | 1, A o1, iff zlto] | é1,r, and x[te] | dor

zlto) E 01, Udar, iff Is >ty s.t. x[s| = dop, and ¥V to < &' <'s, z[s'] = é1.1,.
zlto) = ¢1.nRoor, iff Vs > to x[s] = pop, or 38’ st tg < s <s, z[s']| =11,

zto] F (¢n)n iff z[to] = dnnm,

It is easy to notice that setting I, Iy, I as [tp,00) the usual LTL semantics
is obtained. Now we will try to express the operator defined in definition (6.4.1)
in terms of the grammar in definition (6.4.3). Let us denote the lower and upper

bound of an interval, I, as I and I respectively, i.e. I = [, I ).
Proposition 6.4.4. LTL formula ¢, U ¢, is equivalent to (bly[toj)U(bQJ

Proof. Let z[to] &= ¢y, nUgos then ds > g s.t. z[s] = dor and V 4y < ' <
s, x[s'] | &), 5 Using definition 6.4.3, x[s] |= o is rewritten as s € I and
x[s] = ¢o. Since s € I and s" € [tg, s), then always s’ € [to,f). Therefore, z[ty] =
D1 (1. 1y U1 i 35(= to) € I st zs] |= dp and V tg < s < s, z[s] = ¢1 which is

equivalent to say x[tg] = ¢1 U ¢y. Similarly it can be proved that z[tg] = @1 U s

implies z[to] = ¢y, 7y Uda,r- O

Remark 6.4.5. LTL formula ¢;R;¢p, is equivalent to ¢1 1RP2 j1,00)-
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Any bounded time high level specification can be represented by the usual
and extended LTL grammars described in definitions (6.3.1) and (6.4.1) and can be
converted to an equivalent formula of definition (6.4.2) which only contains the usual
LTL operators. The advantage of having usual LTL operators is that we can easily
translate the formula to a Biichi automaton which is an important and necessary
step for model checking.

The explicit time dependent part of example 6.2.2 can be represented by the
LTL formula ¢ = (-OUy, R3) A (-OUy, Ry); where O represents the set of obstacles

(the walls, moving obstacles or the closed doors).

6.5 Robot Motion Planning

In this section a discrete path that will satisfy the requirements of example

6.2.2 for the robot will be generated.

6.5.1 Generating Discrete Path

To proceed with the formal verification, the workspace is discretized. There
exists several techniques for cell decomposition in polygonal environments [55], [19].
We will divide our workspace, X, in rectangles '. Let Q = {qi,q2,...,qm} be a
partition in the workspace. Let us define a map T : X — @ to partition the
continuous workspace X. Vr,y € X and I € Z, the map T has the following
properties: a) if T(x) = T'(y), then F(x,I) = F(y,I), and b) if T'(z) = T(y)

and 2’ € g; is reachable from = € ¢;, then 3y’ € ¢; such that 3y’ is reachable

1See Section 6.5.2 for details
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Figure 6.3: Transitional relationship among the blocks in discretized spacetime.

from y. The set Qg denotes the set of states where the robot can stay initially i.e.
Ugeao T (q0) € Xo. Discretization on the set Z is defined as Zp = {[to+n1 AT, to+
noAT)| ng > ny = 0,1,---}. Like the choice of cell size in cell decomposition,
the choice of A7 determines how accurately the dynamicity of the environment is
captured.

Let us also define Q = {(¢, Ix)| ¢ € Q, Iy = (to + kAT, to + (k + 1)A7T] € Ip}
as the discretization of the continuous spacetime. The mapping L : @ — 2%7p ig
defined as L(q, Iy) =y iff F(x,I)=mst. T(x)=qand I, C I, VI, I € Ip . Let
A denotes the set of actions the robot can take in this discretized spacetime. The
set of actions available at any particular state ¢ € Q will be denoted by A, (C A).
The discretized spacetime for example 6.2.2, given in Fig. 6.2, contains sixty four
blocks (8 x 8) in each time layer. Fig. 6.3 illustrates the numbering scheme and
transitional relations that have been adopted. x,  + 1, = + 8 and x — 64 in Fig.
6.3 denote the numbers of the blocks. The arrows show the possible transition from
one block to another. The letters (f,b,1,r, u) represent the action to be taken in
order to perform that transition. The discretized spacetime can be represented by

an FTS(E) similar to that given in definition (6.3.3).

Definition 6.5.1. The equivalent FTS(E) of the discretized spacetime is given by a
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tuple {Q, Qo, I11,, A, TS, —¢, he}

where Q is the set of states.

Qo = {(q0, lo) | g0 € Qo}-

A={f,b,l,r,u} where f,b,l,r,u are the abbreviation of forward, backward, left,
right and up respectively.

TS denotes the possible transitions upon applying action o € A on a robot residing
at block q. As the names suggest, applying A, = r at a block ¢ makes the robot to
move to the block right to q, provided there is a block right to q. If there is no block
right to q, r ¢ A,.

—eC Q x Q captures the topological relationship between the blocks. ((qi,fki),
(s [kj)) E—e iff (kl = k; and g, q; share a common edge, i.c. (q;, Iy;) € TS((qi, [ki),Aq)
with Ag € {f,b,1,1}) or (¢; = qj, ki + 1 = kj i.e. Ag=u).

he : @ — 2% s the map same as L.

The up action corresponds to movements in the time direction and since time
is unidirectional, there is no down action present in the F'T'S.

Let p: N — Q be a path for the robot in the discretized spacetime (Q) with
p(0) € Qg and (p(i),p(i + 1)) €—¢. The sequence of actions taken is denoted by
a = apaq - - - oy, which satisfies the fact that Vi =0,--- ,n, p(i + 1) = T'S(p(7), ).

Analogous to the continuous LTL formulas given in definitions (6.4.2) and
(6.4.3), we can also have discrete LTL formulas and grammars, on the set of atomic

propositions (Ilz, ), as given in definitions (6.5.2) and (6.5.3).
Definition 6.5.2. The syntax of bounded time discrete LTL formulas are defined
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in the following grammar rules:

¢1D = TID | Tip | _\QSID | ¢ID V¢ID | ¢1DU¢1D | ¢1DR¢1D | O¢1D | (¢1D)1D

where 77, € llz,, T, = 7, V -7, and (O is the next operator.
We define two projection functions pry : p(i) — @ and pry : p(i) — Zp on a
path p = p(0)p(1) - - - p(l) in the discretized spacetime. Let p(i) = (¢;, I,) € Q then
pri(p(i)) = g; and pra(p(i)) = I,. We will use the short hand notation plio] to denote
the portion of the path p that starts from p(ig) i.e. plio] = p(io)p(io+1)---p(l) (with

this notation, p = p[0]).

Definition 6.5.3. The semantics of any formula ¢, on a discrete path p is recur-
sively defined as:

p =7, iff pra(p(0)) € Ip and 7, € L(p(0))

p b= oy, iff either pra(p(0)) € Ip or my, ¢ L(p(0))

p E 1, iff pra(p(0)) € Ip and pri(p) = ¢.

PE L, V b21p, WP OLL,, 0T P G210,

P OLp, A b2, il P E d11,, and p = da,,

p I Odr, df pll] = o1,

pE ¢1.1,Uda iy, iff 30 >0 s.t. pli] = ¢21,, and ¥V 0 < j < i, plj] = b1,

pE O, Ry, iff Vi = 0 pli] = ¢2,1,, or 3j s.t. 0 < j <4, plj] = ¢,

p ): (¢ID1>ID2 iﬁp ): (bIDlﬁIDz'

The FTS(E) of the environment can be translated into an equivalent Biichi

automaton as given in definition 6.5.4.
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Definition 6.5.4. The Bichi automaton (£') corresponding to the FTS(E) in defi-
nition (6.5.1) is a tuple & = {Q', qc, 2", §¢1, Fer} where:

Q' =QUgq. forq ¢ Q.

6gr 0 Q@ x 2Mip 529 st (¢, I1,) € 55/((qj,fkj),7r) iff ((thki),(qj‘,_[kj)) €—¢ and
T € he(qj, Ix;), and (qo, Ir,) € g/ (qe,ﬂo) iff (qo, Ir,) € Qo and my € he(qo, Ix,)

Fer 1s the set of accepting states.

The aim is to find a path on &’ that satisfies a given LTL formula ¢;, (repre-
senting the time bounded task specification). That is to find the language, £, which
is accepted by both automata B¢1D and £'. This can be done by constructing a

product automaton By, ~x & whose language will be L(By, )N L(E").

Definition 6.5.5. The product automaton P = {Sp, Sop, 20, 0p, Fp} where:

Sp = Q' x Sp, and Sop = {(ge, Sos,)}-

op « Sp x 2o — 25 st ((q5,1k,), Sn) € 6p(((a5,Lk,), Sm)s ) ff (a3, In,) €
ogr((qj, I;), ™) and S, € 6B, (Sm, )

Fp = FS’ X FB(P

By construction, the language of this product automaton is the common lan-
guage of both automata & and By, i.e. L(P) = L(E')NL(By). Arun, r: N — Sp
of P, is a sequence of states which is obtained by applying an input trace w; i.e.
r(0) € Sop and Vi > 0, r(i+1) € dp(r(i),w(i)). An accepting run of an automaton
contains at least one final state. More precisely, a run r of P over an infinite trace w
is accepting if and only if iof(r) N Fp # (), where iof(r) is the function that returns
the set of states that are encountered infinitely often in the run r. If L(P) # 0,
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there exists accepting run(s) for P. An infinite length accepting run consists of two

parts a prefix and a periodic suffix.

Definition 6.5.6 (Accessible part (Ac(A))). This corresponds to the part of the
automata that is reachable from the initial state.
The accessible part is constructed by deleting all the states that are not reachable

from the initial state

Definition 6.5.7 (Co-Accessible part CoAc(A)). This corresponds to the part of
the automata that has a path to the accepting state of the automata. CoAc(A) is

constructed by deleting all the states of A from which there is no path to the accepting

state(s).

Definition 6.5.8 (Trim). The trimmed automata Trim(A) is obtained by retaining

only the accessible and co-accessible part.

Trim(A) = CoAc(Ac(A)) = Ac(CoAc(A)).

Definition 6.5.9 (Redundant part). The redundant part of the automata consists

of the states that are only accessible via an accepting state.

Definition 6.5.10 (Pruning). The pruned automata is constructed by trimming and

removing the redundant part of the automata (A).

Lemma 6.5.11. Let & be the pruned automata representation of the space-time
workspace, and B¢,1D be the automata representation of the LTL task. Then, by

construction P = By, x &' is a sub-automata® of £'.

2A sub-automata is consists of the subset of the nodes and the corresponding transitions.
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Thus, pruning reduces the complexity of the automata. Instead of being a
lager automata, the product automata is a subset of the workspace automata &’
The above Lemma holds true due to the unidirectionality of time associated in the

space-time representation of the automata.

Remark 6.5.12. Let pr: Sp — Q' be a projection function such that pr(q,s) = q;

where q € Q" and s € Sp,. If v is an accepting run of P, p is a path on E; where
p(i) = pr(r(i)).

Let us define Rp = {r |r is an accepting run of P}. Note that the cardinality

of Rp can be more than one.
Remark 6.5.13. Problem 6.2.2 is feasible iff Rp # ().

