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Event-Driven Control With Deadline Optimization
for Linear Systems With Stochastic Delays

Eelco van Horssen ™, Suraj Prakash

and Maurice Heemels

Abstract—This work presents a novel control strategy
for systems with actuation delays with known stochastic
distribution, which improves upon previously proposed
deadline-driven and event-driven strategies. In the event-
driven strategy, the control input is immediately updated
after the delay, whereas in the deadline-driven strategy,
the actuation is updated in a periodic fashion, where the
sampling period sets a deadline; if the delay is larger than
this deadline, the actuation is not updated. Our method
switches between these two strategies and guarantees
better performance, in a linear-quadratic—-Gaussian sense,
than either method considered separately. An extension of
the novel method with a deadline-optimization scheme is
shown to improve the performance even further. Simulation
results illustrate the effectiveness of the proposed methods.

Index Terms—Data loss, dynamic programming,
event-driven control, sampled-data control, self-triggered
control, stochastic optimal control, stochastic time delay.

[. INTRODUCTION

ELAYS ARE present in many control applications, result-
D ing from timing effects in the loop such as control com-
putation, communication between distributed components, or
measurement acquisitions [1]. These control delays can lead to
significant performance degradation in various control settings,
especially in industry that requires embedded systems [2], [3];
(shared) communication networks [3]-[5]; and/or data-intensive
processing [6], [7].

Many works in the literature addressing control problems
with uncertain delays use a worst-case approach, taking into
account the largest possible delays, and exploit robust stabil-
ity analysis techniques (see, e.g., [8]-[10]). In particular, in a
traditional control setting, a sufficiently large sampling time is
chosen such that the worst-case delays, which may be very large,
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are accommodated. Naturally, this approach is conservative and
can lead to poor closed-loop performance. In this paper, we
take an alternative approach, exploiting knowledge of the prob-
ability distribution of the delays when selecting the sampling
intervals. However, selecting sampling intervals shorter than
the delay causes a data dropping effect for which some solu-
tions have been proposed (see, e.g., [11]-[18]). The sampling
interval thus plays the role of a deadline and, as such, we denote
this approach deadline driven. This method leads to a tradeoff
between “data-loss” and control rate. In [13], this tradeoff was
studied in the context of reliability analysis of a networked con-
trol system with energy constraints, while in this work, we con-
sider linear—quadratic—Gaussian (LQG)-type performance. Al-
ternatively, some works address the stochastic nature explicitly
[19]-[21], proposing the so-called event-driven strategies. Such
event-driven strategies (differing from state-dependent event-
triggered control; see, for example, [22] and [23]) consider that
the control input is immediately updated after the delay and,
therefore, the update intervals are equal to the stochastic delay
[24]. Results for systems with stochastic parameters [25] can be
used to find optimal control strategies for this case.

The current work extends the results in our preliminary work
[24]. The work [24] concluded that event-driven or deadline-
driven approaches do not necessarily perform better than one
another (in an LQG performance sense). Here, we propose a
novel switching strategy that is guaranteed to result in bet-
ter performance than that of event-driven and deadline-driven
approaches by switching between them. The switching strat-
egy combines strategies that are event driven, deadline driven,
and/or event driven with a deadline, where the control input is
updated after the delay, except when the delay exceeds a dead-
line, in which case a data drop occurs. In addition, we show that
the novel switching strategy can be combined with a deadline-
optimization scheme to obtain additional performance benefits.

The new results are obtained in the setting of linear
continuous-time systems with Gaussian disturbances.

The stochastic delays in the control-to-actuation link are as-
sumed to be independent and identically distributed (i.i.d.), as is
very common in the networked control systems community and
justified in several contexts involving computation (see, e.g.,
[26]) or communication delays (see, e.g., [27] and [28]). Digital
control with delayed zero-order hold inputs is used, as illus-
trated in Fig. 1. The closed-loop performance is evaluated by
an infinite horizon average cost function as in a standard LQG
framework. The performance gain of the proposed policies is
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Fig. 1.

illustrated by numerical examples. The proofs of the main re-
sults resort to Doob’s optional sampling theorem [29].

The remainder of this paper is organized as follows. The
control setup with actuation delay and the problem formulation
are detailed in Section II, where the deadline-driven and event-
driven strategies are also discussed, as well as the event-driven
with deadline strategy. Using a discrete-time model of the sys-
tem, the performance analysis of the nonswitching approaches
leads to a preliminary result in Section III. Section IV provides
the main results for the proposed control policies. Numerical ex-
amples in Section V illustrate the novel results and the benefits
of the new method. Concluding remarks are given in Section VI.
The proofs of the main results can be found in the Appendices.

Il. PROBLEM FORMULATION AND BACKGROUND

In this section, we first discuss the control setting and the
formal control problem. Subsequently, we discuss several basic
control strategies that serve as a benchmark for the methods
proposed in this paper.

A. Problem Setting

We consider a continuous-time plant modeled by the stochas-
tic differential equation

dz. = (Acx. + Beue)dt + By dw(t), z.(0) = o, t € Rsg
(1
where . (t) € R"" is the state and u.(t) € R" is the applied
control input at time ¢ € R, and w is an n,-dimensional
Wiener process with incremental covariance I, dt [30]. We
assume that (A, B, ) is controllable and B, has full rank.
As in the standard LQG framework, the average quadratic
cost

1 T

J = limsup — / Elg.(ze(t) uc(®)ldt ()
T—o0 T 0

is chosen as the performance criterion, where g.(x,u):=

2TQ.x + uTR.u with positive-definite matrix R, > 0 and

positive-semidefinite matrix @), > 0 for which (A., Q? ) is ob-
servable.

We consider a setup with a simple hold device at the plant
input such that the plant actuation signal is held constant be-
tween discrete update instances tj,, k € N, with t;, 1 > t;., for
all k € N, and ¢ty = 0. In particular, we write

u(,(t) =y, forallt € [tk, tk:+1)

where 4, € R"* isthe digital input value held attime t;,, k € N.
We assume that 4y := u.(0) is known.

