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Abstract

Temporal logics for control of dynamical systems have the potential to automatically synthe-
size controllers under complex goals expressed by temporal logic formulas. In this paper, we
are interested in the situation, where a controller system that implements high and low level
controllers is connected to a plant over a communication network. In such control archi-
tecture, it is known that the limited nature of computation and communication resources
should be explicitly taken into account. In view of this, we jointly provide control and com-
munication strategies, such that the resulting state trajectories satisfy the desired temporal
logic formula, while at the same time the average communication rate is below a certain
threshold. The proposed strategies are illustrated through numerical simulation examples.

Keywords Event and Self-Triggered control - Temporal logic control

1 Introduction

Temporal logic motion/task planning and control of dynamical systems have been receiving
an increased attention in recent years (Kress-Gazit et al. 2018; Belta et al. 2007). In contrast
to the standard control tasks that are formulated by well-known stability concepts or point-
to-point navigations, temporal logics allow us to automatically synthesize controllers for
more complicated specifications involving femporal constraints, such as “Survey the region
A, B, C, D infinitely often, while making sure that the region E is always avoided until C is
visited”. The availability of treating such temporal constraints has led to a wide variety of
applications, including cooporative task planning of multi-robot systems (Guo et al. 2013;
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Guo and Dimarogonas 2015; Tumova and Dimarogonas 2016; Karimadini and Lin 2011),
manufacturing systems (Heddy et al. 2015; Antoniotti et al. 1995; He et al. 2015; Morel et al.
2001), robot manipulation (Chinchali et al. 2012; Verginis and Dimarogonas 2017), motion
planning of dynamic robots (Filippidis et al. 2016; Wongpiromsarn et al. 2012; Kloetzer and
Belta 2008; Livingston and Murray 2013; Fainekos et al. 2009; Kress-Gazit 2009; Gol et al.
2015; Kress-Gazit et al. 2007), to name a few. In the temporal logic control framework, such
temporal tasks are generally expressed by Linear Temporal Logic (LTL) or Computational Tree
Logic (CTL) formulas. The basic control synthesis algorithm is given in a hierarchical manner, as
briefly described below. First, we obtain a finite transition system that consists of symbolic states
and corresponding transitions, which represents an abstracted behavior of the control system.
The transition system may be obtained by decomposing the state-space into a finite number
of polytopes, and the reachability for each pair of polytopes among them is analysed (Kloet-
zer and Belta 2008; Fainekos et al. 2009; Coogan et al. 2016). Once the transition system is
obtained, a high level controller finds an accepting run to satisfy the desired specifications
through an implementation of, e.g., automata-based model checking algorithms (Baier and
Katoen 2008). If such accepting run is found, a low level controller implements a feedback
control strategy, such that the generated state trajectory satisfies the desired specification.

In this paper, we are interested in the situation, where the plant aims at achieving desired
goals expressed by temporal logic formulas, but the high and low level controllers need to
be implemented over a communication network. In general, control systems whose plants
and controllers are interacted over the communication network are referred to as Networked
Control Systems (NCSs) (Hespanha et al. 2007). Introducing the NCSs in temporal logics
are beneficial, especially when the plant has a limited capacity of memory and computa-
tional power, so that it needs to rely on the network to implement both high and low level
controllers. Moreover, such situation can be met in emerging system architectures that are
of great importance in current and future control technologies. Consider, for example, cloud
robotics (Kehoe et al. 2015), where autonomous robots such as manufacturing robots or
UAVs interact with the clouds for supporting various tasks involving their decision making
and learning. In temporal logics, the temporal specification may be obtained by interacting
with collaborators such as humans, robots, etc., as well as the remote operators that adminis-
trate the control system. The cloud computing can be responsible for implementing the high
level controller to obtain robot motion planning, and the low level controller to compute and
transmit control actions to operate the robot.

In NCSs, the increased popularity of integrating the communication network has brought
new control design and implementation challenges. For example, network delays and packet
losses are typically present while transmitting control signals or sensor data over a communi-
cation channel. In view of this, various results have been proposed to analyze the relation among
network uncertainties, control performance, and stability (see e.g., Zhang et al. (2001) and
Zhang et al. (2005)). Moreover, some approaches to obtain symbolic models for NCSs under
shared communication resources, communication delays or packet dropouts have been provided
in recent years (see, e.g., Borri et al. (2018), Pola et al. (2018), and Mazo et al. (2010)).

Another main challenge lies in the fact that NCSs are subject to a limited range of
computation and communication resources, which will be the main focus of this paper.
For example, in sensor networks, sensor and relay nodes are typically battery driven and
are equipped with a frugal battery capacity. Therefore, designing appropriate controllers
to save the energy consumption is a crucial problem that needs to be solved. Moreover,
NCSs are typically dealing with resource-limited embedded micro processors, which means
that the number of tasks that can be executed in real-time is limited. Hence, reducing the
amount of communication tasks allows to assign other network tasks that are necessary to be
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executed in real time. Based on the above motivations, two resource-aware control schemes
have been proposed in recent years, namely, event-triggered control and self-triggered con-
trol (Heemels et al. 2012). In both strategies, the objective is to reduce the communication
frequency between the plant and the controller. Specifically, sensor data and control inputs
are exchanged over a communication network only when they are needed based on the pre-
scribed control performances, such as £7/L-gain stability (Wang and Lemmon 2009), so
that communication is given aperiodically. Such aperiodic scheme can potentially lead to
energy savings of battery powered devices, since the communication over the network is
known to be one of the main energy consumers.

The main contribution of this paper is to provide novel control and communica-
tion strategies under temporal logic specifications, which is in particular inspired by the
resource-aware control paradigm as described above. Specifically, given that the plant is
described by a linear discrete-time system with additive disturbances, we jointly design con-
trol and communication strategies, such that: (i) the resulting state trajectory satisfies the
LTL specification, and (ii) the average communication rate, which represents how often
control packets are transmitted over the communication network, is below a given threshold.
The latter requirement is useful in practical implementation, since it allows us to examine
how much energy consumption is necessary for satisfying the LTL specifications. More-
over, it allows to examine the possibility to assign additional network tasks if necessary to
be executed in real time. To achieve the goal of this paper, our control and communica-
tion synthesis framework has in particular the following technical contributions. First, we
provide a reachability analysis based on Rapidly-Exploring Random Trees (RRT), which is
adapted such that all state trajectories satisfy the requirements to achieve reachability (in the
sense of satisfaction relation of the “trace” definition of the LTL formula), as well as that
the corresponding communication strategy can be designed. To design the communication
strategy, we revise the original RRT as follows: first, for each iterative step we draw a ran-
dom sample in the free state-space and pick the closest node to the sample in the tree. Then,
we pick the optimal pair of the control input and the inter-communication time steps, such
that the corresponding state becomes the closest to the sample. As we will see later, such
optimal node will be found by considering local reachability from the dynamics of the plant
with different selections of inter-communication time steps. To deal with uncertainties due
to initial states and disturbances, we also expand a tree of uncertainties together with states,
which will be incorporated to check feasibility (collision avoidance to the obstacles). The
approach proceeds by constructing a transition system based on the result of reachability
analysis, and implementing both high and low level controllers. In particular, in the high-level
controller part we generate a plan such that the LTL formula can be achieved and the aver-
age communication rate is below a given threshold. As will be seen later, this is achieved by
assigning suitable (communication) costs for each edge of the transition system, and finding
an accepting run such that certain conditions on the assigned weights are satisfied.