We will convert this product automaton P to a directed weighted graph
G(V,E,W). V is the set of nodes and E, the set of edges, is a binary relation
on V, and W is the set of weights associated with the edges. Through this con-
version process, the states of the automaton become the nodes of the graph and
the transitional relation (dp) defines the set of the edges (E). Thus, Sp and V are
basically the same set and hence can be related using a bijective mapping Z(say).
(Vi,V;) & Ey; € E iff Imy, st. Z1(V;) € 6p(Z71(V}),71,). Depending on the
cost function to be minimized, the weights on the edges can be constructed accord-
ingly. Since each edge represents a transition from one node (position and time)
to another with the proper application of an action, the position, time and action
information are available at each edge. Any cost that is a function of position, time
and action can be calculated easily for the edges and can be put as a weight on the
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edge. For example 6.2.2 the weight w;; associated with the edge F;; is defined to
be wy; = (proopro Z7Y(V;) — pra o pro Z71(V;)) /At [where f o g(h) = f(g(h))].
From the topological and transitional relation given in definition 6.5.1, one can
easily check that w;; € {0,1}, and w;; = 1 only when A, = u. Let us denote
Vo ={v | Z7%v) € Sop} and Vp = {v | Z7'(v) € Fp}. Let Pg be the set of
all paths on the graph G that start on a node v € Vj and end on a node v € Vp.
pg : N — V be a path on G such that p,(0) € Vi, (py(4), py(i+1)) € E and py(l) € Vp
(I is the length of the path). Cost associated with the link py(i) — p,(i + 1) is
Ciiv1 = (praopro Z7 (py(i + 1)) — pra o pr o Z7*(p,(i)) /A7. Therefore, a path
with the least cumulative link cost will complete the given task in the least time. In
other words, the solution of example 6.2.2 is the solution of the optimization problem

6.5.14 which can be solved efficiently by using a suitable graph search algorithm.

Problem 6.5.14.

min Zﬁ;(l]C’wH

Pg

subject to Py € Pg
Due to the equivalence between P and G, an equivalent run r on P can be

obtained for the path p, € Pg. Let p be the projection of r on Q i.e. p(i) = pr(r(i)).
The time and space sequence of p, are pry o pr(r(i)) and pry o pr(r(i)) respectively.
It is possible to find a path p, € P; such that Vi = 0,1,---1, pry o pr(r(i)) = Io.
Such a path requires the whole task to be done in A7 amount of time and hence
the cost for that path will be zero. This discrepancy arises since the dynamics or
the physical constraints of the robot have not been considered in the formulation

of problem 6.5.14. Practically, it may not be plausible to complete the whole task
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Figure 6.4: Set of reachable cells within time A7 from cell By.

in that small time. The reachability property of the robot has to be incorporated
in this planning problem. We will consider the reachable set from a cell ¢; € @ to
be the set of cells that can be reached from any point in ¢; within A7 amount of
time. For this chapter, we consider At to be the smallest time s.t. for every x € By
in Fig. (6.4), Vi € {1,2,---,12}, Jy € B; which is reachable from = within A7
time. This particular reachability property enforces the requirement that between
two successive applications of action wu, there can be at most two actions from
the set {f,b,[,r}. Let us define a new atomic proposition & such that p[i] E &
iff pro(p(i)) = Lo G = O((& AN O& AN O O &) = OO O(—&)) ensures no
more than two transitions within the & — th time layer. Thus, the equivalent LTL
specification of the reachability constraint is given by ¢,cqen = sz/o\, 1,@- . If ¢q is the
LTL representation of example 6.2.2, @ = @1 A @reqch ensures that any path satisfying
¢ will solve example 6.2.2 with the reachability constraint.

In this chapter we assume that the reachability profile from the cell By is what
presented in Fig. (6.4). However, the actual shape of the reachable sets depends

on the dynamics of the robot. In the following we briefly discuss some properties of

the reachable sets and their construction.
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6.5.2 Reachability Analysis

In the cell decomposition process, the cells are generated based on reachability
analysis of the robot’s dynamics.

Let us denote by R(ty, X, U, A1) the reachable set in A7 amount of time of
the robot with starting position (z(ty)) inside X and the applied control law lies in

the set U, i.e.,

R(to, X, U, A1) = {x; e R" | Ju € U,u : [to,tg + AT| = U, & = f(t,z,u), (6.3)

x(ty) € X, w1 = x(to + A7)}

For a controllable LTT system with & = R™,

R(to, X,R™, A7) = R"

for all X,ty and A7, i.e. any point can be reached in arbitrary small time if the

control inputs are not constrained.

Theorem 6.5.15. Let ¢y, ¢, -+, cq be a partition in X, and N; C {cy,ca,- -+ ,cq} be
the set of neighbor cells of the cell ¢;. For a controllable linear system © = Ax + Bu,

any cé- €N;, j=1,2,--- | N;| is reachable from c; in arbitrary small time.

The above theorem is trivial due to the controllability assumption of the LTT

system.

Theorem 6.5.16. Let c1, ¢, -+ ,¢q be a partition in X, and N; C {c1, ¢, ,cq}
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be the set of neighbor cells of the cell ¢c;. For a controllable nonlinear system of the
form & = G(x)u, any cé- €N;, j=1,2---|Ny| is reachable from c; in arbitrary
small time.

Proof. Let us consider any to arbitrary points ¢o € ¢; and ¢ € c§ € N;. Since the
nonlinear system is controllable, there exists a control w(t) : [to, 1] — R™ such that

x(t1) = q1 where

&= G(x)u
z(to) = qo
Let us now consider the control:
v(t) = pu(a + Bt) (6.4)

which drives the system & = G(z)wv.

Let us define y(t) = #(5*), then:

Thus, u(t) : [to, t1] — R™ ensures y(t1) = ¢1, while y(to) = qo.

Choosing # = 55 and « = to — 857, ensures v(t) : [10,70 + A] = R™ as

defined in (6.4) ensures for all 9 A > 0, x(70 + A\) = ¢1 if z(79) = qo. O
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6.5.3 From Discrete Path to Continuous Trajectory

The solution of problem 6.5.14 is a discrete path, on the discretized spacetime,
that satisfies the temporal specification and minimizes the given cost function. The
goal is to find some input u(t) € U for all t > ¢, so that the robot can follow the

discrete trajectory. In this chapter, the unicycle robot dynamics given in (6.5) are

considered. L -~ ~
T cos(d) 0
v
g | = sin6) 0 (6.5)
w
0 0 1

x and y are the position coordinates and 6 is the orientation or heading angle. v and
w are the control inputs. The discrete path is essentially a sequence of blocks that
has to be visited. While transitioning from one block to another, the robot must be
confined inside those blocks. This imposes some extra conditions that have to be
taken care of while generating the continuous trajectory. A state feedback technique
is used to achieve this. Let the robot is currently at block ¢; with positions and
orientation given by [z, 1,6:1] and it has to go to block ¢o. For this transition

we consider the final position, [zs,ys], to be the center of the block ¢ and 65 is
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determined by the following rule:

0° if |Az| > |Ay| and Az >0
180° if |Az| > |Ay| and Az <0
0y =
90°  if |Az| < |Ay| and Ay > 0

—90° if |[Ax| < |Ay| and Ay < 0

where Az = x5 — x1 and Ay = y, — y;. With these initial and final conditions, the
robot starts moving and let at time ¢, it is at [z(t),y(¢), 0(t)]. At this time ¢, angular
velocity, w(t), is along 0y — 0(t) and |w(t)| < wmax- Linear velocity, v(t), is chosen
to be min(dist(x(t),6X), dist(y(t),0Y ), Umax). 60X is the set of boundary points of
the blocks ¢; and ¢, along the x-axis; similar definition for 0¥ along y-axis as well.
dist(a, A) = inf{||x — all2 | © € A} is a function that gives the minimum distance
from a to the set A. These choices of inputs for the dynamics (6.5) ensure that the
continuous trajectory never leaves the blocks ¢; and ¢,. The continuous trajectory
being confined within blocks ¢; and ¢», and the properties of the map 7" ensure that

the continuous trajectory satisfies the temporal specification.

6.6 Simulations

We consider example 6.2.2 in a dynamic environment to test our approach.
Noting that the choice of ¢, does not matter under this setting, we consider ¢, = 0.
The dynamic environment contains a moving obstacle and the door to region Ry

is closed for the time interval [0,8A7]|. The dynamic behaviors are incorporated in

163



formulating the FT'S (£) and the Biichi automata (£’). The reachability of the robot
is considered to be the same as what given in Fig. 6.4. I; and I5 in example 6.2.2 are
considered to be [14A7,17A7] and [16AT, 21AT] respectively. The discrete path is
obtained by solving problem 6.5.14 using Dijkstra’s algorithm [27]. The continuous
path is generated by the controller described in section 6.5.3 with wy. = 7/4 rad/s,
Umax = 0.4 m/s and the cellsize (Fig. 6.5) is 1 x 1 m?. The initial configuration of
the robot is assumed to be [xg, yo, 0] = [8.5,1.5,135°]. The projected (in workspace)
trajectories, both discrete and continuous, are shown in Fig. 6.5. The continuous
trajectory in spacetime is shown in Fig. 6.6. For this example we considered total
planning time upto 25A7 and hence the FTS £ has 1600 states and the automata

for the LTL specification consists of 128 states.

¥
|
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- —_

9

Figure 6.5: Projected continuous and discrete trajectories. (Dashed black line is the
discrete path and the red curve is the corresponding continuous trajectory.)

6.7 Conclusion

In this chapter, we presented a method to generate continuous trajectories of
a robot in a dynamic environment subject to some bounded time temporal logic
specifications and optimization objective. We extended the rules of LTL to incor-
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Figure 6.6: Continuous trajectory in spacetime. (Red curve is the trajectory gener-
ated for the robot and the black curve is the obstacle trajectory.)

porate timing constraints and we also projected the planning problem into a higher
dimensional space to formally generate a path. minimize the task completion time
but one can consider other objectives under the same framework. One possible way
to find control inputs, for the continuous system (6.5), is proposed to make the robot
follow the discrete optimal path obtained by solving problem 6.5.14. In this chapter
we considered task of finite duration, however, task with infinite duration can also
be formulated using the proposed framework. The generated continuous trajectory
has high curvature at some points, solely because no constraint on the curvature of
the trajectory was imposed while generating the continuous trajectory.

As a future direction, one might consider this framework for multi-robot plan-
ning probelms or planning in a dynamic environment to incrementally improve the

solution while satisfying the timing constraints.
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Chapter 7: Part III
Event-Triggered Controller Synthesis for Dynamical Sys-

tems with Temporal Logic Constraints

In the previous chapter we discussed controller synthesis under temporal logic
constraints. The synthesized controller was feedback in nature and hence requires
continuous sensor measurements to compute the control. In this chapter, we propose
an event-triggered control framework for dynamical systems with temporal logical
constraints. Event-triggered control methodologies have proven to be very efficient
in reducing sensing, communication and computation costs. When a continuous
feedback control is replaced with an event-triggered strategy, the corresponding state
trajectories also differ. In a system with logical constraints, such small deviation
in the trajectory might lead to unsatisfiability of the logical constraints. In this
chapter, we develop an approach where we ensure that the event-triggered state
trajectory is confined within an e tube of the ideal trajectory associated with the
continuous state feedback. At the same time, we will ensure satisfiability of the

logical constraints as well.
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7.1 Introduction

Present control systems are typically a large network of heterogeneous com-
ponents sharing some common resources and information, and with coordinated
cooperation, they aim to achieve desired performance. These kinds of highly com-
plex systems are ubiquitous in cyber-physical-systems (CPS), and also referred as
networked-CPS. In many CPS, the controller synthesis is subjected to many logi-
cal constraints that arise due to presence of logical variables and reasoning among
the subsystems. Recent studies on controller synthesis with linear temporal logic
(LTL) have paved a way to design controllers for large complex systems with safety,
synchronisation, and other logical constraints [4, 16, 52].