We assume, for now, that the plant may be sampled at any
time instance and discuss how to relax this assumption in
Remark 2. In particular, we choose the sampling instances to
coincide with the actuation update instances, that is, the plant is
sampled at times ¢, k € N, with ¢, > t; forall K € N. The
time-varying “sampling” intervals can then be defined as

hy, =tp+1 — g, keN.

At every sampling instance ¢, we assume that the sensor pro-
vides a measurement of the full state z..(¢ ) and denote this by
xy = (ty), k € N.

The sampling intervals by, k € N, will take different values,
detailed later, depending on the chosen control strategy. We
assume that there exists a (possibly small) h™" € R such that
hi > k™™ for all k € N, which imposes a minimal interval.

The computation of a new control action u;, € R"* by the
controller starts immediately after a new sample is obtained, that
is, at time ¢, for all £ € N as a function of all the information
in the control platform at time ¢;. Due to computational delays
or communication delays, the new control action can only be
applied after a delay 7, € R. for all £ € N. The delays 7,
k € N, are i.i.d. with the known delay distribution defined by
the probability measure .

The support of 4 is allowed to be unbounded, but we as-
sume that 1((0,00]) =1 and p({0}) = 0. The measure x can
be decomposed into continuous and discrete components as
1= pe + pig with 1. ((0,8)) = [ f°(7)dr, where f€ is a mea-
surable function, and g, is a discrete measure that captures
possible point masses atb; € R g U{co},7 € Z C N, such that
w({b;}) = w;, i € Z. The (Lebesgue—Stieltjes) integral of some
function W with respect to the measure 4 is defined as

/OW(s),u(ds) ::/0 W) fs)ds+ S wW(b).

i€Z:b;€(0,t]
The cumulative distribution function (cdf) F :R.
U{oco} — Ry 1) is givenby F'(7) := pu((0,7]) = fOT fe(s)ds +
iezbe(0,7) Wi» for 7€ (0,00], which is equal to
P(r, <7),k €N, where P denotes probability. The

probability distribution function (pdf) associated with F' is
denoted as f : R.oU{oo} — Rs¢. The expected value of the
delay is equal for all k£ € N and is denoted by 7 := E[7].

If the sampling interval h; has a maximum value
Dy € Roy,k € N imposed, then this works as a deadline. If
the delay exceeds the deadline, that is, if 7, > Dj, for some
k € N, then the newly computed control action uy, is dropped
and the previous actuation signal 7y is held constant. We as-
sume that there exists a (possibly large) D™** € R~ such that
Dy < D™** forall k € N, which imposes a maximum deadline
value. The new plant input 4. 1, after the interval hy,, becomes,
forall k € N3¢

. W, if Tk S Dk
Qg1 =19 . . (3
uy, otherwise.

We assume that only one message, that is, a control action, is
allowed in the actuation channel within each sampling interval,
and that a deadline is known at the actuator (if a deadline is
applied).
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We use a Bernoulli random variable v, k € N, to capture
the occurrence of data drops. In particular, v;, = 1 denotes that
the control input u; has been successfully applied to the sys-
tem, while v; = 0 denotes that u;, has been dropped. This is
described by the dropping mechanism

— 1’
Yk = 0,

As a consequence, (3) can be rewritten as

if’Tk S Dk
if 7, > Dy.

Uy = Yp—1Up—1 + (1 —y—1)te—1, k€Nsg. @)

Remark 1: A typical actuation channel cannot be instanta-
neous; therefore, a minimal delay is always present. Hence, it
is easy to determine some h™" € R such that F(h™") = 0.
Otherwise, one can consider a new probability measure fi with
the probability F'(h™*) # 0 accumulated at g ({h™"}) and ar-
tificially delay the system if 7, < h™ for some k € N.

Remark 2: The problem setting can also capture the
sampled-data scenario where the sensors can only be sampled at
discrete intervals but at a fast rate, in the sense that the sampling
period is much smaller than typical delay values. Delaying the
actuation updates to the next sampling instance causes the de-
lays to take values in a countable set, which can be captured by
a piecewise constant cdf. Since only one message is allowed in
the actuation channel, extra samples taken within the actuation
update interval are discarded.

Remark 3: The setup requires that either the sensor has
knowledge of the actuation update instances, which informs the
controller by sending a new measurement, or that the controller
has knowledge of the channel, such that it can trigger the sensor
to provide a new measurement. This can be satisfied by, for
example, a collocated sensor—actuator at the plant or a channel-
sensing mechanism at the controller.

B. Control Problem

The control problem is the design of a methodology to obtain
suitable control actions uy, k € N, and delay deadlines Dy,
k € N, such that the performance index (2) is smaller than for
known existing methods.

To minimize performance index (2), that is, to solve the con-
trol problem optimally, by, for example, the use of dynamic
programming [31] is not possible due to the curse of dimen-
sionality. As such, we opt to design a suboptimal methodology
that is better than current practice. In particular, our goal is to
obtain a control policy m that provides u; and Dy, i.e.,

(ur, Dy) = m(Iy),

as a function of the information available for control at time %,
being

L := {@ } U{a, w, Dy, by, |l € Nig gy } U {do }-

In this paper, we provide control policies that are guaranteed
to improve over both optimal event-driven and deadline-driven
strategies as proposed in [24], in the sense that the performance

keN

index (2) is smaller or equal. Simulation results are evidence
that significant improvement can be realized.

C. Basic Control Strategies (Background)

In this paper, we consider the following basic strategies or
base policies, which we will indicate by d, e, and ed, respec-
tively.