Related works So far, a wide variety of controller synthesis algorithms under temporal
logic specifications have been proposed; in particular, our approach is related to Livingston
etal. (2015), Bhatia et al. (2010), Karaman and Frazzoli (2011a), and Karaman (2012), since
the reachabiliy analysis is based on sampling-based techniques. For example, Livingston
et al. (2015) proposed probabilistic sampling schemes to generate optimal state trajecto-
ries subject to LTL specifications. Moreover, Karaman (2012) proposed sampling-based
algorithms under deterministic p-calculus specifications for nonlinear control systems with
the integration of RRT* algorithms. When limiting our scope to the reachability analysis,
various sampling-based algorithms have been proposed; in particular, the approach is related
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to Luders et al. (2010), Pepy et al. (2009), Tedrake et al. (2010), Majumdar and Tedrake
(2017), and Agha-mohammadi et al. (2014), in the sense that they handle uncertainties of
the plant dynamics for the reachability analysis. For example, Tedrake et al. (2010) proposed
a sampling-based motion planning scheme by designing both a local LQR feedback control
law and level sets that guarantee the reachability towards the goal region. The main novelty of
our approach with respect to the above previous results is that, we design not only a control
strategy but also a communication strategy during the reachability analysis. As previously
mentioned, this is achieved by extending the RRT algorithm, in which a tree of states
is expanded with different selections of inter-communication time steps. Moreover, the
approach is also novel in the sense that we provide a framework to design a communication
strategy such that the average communication rate is guaranteed to be below a threshold.

The approach presented in this paper builds upon our previous work in Hashimoto et al.
(2018). The approach presented in this paper is advantageous over this previous result in the
following sense. In the previous approach, the communication strategy was designed in the
low-level controller, which dynamically assigns the communication time steps during the
online implementation. However, such approach makes it difficult to analyze the commu-
nication load; since the number of communication time steps is unknown apriori, it is also
unknown how often control packets should be transmitted to satisfy the LTL specifications.
On the other hand, the proposed approach in this paper preliminarily assigns the communi-
cation time steps during the reachability analysis (before the implementation). Thus, we can
evaluate how much communication frequency is needed to satisfy the LTL specifications.
As will be seen later, this allows us to design a communication strategy such that the average
communication rate is below a threshold during high level controller implementation. The sec-
ond drawback of the previous result is that the low-level controller needs to solve a finite hori-
zon optimization (feasibility) problem and transmit a (potentially large) sequence of control inputs
per each communication time. This formulation may not be suitable, since network delays
as well as network congestions may arise due to the load of computing and transmitting
control inputs to operate the plant. On the other hand, the proposed approach in this paper
considers a simple stabilizing control law that does not rely on any optimization problem, and
only one control sample is necessary to be transmitted for each communication time step.

The rest of the paper is organized as follows. We describe some preliminaries and the
problem formulation in Sections 2 and 3, respectively. In Section 4, reachability analysis
and an algorithm to obtain a finite transition system are given. In Section 5, we propose
the implementation algorithm involving both high and low level strategies. In Section 6,
a simulation example is given to validate the effectiveness of the proposed approach. We
finally conclude in Section 7.

Notations Let R, R, N, N4, N,.;, be the non-negative real, positive real, non-negative
integers, positive integers, and the set of integers in the interval [a, b], respectively. For given
twosets X C R", ) c R", denote by X @) the Minkowski sum: ¥ ®) = {z e R" | 3x €
X,yeY:z=x+y}.Given A € R"" and X C R",let AX = {Ax e R" | x € X}.
Given x € R”, we denote by ||x|| and ||x || the Euclidean norm and the infinity norm of
x, respectively. For simplicity, we denote the collection of N sets &7, ..., Xy C R" as

Xy ={X1, ..., Ay}
2 Preliminaries
In this section, we review several useful notions and established results for transition

systems, Linear Temporal Logic (LTL) formula, and Biichi Automaton.
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Transition System A transition system is a tuple 7 = (S, $init, 6, I1, g, W), where S is
a set of states, sjpit € S is an initial state, § € S x S is a transition relation, IT is a
set of atomic propositions, g : § — II is a labeling function, and W : § — R is a
weight function. A run of T is defined as an infinite sequence of states sseq = 5051 - -
such that so = sinit, (5i,5i+1) € 8, Vi € N. We denote by Run(7) the set of all runs of
T:Run(7) = {sseq | Sseq 1S a run of 'T}. A trace of a run seeq = Sos152--- is given by
trace(Sseq) = g(s0)g(s1)g(s2) - - -. Trace(7T) is defined as a set of all traces generated by
the runs of 7 Trace(7) = {trace(sseq) | Sseq € Run(7)}.

(Linear Temporal Logic Formula): Throughout the paper, we consider that the specification
¢ is described by an LTL formula (see e.g., Chapter 5 in Baier and Katoen (2008)) over a
set of atomic propositions I1. LTL formulas are constructed according to the following
grammars:

¢ u=true |7 | $1 A2 | —¢ [ P1Ud, )]
where w € II is the atomic proposition, A (conjunction), — (negation) are Boolean
connectives, and U (until) is the temporal operator. Other useful temporal operators such
as O (always), ¢ (eventually), R (release) can be expressed by combining the operators
in (1) and how they are derived is omitted for brevity. Note that in contrast to standard
LTL formulas, the operator O) (next) is not defined in (1) and will not be used to express
the specification ¢ in this paper. Such formulas are often called LTLy formulas (see, e.g.,
Kloetzer and Belta (2008)). The semantics of LTL formula is inductively defined over
an infinite sequence of sets of atomic propositions mseq = o7 - - € (2™M®. Roughly
speaking, an atomic proposition & € [T is satisfied if 7 holds true at mp. The formula
@1 A ¢ is satisfied if both ¢; and ¢» hold true. The formula ¢;U¢, is satisfied if ¢; is
satisfied until ¢ is satisfied. For a given 7geq = mom; -+ - € (2™)® and an LTL formula
¢, we denote by mgeq = ¢ if mgeq satisfies the formula ¢. We further denote by Words(¢)
the set of all words that satisfy the formula ¢. That is,

Words(¢) = {nseq € (21'1)50 | Tlseq = ¢} 2

(Biichi Automaton): A Biichi Automaton is a tuple B = (Q, Qinit, X, 8p, F), where Q
is a set of states; Qinir S Q is a set of initial states; X is an input alphabet; ép <
0 x ¥ x Q is a non-deterministic transition relation; F is an acceptance set. A word
is defined as ogeq = 0go1---, with o; € X, Vi € N. A run of B over a word Oseq 18
defined as an infinite sequence of states gseq = qoq1 - - - generated such that go € Qinit
and (g;, 07, gi+1) € 8B, Vi € N. Arun gsq is called accepting if there exists a word ogeq
such that F' is intersected infinitely often. A word oyeq is accepted by B if there exists
an accepting run for ogeq. A language Lang([3) is defined as a set of all words accepted
by B. It is known that any LTL formula ¢ can be translated into the corresponding Biichi
Automaton B with & = 2™, such that Words(¢) = Lang(13). Many off-the-shelf tools
for this translation algorithm have been proposed and can be found online, e.g., LTL2BA
(Oddoux and Gastin 2001).