Novel formulations and efficient computational approaches have been proposed
to mathematically formulate specifications such as trajectory sequencing, synchro-
nization etc. Temporal logics such as linear temporal logic (LTL), computational
tree logic (CTL), developed for model checking, have been widely accepted by the
robotics community for the purpose of motion planning [36], [92]. Development of
sophisticated model checking tools such as SPIN and NuSMV made it easier to syn-
thesize controllers for such systems. As an alternative approach controller synthesis
has been done using mixed integer linear programming [16].

Another challenge for the large connected CPS is that computation of the con-
trol law requires continuous sensing (often times distributed) and transmitting the
sensed signals to the controllers. Consequently, the performance of such systems is

generally determined by the availability of sensing power, bandwidth for continuous
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transmission and resources for fast computation. Therefore it will be beneficial if
the same (with little tolerance) performance can be achieved with lesser intensive
sensing and computing tasks.

To circumvent the problem of limited communication bandwidth or computing
resources or sensing capability, researchers have developed techniques that require
intermittent communications only at certain discrete time instances to perform the
same task with minor performance degradation. These control methodologies are
known in many forms e.g. event-triggered, self-triggered or periodic control [43],
[18]. These control strategies do not require the state information x(t) for all time
t, rather they sample z(t) intermittently depending on the systems’ performance
criterion [66], [65]. These techniques have proven to be efficient for large scale inter-
connected systems to reduce communication and sensing operations.

In this work, we study the temporal logic based controller synthesis problem
in an event-triggered framework. We consider a controller synthesis problem for a
given control affine nonlinear system and the objective is to design an event triggered
controller for that system with logical constraints. We assume the logical constraints
can be represented using temporal logic and its propositional calculus.

Existing literature results show that the trajectory of an event triggered system
deviates from the nominal system as a consequence of limited communication [65],
[65]. Although, the continuous feedback system satisfies the logical constraints, now
with an event triggered controller we have no guarantee that the logical constraint
over the event-triggered trajectory will be satisfied as well.

We show that suitably modifying the given logical constraints, and creating
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stricter constraints will make the event-triggered trajectory satisfy the original log-
ical constraint provided we can synthesize a continuous controller to satisfy the
stricter constraint. The stricter logical constraint is often times known as robust
logical constraint [37] since any perturbed trajectory (within some € bound) will still
satisfy the constraint. We adopt this notion of robustness in this chapter. In the
next stage, we design an event-triggered controller ensuring that the event-triggered
controller confines the trajectory within an e-tube around the actual trajectory.
Further, we show the effects of delay (in transmitting the measurement to the con-
troller) on the performance. The analysis shows that if the delay is bounded by a
certain quantity, which depends on the physical parameters of the plant and the
controller, then the delayed system will be able to perform similar to the delay-free
system without further modification in design.

In Section 7.2, we formally describe the problem and our two-step approach
towards the problem. Section 7.3 provides preliminary background on the temporal
logic and construction of e-robust logic formulae. We design an event triggered
controller for this problem in Section 7.4 and study the effects of delay on such an
event triggered controller. Finally, we illustrate the application of our framework

using two examples in Section 7.5.
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7.2 Problem formulation

Let us consider the input-affine nonlinear state space model as given in (7.1).

&= folt,x) + Y filt,z) - u (7.1)

i=1

x(tg) = wo.

where z(t) € X C R", w;(t) € R is the i-th control input. The trajectory of the
dynamical system starting at ¢y under application of some control u = [u!, -+, u™]
is denoted as x"™™[ty]. Similarly the trajectory starting from any arbitrary point
(t,x) is represented as x“*[t]. The objective of this chapter is to design an event-
triggered controller u(-) that ensures satisfiability of a temporal logical constraints
(0)-

By a"*[tg] = ¢ we denote that the trajectory of the dynamics (7.1) under
input u satisfies the logical constraint ¢. Similarly, 2**[to] = ¢ denotes that the
trajectory does not satisfy the logical constraint. In this chapter we focus on the
real time linear temporal logics [36], [82] which have been proven to be very effective

for expressing logical constraints in dynamical systems [16]. In the following, we

formally pose the problem that we aim to solve in this chapter.

Problem 7.2.1. Given an input-affine dynamics (7.1) and a logical constraint (p)

on the trajectory of the system, design an event-triggered framework to generate the
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control u(t) such that the event-triggered trajectory satisfies ¢, i.e.

find u (7.2)
subject to u € U°

=1

% to] =

where U¢ denotes the set of event based control strategies. In this chapter
we do not impose any restriction on the event-triggered framework other than the
exclusion of Zeno behavior [2]. We provide sufficient conditions which, if satisfied,
ensure that the trajectory of the designed event-triggered system will satisfy the
logical constraint .

While temporal logic can express various types of logical constraints (see Sec-
tion 7.3), it comes with a cost that verifying whether a trajectory satisfies the logical
constraints is PSPACE-complete [82]. Therefore synthesis of a controller is a hard
problem in its own right, and synthesis of an event-based controller is harder for
obvious reasons. However, there are some proposed techniques which can generate
a (feedback) controller that satisfies the temporal logic constraints, see for exam-
ple [15], [22].

Therefore, we divide the original problem into two subproblems: Problem 7.2.2

and Problem 7.2.3.
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Problem 7.2.2. Given the dynamics (7.1), design a feedback controller w;(t) =

Yi(t, z(t)) such that z7[to] = ¢~

where ¢ is another logical constraint derived from ¢. € is a stricter constraint
than ¢ in the sense that 77 [ty] = ¢ implies £[to] = ¢ for all piecewise continuous
curves () : [to, +00) — R™ such that sup,e, 1o0) [2(t) —§(?)]| < €. In the following

sections we will explicitly explain how ¢¢ is related to ¢ for a given € > 0.

Problem 7.2.3. For all € > 0, given the dynamics (7.1) and a feedback control
v(t, x(t)), design an event-triggered controller v¢(t,x (7)) such that the trajectory
of the event-triggered system x7"*[ty] remains within an € neighborhood of the ideal
trajectory associated with the feedback closed-loop system. Ase — 0, v(t,-) — (¢, )

pointwise Vt.

Therefore, in this two step approach, we first design a feedback controller for
satisfying the e-strict constraint ¢° (for some € > 0). In the next stage we use
an event-triggering mechanism which provides sufficient condition(s) for ensuring
that the trajectory of the event-triggered system will be in an e neighborhood of
the actual feedback trajectory pointwise, i.e. ||z.(t) — z(t)|| < € (x. is the event-
triggered trajectory and x is the ideal feedback trajectory) for all ¢. In Figure 7.1,
we present our schematic for event-triggered controller synthesis using the proposed
two-step approach. From this point onward, we will suppress the control and initial
state in denoting a trajectory when these are apparent from the context i.e. we will

represent z*0[to] as x[to] etc.
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x = f(t,x,u) @c

l l

‘ Closed loop logical controller ‘

3‘ Control H X =f(t,x,u) }_‘iﬁ:df][: ¢*

‘ Event-triggered framework

Control H x = f(t,x,u) }_/:_xe[t] Fe
|

Figure 7.1: Schematic of two-step event-triggered controller synthesis with logical
constraints

7.3 Propositional Temporal Logic

Like other families of propositional logic, temporal logic over the reals also
requires a set of propositional variables I = {m, 9, -+ ,m,}. Associated with each
propositional variable 7;, there is a labelling function £; : X — {0, 1} which denotes
whether the proposition 7; is true at some point in X'. Therefore, IT divides X into
subsets and assigns m; with each of the subsets. A formula of a propositional logic is
defined over a Boolean signal and in our case, £;(-) maps the R" valued signal (x(t))
to a Boolean signal. For example, m; could be associated with the ball of radius 1
at the origin of X = R2%. Then £,(s) = 1 for all z € By(1) and 0 otherwise, where
B.(6) ={y € X | |ly — z|l2 < 6} is a ball of radius 0 centered at x. Note that it
is not necessary that the regions associated with m; are non-overlapping. We will
use the notation m; = &;(C X) to denote £;(z) = 1 for all z € &; and L;(x) = 0
for all x € X\ &; (basically the indicator function of the set A;). At this point, it

should be noted that any algebraic constraint on z of the form G(z) < 0 could be

173



associated with a proposition 7 such that 7 = {z € X | G(z) < 0}.

However, the power of temporal logic is beyond capturing these algebraic con-
straints. Let us first provide an informal overview of the capability of the logic and
then formally state the syntax and semantics of the logic. The RTL (Temporal
Logic over Reals) [83] formulae are built on the propositional variables II with the
use of usual logical operators = (negation), V (conjunction) and A (disjunction),
and some special temporal operators e.g. U (until), ¢ (eventually), O (always) and
other operators that could be derived from the mentioned operators. For example,
the formula GO7m (read as “Eventually Always in 7”) where m = &;, when satisfied
by a trajectory of the dynamics (7.1), means that eventually the trajectory enter the
region &; and stay there for all future times. Similarly, (—m A —m A —7r3) Uy states
the rule that region &; must be reached while avoiding regions &; for ¢« = 1,2,3
(m; =2 AX;). Although the satisfaction of the formula tells us that the state tra-
jectory will reach X}, it does not provide any interval of time within which it will
reach the destination. This limitation can easily be circumvented by the traditional
augmentation of a new state z,,, = t.

Adding an extra equation &, = 1 with x,.1(tg) = to in the dynamics (7.1),
we can pose time dependent constraints as well. In this case, the augmented space is
X X [to, T) (T could be o0 for an infinite horizon problem). The formula O(7m; V 73)
where m = {(z,t) | € Xty <t < 6} and my = {(2,t) | z € A}, 5 < t} requires
the trajectory to enter the region X5 no earlier than ¢t = 5 and the trajectory should
remain within X, for all ¢ € [6,00). The formula also mentions that the trajectory
will be in X} when it is not in X;. Therefore, with this state-space augmentation,
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all the properties related to the timing aspect of a trajectory of the system (7.1) can

be expressed.

Definition 7.3.1. The syntaz of RTL formulas are defined according to the following

grammar rules:

pu=TI[7m|[=¢]dVe]| U | ¢Ro

where 7 € II, T and L(= —T) are the Boolean constants true and false
respectively. R symbolizes the Release operator. Other temporal logic operators
can be represented using the grammar in definition 7.3.1 e.g. eventually (Cy¢ =
TUyp), always (Op = =O(—gp)) ete.