1) Periodic Deadline-Driven Control (d): This typical de-
sign approach sets a fixed deadline D! for each interval and
the control update interval coincides with this deadline, that is,
Dy, = DY and hj, = DY for all k € N. This results in drop-
ping w; with probability 1 — F(D?4), that is, P(y; = 0) =
1 — F(DY). Note that imposing a deadline is a natural way
to deal with large delays. In practice, however, the deadline is
imposed without further analysis of the dropping effect, while
this may significantly impact the stability and/or performance,
as we will see.

2) Event-Driven Control (e): This aperiodic strategy up-
dates wy, directly after the delay without considering a deadline,
that is, hy, = 7 (and Dy = oo) for all kK € N. Note that uy, is
never dropped, that is, P(v; = 0) = 0. When considering this
case, we make the additional assumption i ({co}) = 0, which
is necessary for stabilizability and is equivalent to all b; < co
foralli € 7.

3) Periodic Event-Driven Control With Deadline (ed):
This aperiodic strategy updates iy, directly after the delay if
the delay is less than the set deadline D”, and at the dead-
line when the delay is larger, that is, hy = min(7y, D)) and
Dy, = D?, forall k € N. This results in dropping w;, with prob-
ability 1 — F(D?,), thatis, P(y; = 0) = 1 — F(D?,), but up-
dating 4y earlier at time ¢; + 7 with probability f(7x) for
each value of 7, < Dj.. Note that assuming p({co}) = 0 is not
necessary for stabilizability in this case.

The methods d and e were previously discussed in our
preliminary work [24], where it was suggested to use event-
driven approaches to improve performance over conservative
but easy-to-implement deadline-driven approaches that are typ-
ically adopted in practice.

Through an example, it was found that event-driven ap-
proaches can indeed give significant improvement, but this is
not necessarily always the case, as was illustrated by another
example that showed better performance for periodic control.
This motivated the design and investigation of the ed strategy,
proposed here.

Building upon the results in [25], for each of the above meth-
ods, an analytical expression for the value of performance in-
dex (2) can be obtained. A method to calculate this cost value is
explained in Section III-B. The cost is given by

1
Jb = TG,

cy = tI‘(PbWb) + oy,
Ty,

be{d,eed}t (5

where h;, denotes the average interval hy, that is, hy, := E[hy],
and where, as in standard LQG, P, corresponds to the solution
of a Riccati equation, as described in Appendix A, W}, is a noise
term from the Wiener process w, also given in Appendix A, and
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oy, 1s a term resulting from the intersampling behavior of the
system, given in Appendix B.!

The values of J,, b € {d, e, ed} are called the base costs and
will serve as a reference to compare our newly proposed meth-
ods. The main results in this work derive control policies 7
that guarantee that .J; < .J, while typically performing (signif-
icantly) better in the sense that J, < J, for all b € {d, e, ed}.
For d and ed, the cost (5) depends on the chosen deadline D, and
the corresponding costs can be denoted by J;(D) and J.q4(D),
respectively. Optimal deadline values that minimize the cost (5),
are denoted by D, and D7, respectively. The costs (5) corre-
sponding to the basic strategies (with optimal deadline) are de-
noted by Jy« := Jy(D}), Je, Jear := Jea(D},), respectively.
These costs correspond to parameters with the same subscripts
hg~, Py, Wy, ag- for periodic deadline-driven and analo-
gously e and ed* for event-driven and periodic event-driven
with deadline, respectively. Note that hg = Dy, he = 7, and
heq- = E[min(r, D,)].

Remark 4: Although of interest, it is beyond the scope of
this paper to establish a guarantee of strict performance improve-
ment of the proposed strategies. However, we do prove J; < J,,
and show the strict improvements via various numerical ex-
amples. In addition, note that we believe that strict performance
improvement guarantees could be derived by following a similar
approach to the one in [32], where a switched system derived in
a different context was studied. Such an approach entails rather
long arguments, requiring concepts such as ergodicity, and it is,
therefore, not pursued here.

[ll. PRELIMINARY RESULTS

In this section, for reasons of completeness and self-
containedness, we discuss shortly the analysis needed to obtain
the results in our preliminary work [24], which will be used as a
benchmark, and how this leads to an initial result for the ed pol-
icy in Lemma 1. In order to analyze the proposed strategies, it is
convenient to obtain a discrete-time description of the system,
which we provide next.

A. Discretization

By discretization of system (1) at times ¢, £ € N, we obtain
rpr1 = A(hg)xy + B(hy )ty + wy, (6)

where A(h) := ee" and B(h) := [I' ¢*** B.ds. The distur-
bance is a sequence of zero-mean independent random vectors
wr, € R, k €N, with covariance E[wy,(wy)"] = W (hy),
where W (h) := foh eAes B, BT eA?* ds.

We augment the state with the current input and define &, :=
[z] 4] |T. The state evolution of the augmented system can then
be written as

Eer1 = Ay, ()& + B,y uy + Wy, (7)

The additional factor cv;, in (5) was not considered in our preliminary work
[24], where the cost due to intersampling behavior was neglected. Typically, the
value of «v, is small compared to tr( P, W} ), as was the case in [24], and a good
approximation of the actual cost can be obtained by neglecting a,.

0

h
where A, (h) := [AE)h) (1%)}““ I, B, := ['Ylnu ], and where
wy, = [w] 0] with covariance W (h) := [Wéh) 8].
The average cost can be written as
N(T)-1
J =1i —E i, 8
imsup 7 % 9(&k i) ®

where N(T') := min{L € Ny; | Zf:o hi, > T}andg(§, h)
=ETQ(h)E + a(h), with
A BL}T |:Ac Bc}

el 0 01 gq

Q(h):/hio 0

0

Q. 0
0 R,

and

hoopt
alh) = tr (QC/ / ee* B, BT 6A”T5dsdt) 9)
0o Jo

which is the cost associated with the intersampling behavior
of (1).

The model (7) can be used to describe the behavior for all
proposed strategies. Later, we sometimes use the notation | D
and h|D to indicate that the probability distributions of those
variables depend on the deadline D.

