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Abstract: Event triggering is a sampling method where sampling occurs only if data 'novelty’
exceeds a threshold. Prior work has demonstrated that event triggered systems have longer
average sampling periods than periodic sampled systems with comparable system performance.
Based on this fact, it is claimed that event triggered systems make more efficient use of
communication resources than periodic sampled systems. If, however, we account for the number
of bits in each sample and the maximum acceptable delay of this sample, it is possible that
the bit-rates generated by event triggered systems are greater than that of periodic sampled
systems. Our prior work in Li et al. [2012] has established, in noise-free cases, the condition under
which the stabilizing bit-rates for quantized event-triggered systems converge asymptotically to
a finite rate as the system approaches its equilibrium point. In some cases, it was shown that
this limiting bit rate may actually be zero. This paper extends that earlier work to quantized
event-triggered systems with essentially bounded disturbances. Conditions on triggering event,
quantization error and maximum delay are established to assure the input-to-state stability
(ISS). The stabilizing bit-rate is, then, shown to be always bounded by a continuous, positive
definite, increasing function with respect to the norm of the state. Since the system is ISS, the
stabilizing bit-rate can be bounded from above by a function of time. This result provides a guide
on how to assign communication resource to the control system. If we set external disturbance

to be 0, the results in Li et al. [2012] are recovered.

1. INTRODUCTION

State-dependent event-triggered control systems are sys-
tems that transmit the system state over the feedback
channel when the difference between the current state and
last sampled-state exceeds a state-dependent threshold.
These systems were originally viewed as embedded compu-
tational systems in Tabuada and Wang [2006]. In this case,
one was interested in reducing how often the system state
was sampled, as a means of reducing processor utilization.
The concept of event-triggering can be easily extended
to networked control systems and wireless sensor-actuator
networks (as explained in Hespanha et al. [2007] and Aky-
ildiz and Kasimoglu [2004], respectively), in which case
the sampled state is transmitted over a communication
channel.

Early interest in event-triggered control was driven by
experimental results suggesting that these systems could
have longer inter-sampling intervals than comparably per-
forming periodic sampled-data systems (see Sandee et al.
[2007], Tabuada [2007], Wang and Lemmon [2009a]). In ex-
tending this idea to networked control systems, one might
suppose that event-triggering can also reduce the system’s
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usage of the communication channel since it might reduce
the frequency at which feedback states are transported
across the channel. This extension, however, is complicated
by the fact that the communication channel is discrete
in nature. Sampled states must first be quantized into a
finite number of bits before being transmitted across the
channel. Moreover, the transmitted bits must be delivered
with a delay that does not de-stabilize the system. So
an accurate measure of channel usage is the bit rate as
defined by the number of bits per sampled state divided
by the acceptable delay in message delivery. It means that
the system’s stabilizing bit rate (i.e., the bit rate assuring
closed-loop stability) rather than the inter-transmission
interval (i.e. the time between consecutive transmissions
of the sampled state) provides a more realistic measure
of channel usage in event-triggered networked control sys-
tems.

Prior work in state-dependent event-triggered control
has used two different techniques to bound the inter-
transmission times and acceptable delays. The method
used in Tabuada [2007] bounds the minimum inter-
transmission as a function of the open-loop system’s Lip-
schitz constant. This work goes on to show that system
stability is preserved for sufficiently small delays. More
accurate measures of inter-transmission intervals were ob-
tained in Anta and Tabuada [2009] using scaling properties
of homogeneous systems. Quantitative bounds on both the



inter-transmission time and maximum acceptable delay
were obtained for self-triggered Lo systems in Wang and
Lemmon [2009b] and networked control systems (see Wang
and Lemmon [2011b]). The results in Wang and Lemmon
[2009b, 2011Db] are significant because they show how the
delay and inter-transmission time scale as a function of
the last sampled state. These scaling properties led to
the characterization in Wang and Lemmon [2011a] of
event-triggered systems whose inter-transmission times ex-
hibited efficient attentiveness (i.e. the inter-transmission
intervals asymptotically approach infinity as the state
approaches its equilibrium point). The approach used in
this paper builds upon the techniques used in Wang and
Lemmon [2011a]. This new paper characterizes how sta-
bilizing bit rates scale as the system state approaches the
equilibrium point when there are disturbances.

This paper’s bounds on stabilizing bit rates is reminis-
cent of earlier work on dynamic quantization. Prior work
showed that static quantization maps required an infi-
nite number of bits to achieve asymptotic stability (see
Delchamps [1990]). With a finite number of bits, the best
one can achieve is ultimate boundedness when using static
maps (see Wong and Brockett [1999]). This led to the
development of dynamic quantization maps in which the
quantization map is dynamically varied to track state
uncertainty (see Brockett and Liberzon [2000]). For linear
systems, one was able to obtain bounds on the bit rate
that were necessary and sufficient for stability, assuming a
single sample delay (see Tatikonda and Mitter [2004] and
Hespanha et al. [2002]). In the case of nonlinear systems,
lower bounds on the quantization rate were obtained (see
Liberzon and Hespanha [2005]). The quantization maps
developed in this paper are dynamic maps, similar to those
used in Liberzon and Hespanha [2005]. The different thing
is that our work is based on the event triggered sampling
with state dependent delay while Liberzon and Hespanha
[2005] considered periodic sampling with one period delay.
This paper shows that the bit-rate sufficient to guarantee
input-to-state stability for a nonlinear system with essen-
tially bounded disturbance is always bounded from above
by a continuous, positive definite, and increasing function
with respect to the norm of state. It indicates that the
farther the state is away from the origin, the higher the
bit-rate may be used to stabilize the control system. If we
set the disturbance to be 0, the results in Li et al. [2012]
are recovered.