If z[to] denotes a trajectory starting at time ¢y, the semantics of the grammar

in Definition 7.3.1 is given as follows:

Definition 7.3.2. The semantics of any formula ¢ over the trajectory x[to] is re-
cursively defined as:

wlto] | iff La(z(to)) =1

zlto] = —m iff La(z(to)) =0

zlto] = o1V 62 iff xfto] = ¢1 or 2[to] = 62

wlto] = é1 A b2 iff xlto] I= ¢1 and fto] = ¢

zlto] = 61Uy iff Is > to s.t. a[s] = b and ¥ £y < §' < s, z['] = ¢1.

z[to] E ¢1Rpg iff Vs > to z[s] = ¢ or 38’ s.t. tg < &' < s, x[s] = ¢1.

More details on RTL grammar and semantics can be found in [82], [36].
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7.3.1 Construction of e-Robust Formula

As described in Section 7.2, the motivation behind constructing an e-robust
formula ¢ is that any trajectory satisfying the stricter formula ¢ is robust in the
sense that any perturbed trajectory with less than e perturbation will also satisfy
the original constraint .

The idea is as follows: if the trajectory needs to visit a region m;(= A&;), then
we push the boundary of X; inwards by amount ¢ and denote this new set (and

proposition) by Xf (7f). Similarly if the trajectory needs to avoid some region

7

Y

7;(= X;) then the boundary of X is expanded outwards by an amount e.

The RTL syntax presented in Definition (7.3.1) is in negative normal form
(NNF) [21], and this enables us to detect which regions must be avoided by noting
the presence of the negation (=) operator immediately before the corresponding
propositions ;.

Note that, by our definition m; = &; and —m; = X'\ A;.

Definition 7.3.3. In a given metric space (X, p) the open ball centered at x € X of
radius r is defined as B,(r) = {y € X | p(z,y) <r}. Let € > 0 be a given parameter,
then the e-contraction of the set Y C X is denoted by Y ={y € YV | By(e) C V}.
Similarly, the e-expansion of the set is denoted by Y€ = {x € X | Jy € Y,z €
By(€)}-

For a RTL formula ¢, the e-robust formula is constructed as follows:

1) replace each m;(= AX;), which is not preceded by any negation, by 7§ where
= XL
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2) any 7; that is preceded by a negation () should be replaced by m;“ = X U

(X\ X°). When & = X for all finite ¢ > 0 (e.g. X =R"), 7, = A

In a similar way one can define e-robust formulas over the space X' x [to,T).

However, for this chapter we will restrict ourselves to the robustness only in X" space.

Proposition 7.3.4. Let the trajectory x[to] satisfies the RTL formula ¢¢ for some

e > 0. Then for all 6 < € and for any curve y(-) : [to,T) — X such that

sup, p(x(t),y(t)) <6, ylto] = .

The above proposition can be proved inductively; interested readers may see

[36] for a proof.

Remark 7.3.5. In order to construct a 7§ from m;, X; must have a non-empty

nterior.

Let us define the radius of a set A; in the following way r(X;) = sup{r | 3z €
X;, B.(r) C X;}. Therefore for each m;, 7¢ is well defined for € < r(A&;), for € > r(A&;),
7§ = (). For the subsequent section we will implicitly assume that min;{r(X;)} > 0
and moreover, each of these sets, &} is a polyhedron.

Therefore, to solve problem 7.2.2, our goal will be to design a controller that
satisfies the robust RTL formula ¢°. The power of using these temporal logic for-
mulae is that each formula can be represented by an equivalent (Biichi) automaton.
Satisfaction of an RTL formula is equivalent to finding a path from the initial state
to one of the accepting states of the automaton. The construction of such automata
can be done automatically using the available tools SPIN and NuSMV [46], [20]. The
dynamics (7.1) can be represented as a finite transition system (FTS), where the

177



transitions are performed by selecting the control u. Thus, the dynamics constraint
and logical constraint in (7.2) can jointly be represented by forming a product of
the automata and the F'TS. More detail on such construction and controller synthe-
sis can be found in our earlier work [67]. In this chapter, we spare the details on
controller synthesis for temporal logic task, however, interested reader may see, for
example, [62], [22]. Also, we dedicate the next chapter on designing a feedback (and

subsequently event-triggered) controller for temporal logic tasks.

7.4 Event Triggered controller synthesis

In the previous section it is presented how the control inputs can be generated
for the dynamics (7.1) so that the trajectory of the system satisfies the logical
constraint ¢° for some € > (0. This section will focus on designing an event-triggered
controller that will replace the feedback controller designed to satisfy ¢° in such a
way that the trajectory of the event-triggered system will remain within e distance
of the ideal feedback trajectory.

Let us denote the controller u(t) = v(z(t)) that achieves the satisfaction of (.

The closed-loop dynamics are:

m

= folt,x)+ ) filt,x)y() (7.3)

=1

.T(to) = 29

Let z[ty] denote the trajectory of the above closed loop system. We make the
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following assumptions on the system (7.3).

Assumptions 7.4.1. (A1) ~(:) and for all t, fi(t,-) are Lipschitz functions with
Lipschitz constants Lfy, L’f respectively, for allt=0,1,2,--- 'm.
(A2) Foralli=1,2--- ,m and Vt, f;(t,x)y;(x) and fo(t,z) are continuously

differentiable functions w.r.t x with continuous first derivative.

In event-triggered framework, the controller is designed to be:

Vi (t) = vi(z(tr)) VYt € [ty trtr) (7.4)

where ;s are the event-triggering times. An event-generator needs to be designed
that will produce the t; in certain way that is explained in the following.
Let us denote the event-triggered closed loop system as x.(¢) and the corre-

sponding trajectory as x.[tg]. Thus,

ie = f0<t7 xe) + Z fl<t7 xe)Vie(xe(tk)) (75)

ze(to) = To. (7.6)

Let us define the error e(t) = x(t) — z.(t). Note that the event-triggered controller
vE(t, ) for all ¢ is an approximation of the ideal feedback controller 7;(¢, ) by piece-
wise constant functions. Therefore, designing the ~; at first makes the problem

tractable for generating the event-triggered controller.
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The dynamics of e(t) is given as:

m

¢=F(t,x) = F(t,w) + ) filt,z) (o (ze(tr)) = yilwe (1))

1=0

e(ty) = 0, (7.7)

where F(t,x) = fo(t,z) + Zfil fi(t, z)vi(x)

Assumption 7.4.2. y(t) is exponentially stable with

y=Alt)y (7.8)
where A(t) = aFa(;,x) » and xz(t) is the trajectory of (7.3).
r=x(t
We can write,
é=A(t)e+ f(t,z.,e)e+6(t) (7.9)

where f(t, 2., e)e = F(t,x) — F(t,z.) — A(t)e and §(t) = S0 filt, 2o) (7 (2e(ts)) —
Vi(@e(1)))
Using Assumption 7.4.1 (A2),

1
F(t,x+h)=F(t,z) + / dF(t,x + sh)dsh
s=0

where dF(t,-) : R" — R" is a linear map which is the derivative of the map F'(t,-) :
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R" — R™. Selecting h = x. — x = —e, we obtain:
1
F(t,z.) = F(t,z) — / dF (t,x — se)dse.
0

Therefore,

f(t, Te, €) = /:0 dF(t,z.(t) + (1 — s)e(t))ds — A(t).

Also f(t,z.,0) = 0.

Since §j = A(t)y is the linearization of the system ¢ = A(t)e + f(t,x.,e)e
around e = 0, we can say that ¢ = A(t)e+ f(t, z., €)e is locally exponentially stable
due to Assumption 7.4.2. As a consequence of the Lyapunov converse theorem [51,

Theorem 4.14], we have a (local) quadratic Lyapunov function that satisfies:

allel* <Vt e) < cafle]® (7.10)
ov. oV 5
AT < — 2 :
BT + 5 (A(t) + f(t, ze,e))e < —csle]| (7.11)
ov
|5l < ciel (712)
Proposition 7.4.3. For all t,
t
le@)l < o [ e Um0/ 15(5) ods (7.13)
&]

to

Proof. A detailed proof of this can be found in Theorem 3.2.6. The proposition is
due to the BIBO (bounded input bounded output) stability of an exponential stable

system. ]
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Note that at each tx, §(tx) = 0. We can bound ||4(t)|| to ensure a bound on

le()]l-

Remark 7.4.4. Without computing x(t) real-time, e(t) can be bounded by observing
the signal 0(t) which depends only on x.. Moreover, due to the Lipschitz assumptions

on fi(t,-) and v;(+), it is sufficient to only monitor the difference signal x(t) — x(ty).

From (7.13), we have the sufficiency condition that sup, [|[§(t)| < ¢ = S%e

caca

ensures sup, |le(t)]| < e.

We propose the following event-trigger function:

g9(t) = —e—[lo(1)]]. (7.14)

An event is generated whenever g(t) < 0 and the state value at that time (z(t)) is
sent to the controller. The set of triggering times is denoted by T = {¢1,t9, - ,tg, - }
such that ¢g(tx) = 0 and ¢(¢) < 0 otherwise.

There could be other event-triggering functions that can also ensure bounded
error e(t). In this chapter, we consider (7.14) to carry out the analysis further and

to perform the simulations.

Lemma 7.4.5. For all t,

161 < ellze(t) — @e(te)I* + BE)llze(t) — @e(te)]l- (7.15)

for some «v, B(t) > 0. ty is the latest triggering time at time t.
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Proof. We have 0(t) = >0 fi(t, xe) (9§ (ze(tr)) — vi(xe(t))). By rearranging,

m

o(t) = Z Jilts we(te)) (37 (e (i) — 7i(we(t)))+
Z(fi(t,xe(t)) — filt, ze(tr))) (77 (we(te)) — il2e(t)))

Using the Lipschitz continuity assumption in Assumption 7.4.1, we can write:

16]] <Il(we(te)) — (ze(t))]] ZLillfi(t,xe(tk))lH

I(ze(ti)) — () ZLQL? (7.16)

Now we define:

a =30 L Ly and B(t) = 3200 L || fi(t, e(t))]- =

In [65] a different bound on § was derived. There it was shown that:
16 < w(0) [ (zetr)) — (ze())]- (7.17)

k(t) = max{LL}sup,cq, > oioy [|fi(t,2)|]. Where the trajectory x(t) of (7.3) is
bounded in the domain €2..

Comparing (7.17) with (7.15), we notice that the former is bounded lin-
early w.r.t. ||(ze(tx)) — (z.(t))|| whereas the later is bounded by a quadratic form
of |[(ze(ty)) — (xe(t))||. In most of the practical applications ¢ < 1 and hence
|(ze(tr)) — (xc(t))]] is required to keep smaller than € (see Proposition 7.4.6). There-

fore, ||(ze(t)) — (ze(t))]|* can be bounded by [|(ze(t)) — (ze(t))]| with proper co-
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efficient. Furthermore, the presence of sup operator over the whole domain €2, in
(7.17) implies that x(t) > B(t) (in general x(t) > B(t)). Therefore, (7.15) could be

a better approximation of ||0(¢)]|.

Proposition 7.4.6 (sufficiency). For all t,

€1 5(’5)
|e(t) — ze(te)l| < —F3——
o+ B2 da

ensures [e(t)]] < ¢, for e, = 2c.

Proof. From (7.15), a||zc(t) — z(te)||* + B(t)||ze(t) — ze(tr)|| < €1 implies ||0]] < €.