B. Performance of the Basic Control Strategies

Each cost J;, in (5) is associated with an optimal control policy
(note that 7, is not known at time ?;,)

up, = —Kp&, be{d e ed}

where the expressions for the gains are given in Appendix A. We
assume that mild conditions for mean-square stabilizability hold
(see [33, Prop. 3.42] and [25, Theor. 6.1]), such that solutions
(10) are well defined. Note that for the event-driven case e,
v = 1 for all £ € N. While for the d and e cases, the use of the
results in [25] is straightforward, for the ed case, it is possible to
observe that a new probability distribution for i, can be defined
as a function of the probability distribution of 7, determined
by the cdf

(10)

B(r),
1

ifr<D

F"(7,D) 3:{ ifr>D

and the results in [25] also apply.

For compactness, we introduce the following notation. For a
Bernoulli variable v and a random variable h, random matrices
X and Y as in Section III-A that depend on ~ and h, and some
matrix P, the expected value E., j, [X, (h)TPY, (h)] is denoted
as X, (h)TPY, (h), and analogously, E. ; [X, (h)] is denoted
as X, (h).2

2As a special case, we have that XIPY, =p(X]PYi)+ (1-
p)(XJPYO ), where X, and Y, are random matrices depending on Bernoulli
random variable y and p is the probability of success, given by p = Pr[y = 1].

Additionally, we have that X (7)TPY (1) = fox [X (s)TPY (s)]dF(s). Fi-

nally, if a deadline D is given, for 7 with cdf F"(7,D) and v =

1 if 7<D and y=0 if 7> D, we have that X, (h)TPY,(h) =
D

Jo [X1(s)TPYi(s)]dF (s) + (1 = F(D))[Xo(D)TPYy(D)].
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Intuitively, the ed” strategy seems to be better than both the
d* and e strategies. From the derivation in this section, we obtain
directly the following result.

Lemma 1 (ed* is better than ¢): The cost (2) of the event-
driven policy with optimal deadline is not larger than that of the
event-driven policy, i.e.,

Jed* < Je~

The proof follows directly from the fact that J.4(D) — J.
for D — oo and the policy e is contained in the class of policies
ed parameterized by D. |

There may exist (pathological) cases for which updating the
control before the deadline has a negative effect on performance.
Thus, a guarantee analogous to Lemma 1 for d does not directly
exist. However, the main results of this paper, for a new strategy,
do give such a guarantee.

IV. CONTROL PoLICY AND MAIN RESULTS

In this section, the main results are presented. First, we pro-
pose the novel switching strategy that leads to a performance
guarantee, which is formalized in the main theorem. Subse-
quently, we present a switching strategy that extends the main
result with a deadline-optimization scheme.

A. Two-Policy Control (&)

We propose using a switched approach to the problem for-
mulated in Section II-B. In particular, we allow the system to
choose online which type of strategy, that is, d/e/ed, to use for
the next update instance. Actually, the result is derived for the
combination of only d* and ed* because Lemma 1 shows that
the performance of ed* is not larger than that of e. The proposed
control policy for this case is denoted as d*&ed*. The result in
Theorem 1 shows that this policy leads to better performance
than using either d* or ed* all the time.

The idea behind our policy is to choose, at each sampling
instance, the control strategy to use during the next interval, de-
noted by o}, € {d*, ed* }, while assuming that either of the base
policies, denoted by by, € {d*,ed*}, can be used all the time
afterwards, such that the expected future cost is the smallest.
After the next interval, the impact of disturbances is neglected
in the switching condition to ensure that the cost of the looka-
head predictions can be computed. Now, at each t;, k € N,
four switching options are available, and we establish switching
conditions to determine the best option.

Let p* := argmin,c (4 .q+} Jp select the best periodic base
policy with an optimal deadline from the possible base policies,
whose costs were defined as J, in (5). Now, we define two func-
tions that are to be used in the switching conditions. First, we
define a value function V(&) := {TP,, where p € {d*,ed*}
and P, is defined as in (5), that is, as solutions to the Riccati
equations given in Appendix A. Second, we define a difference
function

VA (Geym,b):=E Ve (€e1) = Vi(Ger) | &, m - [TZH

where &, 1 follows (by a prediction step) from (7). In particular,
the value of £, follows from (7) given that o, = m and b, =

b, meaning that in (7), u; is the optimal input for the next
interval, which is defined below in (12), and that 4; and h;, are
random variables that depend on the deadline D), corresponding
to the choice o = m, that is, | D}, and hi|D}, [see also
(13)]. Furthermore, we define a set-valued function

S(€) == {m,b e {d*,ed} | VA (£, m,b) <0}

mapping ¢ into the choices m and b that guarantee that
V2 is nonpositive. Note that, by definition, for any &,m
VA (€, m,p*) = 0 and, therefore, the set S(¢) is nonempty.

The proposed control policy d* &ed* is the following function
of the state &, to be evaluated for all ¢, k € N:

Ok
=ar
by s
—K7 4, &k
where the arguments are given by

mb T 'A"m (hk) PbA“/k- (hk) + Q(hk)
T(B BBy, VK,

min
(m,b)TeS(¢

§k mbflf—i_ mb (11)

up = (12)

m,b m,b

— BT BB, BT PA, ()

m, b

B* = tr(PbVVm) + oy — *m Cp+

m,b
P

= >

*

with ¢+ given in (5), and «v,, = E[a(hy) | 0, = m] as defined
in Appendix B, and where the distribution for h; (and ;)
depends on the value of the deadline D* in

Dy,
hk: == .’
min{7,, D}, },

corresponding to the value of o, = m. The symbol | denotes the
pseudoinverse. The expectations can be numerically computed
(using footnote 2). In the first two terms, the scalars 3, , contain
the cost due to noise over interval h;, and in the third term,
they contain a correction for the time difference between (the
expectation of) the interval h;, and that of the best base policy.
The policy selects (o, by ) as the values that minimize the right-
hand side of (11) subject to the condition that V2 (&, oy, b.) <
0. The condition V2 (&, 0., by ) < 0 guarantees that switching
to a different base policy while neglecting the disturbances after
the next interval does not cause a performance loss.