3 Problem formulation
3.1 Plant dynamics

We consider a Networked Control System illustrated in Fig. 1, where the plant and the con-
troller are connected over a communication network. The controller system is responsible
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(/) (LTL formula)
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Fig.1 Networked control system

for both implementing a high level controller that generates symbolic and communication
plans for a given LTL specification ¢, and a low level controller that generates (low level)
control inputs to operate the plant. How these controllers are designed will be formally
given later in this paper. Throughout the paper, we assume that the communication network
is ideal; it induces neither packet dropouts nor any network delays. The dynamics of the
plant is given by the following Linear-Time-Invariant (LTI) systems:

Xk+1 = Axg + Buj + wy, 3

for k € N, where x; € R” is the state, uy € R™ is the control input, and w; € R”
is the additive disturbance. We assume that the pair (A, B) is controllable, and that the
disturbance is constrained as wy € W, Vk € N, where WV is a given polytopic set. Regarding
the state, we assume x; € X, Vk € N, where X is a polygonal set that can be either a
convex or non-convex region. The set X represents the free space, in which the state is
allowed to move. Inside X', we assume that there exist in total Ny number of polytopic
regions R, Ra, ..., Ry, C X, which represent the regions of interest in X. These regions
are assumed to be disjoint, i.e., R; NR; = @,Vi, j € Ni.n, withi # j. Moreover, let
Xeent,i € Ri, i € Nj.y, denote the Chebyshev center (Borrelli et al. 2017) of the polytope
Ri. The Chebyshev center is the center of the maximum ball that is included in R; and is
obtained by solving a linear program (for details, see Section 5.4.5 in Borrelli et al. (2017)).
In addition, the initial state is assumed to be given and is inside one of the regions of interest,
i.e., X0 € Rinit where Rinit (S R];N, .

Let m;, i € Nj.y, be the atomic proposition assigned to the region R;. Namely, ;
holds true if and only if x € R;. Also, denote by 7y an atomic proposition associated
to the regions of non-interest, i.e., o holds true if and only if x € X \(Uf\glRi). The
atomic proposition g represents a dummy symbol, which will not be used to describe the
specification. Let I1 = {1, m2, ..., 7wy, } and hx : R" — I be the mapping from the state
to the corresponding atomic proposition, i.e.,

w, if x € Ri, i € Ny, “4)

h =
x(x) [ o, if x € Xr. )

where X\r = X\(Uf\glR,-).
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3.2 Satisfaction relation over the state trajectory

Denote by mathx = xox1xp--- a state trajectory in accordance to (3), with x; € X,
ur € R™, wr € W, Vk € N. We next define the satisfaction relation of the formula ¢ by the
state trajectory mathx. Let us first define the trajectory of interest as follows:

Definition 1 Given a state trajectory mathx = xox1x2---, the trajectory of interest
mathxy corresponding to mathx is defined as mathx; = xg,x¢,%¢, - -+ with £g = 0,
Ej < £j+1, Vj € N, such that: hx(xg‘/.) e I,Vj e N, and hy(xx) = mo, Yk € (fj,ﬁjurl),
VjeN. O

Stated in words, the trajectory of interest is given by eliminating all states that belong
to the regions of non-interest. The trace of the state trajectory is generated based on the
trajectory of interest as defined next:

Definition 2 Given a state trajectory mathx = xoxj - - -, the trace of mathx is given by
trace(mathx) = pop1 - - -, which is generated over the corresponding trajectory of interest
mathxy = xgyXe, X¢, - - -, satisfying the following rules forall L € N, i € N:

@) po =hx(xe);
(it) If pp = hx(xg) and there exists j > i such that hx(xe,) = hx(xe, ) = -+ =
hx(xe;), hx(x¢;) # hx(xe;,,), then pry1 = hx(xe;,);
(i) If pr = hx(xe), and hx(xe;) = hx(x¢,), Vj > i, then py = pr, Vm > L.

For example, assume that x; € R fork =0,1,2,x; € X\gr fork =4,5and x; € R»
for k = 6,7, 8- --. This means that the state initially starts from R, leave R for entering
R, and remains there for all the time afterwards. The trajectory of interest is given by
XoX1X2x6x7xg - - - . The trace of the trajectory according to Definition2 is p = pop1p2 - - -
with p9 = hx(x9) = 71 and p;, = mp, VL > 1.

Definition 3 Given a state trajectory mathx = xox1x2 - - -, we say that mathx satisfies the
formula ¢ if and only if the corresponding trace according to Definition 2 satisfies ¢, i.e.,
Tseq = trace(mathx) = ¢.

3.3 Communication strategy

To satisfy the formula ¢, the plant interacts with the low level controller over the commu-
nication network for obtaining control inputs in real time. To indicate the communication
times, let k,,,, m € N with k41 > k,,, Ym € N be the communication time steps between
the plant and the controller. That is, for each k;,,, m € N the plant transmits the current state
information x, to the controller, and the controller computes a suitable control input to
be applied and transmit it back to the plant. We assume that the control input is given in a
sample-and-hold implementation, i.e., uy,, +¢ = Uk, , ¥ € N1, | —k,—1, Ym € N. In what

m+1
follows, we introduce the notion of average communication rate:

Definition 4 Given k,,, m € N, the average communication rate p,ye € [0, 1] is given by

oom
Pave = lim — (6)
m—oo k,,
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Intuitively, the average communication rate is an asymptotic ratio between the number
of communication time steps and the time steps. As we will see below, the communication
time steps k,,, m € N are designed, such that the state trajectory satisfies the LTL formula,
as well as that a certain communication constraint on gy is satisfied.

Remark 1 Note that the actual number of communication time steps until &, is m + 1,
instead of m. However, since k,, — 00 as m — oo, we have lim,,_,o(m + 1)/k, =
lim, - m/ k;,,. Hence, the lack of “plus one” term does not affect our result provided in
this paper.

3.4 Problem formulation
We now describe the main problem to be solved in this paper:

Problem 1 Given xo € Rinit € Riy,, ¢ and p € (0, 1], design both control and
communication strategies in a sample-and-hold implementation (see Section 3.3), such that:

(A.1) the resulting state trajectory satisfies ¢;
(A.2) the average communication rate is below p, i.e., pave < .

That is, the goal of this paper is to design control and communication strategies, such
that the resulting state trajectory satisfies the desired LTL formula ¢, and the corresponding
average communication rate is below a given threshold p. In practice, p can be provided in
terms of the limited communication resources that are present in NCSs, such as the lifetime
of the battery powered devices, the number of network tasks that can be executed in real
time, and so on. For example, if the relationship between the frequency of communication
and the lifetime of the battery powered devices is known, we may select p in order to ensure
that the battery powered devices can stay alive longer than the desired period. As another
example, suppose that the embedded micro-processor is able to execute only one task for
each k (i.e., there exists only one time slot that the micro-processor can assign the task for
each k), and that in addition to the communication task, another network task should be
executed within 60% of the total number of executions. In this case, we may select p as
p =1—0.6 = 0.4, so that the rate of executing the communication task is below 40%.

4 Constructing transition system

As a first step to solve Problem 1, we construct a finite transition system that represents an
abstracted model to describe the behavior of the control systems in (3). Specifically, we aim
at obtaining 7 = (S, Sinit, 8, IT, g, Wi, Wh), where S = {s1, ..., sy, } is a set of symbolic
states, sinit € S is an initial state, § € S x S is a transition relation, IT = {7y, ..., my,} is
a set of atomic propositions, g : § — II is a labeling function, and Wi, W, : § — N are
weight functions. Roughly speaking, each symbol s; € S indicates the region of interest R;
(i.e., the region having the same index 7). To relate each symbol to the corresponding region
of interest, let I" : § — R.y, be the mapping given by

F(S,') = R,‘, Vi € NI:NI- (7)

Conversely, let T~! : Ry.y, — S be the mapping from each region of interest to the
corresponding symbolic state. The symbol sipi; € S represents the symbolic state associated
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with Rinit, 1.€., Sinit = 'L (Rinit). The labeling function g outputs the atomic proposition
assigned to R, i.e., g(s;) = m;. The weight functions W, W, are defined to output, as we
will see later, the number of communication time steps and the total number of time steps
for each transition in 8, respectively. The transition relation (s;, s;) € & indicates that every
x € R; can be steered to R ; in finite time. A more formal definition of § is provided in the
next subsection.