Therefore,

B(t)? + daey — 5(t)

||xe(t) - xe(tk)” S 2%

implies ||0|| < €;. One can verify that

208(t)e;
(B()? + daer)

B(t)? + daey > B(t) +

Thus,

ensures [[0]| < e; = 2%e.
1C3

Proposition 7.4.3 ensures that ||0|| < e; = 2%¢ implies |le(t)|| < e. O

T cics

As a comparison, in [65], the sufficient condition equivalent to Proposition
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7.4.6 was ||z.(t) — xe(tr)]] < 2. If

the sufficiency condition in Proposition 7.4.6 is relaxed than its counterpart in [65].
The following lemma ensures that the proposed event-triggering mechanism

excludes Zeno behavior.

Lemma 7.4.7. The inter-trigger time 1, = t;, — ti_1 is bounded from below, 1i.e.
infy 7, > a > 0. This ensures that within a finite interval [to, T') there will be a

finite number of triggerings.

The lemma can be proved following the approach of 3.3.1; we omit it due to

space limitation.

Theorem 7.4.8 (Main Result). If there exists € > 0 and controllers ~;(-) such that
the closed-loop trajectory x[ty] = ¢°, then the event triggered trajectory x.[to] = ¢

where events are generated whenever g(t) < 0.

The proof follows directly from Proposition (7.3.4) where y[to] = z.[to] and we

have ensured sup, p(z(t), z.(t)) = sup, ||e(t)]| < e.

7.4.1 Implication of Delays

In this section we study the scenario when the sampled state x(tx) arrives
to the controller at time t; + A, where Ay is the delay in the channel at time t.
The aim of this section is to find a bound on the the delays so that the proposed
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event-triggered strategy still ensures that ||e(t)|| < e for all time ¢.

In order to study that we start with the sufficiency condition ||z, (t) —z.(t)|| <

h(e) which ensures |le(t)]| < €. Here h(e) is % (or i by [65]).

Let the delays at triggering times tp_; and t; be Ap_1, Ag. Thus for all

t € [tp—1 + Agx_1,t; + Ag) the requirement is

[ ze(t) = ze(te-1)|| < h(e)

Now,

t m

[e(t) = 2e(tea)| S/ ||fo(8793)+Zf¢(8,$)vf($(tk—1))lld8

ti

< / (Ue(s) — zeltoor)|| + p(s)]))ds

tk—1

where ! = L34+Y0, Linf(e(ter)) and p(s) = fols, 2(t))+ 50 fils, 2(ti)7e (@ltios).

Therefore,

e (t) = (ta-)l| < (/t IIp(s)Ilds) elli=ts-1)

Let Ty, = infi{t > t5_1| <fttk_1 ||p(s)||ds> elt=te—1) = p(e)}.

Therefore we must have T}, >t + Ag and tp > tx_1 + Ap_1. Thus,

Ap 4+ Aoy < T — e
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From the definition of Ty,

Tk—tr—1
(/ lp(s + tkl)\|ds> el Te—te-1) — h(e) =€ (7.18)
0

It is trivial to verify the above equation has unique solution for Ty — tx_; whenever
€ > 0, and let us denote this solution by 7}, —t;_1 = w(€) for some function w which
satisfies the differential equation:

dw(r) 1
dr  rl+ el || p(w + tx—1)||

(7.19)

w(0) = 0.
When f; does not depend explicitly on time, then p(s) = p and for this special case,
o 1 _
w(e) = 7W(l€/p) (7.20)

where W (-) is the Lambert W function.
From (7.19) one can verify that for all » > 0, w(r) > 0. Moreover using

comparison lemma [51, Lemma 3.4], one can show for (7.19) that

w(r) = sW(lr/pm)

where p,,, = sup||p(w + tx—1)||. Using the concavity property of W(-) along with
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W(0)=0,forall 0 <r <r,

~ W(lrm/pm)
> AT m/im)
w(r) > Ir r
Thus, for €,, > € = h(e),
W (l&n/pm
sgp{Ak + A} < %h(e) (7.21)

ensures that ||e(t)|| < e. Thus, (7.21) states the sufficient condition for delays under

which the proposed event trigger mechanism will be able to ensure |le(t)]| < e.

7.5 Examples and Simulations

7.5.1 Example 1

Let us consider the following nonlinear system:

1 sin(zy) —T9
= + u (7.22)

T T2 T
where z1(0) = 0,22(0) = 1. We consider the region m = X; = By(0.1) C R%
The constraint (requirement) is to guide the state of the system within By(0.1) and
keep the trajectory within that ball for all future times. The logical constraint is

represented by &GOy, To proceed, we consider the e-robust formula 7§ with e = 0.05.
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Mt 1 i

Figure 7.2: The red curve corresponds to the first component of the error e = z, —x
and the blue one corresponds to the second component. The plot also shows the
triggering instances. At each triggering instance, we notice corrective changes in
the error components. Eventually the error components go to zero but is not shown
here.

Therefore, Xf = By(0.05).

We chose the controller u = —x5 that achieves the property that x[0] = x¢
(use the Lyapunov function V = 22 + 232 to verify).

At this stage we need to design an event triggering mechanism that will ensure
that the event triggered system will follow the actual trajectory z[tg]. The event
triggered system dynamics is given by:

L L B I 2a(th) (7.23)

To T T
The initial condition is given as (0,1). One can check that M;, Lfy defined in Propo-
sition 7.4.6 have value 1. In Figure 7.2, the error signal is shown along with the
triggering instances. From Figure 7.2 we note that only 9 samples are needed to
achieve the task. This requires drastically reduced communication and sensing when

compared to the continuous time feedback system. The trajectories of the ideal and

even-triggered systems, and the e-tube are shown in Figure 7.3.
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Figure 7.3: The red trajectory corresponds to continuous feedback control x[0] and
the blue trajectory corresponds to event triggered control. The green tube has
a radius 0.05 and it shows that the proposed event triggered control ensures the
trajectory is within that tube. The yellow circle corresponds to the given rule that
the trajectory must be confined in there eventually.

7.5.2 Example 2

In this example we consider a robotic motion planning task with temporal

sequencing and obstacle avoidance. The robot dynamics considered here is a unicycle

model as: o ~ - o
x cos 6 0
y| = [sing| v+ |[o| w (7.24)
0 0 1
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Figure 7.4: The closed loop trajectory is plotted using blue line and the event
triggered trajectory with red line. The green tube around the nominal trajectory
has radius 0.25. The initial position and orientation of the robot is (=5, —2,0)

where z,y € R? is the physical position and § € [0,360°) is the heading angle. The

task is given as follows:

o = Omy A (-mUmy) A Oy (7.25)

where 71, w5 and 73 corresponds to three circular regions as shown (denoted by Ry,
Ry and Rj3) in Figure 7.4. The RTL formula defines the task of avoiding Ry until
reaching R; and eventually reaching Ry, and during the whole time the trajectory
should avoid R3. We adopt a potential function based approach [85] to generate the
control laws for navigating the robot. As presented in previous sections, we expand
and contract the appropriate regions while synthesizing the control. The region
R3 has been expanded by e = 0.25 (the dashed boundary around Rj3 shows the
expansion in Figure 7.4) while R; was contracted and Ry has been both expanded
and contracted (since both 7y and —my are present), however, we do not explicitly

show them in Figure 7.4. In figure 7.5, we show the triggering instances for this
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Figure 7.5: The upper graph shows the triggering instances for the trajectory from
initial position to ;. The lower graph shows the same for the other segment of the
trajectory.

problem.

7.6 Conclusion

In this chapter, we have proposed a framework for integrating the event-
triggered controller synthesis and logic based controller synthesis. Our solution is
based on composition of two independent controller synthesis framework. It is also
noteworthy that not any pair of logic-based-controller and event-trigger-controller
has this unique composability property. We have derived an explicit event trigger-
ing mechanism to bound the trajectory within an e-tube. With the notion of robust
logic constraints, the resulting trajectory finally satisfies the logical constraint. Sim-
ulation results show the significant reduction in communicating the state value for

updating the controller. This reduces the communication and computation costs.
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Chapter 8: Event-triggered Feedback Control for Signal Temporal

Logic Tasks

In this final chapter of the thesis we propose a framework for event-triggered
control synthesis under signal temporal logic (STL) tasks. In the last chapter we
adopted a compositional based approach which is retained here, i.e., replacing a
continuous feedback controller with a intermittent event-triggered feedback. How-
ever, in this chapter the continuous feedback controller is not generated following
an abstraction and cell decomposition based approach as presented in Chapter 6
and Chapter 7. The continuous feedback control law is designed, using the pre-
scribed performance control technique, to satisfy the STL task; and in the sequel,
the continuous feedback controller is replaced by an event-triggered controller. The
event-triggering mechanism is based on a norm bound on the difference between the
value of the current state and the value of the state at the last triggering instance.
Simulations of a multi-agent system example quantitatively show the efficacy of us-

ing an event-triggered controller to reduce communication and computation efforts.
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8.1 Introduction

Robot motion planning has traditionally been a challenging problem to the
control community. Initially, the studies were primarily directed towards optimal
navigation from an initial to a goal position while avoiding obstacles [50]. The fo-
cus, however, shifted over the years to integrate complex high-level task descriptions
with the low-level dynamics of the robots. Consequently, temporal logics [71] were
brought into the domain of motion planning to formally express and systematically
address such complex behaviors in a generic way [15,36,52]. Temporal logics have a
rich expressivity [10]; however, integrating the temporal logic descriptions with the
dynamics of the robot is far from trivial. An appropriate abstraction of the dynam-
ical system was needed in order to incorporate the high-level temporal logic task
while not violating the physical constraints (dynamics) of the system. The derived
methods are highly relying on automata theory and hence complexity problems arise
as the size of the automata grows exponentially with the ‘size of the task’. These
complexity issues become even more severe when multi-agent systems are consid-
ered. Efficient techniques have been proposed in the context of temporal logic-based
design. Nonetheless, integration of temporal logic tasks with a ‘finer’ abstraction of
the dynamics is still computationally expensive. Moreover, temporal logic formulae
expressing real-time constraints such as in signal temporal logic (STL) [70] are even
more intricate to handle.

In this chapter, we take a different approach of integrating high level STL tasks

with the dynamics of the robot. Instead of following the automata-based approach,
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we aim for a feedback control law that maximizes a robustness metric associated with
the temporal logic formula. STL was introduced in [70], while space robustness [32]
is the aforementioned robustness metric for STL. In a previous work [61], the authors
leveraged ideas from prescribed performance control [14] to derive a feedback control
law that satisfies the STL task under consideration. Prescribed performance control
essentially allows to impose a transient behavior to the robustness metric, that, if
properly designed, results in a satisfaction of the STL task. To implement such a
feedback control law, we need continuous transmission of the measurements from
the sensors to the controllers, and this can be a bottleneck in implementations.
Mobile robots, e.g., operating in uncertain environments, have limited energy and
bandwidth to transmit continuous measurements to the controllers. To alleviate this
problem, we delve into synthesizing an event-triggered feedback control law in this
chapter that will ensure the satisfaction of the STL task. Event-triggered control
is an approach that has gained increasing attention recently [43,91]. Extensions to
multi-agent systems have appeared, e.g., in [28]. An overview of this topic in the
setup of hybrid systems can be found in [79]. To the best of the knowledge, in [69],
the authors made a first attempt in combining event-triggered control and temporal
logic-based specifications. However, the synthesis of the control for the satisfaction
of the temporal-logic formula is based on the automata theory and discretization
methods, and hence it needs to deal with the high computational complexity issues
associated with such methods.