Let the value of performance index (2) obtained for the policy
(11)—(13) be denoted as Jy+gcq- . The following result is the
main result of this paper.

Theorem 1: The cost (2) of the two-policy approach given
by (11)—(13) is not larger than that of both base policies ed and
d in the sense that

ifop, =d*

13
if o, = ed” (13)

Jargear < Jear and Jargear < Ja

The proof is given in Appendix C and resorts to Doob’s
optional sampling theorem [29]. |

The following remark explains a relaxation of the switch-
ing condition, which will be used in the numerical example in
Section V.
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Remark 5: From the proof of Theorem 1, one can see that
Theorem 1 also holds if the condition V2 (&;,m,b) <0 on
S(€) is relaxed to VA (&,,m,b) < A(&, p*, p*,m,b), where
A is defined in (18).

Remark 6: Note that V2 (&, m, b) < 0 is directly satisfied
for all &, and m if P, < P, for all b.

Remark 7: The result of Theorem 1 would directly extend
to a policy d*&e if D}, = oo would be selected. The derivation
of the policy is omitted for brevity. The result for this case is
summarized in the following corollary.

Corollary 1: The cost (2) of the two-policy approach given
by (11)—(13) when D*, — oc is not larger than that of both base

ed
policies e and d in the sense that

Jirgee < Je and Jir e < Jgr.
The proof follows the same arguments as the ones used to

prove Theorem 1. ]

B. Online Deadline Optimization (s)

In our preliminary work [24], we proposed the idea of dead-
line optimization in the form of a self-triggered policy for the
periodic deadline-driven controller. Here, we show that our idea
of online deadline optimization can be extended to all policies
that consider a deadline, including the two-policy case and the
ed case.

Next, we describe extended switching conditions that include
an optimization procedure for the deadline for the two-policy
strategy. Analogous to S(£), we define the extended set that
includes a deadline variable

S(€) :={m € {d,ed},D € D,
be{d,ed} | VAP (¢, m,D,b) <0}

where, for mathematical and practical convenience, D; € D
for all b € {d*,ed*}, where D C R is a finite but possibly
arbitrarily large set of allowable deadlines, and m corresponds
to a method with deadline, and

ok
VAP (&, m,D,b) = E |V (&rs1) — Vi(&r1) | &y | b
Dy,

m

= b

D

now has an additional argument D € D for the choice of dead-
line compared to V2 (&, m, b).
We propose using the following control policy:

o
Dy | = i 75 (D)6 + B3, (D) (14
bk arg min G Zna (D)8 + B, (D) (14)
k

up = =K 4, (Di)&k (15)

where
m (D) = Ay, (hi)T Py Ay, (hi) + Q(hy)
- K, ,(D)/(BIP,BF(D))K,, ,(D)

no(D) = (BIPB1F (D)) (BT, Py A, (ht))

m,b

hm
fn,b(D) = tr(Pme (D)) + oy (D) — B D Cp+
Pt

and where the distribution for h;, (and ;) depend on the value
of the deadline D in

Dka
hi. = .
min{7y, Dy },

corresponding to the value of o, = m. In particular, h,, p =
]E[hk | Dk == D,O‘k = m}, Wm (D) = E[W(hk) | Dk = l)7
or =ml, and o, (D) := Ela(hy,) | Dy, = D, o), = m].

Let the cost of the above policy (14)—(16) be denoted as
Ji¢.eq- We obtain the following result, which can be seen as an
extension of Theorem 1.

Theorem 2: The cost (2) of the online deadline-optimization
policy (14)—(16) is not larger than that of the two-policy method
d&ed with fixed optimal deadlines in the sense that

ifop, =d

16
ifak.zed ( )

Jiced < Jiseedr -

The proof is given in Appendix D. Again, the condi-
tion VAP (&,m,D,b) <0 can be relaxed as explained in
Remark 5. u

Let the cost of the policy (14)—(16), when by, = ed* and o, =
ed forall k € N, be denoted as J7,. By restricting the choice of
the base policy, we obtain the following result.

Corollary 2: The performance (2) of the online deadline-
optimization policy (14)—(16), when b, = ed* forall k € N, is
not larger than that of the base policy ed* in the sense that

;d S Jed* .

In the next section, we show numerical results for the pro-
posed policies and the performance gain that can be achieved
by addressing the delay probability directly. |

Remark 8: Note that the above approach requires the com-
putation of the argument in (14) for many different options. By
reducing the search space for the deadline, the computational
load can be easily reduced to match the available computational
capacity.

C. Computational Complexity

Here, we consider the computational complexity of the on-
line optimization methods considered. For each argument for
the minimization (11) and (14), the matrices Z and the scalars
[ can be computed offline a priori and, for example, stored
in memory. The same holds for the gains in (12) and (15).
Therefore, to compute the optimal arguments, it is required to
compute and compare the terms 7 Z€ + 3 for #deadlines x
#switchingpolicies X #basepolicies switching options in
the sets S and S*. Note that the size of the sets S and §* depends
on the current state and is upper bounded by the total number of
switching options. Knowledge of sets S and S° may be used to
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reduce computations by limiting online the number of options
in (11) and (14), but in some implementations, it may be more
convenient to compute all possible options. The computation of
V2 for the sets S and S* requires two computations of the form
ETXE+Y, where X and Y are a matrix and a scalar, which
can be computed offline for each switching option, taking the
forms (A — BK)TP(A — BK) and tr(PW), respectively. The
number of computations in the terms T Z€ + [3 scales quadrat-
ically with the state dimension and linearly with the number of
switching parameters, but they can be computed in parallel for
all elements in S or §° (or all switching options). For the control
inputs, the multiplication Kz scales linearly with the state.