4.1 Definition of reachability
To characterize § in the transition system, we next introduce the notion of reachability

among the regions of interest. To this end, consider a pair (R;, R;) € Ri.n, x Ri.n, With
i # j. For notational simplicity, let X;; C & be given by

Xj=2x\ [ R ®)
nEN\,'j
where Ny;; = {1,..., NjJ\{i, j}. That is, X;; represents the free space that we exclude

all regions of interest other than R; and R ;. Note that A&;; is a polygonal set that can be
a non-convex region. Whether the transition is allowed in 7T, from s; = r-'(R)tos =
r-(r i) (.e., (s, ;) € §), is determined according to the following notion of reachability:

Definition 5 (Reachability) We say that the reachability holds from R; to R; (i # j),
which we denote by (s;,s;) € 4, if there exists kr € N, such that the following
holds: for any xo € R; and the disturbance sequence wq, wi, ..., Wk,—1 € W, there
exist ug, ui, ..., u,—1 € R™ such that the resulting state trajectory xo, X1, ..., Xk, in
accordance with (3) satisfies

(C.1) xip €R;,
(C2) Xk € .X‘”, Vk S NOZI{]M
(C.3) Ifxp € Rj for some k’ € Ny, then xx ¢ R;, Vk € Ny,

Based on Definition 5, reachability holds from R; to R ; if there exists a controller such
that any state in R; can be steered to R ; in finite time. Moreover, we require by (C.2)
that the state needs to avoid any other region of interest apart from R; and R ;. Also, (C.3)
implies that once the state enters R ; it must not enter R; afterwards. The conditions (C.2),
(C.3) are essentially required to guarantee that the trace of the state trajectory satisfies the
following property:

Proposition 1 For every xo € R, the trace of the state trajectory xo, X1, . . ., Xk, satisfying
(C.1)~(C.3)is mim;.

Proposition 1 implies that the trace of the state trajectory satisfying (C.1)—(C.3), which is
generated according to the rules in Definition 2, is consistent with the trace for the transition
from s; to s; (i.e., g(s;)g(s;)). As will be seen later, this leads to that the trace of 7 that
satisfies ¢ implies that the corresponding trace of the actual state trajectory also satisfies ¢.

4.2 Reachability analysis from R to R;

This section provides a way to analyze reachability from R; to R ;. The reachability analysis
presented in this paper is based on the RRT algorithm (LaValle 2006), which is adapted such
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that the state trajectories satisfy all requirements to achieve reachability (i.e., the conditions
(C.1)—(C.3)), as well as that the corresponding communication strategy can be designed.
The overall algorithm is illustrated in Algorithm 1 and the details are described below.
As the inputs to the algorithm, we give Nmax € N4 and Ly, € Ny as the user-defined
parameters, which represent the total number of iterations for building a tree and the maxi-
mum inter-communication time steps, respectively. Moreover, we give a matrix K € R"*",
where A + BK is stable, which will be used to obtain (state feedback) control inputs and
uncertainty propagations around the nominal state trajectory. The algorithm starts by initial-
izing the set of nodes V and edges £ as empty sets. In addition, we initialize the mapping
T : X x X — Ny, which will be used to stack the inter-communication time steps required
to steer the states in X'. As shown in the algorithm (Line 3), we stack the pair (xcent,i, R;i) in
V as the initial node. Intuitively, the set R; represents the uncertainty of the (actual) initial
state, which is also stacked together with xcepe,; in V.

Algorithm 1 Reachability analysis from R; to R ;.
input : R;, Rj’ Lmax € Ni, Nmax € N4, K € R™*"
output: ko.ps (communication time steps); Xo:k,,» %0:kp—1, X0:k,, (n0ominal states,
inputs, and uncertain sets from R; to R ;)

1V (&< {h

2 Z(x,x') < {}, Y(x,x) e X x X;

3V < VU {(xcent,iv Rk

4 for N =1: Npyax do

5 Xsamp <— Sample(X;;);

6 (¥nearest> Anearest) < FindNearest(V, xsamp);
7 )eopt <~ {}; Lopt < {} ﬁopt <~ {s

8 for L =1: Ly do

9 {XL, i} < Steer(Xnearest, Xsamp>» L);

10 if Xop; is empty or 1fClose (X1, Xopr, Xsamp) then
11 Xopt <= X3 topt < 15

12 Lopt < L;

13 end

14 end

15 JEO:LOP‘ < GenTraj(xpearest. ﬁoptv Lopt)§

16 {X0, ..., XL} < UncertainSets (X0, » opt);
17 if IfFeasible (X). L) then

18 V <V U{ELop> XL s

19 E «— EU{(Fo, X0), flopts (FLop> XLop))}s
20 (%0, ¥Lop) < Lopts

21 end

22 end

2 {Ro.u, 01, Xooy ) < FindTraj(V, £);

24 {ko.pr} < UpdateTimes(Xo:a, Z);

25 {X0:kyy» U0:kp—1> X0iky ) < GenAllTraj(Xo:.ar, to:pr—1, Xo:m, ko:m):
26 if IfReachable(Xp.k,,) then

27| return ko.pz, Xo:ky, - B0:ky— 1+ Xockyy s

28 end
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The algorithm proceeds by expanding a tree of states (Line4-Line22). First,
Sample(X;;) draws a state randomly chosen from Aj;. For given V and xsamp € &jj,
FindNearest(), Xsamp) finds the closest node in V to Xsamp, i.€.,

FindNearest()V, Xsamp) = arg min||x — Xsamp |l ()
(x,X)eVy

The function Steer(xnearest, Xsamp, L) finds a control input and the corresponding state
by solving the following problem:

min
ucRkRm

L
L -1
A” Xnearest + } A" Bu — Xsamp
=1

. 10)

In (10), the term AL xpearest + ZeL=1 A1 By represents the nominal state from Xpearest by
applying u constantly for L time steps. Namely, the function finds an L-step constant con-
trol input such that the corresponding state is close to xsamp as much as possible from xpearest-
Since the control input is applied constantly for L time steps, we will utilize L as the inter-
communication time steps to steer the state from xpeqrest. Let i be an optimal control input
by solving (10) and let X7 = AL xpearest + Zle AY1Bji. Then, Steer returns %7 and 4, i.e.,

Steer(xnearest» Xsamp» L)= {£L9 12} . (11)
The function IfClose(X1, Xopt, Xsamp)

True, if [[X — Xsampll < ||£opt — Xsampl|
[fClose(xr, Xopt, Xsamp) = or [ Xz, — Xsampll < &, (12)
False, otherwise,

where ¢ > 0 is a given threshold. That is, it examines if xgmp is closer to X, than to iopt
or it is close enough 10 Xsamp. If IfClose (X, Xopt, Xsamp) = True, then Xop is replaced by X1
(Line 11). Note that if || X — Xsamp |l < € is satisfied for several values of L, then X; with the
largest L is chosen (since the algorithm computes IfClose starting with L = 1). The function
GenTraj(Xnearest» fopt> Lopt) 1s executed to obtain the nominal state trajectory by applying the
optimal control input: GenTraj(Xnearest, fopts Lopt) = X0:Lp» Where Xo = Xnearest and X1 =
AX¢+Biiop, V€ € N, Lopi—1- Then, the function UncertainSets(X. Lopts lopt) (Line 16) yields
a sequence of polytopic sets as follows:

UncertainSets(X0:L oy » opt) = {X0, -+ -, XLy} (13)

where (Xg, Xp) € Vand A7, ..., XLopl are given by

¢ -1
Xe=% @ <A‘Z +> AZ’IBK) (—Ro®Xo)® Y AW, (14)
=1 =0
for all £ € Nj. Lopt- Intuitively, and as will be clearer later in this section (see in particular
Lemma 1), the sets X, ..., XL, represent uncertainty propagations of the actual state
trajectory around the nominal one Xo, ..., Xz, starting from any initial state from Xy by
applying a suitable control strategy. The function IfFeasible(Xp: Lop) (Line 17) examines if
all Xp, ..., XLopt are inside &;;, i.e.,

True, if Xy C Ajj, VL€ € Nowrp,s (15)

IfFeasible(X). =
(X0:Lop) { False, otherwise. (16)
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If the feasibility holds, the pair ()?Lopt, XLOPK), and the triple ((Xo, Xb), dopt, ()?Lopl, XLopl))
are stored in V and &, respectively. Moreover, we assign the corresponding inter-
communication time steps to the mapping Z (Line 18-Line 22).