The main contribution of this chapter is an event-triggering feedback control
law for dynamic systems under STL task specifications. This event-triggered feed-
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back control law is robust with respect to noise and the task satisfaction, while,
at the same time, avoiding discretizations. We emphasize that the major difference
compared with an existing work [61] is the event-based nature of the approach taken
here due to which a drastic reduction in communication is observed.

The rest of the chapter is organized as follows: notations and preliminaries
are provided in Section 8.2, the formal problem definition is given in Section 8.3,
while Section 8.4 studies the control synthesis problem. Simulations are performed

in Section 8.5, and finally we conclude the chapter in Section 8.6.

8.2 Notation and Preliminaries

Scalars are denoted by lowercase, non-bold letters z and column vectors are
lowercase, bold letters . True and false are denoted by T and L with B :={T, L};
R" is the n-dimensional vector space over the real numbers R. The natural, non-

negative, and positive real numbers are N, R>(, and R, respectively.

8.2.1 Signals and Systems

Let x € R", u € R™, and w € W C R" be the state, input, and additive noise

of a nonlinear system

= f(x)+ g(x)u + w, (8.1)

where VW is a bounded set.
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Assumptions 8.2.1. The functions f : R® — R" and g : R™ — R™™ are locally
Lipschitz continuous, and g(x)g” (x) is positive definite and bounded for all x € R",
i.€., Imins Amax € Rag With Apin < Amax Such that Apin < [|g(2)g" (2)|| < Amax for

all € R".

We next state two basic results regarding existence and uniqueness of solutions

for the initial-value problem (IVP)

Yy = H(y,t) with y(0) := y, € £y, (8.2)

where 2, € R™"! is a non-empty and open set and H : 0, X Rsg — R""'. The
signal y : J — €, with J := [0, Typaz) € R>p is a maximal solution to (8.2) if and
only if there is no other solution y’ : [0,7') — €, to (8.2) with 7,4, < 7’ such that
y(t) = y'(t) for all t € [0, Typas). The maximal solution y is complete if and only if

Tmaz — OQ.

Lemma 8.2.2. [88, Theorem 5j] Consider the IVP in (8.2). Assume that H :
Qy x Rsg — R™! is: 1) locally Lipschitz continuous on y for each t € Rsq; 2)
piecewise continuous on t for each fized y € Q. Then, there exists a unique and

mazimal solution y : J — Qy with J = [0, Tyaz) € R and Tee € Rog U {o0}.

Lemma 8.2.3. [88, Proposition C.3.6] Assume that the assumptions of Lemma
8.2.2 hold. For a maximal solution y : J — §y with Ty, < 00, i.e., Y is not

complete, and for any compact set (Y, C Qy,, there existst' € J such that y(t') & €2,
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8.2.2 Signal Temporal Logic (STL)

Signal temporal logic (STL) is a predicate logic based on continuous-time
signals. STL consists of predicates u that are obtained after evaluation of a predicate

function h : R®™ — R as follows

Tif h(x) >0
o=
L if h(x) < 0.

For instance, consider the predicate p := (x > 1), which can be expressed by
the predicate function h(z) := z — 1. Hence, h maps from R™ to R, while x maps
from R™ to B. Note that @ in h(x) is seen as a state measurement and not as a
signal. In this chapter, we use  both to denote a state and a signal, i.e., a solution
of (8.1) with x(0). It will, however, be clear from the context what a stands for.

If i is a predicate, the STL syntax is given by

¢ = T | p|—0] o1 Ada| p1Uay @2,

where ¢1, ¢y are STL formulas. The temporal until-operator U, is time bounded
within [a, b] where a,b € R>o U {oo} such that a < b. The semantics of STL are
introduced in Definition 8.2.4 where the satisfaction relation (x,t) = ¢ denotes that

the signal « : Ry — R" satisfies ¢ at time ¢.
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Definition 8.2.4. [70, Definition 1] The STL semantics are recursively given by:

(@,1) = p < h(z(t)) =0

(1) = —p & ((=,t) = p)

(@, 1) = d1 A b & (2, 1) F o1 A (1) = ¢o

(x,t) = o1 Upap) D2 < Ty eft+at+b] st (x,t) = P

AVty € [t ], (x, 1) = ¢y

Disjunction-, eventually-, and always-operator can be derived as ¢; V ¢y 1=
(201 A —¢2), Flan@ := T Uy ¢, and Glap¢ := ~Fjap¢. Space robustness [32]
are robust semantics for STL, which are given in Definition 8.2.5 and denoted by

p?(x,t). Space robustness determines how robustly a signal x satisfies the formula

¢ at time t. It holds that (x,t) |= ¢ if p?(x,t) > 0 [37, Proposition 16].

Definition 8.2.5. [32, Definition 3] The semantics of space robustness are recur-

siely given by:

pH(x,t) = h(z(t))
pﬁd)(wat) = —p¢(:13,t)

qul/\(ﬁz(m’t) ‘— min <p¢1(m,t),p¢2(:c,t))
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p?1 V9 (g, 1) := max (pdn(a;, t), p?2(z, t))

p¢>1 Ua,b) P2 (:1}, t) ‘—  max ( min <p¢2 (CE, t1),
t1€[t+a,t+b]

min p¢1(m,t2))>

ta€[t,t1)

pF[a,b](b(w’ t) = max p¢($7 t].)
t1€[t+a,t+b]

Glabl® (. 1) = min (1)

p ( ’ ) t1€[t+a,t+b}p ( ’ 1)

We abuse the notation as p®(x(t)) := p®(x,t) if t is not explicitly contained in
p?(x,t). For instance, p*(x(t)) := p*(x,t) := h(z(t)) since h(z(t)) does not contain
t as an explicit parameter. However, ¢ is explicitly contained in p?(zx,t) if temporal

operators (eventually, always, or until) are contained in ¢.

8.2.3 Event-Triggered Control

In contrast to continuous feedback control, event-triggered feedback control
requires the state measurements intermittently while ensuring a performance arbi-
trarily close to the continuous feedback control. These controllers rely on an event
generator that decides on the instances when the state measurements are sent to
the controller. Thereby, the communication between the sensors and the controller
can be reduced. Thus, in event-triggered control, the controller obtains new state

information only at certain discrete time instances denoted by tq1,t9, -« ;- -.
Definition 8.2.6. The information set, which is denoted by J(t) and associated
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with an event-triggered controller, denotes the set of measurements available to the
controller to compute its control value at time t. This information set J(t) is updated

at each triggering instance t;.

Let N(t) := |3(t)| denote the number of state measurements available to the
controller until time ¢, where |J(t)| denotes the cardinality of J(¢). There are three
possibilities for J(¢): first, the controller remembers all the past and the present

measurements

3(t) == {=(t:) 1]

Second, the controller remembers only the present measurement i.e. J(t) := {x(tnw))}:
and third, the controller remembers the present and some of the past measurements.
Let us use 7(t) to denote the latest time instance when a new state measure-
ment was sent to the controller for any ¢t € R>o. That is, if ¢;,¢;1; are two successive
triggering time instances, then 7(¢) :=¢; for all ¢t € [t;, t;11). Thus, 7(¢) is a piecewise
constant function. For any given event-triggered controller synthesis problem, we
need to answer two questions: first, how to construct the set J(¢), and second, how
to use J(t) to compute the control law. Another issue to consider is to guarantee the
avoidance of Zeno behavior, i.e., the case of infinite switching in finite time. This
will be explicitly shown in the design by guaranteeing a strictly positive minimum

inter-triggering time.
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8.2.4 Prescribed Performance Control (PPC)

Prescribed performance control (PPC) [14] constrains a generic error e :
R>g — R™ to a user-designed funnel. For instance, consider e(t) := {el(t) N .en(t)} ' =
x(t) — x4(t), where x4 is a desired trajectory. In order to prescribe transient and
steady-state behavior to this error, let us define the performance function v in Def-

inition 8.2.7 as well as the transformation function S in Definition 8.2.8.

Definition 8.2.7. [1/] A performance function v : R>g — Rq is a continuously
differentiable, bounded, positive, and non-increasing function given by y(t) := (o —

Yoo ) €XP(—1t) + Voo Where Yo, Yoo € Rog with Yo > Voo and | € Rxg.

Definition 8.2.8. [14] A transformation function S : (=1,M) — R with M €
[0,1] is a smooth and strictly increasing function, hence admitting an inverse. In

particular, let S(§) :=1n (—%)

Now assume that ~; is a performance function in the sense of Definition 8.2.7.
The task is to synthesize a continuous feedback control law such that each error e;

satisfies
—i(t) < ei(t) < M~(t) VteRso,Vie{l,...,n} (8.3)

given that —7;(0) < €;(0) < M~;(0); ; is a design parameter by which transient and
steady-state behavior of e; can be prescribed. Similar to M in the right inequality
of (8.3), another constant could be added to the left inequality, which will, however,
not be considered here. Note also that (8.3) is a constrained control problem with
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n constraints subject to the dynamics in (8.1). Next, define the normalized error
& = % Dividing (8.3) by ~; and applying the transformation function S results in
an unconstrained control problem —oo < S(&(t)) < co with the transformed error

€ :=5(&). If €(t) is bounded for all ¢ > Rxg, then e; satisfies (8.3).

8.3 Problem Definition

In this chapter, we consider the following fragment of STL

Y o= T | | Y Aty (8.4a)

¢ = Gy | Fay (8.4b)
K

0 = N ¢ with by < ape, Ve €{1,..., K — 1} (8.4¢)
i=1

0°% .= F[cl,dﬂ <77/)1 A F[627d2] (Qﬁg AN ﬂ037d3](. VAN ¢K))> (84d)

6 =0 | 6%, (8.4e)

where p is a predicate; ¢ in (8.4b) and 11,19, ... in (8.4a) and (8.4d) are formulas
of class ¢ given in (8.4a), whereas ¢; with ¢ € {1,..., K} in (8.4c) and (8.4d)
are formulas of class ¢ given in (8.4b) with time intervals [a;,b;]. Formulas of
class 0 given in (8.4e) either consist of (8.4c) or (8.4d). We refer to ¢ as non-
temporal formulas. Due to the previous discussion, we write p¥(z(t)) = p¥(x,t)
and sometimes even omit ¢ resulting in p¥(x). In contrast, ¢ and @ are referred to
as temporal formulas due to the use of the always- and eventually-operators.

The control strategy that will be introduced in Section 8.4 requires three ad-
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ditional assumptions that will be explained in the sequel. First, for conjunctions of
non-temporal formulas of class ¥ given in (8.4a), e.g., 1 := 11 A1y, we approximate
the robust semantics from Definition 8.2.5, e.g., p¥*\¥2, by a smooth function as

follows.

Assumptions 8.3.1. The robust semantics for a conjunction of non-temporal for-
mulas of class ¥ given in (8.4a), i.e., p¥"\¥2(x,t), are approzimated by a smooth

function as

p¢1/\w2(w’ t)~—1In (exp(—pwl(a:, t)) + exp(—pr (z, t)))

From now on, when we write p¥(x,t), p®(x,t), or p’(x,t) for formulas of
class ¢, ¢, and 0, respectively, we mean the robust semantics including the smooth
approximation in Assumption 8.3.1 unless stated otherwise. This approximation
is an under-approximation of the robust semantics as remarked in [61], i.e., the
property that (x,t) = 0 if p(x,t) > 0 is preserved. The next example illustrates the
above and emphasizes that the smooth approximation is only used for conjunctions

of non-temporal formulas 1.