From this analysis, we conclude that, typically, the time re-
quired to compute (11) and (14) is small when compared to the
communication or data-processing computation delay modeled
by F'. However, in cases in which these computation times are
non-negligible (because the initial computation/communication
delay modeled by F' can be small), it can be incorporated in a
new probability distribution modeling the sum of delays, say F.
Therefore, the methods in this paper can be used to analyze this
case as well. Note, however, that in the latter case, one should
compare the simpler d* and e methods considering the initial
distribution F' with the ed* method considering F and, there-
fore, the method ed* does not guarantee better performance than
e a priori.

V. NUMERICAL RESULTS

In this section, we compare the performance of the proposed
strategies on a second-order system taking the form (1) with

P s _[o] o, _foos o
Tl L PeT il PrT o o0s
l ml

which represents a linearized inverted pendulum system with
force input, gravitational acceleration g = 10 ms™~!, mass of
pendulum m = 0.25 kg, length ! = 0.5 m, and damping coeffi-
cientd =1N-m/rad-s'.

The cost function matrices in (2) are taken as

_201 R _T3
Q=7 4| R=[3

We consider for the delay both a Gamma distribution f; with
shape and scale parameters & = 3 and 6 = 4/100, respectively,
and the piecewise constant two-block distribution

4.5, if 7 € [0.05,0.25)
fo(r) =14 0.1, if 7 € [0.50,0.60)
0, otherwise.

Note that although f; does not satisfy the condition Fj (¢) =
0, it can easily be adapted (see Remark 1) to meet such an
assumption, with a small €, without impacting on the results.

First, for fi, the optimal solutions for the base policies are
computed. For D in the interval [10~3, 1], the stochastic Riccati
equations for P;(D), P,., and P.;(D) (see Appendix A) are
solved iteratively, with initial value P = 107*1,,,, up to accu-
racy 10~* of the mean square error. All cost values are depicted

probability distribution of delay

8
- | pdf of 7|
=47 D; 1
/ —D, 1
0 .
0.2 0.4 0.6 0.8 1
7[s]
60 [
~a0t deadline-driven
9., event-driven
- 20 - event-driven w. deadline ||
kv
L had L L L L
0.2 0.4 0.6 0.8 1
D [s]
87 deadline-driven
7.98 - event-driven
g 7.96 event-driven w. deadline
7.94 1 \”/
7.92¢ . .
0.2 0.4 0.6 0.8 1
D[s]

Fig.2. Comparison of the performance of the three base policies vary-
ing with the deadline for f = f,. The optimal deadlines are marked (x)
and shown in the pdf (top figure). The bottom figure is a zoom of the
middle figure. The black vertical line indicates the stability limit for the
deadlines.

TABLE |
VALUES OF PERFORMANCE INDEX (2) FOR f = f;

Method Base cost J; Base cost J;, Cost with deadline

(analytical) (simulation) optimization J*
(simul.)

d 12.3283 12.3305 (=J4+ ) 11.3743 (=J3)

e 7.9507 7.9591 (=J.) n.a.

ed 7.9267 7.9307 (=Jeqx ) 7.2421 (=J7)

d&ed n.a. 7.7993 (=Jg* & ea* ) 7.3047 (=J ¢, oa)

d&e n.a. 7.7850 (=Jyx g ) 73514 (=J5 )

as a function of the deadline in Fig. 2. Subsequently, the op-
timal values Jy- and J.4- of J;(D) and J.q(D), respectively,
are found for their respective optimal deadlines D} and D ,.
The optimal deadline values, are found to be D = 0.1508 and
D7, = 0.3307. Furthermore, 7 = 0.1200 and heq- = 0.1194.
The optimal costs Jy+, J., and J.q+ for f; are given in Ta-
ble I. Although the contribution of the intersampling behavior
is very small, since oy, = 0.0014 for all the base policies, it has
been taken into account in the calculation of the costs and our
simulations.

For this example, observe that the green line in Fig. 2 is be-
low the blue line everywhere, indicating that even for a subopti-
mal deadline, the ed approach outperforms the deadline-driven
approach. As expected from Lemma 1, J.4(D) performance
approximates .J, for large D.

For each delay value and each switching option, all variables
are computed a priori to speed up computation for Monte Carlo
(MC) simulations. For ] = [0,0,0]T, we run 40 “long” MC
simulations for ¢ € [0,24000] s such that the average costs have
approximately converged for each simulation. Then, the costs
are averaged over the MC simulations, and the values are given
in Table I. Due to the limited simulation time and the limited
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Fig. 3. Comparison of the performance of the three base policies vary-

ing with the deadline for f = f>.

TABLE Il
VALUES OF PERFORMANCE INDEX (2) FOR f = f>

Method  Base cost Jj, Base cost Jj Cost with deadline
(analytical) (simulation) optimization .J*
(simul.)
d 19.5069 19.5230 (=Jg+ ) 18.0640 (=.J7)
e 30.6565 36.9563 (=J.) n.a.
ed 11.9640 12.0625 (=Jcq* ) 112330 (=J7 )
d&ed n.a. 12.0023 (=Jg* g ear) 11.2774 (=T3¢, . 4)

number of MC simulations, the cost is not completely averaged
over the probability space, leaving a small error.

The cost differences that support our theorems are indeed visi-
ble, thereby underlining the results. Note that for the two-policy
approaches, the relaxed switching conditions (see Remark 5)
are used, giving a small additional performance gain of 1-2%.
It is notable that, while adding an optimal deadline only gives
small improvement over the event-driven case (J.4+ =~ .J,), the
fact that deadline optimization can be enabled brings significant
advantage of 6-9% compared to the nonswitching case (e.g.,
JPy < Jeand Jjy, ., < Jg gear ). Furthermore, the strategy with
deadline optimization on ed, which builds upon our previously
proposed policies, performs better than the two-policy approach
in the sense that J}, < Jj,,.,. However, such a performance
improvement is not guaranteed formally, and the converse, i.e.,
J2y > Jigeq» may also occur for different examples. Further-
more, a quantification of the performance difference for the
deadline-optimization approaches may only be obtained through
simulation or experiments.