Once a set of nodes and edges (V, £) are obtained, the function FindTraj is executed to
find nominal states, inputs and the corresponding uncertain sets from R; to R ; in the fol-
lowing way: if there exist M € Ny and Xo.p7, Uo:p1—1, Xg M, where (Xg, Xo) = (Xcent,i> Ri)s
and

(G» Xon)s iy, Gy 1, Xmt1)) € E, Ym € Noyr—1, (17)
Xy SR, (18)

then we set FindTraj(V, &) = {Xo.m, io:m—1, /’?0; wm}. The illustration of the trajectory Xo. s
is shown in Fig. 2a. Roughly speaking, the condition in (18) indicates that the uncertainty
around the terminal state (i.e., X)) is small enough such that the actual state trajectory is
guaranteed to enter R ;. The above sequences can be found by implementing a graph search
from the initial node (xcent,i, /%) to some node in V, whose state and the set are both inside
‘R ;. If multiple feasible sequences satisfying (17) and (18) are found, we select the one with
the minimum value of the communication rate M/ kys. Note that to steer the state from X,
to Xm+1 (m € No:ayr—1), i, needs to be applied constantly for Z(X,,, X;;+1) time steps, i.e.,
Tt = Az, + 30 A Biiy,, where Ly = Z(Zm, Znt1)-

The function UpdateTimes (Line 24) is defined as follows: UpdateTimes(Xo.pr, Z) =
{ko, k1, ..., kym}, where kg = 0 and

km = kn—1 +Z(Xp—1,%m), Ym € Ny (19)

Intuitively, kg, k1, .. ., kps—1 indicate the time steps when control inputs are updated, which,
as will be seen below, represent the communication time steps between the plant and the

X X
X4 T11
Gy X
X
T
X X
ZQ X
(a) Trajectory of & (b) Trajectory of &
Fig.2 Illustration of Xo, ..., Xy from (17) and (18) and Xy, ..., X,, from (22)
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controller. In addition, kps indicates the terminal time step when the state trajectory enters
Xj. The function GenAllTraj is defined to generate all nominal states, inputs and the cor-
responding uncertain sets including the ones during the inter-communication time steps:
GenAllTraj(Xo: a1, to:p—1, Xo:M > ko:m) = {f0:kp;—15 X0:kpy» X0:ky }» Where

= Uy, Ym € Noy_1, (20)

Akyre = Uk, Y€ € Nigyy1—ky—1, Ym € Noay—1, (21)

and
Xk+1 = AXg + B, Yk € Nogy,—1. (22)

An example of the trajectory Xo, . .., Xx,, is illustrated in Fig. 2b. Note that from (20), (21)
and (22), it follows that Xy, = X, Vm € No.p. The sequence Xpy,, is given as follows:
X() = X()(: R,) and

L -1
KXot = Sttt (Af +y A“BK) (—fk, & X)) @ > AW, (23)
=1 =0

forall £ € Ny, ,,—k,,m € No.py—1. Note that from (23) and (14), it follows that Xk, =

j('vm, Vm € No.ps. Finally, the function IfReachable examines if the reachability holds from
‘Ri to R in the following way: IfReachable(X.x,,) = True if the following holds:

Xy N Rj 0, kK e Nowxy = X NR; =0, Vk € Nk’:kM’ 24)

and IfReachable(Xy.,,) = False otherwise. The condition in (24) indicates that once some
uncertain set intersects R ;, it does not intersect R, afterwards, which aims at fulfilling the
condition (C.3) in Definition 5. Finally, if IfReachable returns True, the algorithm returns
the sequences ko:pr, X0:ky,» W0:kyy—1> X0k -

The fact that the reachability holds based on the above is validated by the following
result:

Lemma 1 Suppose that |fReachable(Xox,) = True and Algorithm 1 returns
ko:M, X0:kpy » U0ikpg—1> X0:kyy- Then, it follows that the reachability holds from R; to R ;. O

Proof : Suppose that IfReachable(Xpx,) = True and Algorithm 1 returns
ko:M s X0:kys» 0:kps—1, X0:ky, - FOr any xo € R, let xg, k € Noy,, be the actual state trajectory
by applying uy, k € No.,,—1, 1.€., Xk1 = Axk + Buy + wy, Vk € Ny, —1, where

up = K(xp — %) + g, ifk =k, m € No.yr—1 (25)
Uy = Ug—1, otherwise. (26)
That is, the state feedback controller is utilized for the update times k,,, m € No.ps—1, and

the constant controller is utilized for all the other time steps. In the following, we first show
by induction that x; € Xk, Vk € Noy,,. For the initial time step k = ko = 0, we have
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x0 € R; = Xp. Assume that x,, € X, for some m € No.ps—1. Then the difference between

the actual state and the nominal one for k;, + €, £ € Ny, | —, is given by

4
Xyt — Xyt = Azka + Z AY-1p (K(ka — Xk,) + ﬁkm)

=1
¢ ¢
+Y AT e - (A‘f)ekm +> A‘f'lBﬁkm)
=1 v=1
¢ -1
= <A€ + Z AZL]BK) Xk, — X)) + Z Az/wkmw,
=1 =0

for all £ € Ny, —k,. Thus, from (23), it follows that xi,,+¢ € X, +e, V€ € Nig, -
Therefore, we have xi,, € Xk,, = Xt,+¢ € Xipse, Y2 € Nk, —k,, - and it is inductively
shown that x; € X, Yk € Noy,,. Moreover, from the feasibility condition in (15), it follows
that A, € AX;;, Vk € Noy,,. Thus, we obtain x; € &, Vk € Noy,, and the condition
(C.2) in Definition 5 holds. Moreover, from (18), it follows that xx,, € X,, = fM c X
Hence, the condition (C.1) in Definition 5 holds. Finally, from the definition of IfReachable,
it follows that

xp € Rj, k' € Nixy, = xx ¢ Ri, Vk € Ny, 27

which directly shows that the condition (C.3) in Definition 5 holds. Therefore, it is shown
that the reachability holds from R; to R ;. O

From Lemma 1, if [fReachable returns True there exists a control strategy, as shown in
(25) and (26), such that the reachability holds from R; to R ;. Moreover, from (25) and
(26), each uy,, m € No.pr—1 is applied constantly for all [k, k;+1), which means that
the control inputs are updated at kg, ki, . .., kys—1. In other words, the communication time
steps when the plant needs to transmit the current state information to the controller are
given by ko, k1, ..., kys—1. For the notational use in the next section, let Lo, Ly, Ly, L
be the mappings given by

Lo(Ri, Rj) =Koy, Lx(Ri,Rj) = Xixy, (28)
Li(Ri, Rj) =ttoky—1, L1(Ri, Rj) =Lom-1, (29

where L, = kp4+1—km, YVm € No.p—1. That is, the above mappings yield the nominal state
and control trajectories, and the inter-communication time steps to achieve the reachability
fromR; to R ;.