Example 8.3.2. Assume the formula 0 := Fis 1511 A2) A Gpaos0¢s- Then the ro-
bust semantics at time ¢ := 0 are p(x,0) = min ( maxe(s 15 (— In(exp(—p¥* (x, 1)) +
eXP(_Pq’b2 (x,1))), Minye [20,30] p% (, t)) .

Second, the next assumption restricts the class of ¢ formulas given in (8.4a)

that are contained in (8.4b) and (8.4¢).
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Assumptions 8.3.3. Fach formula of class 1 that is contained in (8.4b) and (8.4e)
is: 1) such that p¥(x) is concave; and 2) well-posed in the sense that (x,0) |

implies ||x(0)|| < C < oo for some C > 0.

Third, let the global optimum of p¥(x) be

pini 1= sup p¥ () (8.5)
FASING

with the function p¥(z) being continuous and concave due to Assumption 8.3.1
and 8.3.3, which simplifies the calculation of pfpt. It holds that ¢ is feasible, i.e.,
dr : Rsg — R" s.t. (x,0) | o, if ,og’pt > 0. To guarantee feasibility, we pose the

next assumption.
Assumptions 8.3.4. The mazimum of p¥(x) is s.t. pffpt > 0.

If Assumption 8.3.4 does not hold, ¢ may not be feasible and a least violating
solution can be found by setting r < 0; however, this case is not within the scope
of this chapter. For further remarks regarding the aforementioned assumptions, we
refer the reader to the article [61].

In [61], a continuous feedback control law was derived to satisfy formulas of
class ¢ given in (8.4b). In this chapter, the focus is to derive an event-based feedback
control law to satisfy ¢. A hybrid control strategy, in the same vein as in [61], can
then be used to satisfy formulae of class 6 given in (8.4e). We now shortly summarize
the main idea used to achieve r < p¢(ac, 0) < Praz, Where r € R is a robustness

measure and pPpa. € Rog with 7 < p4e is a robustness delimiter. It then follows
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that (x,0) | ¢ since r > 0; r < p?(@,0) < ppas is achieved by prescribing a

temporal behavior to p¥ (az(t)) through the design parameters v and p,q, as

- V(t) + Pmaz < p¢ (:B(t)) < Pmaz- (8.6)

Note the use of p¥(x(t)) and not p?(z,0) itself. The connection between the non-
temporal p¥(x(t)) and the temporal p?(z,0) is made by the choice of the perfor-
mance function . The proposed solution in [61] consists of two steps. First, the
control law u is designed such that (8.6) holds for all t € R>(. In a second step, 7 is
designed such that satisfaction of (8.6) for all ¢+ € Rsq implies r < p?(x,0) < pas-

This second step results in selecting

a if ¢ = G[a,b}w

[CL, b] if ¢ = F[a,b}qu)?

pmaz € (max (0, 0¥ (2(0))), pis — X] (88)

r € (0, pmaz) (8.9)
(pmam - pw(w(O)), OO) ift. >0

Yo € (8.10)

(pmaa: - pw(w(O)), Pmaz — T] ift, =0

Voo € <O,min (fyo, Prmaz — 7")] (8.11)
R if —70 + pPmae > 7
l e (8.12)
in (“gmtne)

—ty
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where x > 0 is a small constant that has to satisfy y < pfpt — max (0, p¥((0))).
Furthermore, it needs to hold that p¥(x(0)) > r if ¢, = 0. This chapter, however,
will only focus on the first step and derive an event-based feedback control law
such that (8.6) holds for all ¢ € Rsy. Define now the one-dimensional error, the

normalized error, and the transformed error as

6(33) = p¢(m) — Pmaz (813)
_ =)

flat) =S (8.14)

(@, t) = S (1) =In (- %) (8.15)

respectively. As a notational rule, when talking about the solution « of (8.1) at time
t, we use e(t), £(t), and €(t), while we use e(x), {(x,t), and e(x,t) when we talk
about x as a state. Equation (8.6) can now be written as —v(t) < e(t) < 0, which
resembles (8.3) by setting M := 0 and can further be written as —1 < £(t) < 0.
Applying the function S results in —oo < €(t) < co. If now €(¢) is bounded for all
¢ > 0, then (8.6) holds for all for all ¢ > 0. We remark that & (x(0),0) € Q¢ := (—1,0)
needs to hold initally, which is ensured by the choice of 7y. The formal problem

definition is now given as follows.

Problem 8.3.5. Consider the system in (8.1) and a STL formula of class ¢ given

in (8.4b). Design an event-triggered feedback control law u(x,t) such that 0 < r <

p(x,0) < praz, i-€., (x,0) E ¢.
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8.4 Control Synthesis

In this section, the event-triggered feedback control law is derived in two steps.

First, a continuous feedback control law w is derived such that 0 < r < p?(x,0) <

Pmaz, Which we will later alter to obtain an event-triggered control law w. We state

the main result upfront in Theorem 8.4.1 which is proved in the subsequent section.

Theorem 8.4.1 (Main Result). The dynamical system (8.1), satisfying Assumption
8.2.1, along with the choice of PPC parameters as per equations (8.8) — (8.12)
satisfies a STL formula ¢ of the form (8.4b) if Assumptions 8.3.1 — 8.3./ are satisfied

and if the event-triggered control law u has the form
where the triggering instances {t;} are generated as:

tg =0

tivr = inf{t > t; | [|[x(t) —x(t)] > 6} ©i>1, (8.17)
for some 0, > 0 (obtained later in the chapter). The function w(x,t) in (8.16) is
chosen as

Bpw( )

u(x,t) = —L(a:)(f(a?) Hapw

T € ko)) (8.18)
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where k> 0 and L(x) := g(:l:)T(g(CU)g(w)T)

The theorem is proved in several steps by using Theorems 8.4.2 and 8.4.3 that
are proposed in the rest of this section. To start with, we propose a continuous
feedback control law w to guarantee the satisfaction of the STL formula ¢, and
later we replace (approximately) the continuous feedback control law with an event-

triggered version u, while still guaranteeing the satisfaction of the STL formula

o.

Theorem 8.4.2. The dynamical system (8.1), satisfying Assumption 8.2.1, along
with the choice of PPC parameters as per equations (8.8) — (8.12) satisfies a STL
formula ¢ of the form (8.4b) if the continuous feedback control law (8.18) is applied
and if Assumptions 8.3.1 — 8.3.4 are satisfied. It then holds that 0 < r < p?(z,0) <

Pmaz, €., (x,0) = ¢, with all closed-loop signals being continuous and bounded.

Proof. This proof follows the same line of proof as in [61, Theorem 1 and 2] and
is hence only sketched due to space limitations. First, define the stacked vector
Yy = {mT g}T and the sets Q¢ := (—1,0) and Q, = {x € R"| -1 < {(x,0) :=
p%c)v% < 0}. Note that £(0) € Q¢ due to the choice of v, and that hence
xy € (. Furthermore, L(x) is always well-defined due to Assumption 8.2.1. We

remark already that H%H is upper and lower (strictly positive) bounded for all
§ € Q¢ and x € )y, which will be shown in detail in the sequel of this proof. By
the same arguments as in [61], it follows that the conditions in Lemma 8.2.2 hold.
Consequently, for €, := €, x ¢, which is a bounded and open set as shown in [61],

there exists a maximal solution y : J — €, with J := [0, Ty00) and e, > 0, ie.,
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£(t) € Qe and x(t) € Q, forall t € J.
We next show that y is complete, i.e., Ty,.: = 00, by contradiction of Lemma
8.2.3. Assume therefore 7,,,, < 0o and consider the Lyapunov function V' (¢) := %62

and define V := %—Z%. Thus, it holds that

. . 1 8pw(m)T . .
Vzee:e(— :13—57). 8.19
I ) (519
Inserting (8.1) and (8.18) into (8.19) results in
: v(z)"
| (8” (@) 'w—ke)
WA+ O
Define o := —m, which satisfies a(t) € [%, o0) € Ry for all ¢t € J. This follows
since % < —%Ea%) < —75(11%) < —%05(11%) < oo for £ € Q¢. Next, V' can be upper
bounded by
: v(x)"
% §|e|aH8pa—:ix) wH ~ ké®a < |elak: — keta (8.20)

where the positive constant k; is derived as follows. By using the extreme value

theorem, which states that a continuous function on a compact set is bounded, it

holds that H%H is upper bounded. Note therefore that % is continuous on

cl(§2), where cl denotes the set closure, and that cl(€2,) is a compact set. Recall

also that x(t) € §, for all ¢ € J. Furthermore, w € W is bounded. Hence, it

9p? (x) T
p@m UJH

follows that there exists an upper bound k; € R for

According to (8.20), V < 0 if B < |e| and it can be concluded that the
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transformed error |e| will be upper bounded due to the level sets of V'(¢) as |e(t)| <
max (|e(0)[, &), i.e., €(¢) is lower and upper bounded and hence evolves in a compact
set. Again, by the same arguments as in [61] it follows that there exist compact sets
Qp C Q¢ and Q;, C Q such that £(t) €  and z(t) € O, for all t € J. Involving
Lemma 8.2.3, it follows by contradiction that 7 = oo, i.e., J = R and all solutions
are complete. We can then conclude by the choice of v and [61, Theorem 2| that
0<r<p?x,0) < pmaz, which implies (z,0) = ¢.

Furthermore, we now show that the control law w(x,t) is well-posed, i.e.,

continuous and bounded. Recall that ||%H is upper bounded as discussed previ-

ously. A lower bound for ||%|| is derived as follows. Since p¥ () is a smooth and

Op (z) | > o —p¥ ()
ox = |e*—=x||

concave function due to Assumption 8.3.1 and 8.3.3, we have ||
where p¥(z*) = pfpt. It holds that pfpt — p¥(2(t)) is lower bounded since ppae <
pfpt —x < ,ofpt as by (8.8), which leads to p¥((t)) < pimas < pfpt since (8.6) holds
for all £ > 0. Hence, there exists k1 > x > 0 such that pg’pt —p¥ (zr:(t)) > gy for
all ¢ > 0. Furthermore, ||&* — x(¢)|| is upper bounded since x* is finite and since

x(t) €

=, a compact set, for all £ > 0 so that there exists a ko > 0 such that

|lz* — 2(t)]| < ke Thus, |[27@)| > £ > 0. The functions e(,t), £(z, 1), f(z),
and g(x) are locally Lipschitz continuous on @ and continuous on ¢t. Recall that v is

continuous and bounded with 0 < () < co. Thus, u(x,t) is well-posed and hence

x and all the other functions of @ are also well-posed. O

As a comparison with the earlier work [61], the control law (8.18) derived in

Theorem 8.4.2 requires the exact knowledge of f(x), whereas this was not needed

211



in [61]. Hence, in [61] f(x) was used for certain low-level control purposes, e.g.,
collision avoidance, which is not possible here without representing the collision
avoidance as an STL formula.