For fo, the results are given in Fig. 3 and Table II. Similar cost
benefits as for f; are observed. For this example, it is found that
the optimal deadlines are the same (D} = D7, = 0.2508), but
again the ed policy performs better. Furthermore, 7 = 0.1900
and h.q+ = 0.1592. Both d and ed are better than e for this case,
showing that pure event-driven control is not necessarily better
than periodic control with a deadline. The large deviation of e
from the analytical values is due to the fact that the cost has not
yet converged.

As afinal note, we observed a significant amount of switching
occurrences without any recognizable pattern, as was expected
since the switching depends on realizations of the random dis-
turbances. While one might expect that only the best base policy,
denoted by p*, is chosen in the two-policy case, we observed
that this is not necessarily the case. While the number of occur-
rences is small, the selection o # p* is recurring, indicating

that for some parts of the state space switching to a different
base policy is the best strategy.

VI. CONCLUSION

This paper presents novel control policies for linear systems
subject to actuation delays with a known probability distribution.
From optimal control policies for deadline-driven, event-driven,
and event-driven control with a deadline, analytic solutions for
optimal performance/cost and deadline values were deduced.
The proposed “switched” policy can combine the different ben-
efits of nonswitching policies to improve closed-loop perfor-
mance. The performance of this policy is proven to be better than
that of any of the nonswitching policies. Furthermore, the idea of
deadline optimization that was presented in preliminary work is
extended to both the proposed “event-driven with deadline” pol-
icy as well as the “switched” policy. This allows for additional
guaranteed performance improvement, which was not attain-
able in previous event-driven or deadline-driven approaches.
Numerical examples illustrate the results and give insight in the
tradeoffs in systems with delay, showing that gains of 6-9% can
easily be obtained with the proposed policies. Performance rela-
tions between switched policies with deadline optimization are
still subject of study. Moreover, future work also includes the
output-feedback counterpart, which adds an estimation problem
influenced by stochastic delays, and studies of robustness with
respect to model uncertainty.

APPENDIX
A. Riccati Equations for the Base Policies

To compute the cost for event-driven control with deadline,
it is required to solve, for P.;(D) = 0, the generalized Riccati
equation

Pea(D) = A, p (h|D)T Pea(D)A, p (kD) + Q(h|D)

— Keia(D)'Gea(D)Kea(D) a7)

Gea(D) =BT, Foa(D)B, p = F(D)B] P.a(D)B,
D
K.4(D) := Goa(D) (BT Pa(D) / Ay (s)u(ds))

and to compute W,.q(D):= W (h|D) = fUD W(s)dF(s) +
(1- F(D))W(D), see also footnote 2 on page 11. The so-
lution to the Riccati equation can be found by, e.g., the iteration
PEF(D) = Ric(PF,(D)) for k > 0 where Ric(-) is the func-
tion of the right-hand side of (17). One can recover the Riccati
equations for d and e, respectively, since considering any new
probability measure with ((0, D)) = 0 and u({D}) = F(D)
gives

Py(D) = A, (D) P4(D)A, (D) + Q(D)
— K4(D)TG4(D)K4(D)

Gd(D) = B,{de’—y == F(D)BIPd(D)Bl

K4(D) = Ga(D)" (BT P4y(D) A, (D))
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and, alternatively, by letting D — oo, we have
P.=A(1)TP.A(T)+Q(1) - K.TG. K,
G, :=BIP.B,
Ko := GBI PAT)).
Furthermore, W (D) = W(D) for a given value of D, and
W, = W(r).

B. Cost Due to Intersampling Behavior

For the base policies b € {d, e, ed}, where hy,k € N, are
iid., in (5), the contribution ay,b € {d, e, ed}, of the inter-
sampling behavior of the Wiener process is given by the aver-
age value E|[a(hy)], where a(h) is given in (9). This follows

from Timsupy . #E[S3 0" a(h)] = g Ela(h)] =

ﬁab, which can be concluded from [34, Prop. 3.4.1]. Specif-
ically, for a given deadline D € R and policy b € {d, e, ed},
ay(D) := E[a(hy) | Dr = D, 0}, = b]. Then, in (5), we have
aq(D) := a(D), a,:=a(r), acq(D):= a(h|D); see also

footnote 2 on page 11.

C. Proof of Theorem 1

We drop the superscript x for Z and 3 for brevity, and let d
and ed be represented by m or b or p. Note that for each option,
& Zm v + tr(PyW (hi|D,m)) 4+ a(hy | D, m) is the minimal
value of the optimization

min[E
up

tr+hy|D
/ 2(0)T Qua(t) + u() Rou(t)dt

tg

+ &(tr + hi|D) T P&t + hk|D)‘| .

This follows from standard LQG arguments (see [30]).
Define the difference in arguments in (11) by

A(£7m17b17m27b2) =

BTI’L
{rETthblf+tr(P,,1Wm) +am, - 14

B,
_ [gzmz,bzg +tr( Py, Wi, ) + i, — }_chp] (18)
P

where ¢, is given in (5), such that, for p € {d*, ed* }, we have
A&, p,p,p,p) =0

A(gvpvpa ma, bZ) = [gTPpg + Cp}

- |:£TZm2,b2§ + tr(Pbg I/sz) + Qypy — (hmzh_h’p> Cp:|
P

where h,,, = E[h; | o), = m], such that, e.g., h,, = D if m =
d, and we use the fact that Z,, , = P,. Observe that the switching
condition (11) aims to maximize the value of A(&, p, p, ok, bi.)
for p = p*. Note that it is always allowed to choose the optimal
base policy o), = p, by, = p since it directly satisfies the con-
dition on V4. Tt corresponds to a value A(&;,p,p,p,p) = 0.