Some remarks on Algorithm 1 are in order as follows:

Remark 2 (On achieving the minimum communication frequency): In this paper, we employ
an extended version of the RRT algorithm, so that the communication strategy can be
designed while ensuring reachability. Note that the algorithm is not guaranteed to provide
the optimal communication strategy, which means the resulting communication scheduling
may not provide the minimum communication frequency. The minimum number of com-
munication times may be achieved by solving an appropriate optimal control problem for
the steering function and by employing the RRT* algorithm (Karaman 2011b) that inte-
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grates the rewiring procedure. Since we aim at reducing the number of control updates, one
might attempt to solve the following optimization problem for the steering function:

N-1
argmin Y [lues1 — uello,
Xo:nsuo:N-1,N €=0
S.t. X¢+1 = AXx¢ + Bug, V€ € No.y—1

X0 = Xnearest

XN = Xsample>

where || - ||o denotes the £p-norm that represents the number of non-zero components. In
other words, we aim to find control inputs and the time step such that the number of con-
trol updates is minimized. Using the above problem for the steering function and by the
rewiring procedure as in Karaman (2011b), one may obtain the reachable trajectory that
minimizes the number of control updates (i.e., the communication frequency). However, the
above optimization problem is a computationally expensive problem, as it involves the £y-
norm cost function. Since the steering function would be utilized for both generating a new
sample and the rewiring procedure, using the above problem is clearly unrealistic. Although
one may relax the problem by using the £1-norm cost function, there is no guarantee how
such relaxation results in reducing the number of control updates. Therefore, while Algo-
rithm 1 may not minimize the communication frequency, it is more suitable for practical
implementations than the above approach in terms of the computation load. O

Remark 3 (On the computational complexity of Algorithm 1) : The computational complex-
ity of Algorithm 1 can be analyzed by looking at some primitive procedures in Algorithm 1.
The complexity of drawing a sample (Sample) is constant. The complexity of finding
the nearest neighbor FindNearest is O(N) (N denotes the iteration number as in Algo-
rithm 1) by using a naive brute-force search, while other efficient but approximate solutions
exist (see, e.g., Karaman (2011b)). The steering procedure (Steering) requires to solve a
quadratic programming, in which the computational complexity is polynomial with the size
of the variables (see, e.g., Monteiro and Adler (1989)), which is m in this case, i.e., the
dimension of the control input. To analyze the complexity of IfFeasible(X{.r ), suppose that
X =X\O,U---U Oy, , where ENC R" denotes a polytopic set, O1, ... Oy, are the
polytopic obstacles to be avoided in &X', and N, is the number of the obstacles. For given
inter-communitation time steps L € Ny.. ., IfFeasible examines if L polytopic sets are all
inside A&;;, which can be done as follows: (i) compute the intersections between each A7,
£ € Nj.z and each obstacle and check if these are all empty; (ii) compute the intersections
between each X, £ € Ni.; and each region of interest except R;, R ;, and check if these
are all empty. The complexity of computing the intersection between each pair (X;, Op),
(¢,n) € Ni.L x Ny, (or each pair (Xy, R,), (¢,n) € Ni.p x Ny;j) is O (Nyer log Nyer),
where Nye; denotes the sum of the number of verticies of Xy and O,, (or Xy and R},), see,
e.g., Monteiro and Adler (1989). Hence, the computational complexity of IfFeasible depends
on the workspace environment, such as the number of obstacles in the state-space. g

4.3 Construction of 7~
Let us now go back to the beginning of Section4 and consider constructing the transition

system 7 . Suppose that reachability holds from R; to R ; (i.e., IfReachable(Xp.,,) = True)
and Algorithm 1 returns ko:ar, X0:k, s #0:kp—1> X0:k,, - Then, to construct the transition sys-
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tem 7, we set (s;,s;) € & and assign the values for the weight functions Wi, W, as
follows:

W](Si,Sj)=M, Wz(si,Sj)=kM. (30)

That is, we assign for W (s;, s;) and Wh(s;, s;) the number of communication time steps
and the total number of time steps to achieve reachability from R; to 'R ;, respectively. The
weight functions W) and W, will be utilized to obtain the accepting run of 7, such that the
corresponding average communication rate is below the threshold p. Based on the above,
by applying Algorithm 1 for every pair of the regions of interest, we can characterize both
the transition relation § and the functions W;, W;. As a consequence, the transition system
T can be constructed as an abstraction of the control system (3).

5 Implementation

Based on the transition system 7 given in the previous section, we now present our control
and communication strategies as a solution to Problem 1. Following the hierarchical-based
approach, the proposed algorithm consists of high and low level controllers. The details of
each implementation is described below.

5.1 High level controller

In the high level controller part, the controller produces an infinite sequence of the regions
of interest that the state should follow to satisfy the formula ¢, as well as that the average
communication rate is below p. Since the reachability among the regions of interest can be
captured by the transition system 7, this can be done by finding a run sgq = sos1 -+ of
T, such that trace(sseq) = ¢ holds. Although there exist several methodologies to achieve
this, this paper adopts an automata-based model checking algorithm; we only describe the
overview of the approach here and refer the reader to Chapter 5 in Baier and Katoen (2008)
for a more detailed explanation. The approach relies on the idea that checking the existence
of a run to satisfy ¢ is equivalent to checking the non-emptiness of Trace(7) N Words(¢).
Since Words(¢p) = Lang(By), where By = (Q, Qo, 2", 85, F) denotes the Biichi Automa-
ton corresponding to the LTL formula ¢, the above problem is also equivalent to checking
the non-emptiness of Trace(7) N Lang(B,), i.e., a language of the product automaton
between 7 and B, which is defined below:

Definition 6 (Product Automaton) A product automaton between 7T =
(S, sinit, 8, T1, g, Wi, Wh), and By, = (Q, Qinit, 88,2, F) is defined as a tuple
Bp =T® B¢ = (Qpa Qinit,ps (Sps Epv Fp)» where

-  QOp = 0 x Sisaset of states;

- Oinit,p = Qinit X Sinit © O p is a set of initial states;

- 8, S Qp x Qp is a transition relation, where ((¢, ), (¢', s")) € 8, iff (s,s") € § and
(q.8(s"),q") € 85;

- X, = 2 is an input alphabet;

— F, = F x Sisasetof accepting states.

For a given word 0geq = 001 - - - witho; € Xp, Vi € N, arun of B, over Oseq 18 defined
as an infinite sequence of states: (gseq, Sseq) = (40, 50) (q1, 1) - - -, such that (go, so) €
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Oinit, p (€., 50 = Sinit, 90 € Qini) and ((q;, 5i), (gi+1, i+1)) € 8p, Vi € N. Arun of B, is
called accepting if there exists a word oseq = 0007 - - - such that F}, is intersected infinitely
often. Let

(CIseq» sseq) = (q0, 50) (g1, 51) (g2, 2) -+~ (3D
be one of the accepting runs of B),. It is known that any accepting run can be represented
by a prefix-suffix structure, i.e., there exist ny, no € N, such that

(q‘veq , Sseq)
= (qo, s0) - - - (in—] , Snl—])[(in s Snl) te (CIn|+nz—] , Sn|+n2—1)]w- 32)

prefix part suffix part

As shown in (32), ny, ny represent the length of the prefix and the suffix part, respectively.
Based on (32) and the weight functions defined in (30), denote by A(sseq) the ratio between
the total number of time steps and the communication time steps required for the suffix part
of $geq5 1.€.,
ni+ny—1

Z Wi (sn—1, Sn)
n=n1+1
ni+ny—1

Z Wh(sn—1, sn)

n=ni+1

A(sseq) = (33)

Based on the above definitions, in this paper the high level controller finds an appropriate
run of BB, in the following way. First, it finds a set of accepting runs:

Qp,seq = {(QSeqs Sseq) | (Qseqa sseq) is an accepting run of Bp}s 34)

which can be obtained by finding strongly connected components through depth-search
methods (see, e.g., Baier and Katoen (2008)). Then, we select the accepting run such that
the average communication time step for the suffix part is minimized, i.e.,

(q:eq’ S:eq) = arg min -A(Sseq)- (35)

(Gseq-Sseq) €D p.seq

Since q;seq = (qs*eq, s;"eq) is an accepting run of B, it is shown that trace(s:eq) = ¢ (see,
e.g., Baier and Katoen (2008)) and we can obtain the corresponding sequence of regions of

interest that is projected from s;*eq, ie.,
* * Pk pk
Rseq =RoR{R;--- (36)
where we denote s;"eq = s3s7 - and Rf = T'(sf), Vi € N. Note that since 55 = sinit, We

have R = Rinit. Namely, the sequence R, represents the infinite sequence of the regions
of interest that the state trajectory should traverse to satisfy ¢.