The continuous feedback control law w proposed in Theorem 8.4.2 achieves
the desired goal, i.e., 0 < r < p?(x,0) < ppas, Which in turns leads to (z,0) & ¢.
However, the focus of this chapter is to design an event-based control law w. In
the sequel, a simple event-based control law will be proposed based on the control
law presented in Theorem 8.4.2. In fact, we will show that simply replacing the
non-linear control law in (8.18) by its equivalent zero-order hold approximation will
be sufficient for our purpose.

In this chapter, we will assume that the associated information structure is
J(t) := {x(7(¢))} so that the controller does not need any extra memory. The next
theorem presents sufficient conditions for replacing the continuous feedback control

law u(x,t) in (8.18) with an event-based one.

Theorem 8.4.3. With the same assumptions as in Theorem §8.4.2, the event-triggered

control law.

a(3(1), 1) == u(@(7(t)), 1) (8.21)

guarantees 0 < r < p?(x,0) < praz, i-e., (x,0) & &, provided that ||u(x,t) —

w(J(t),t)|| < 0y for allt € Rsg, where &, > 0 is a design parameter.

Proof. We proceed as in the proof of Theorem 8.4.2 and omit Step A, which can

Leconfer Section 8.2.3 for details
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be performed similarly and guarantees a maximal solution y : J — €, with J :=

0, Tmaz ). For Step B, we directly start by considering the Lyapunov function V'(¢) =

1€%. Thus,
- € (9p7/’(:c)T . :
V =— — .
i g U@ te@+w) - )
Again by denoting « := —m, we write V as
op*(z)"

V= ae( L2 (F(@) + g(@)(@+u—u) + w) - &)

" T
< Ieaky — ak + el 2282 g(a) s — a,

where again % and g(x) are continuous functions on the compact set cl(€2y, ).

T
Hence, we can write ||% g(x)|| < ks for some positive constant ko and finally

obtain
V <le|a(ky — ek + ko|lu — @)

Thus, ||u — @] < d, implies that [[e(t)| < max{e(0), 2tE20u} By the same argu-
ments as before, we can conclude that 7,,,, = 00 and hence 0 < r < p¢(a:, 0) < Prmazs

ie., (,0) E ¢. O

Note that according to Theorem 8.4.3, there is no bound imposed on the value
of 4,. Larger values of §,, imply larger inter-event times, whereas smaller values of d,,

imply more frequent triggering of the events. However, larger values of d,, also imply
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that e(x,t) can attain higher values, which implies (using (8.18)) larger magnitude
in the control signal. Thus, the choice of a suitable 9,, is a design parameter.

Theorem 8.4.3 may not be very useful in practice since wu(x,t) still needs
to be computed continuously in order to ensure ||u(x,t) — w(J(t),t)|| < du. The
triggering instances t; and hence the triggering rule in (8.17), which will be derived
in the sequel, should be chosen in a way to ensure ||u(x,t) — w(JI(t),1)|| < 0. We
provide a sufficient condition based on the normed difference ||x(t) — x(¢;)|| that
ensures |u(x,t) — w(JI(t),1)|] < u, i.e., we show that ||x(t) — x(t;)|| < I, implies
|w(x, t) —a(3(t),t)|| < by (for some o, which we compute explicitly). Consequently,
the triggering condition is based on ||x(t) — x(t;)|| < d, and hence it circumvents
the problem of the continuous computation of u(x,1).

Due to Assumptions 8.2.1 and 8.3.3 one can show that w(x,t) is a locally
Lipschitz function on @ for all ¢. Let us choose some ¢; > 0, and by L(d;) let us
denote the Lipschitz constant of u over a closed ball By, (x(t;)) centered at x(t;) with
radius dy, i.e., ||lu(x,t) —u(y,t)|| < L(61)||x —yl|. Clearly L(;) is a non-decreasing

function of §;2. Let us consider

8y 1= min(8, /L(5}),81), (8.22)

which implies By, (x(t;)) € Bs,(x(t;)). Thus, for all ¢,y > t > t; and x(t) €

2Let 65 > 61 and L(y) be the Lipschitz constant within the ball of Bs, (x(¢;)). Note that L(5y)
is the smallest upper bound possible and that Bs,(x(t;)) D Bs, (x(t;)). Thus, with L(d2) being
the Lipschitz constant of a larger set, we have L(d2) > L(1).
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Bs, (x(t;)) and by using Lipschitz continuity of w, we can obtain:

lu(z(t), 1) = a(3(), )| < L(6)[[2(t) — ()] < du.

Therefore, x(t) € Bs, (x(t;)) for all t € (¢;,t;41] is a sufficient condition to ensure
|lu(x,t) — w(I(t),t)]] < dy. Thus, we use ||x(t) — x(t;)|| < 0, for the triggering

generations, and the (i + 1)-th triggering instance is

ti = inf{t > || @(t) — 2(t)]| > 6a1,

which is the triggering rule given in (8.17).

Remark 8.4.4. With the choice of 05 in (8.22), ||x(t) — x(t;)|| < 0 is a sufficient
condition for ||u(x,t) — w(J(t),t)|| < 0. Hence Theorem 8.4.1 is finally obtained

by the choice of 05 (in (8.22)) in conjunction with Theorem 8.4.3.

Thus, (8.17) is used as a triggering rule from this point onwards. Since the
triggerings are generated by the rule (8.17), we now show that Zeno behavior is not

exhibited by the proposed event-triggered control law.

Corollary 8.4.5. The proposed event-triggered control law in Theorem 8.4.3 does
not exhibit Zeno behavior, 1.e., the inter-event times t; 11 —t; for all v € N are lower

bounded.

Proof. Note that the triggering condition is whenever ;11 = inf{t > t;|||z(t) —
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x(t;)|| > 0z} for o, as in (8.22). From the dynamics in (8.1) we have

so that
lott) -l < [ Kspis [ La(o)ets) - oft)las
where K(s) = [[K:(s)],
Kils) = Fla(t)) + gl ()} a(3(6), 5) + w(s

and

Lo(s) := Ly + Lyu(3(t;), s)

with Ly and L, being the Lipschitz constants of the functions f(x) and g(z) in the

domain By, (x(t;)). Thus using the Gronwall-Bellman inequality,

mw—wmws([K@%%ﬁmws (8.23)
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Figure 8.1: Agent Trajectories and Robustness

In order for x(t) to leave the domain B

5. (x(t;)), it is necessary that

C(t) = (/t.tK(s)ds> el To()ds 5

Clearly ((t;) = 0 and ((t) is differentiable everywhere for all ¢t > ¢; with finite

¢'(t) and hence ((t) is Lipschitz continuous. Let us denote its Lipschitz constant by

L.

Therefore at the next triggering instance t;,; we have

Le(tivr —t;) > C(

tiv1 —1; 2 5w/LC

and thereby, Zeno behavior is excluded.
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Figure 8.2: Inputs

8.5 Simulations

We consider a centralized multi-agent system consisting of three agents vy, vs,
and vs. Each agent is described by its two-dimensional position and its orientation.
In figures, the orientation will be indicated by triangles. More specifically, each
agent is a three-wheeled omni-directional mobile robot as in [63] with three states:
two states x; and xo describing the robot’s position and one state x3 describing
its orientation with respect to the xj-axis. The states of each agent v; with ¢ €

2

{1,2, 3} are hence described by ' := [le Z xg] , while the control input is u’ :=

{Uﬁ u ué} . The multi-agent system is described by the stacked state vector of all

T T
agents as « 1= [:131 12 :1331 and the stacked input vector is w := [ul u’ u3}
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The dynamics of each robot are

cos(zy) —sin(zy) 0
. i ; T\~ ;
T = gi(z')u' = sin(z})  cos(z}) 0 (Bi > R,

0 0 1

where R; is the wheel radius and

0 cos(m/6) —cos(m/6)
Bi:= | -1 sin(n/6) sin(7/6)

L; L; L,

describes geometrical constraints with L; as the radius of the robot body. We set

L;:=0.2 and R; := 0.02 for i € {1,2,3}. The overall dynamics are then given by

x = diag(gl(wl), ga(x?), 93(533))U-

The STL task imposed on the multi-agent system is a formula 6 := Fjg 5091 A
T T
Fi50,100%2 where 11 orders agent v;, vy, and v to the positions {20 30] , [40 60} ,

T

and [60 30} , respectively, while eventually all agents have an orientation of 45

degrees. Furthermore, agent v; and w3 should stay close; 15 orders agent v, to
T

[90 90] , while agent v; and v, and agent vy and vz should stay in proximity

and while all agents remain the orientation of 45 degrees. In formulas, this can be

T T

<1000 |2 x;r—[m 0] <

T
expressed as ¢ := (|| {x} x%] — {20 30
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107 |23 :cg]T—[(ao 30]T||<10)A(|| B x;]T—[x:; xg]T||<3o>A<|x§—

T T
45] < 5) A (|2 — 45| < 5) A (Ja — 45] < 5) and ¢ := (]| { } —[90 90} <

1

T T T T
Aot ot = [t a2 D<1000 ] a2 - [ at] 1<10n00-
45| < 5) A (|23 — 45| < 5) A (|23 — 45| < 5). These formulas result in p%%, = 1.86

op
and pi2 = 3.80 so that pl, = 1.8, p = 3.8, 1 := 0.5, and 75 := 1 have been
selected. The parameters k£ and 6 have been set to k := 0.75 and 4 := 50.

All simulations have been performed in real-time on a two-core 1,8 GHz CPU
with 4 GB of RAM. Computational complexity is not an issue due to the computa-
tionally efficient feedback control laws. The agent trajectories in the x1-x5 plane are
displayed in Fig. 8.1(a), while the funnel (8.6), including p¥*(z(t)) and p¥2(x(t)),
is shown in Fig. 8.1(b). The formula 0 is satisfied, i.e, (,0) = 0, and it holds that
min(ry,r2) = 0.5 < p’(x,0) < 1.8 = min(p1 maz, P2.maz)- The control inputs are
shown in Fig. 8.2 and it is visible that during the satisfaction of the first subformula
Fjo 5091 there are fewer control updates than for the second subformula Fisg 100%2-
The coordination of agent vy, ve, and v leads to an increase in control updates in
the latter case. The sampling time has been 100 Hz, i.e., 0.01 seconds step length.

In total, there were 7725 samples and 185 control updates, thereby reducing the

communication load by a factor of 41.76.

8.6 Conclusion

In this chapter, we have derived an event-triggered feedback control law for dy-

namical systems under signal temporal logic tasks. The event-triggering mechanism
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is based on a norm bound on the difference between the event-triggered control law
and a continuous feedback version of it. This leads to a significant decrease in com-
munication between the sensors of the dynamical system and the actuators, which
is of high interest in practical applications where communication is usually assumed
to be costly. In this Chapter, we propose a method to overcome potential practical
problems with high sampling times that may occur in existing works, where we de-
rived a continuous feedback control law for dynamic systems under signal temporal
logic tasks.

The event-triggering mechanism is based on a continuous feedback control law
that, as opposed to the existing work, eliminates some terms in the system dynam-
ics. These terms have, however, been proven to be useful to formulate, for instance,
dynamic couplings in multi-agent systems that encode collision avoidance or con-
sensus tasks. A research direction is hence to derive an event-triggering mechanism
that does not eliminate these system dynamics. Another future direction is to derive

a self-triggering mechanism to avoid continuous sensor readings.
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