Hence, A(&,p,p,ok,b;) is non-negative since any choice
of oy, by following from (11) satisfies A(&g,p,p,ok,br) >

A(ék»papupvp) =0.
Moreover, we consider

E lg(fk,hk) + Vi (Gerr) | &, [‘;f] _ l:ﬂH

- gll-Zm.bgk + tI'(Pme) +
=& Zm p&x +r(PW,, ) — L Pp&s + & Ppéy,

+ (hm 7_ hp _ hm 7_ hp) o + Qi
h, h,

:|

fkTPp& + E;IPpEk

— Cp

>

P

Bm - B
+ gll-Zm,bfk + tr(Pme) - <hp> Cp + apy
P

_th
= =0C —
hP

A(gk,pvpamv b) + V})(gk)

As defined in Section IV-A, p* = arg min,c(4+ cg-} Jp. The
one-step cost of the proposed control policy is then given by the
difference

(&> ) | &, [Z:] = lTZH

P, -
= =—Cp* 7A(£kap P 7m7b)

Top-
Vi(€rs1) | € [Z] - [T” . (19)

Note that the condition V2 (&, m,b) < 0, guarantees that

Vi (§k) —

E (Ve (§kv1) = Vo (&rr1) | ks [Z] = lTZH <0.
Define
N
GN: Z (£k7hk Eyx —ZE gk,hk |Ik}
k=0

Note that g(&,hy) given I is a random variable since Iy
includes &, but h; only for I < k. We have that the process
X = (Xi)pen, with X, := G, — E}, is a martingale with re-
spect to the filtration associated with I 1, since

E [Xps1 | Lgsa]
=E [Xy + 9(&+1, hrs1)
=E [Xk | I+1] = Xy
Note that N(T) is a stopping time w.r.t. (X}, Iz 1), which
has finite expectation for given T, i.e., E[N(T)] < oo since
hy > h™in > (forall k € N, and that N(T') — ocoas T — oo.
Provided that we prove that there exists some constant ¢ € R

suchthat E [| X1 — Xi| | Li+1] < cforallk < N(T) fork €
N, which we will do in the following, we can apply Doob’s

—E[g(&s1,hrrr) | o] | Tiga]
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optional sampling theorem (see, e.g., [35, Th. 9, Sec. 12.5] or
[29, Th. 2.2, Ch. VII]) and have

E [XN(T)] =E[Xy] =0.
where we use the fact that
E [Xo] = E[g(%,ho) — E [g(£0, ho) | Io]] = 0.

This implies that E[Gy(r)] = E[Ex(r)]. Furthermore,
since by the law of total expectation (or tower rule),

E [9(&n 1y hnr)) — E [9(n ). hnr) | Iviry]] =0, we
have that

N(T)-1 N(T)-1
E| > g h)| =E| Y E[g(&. )| L]
k=0 k=0
(20)
‘We have that

E[|Xke1 — Xi| | Iip1] =
=E Hg(karlath) —E[9(&s1, hrrr) | Tega] ‘ | Ik+1]

<E [[g(6rs1 hue)| + | Elg6esn, hurn) L] | T

=2E [9(&k41, hisr1) | Trsa]

E”k+ 1
<2 <hp*cp* + Vi (§k+1))
where the last inequality follows from (19). The first term is
bounded since ng_ﬂ < 7 for all k € N for strategies e and ed,
and h,, ., < D™ for all k € N for strategy d. The fact that
E[|Xk+1 — Xi| | Les1] < ¢ follows then from mean-square
stability of &, which is proven by boundedness of E[V),- ()]
for all £ € N as k — oo, which follows similar arguments as a
similar proof in [32, Th. 4].
Summing (19) for k € {0,..., N(T) — 1}, we have

N(T)-1 N(T)-1
E[g(&, he) | Tx] =

k=0
+ Vi (§0) = Vi (Env (1))

where

6k' = A(fkap*vp*aakvbk) - VA(gk’UI“bk)

and

Ve = Ve (§kv1) — E[Vpr (§rv1)| L)

Next, we substitute (20) and (21) into (8). Taking the expecta-
tion, we have that E[v;] = 0 for all & € N. Then, when taking
the limit 7" — oo in (8), the last two terms in (21) vanish, since
E[V,- (§n(7))] is bounded as T' — oo, as explained before, and
E[V,~ (& )] is bounded by the initial condition. Furthermore, the
first term becomes equal to J),- since

N(T)-1

1 _
limsupTIEl he, | =1
0

T —o0 e

(22)

This holds by the fact that (Hj)pen, with Hy =
Zg:o hy, — hy,, is a martingale with respect to the filtration
associated with I;, | and again the fact that h,, is bounded by 7
or D™** These conditions, again by Doob’s optional sampling
theorem [29], [35], imply that

N(T)-1 N(T)—1
IS EEI o
k=0 k=0
Then, (22) holds by the fact that limTﬁm%E

[Zﬁ:(g)*l hi] =1, since the discretization error vanishes
in the limit.
As a result, we get, for m = d*&ed*, that

N(T)-1
Susew = ey = fm BN DL & @Y
k=0
1 .
< =—c¢pr = Jpr = min{Jy+, Jeg+ }
-

with §; > 0 by the fact that A is non-negative and V2 is non-
positive by definition of (11). Note that d; = 0 for the choice
(0%, br) = (p*,p*). This proves the theorem.

D. Proof of Theorem 2 and Corollary 2

Consider all allowable choices of combinations (m, D),
where D is in the finite set D, as new methods m such that
(m,b)T € §°(&). Each method m has the particular value of
D as its optimal choice of deadline D*. By reformulation, the
switching condition (14) then takes the same form as (11) and
the proof of Theorem 1 applies. For Corollary 2, the switching
options are limited to by = ed* and o, = ed” for all k € N,
hence always VAD <0, and the deadline D is the only switch-
ing parameter.
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