Remark 4 (On selecting the accepting run) As shown in (35), in this paper we select the
accepting run such that the average communication rate is minimized. However, we could
consider several other criteria in order to select the accepting run. For example, one could
select the accepting run according to the following:

ni+ny—1

(Q:eq7 S:eq) = arg min Z Wh(su—1, Su)

(gseqsSseq) €Qp.seq n=n|+1

s.t. A(Sseq) < P. (37
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That is, among all accepting runs such that the average communication rate for the suffix
is below p, we select the one that minimizes the total time steps (in order to satisfy the
formula ¢ “as soon as possible”). Here, the constraint A(ssq) < 0 is enforced in order to
deduce that the average communication rate is indeed below the threshold p; for details, see
Theorem 1.

5.2 Low level controller

Based on the obtained sequence as in (36), the low-level controller iteratively imple-
ments the control and communication strategies, such that the resulting state trajectory
satisfies ¢ as well as that the average communication rate is below p. To this end, let
RGX{ES, oo, aatay - -, LELTL} - - - be an infinite sequence of nominal states, inputs, and

inter-communication time steps that are generated based on R, :

LRy, R Li(RY, R3) Li(R5,R3) -, (38)

BBy o Mgy Sy, Sy
Ly(R5. RY) Lu(RT,R5) Lu(R5.R3) -, (39)

L YR L PR P
L1(Rg, RY) L1(RY,R3) LiI(R5,R3) -+, (40)

Lo Ly Lhy  Lhyor Lhay = Ly

where for the notational simplicity we let L,o(Rf, R}) = &5 - - )?,fMl and

Lx(RYRED = Ty1 - Ky @1
Lu(RY, RiyD) =’2:Ml. ﬁltMH]fl’ 42)
Li(R,Riw) =Ly, -+ Ly, —1» (43)

with M; € N, i € N, appropriately chosen to line up the sequences:
XoX{X3XS -+, dpuiuyas -+, LGLTL3LY - -- . (44)
Moreover, let ks, m € N be given by
ky =0, ky =k, + Ly, VmeN, (45)

i.e., k), m € Nare the communication time steps between the plant and the controller. Based
on the above, a complete algorithm of the low-level implementation is summarized in Algo-
rithm 2. As shown in the algorithm, for each communication time step &, the plant transmits
the current state information to the controller, based on which the controller updates the
control input according to (25) and (26), and transmits it back to the plant. The main result

of this paper is now given as a solution to Problem 1.
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Algorithm 2 Low level controller.

input : xq (initial state);
XGXTXy -+, ajuias - - - (nominal states and inputs);
LGLYL3 - - - (inter-communication time steps)
kykiks - - - (communication time steps);
output: State trajectory that solves Problem 1;
1 k < O (initialization);

2 while do

3 if k =k (m € N) then

4 the plant transmits the current state x; to the controller;

5 the controller computes uy as follows:

up = K (xx — X)) + s (46)
the controller transmits uy to the plant, and the plant applies uy;

6 else

7 ‘ set uy = u—1 and the plant applies u; (no communication is given);
8 end

9 k<—k+1;
10 end

Theorem 1 Suppose that for given xg € Rinir, ¢ and p € (0, 1], the high level controller
finds an accepting run q;seq = (qs*eq, ss*eq) according to (35) and that we have A(ss*eq) < p.
Moreover, suppose that the low level controller (Algorithm 2) is implemented. Then, the
resulting state trajectory satisfies ¢ for any wy € W, Vk € N. Moreover, the average
communication rate is below p, i.e., pave < p.

Proof : For a giveni € N, suppose that x u; € R}, where kyy; is defined in (38). Since the
reachability holds from R} to R} 1 and from the proof of Lemma 1, it follows that the state
trajectory enters R, (i.e., Xk, € R}, 1) by applying a control strategy according to (25)
and (26), and this holds for any disturbance sequence w; € W, k € NkM,- Ky -1 Hence,
starting from xo € R{; = Rinit, it is inductively shown that the state trajectory traverses all
regions of interest Rg,; = RyRY--- by applying Algorithm 2. Moreover, from the proof
of Lemma the state trajectory from R} to R, for each i € N satisfies (C.1)—(C.3) in
Definition 5. That is, the trace of the state trajectory while moving from R} to R}, is
g(s;*) g(sl.* " ) for all i € N (see Proposition 1), which leads to the fact that the trace of the
overall state trajectory is given by trace(mathx) = g(s;)g(s7)g(s3) - - -. Thus, we obtain
trace(mathx) = trace(s;‘eq) = ¢ and so the satisfaction of ¢ is achieved.

Now, it remains to show that the communication rate is below p. From Section 5.1, the
sequences s, and R}, can be expressed by the following prefix-suffix structure:

seq seq
* * % * * * @
Sseq = S051 - 'Sn’l‘—l (sn’l‘ o 'Sn*l‘-i—n’z‘—l) ’ 47
w
% _ ¥k * * *
Rseq = RORI o 'Rn’l‘—l (Rnf T ’R’n’]‘+n§—l> ’ (48)
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where n7, n; denote the length of the prefix and the suffix parts, respectively. Note that we

_ K .
have A(vseq) < p. Let Mpref, Msuf, Kpref, auf € N be given by
ni—1 ni4n;—1
bt = 2 WIS, M= D Wilsi_p.s)), (49)
n=1 n=n’1‘+l
nj—1 ni+n3—1
et = D Walsi_is), Kip= D Wi, (50)
n=1 n=nj+1
That is, M* pref and M} ; represent the number of communication time steps for the prefix

and the sufflx parts, respectlvely, and Kpret and K7 represent the total number of time
steps for the prefix and the suffix parts, respectlvely Hence, the total number of time steps
when the state trajectory traverses the prefix part (i.e., RgR] - - ** _,) and p-cycles of
«_,) is given by K* pret T pKZ .. Sim-

suf*

the suffix part (i.e., the p repetitions of K7, - - - Rn* n3
1

ilarly, the total number of communication time steps When the state trajectory traverses the

prefix part and p-cycles of the suffix part is given by M;r of T pM;, Iz Hence, the average

communication rate is given by

0 — lim M;ref + pMs*uf
e P K;ref + pK:uf

hm pref + Ms*uf
p=0o0 Kref+pK Kref+szuf

p
M*
= (51)
K@uf
Thus, it follows that p,ve < p since .A(sseq) = Msuf/K W < . Thus, the average
communication rate is below p. O

6 lllustrative examples

In this section we illustrate the effectiveness of the proposed approach. As a simula-
tion example, we consider the motion planning problem of a vehicle moving in a given
free space. Let x = [xpos; Xvell € R* denote the state of the vehicle, where Xpos =
[xpos1s Xpos2] € R? and xvel = [Xvell; Xvei2] € R? are the position and the velocity of
the vehicle, respectively. The dynamics of the vehicle is given by the following double
integrator:

0010 00

_looo1 00

*=1loo000|*T|10|*TW (52)
0000 01

where u € R? is the control input and w € R* is the disturbance. To obtain the discrete-time
model, we discretize the system in (52) under zero-order hold controller with 0.5 sampling
time interval. The disturbance set is given by W = {w € R* : |w|lco < 0.1}. The posi-
tion space of the vehicle, denoted as X0 C R? is shown in Fig. 3a. In the figure, the
white regions represent Xj,os in which the state (vehicle) can move freely, and the black
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Fig.3 Tllustration of the position
space Xjos and the results by
applying Algorithm 1 for
(R1,R3)
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(a) The position space Xpos
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(b) Nominal state trajectory #o.x,, from R1 to R3 ob-
tained by applying Algorithm 1. The red circles indicate
the communication instants (i.e., Zx,, T, ,
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(c) 100 state trajectories by applying (25) and (26) from
the initial state randomly selected from R;.
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regions represent obstacles to be avoided. As shown in Fig. 3a there exist 4 regions of inter-
est Ri, Rz, R3, Ra, which are all 1 x 1 squares. The velocity space, denoted as Xy C R2,
is given by Xyel = {xvel € R? . lxvellloo < 2.0}. The (free) state space is thus given by
X = Apos x Xyel. Based on the above setting, we implement Algorithm 1 for each pair of the
regions of interest. While implementing Algorithm 1, we assume Lpyax = 20, Nmax = 500
and the matrix K is given by

K=[0.004 0 0139 0 } (53)

0 0.004 0 0.139

so that the matrix A + BK is stable. Figure 3b illustrates the nominal state trajectory Xo:,,
obtained by implementing Algorithm 1 for the pair (R, R3). In the figure, the red cir-
cles represent the instants when the communication is given (i.e., Xk, Xk, , - . . Xk,,_,)- The
total number of communication time steps and the total number of time steps are given by
M = 10 and ky; = 78, respectively. From the figure, it is shown that the nominal state tra-
jectory reaches R3, while avoiding all the obstacles. Moreover, Fig. 3c illustrates 100 state
trajectories by applying the control strategies in (25) and (26), starting from different initial
states randomly selected from R . It can be shown from the figure that all state trajectories
satisfy (C.1)—(C.3) in Definition 5. Similarly, we analyze reachability for all the other pairs
of the regions of interest and construct the transition system. The resulting transition sys-
tem 7 contains 4 symbolic states and 16 transitions. The total time to construct 7 is 4398s
on Windows 10, Intel(R) Core(TM) 2.40GHz, 8GB RAM. To compare with the previous
result in Hashimoto et al. (2018), we illustrate in Table 1 the average execution time to com-
pute a control input per each communication time step by employing the approach in this
paper (i.e., (46)) and the one presented in our previous work (i.e., Eq.(24) and Eq.(25) in
(Hashimoto et al. 2018)). The table shows that, the approach presented in this paper results
in a significant reduction of the computation load, since it does not need to solve an optimal
control problem. On the other hand, the table shows that the approach in this paper requires
longer time steps than Hashimoto et al. (2018) to achieve the reachability, which may be
due to the fact that only one control action can be applied during the inter-communication
time steps (while different control actions can be used in the previous approach).

To illustrate the proposal, we consider the following specification: ¢ = (O A Oy A
O3 A Oma) AM{(a0m AOOT) Vv (O0m ADOm AOO®3)}. The specification means that,
the vehicle should visit all regions of interest at least once, and visit R1, R or R1, Ra,
‘R infinitely often. Moreover, we assume that the threshold of the average communication
rate is given by p = 0.1. Based on the above problem setup, we implemented both high
and low level controllers. Figure 4a illustrates the resulting state trajectory by implementing
the low level controller (Algorithm 2) with xo = [8.3; —8.4; 0; 0] € R4. The figure
shows that the state trajectories visit all the regions of interest, as well as that they visit
R1, R, infinitely often. Hence, the state trajectories are shown to satisfy the formula ¢. In
addition, Fig. 4b illustrates the corresponding sequence m/k,, m = 1,2, .... The figure

Table 1 The average execution time to compute a control input per each communication time step and the
total number of time steps to achieve reachability from R to R3

This paper Hashimoto et al. 2018
Execution time [s] 5.0 x 107 0.25
The num. time steps 78 64
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(a) Resulting state trajectory by implementing the low
level controller (Algorithm 2).

0.15

m/ky,
o
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(b) The sequence of m/ky, m=1,2,....

Fig.4 Resulting state trajectory by implementing the low level controller (Algorithm 2) and the correspond-
ing sequence of m/k,,,m = 1,2, ...

shows that the sequence m / k,, converges below p = 0.1, which shows that that the average
communication rate is indeed below p.

Note that the state trajectory could satisfy ¢ if the high level controller would select the
run of 7 such that the state trajectory traverses R, Ry, R3 (instead of R, R») infinitely
often. Figure 5 illustrates the sequence m/k,,, m = 1, 2, ... for the case when the state tra-
jectory traverses R 1, R», R3 infinitely often. The figure illustrates that, the corresponding
average communication rate cannot be below p = 0.1. This means that, if the high level
controller would select a run such that the state trajectory traverses R, Ra, R3, it would
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Fig.5 The sequence of m/ky,, 0.15
m=1,2,...if the state

trajectory would traverse

R1, Ra, Rz infinitely often

then violate the specification of the average communication rate (i.e., pave > p). Hence, it
is shown that the high level controller appropriately selected the accepting run, such that the
average communication rate is below p.

Finally, it is worth analyzing the execution time with respect to the number of regions
of interest Ny as well as the state dimension n. Figure 6 plots of the execution time for
constructing 7 (i.e., the total execution time of Algorithm 1 for all pairs of the regions of
interest) against the state dimension n > 5, with different selections of N; = 2, 4, 6. Here,
we fix the input dimension as m = 5 and the matrices A and B are randomly generated over
the reals in the interval [0, 1]. The state space is given by X = {x € R" : ||x] 00 < 15}, and
we assume that the regions of interest are the full dimensional polytopes with n 41 vertices,
which are randomly generated from X. The figure shows that, for fixed Ny, the execution
time increases as n increases. This is due to some primitive procedures in Algorithm 1,
such as IfFeasible, some vertex operations in (14), etc. In addition, for fixed n the execution
time also increases as Ny increases. This is mainly due to the fact that the total number of
combinations to select the pair of the regions of interest is Nj(N; — 1)/2, implying that the
execution time increases quadratically with N;. Note that, thanks to the implementation of
the sampling-based algorithm, the algorithm is tractable even for high-dimensional systems
(e.g., n = 20), if the number of the regions of interest is small enough. This point may
be an advantage over the previous discretization based approaches (e.g., Wongpiromsarn et
al. 2012; Nilsson et al. 2012), in which the algorithm becomes intractable even with much
lower state dimensions.

Fig.6 Execution time against the 30
state dimension n and N 2N =2
250N =4
NI =6
201

Execution time [h]
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7 Conclusions and future work

In this paper, we propose control and communication strategies, such that the state trajec-
tories satisfy the LTL specification and the average communication rate is below a given
threshold. We start by providing RRT-based reachability analysis, which is adapted such
that the state trajectories satisfy the reachability specifications, as well as that the commu-
nication strategy can be designed. Then, we provide a high level controller that aims to find
an accepting run of the transition system, and then provide a low level controller that aims
to steer the state trajectories satisfying the desired specifications. Finally, we illustrate the
benefits of the proposed approach through numerical simulations.

As previously stated in Remark 2, the reachability algorithm is not guaranteed to provide
a communication strategy that minimizes the number of communication frequency. Hence,
future work involves investigating the reachability algorithm that improves the optimality of
the communication strategy. Moreover, the control synthesis that handles delays and packet
dropouts explicitly for NCSs will be considered for our future work.
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