2. MATHEMATICAL PRELIMINARIES

Throughout this paper the linear space of real n-vectors
will be denoted as R™ and the set of non-negative reals will
be denoted as R*. The infinity norm of a vector z € R™ will
be denoted as ||z|. Given the real-valued function z(-) :
Rt — R", we let z(t) denote the value = takes at time
t € RT. The £ infinity norm of a function z(-) : RT — R"
is defined as ||z||z.. = esssup;sg ||z(¢)]|. This function is
said to be essentially bounded if ||z||z.. = M < oo and the
linear space of all essentially bounded real-valued functions
will be denoted as Lo.. A subset €2 C R" is said to be
compact if it is closed and bounded.

We say function g has non-negative order, if lim_, g(s) <
oo. With this definition, we have the following two lemmas.

Lemma 1. Let g : [0,:] — R* be a continuous, positive
definite function with non-negative order for some ¢ > 0.
There must exist continuous, positive definite, increasing
functions h and h defined on [0, ¢] such that

h(s) < g(s) < h(s),Vs € 0,4,
s)

lim g(s) = lim h(s) = lim A(s).

Proof. See Lemma 4.3 in Khalil and Grizzle [1992]. O

Lemma 2. Let g; : [0,¢] x Rt — RT be a continuous,
positive definite, and strictly increasing function with
respect to both arguments with ¢;(0,0) =0 for i = 1,2, 3.
Given w € [0, 00), if g1(s,w) < s+ g(w) for some positive
92(s,W)
93(37717)

definite function g, and has non-negative order, i.e.

limg_,q Zigjg; < ¢ < 00, then
lim ga(s, @) <y < 0. (1)

s=0 gs(|s — g1(s, w)[, w)
Moreover, in the case of w = 0, if ¢; = 0, then ¢y = 0.
Proof. If @ > 0, we know that ¢2(0,w) > 0 and g3(|0 —
91(0,@)|,w) > 0. So, (1) is true.

If w = 0, since ¢1(s,0) < s, there exists a constant
€ € (0,1) such that g1(s,0) < es for all s € [0,¢].

li 92(8,0) 92(530)/93(570)
im < lim
520 g3(s — 91(5,0),0) ~ 520 g3((1 — €)s,0)/g3(s,0)
< ¢y < 0.
If ¢; =0, then ¢ = 0. O

A given real valued function V(:) : R® — R is positive
definite if V(x) > 0 for all  # 0. The function V is said
to be radially unbounded if V(z) — oo as ||z| — co. A
function «a(-) : Rt — R* is class K if it is continuous,
strictly increasing and «(0) = 0. A function 8 : Rt x
RT — RT is class KL if (-, t) is class K for each fixed
t > 0 and B(r,t) decreases to 0 as t — oo for each fixed
r > 0.

Let © be a closed and bounded subset of R™. We say
f(-) : © = R™ is Lipschitz on Q if for any z,y € Q, we
know there exists a constant L > 0 such that

1f(z) = )l < Lllz -yl

Consider a system whose state trajectory z(-) : R™ — R"
satisfies the initial value problem,

z(t) = fz(t),w(t)), =(0)==xq (2)
where w(-) : [0,00) — R™ is an essentially bounded real
function.

Let z = 0 be an equilibrium point for (2) and T C R™ be a
domain containing x = 0. Let V' : T — R be a continuously
differentiable function such that

a(llz])) <V <a(|j=])), (3)
ov

5, (@ w) < —allzl) +y(lwl), (4)

for all (z,w) € T xR™, where «, @ are class K, functions,
and «a, 7 are class K functions, then the system (2) is
input-to-state stable (ISS). The function V is called ISS-
Lyapunov function.



Event | ~«_  ___ ___ ___
Detector

{s:)5 oz sampling time sequencev

Quantizer

{a, )iy arrival timesequence i e
5, <a,<s,., 1t
Controller <--------- it -<-
Xk

Fig. 1. Event-triggered control system with quantization
3. PROBLEM STATEMENT

The system under study is a networked event-triggered
control system with quantization. Figure 1 is a block
diagram showing the components of this system.

The plant’s state trajectory z(-) : Rt — R™ is an
absolutely continuous function satisfying the initial value
problem,

L(t) = fla(t),u), wd), =(0)=zo ()
where f : R™ x R™ x R? — R"™ is locally Lipschitz in
x, v and w with f(0,0,0) = 0.The control signal u(-) :
R* — R™ is generated by the controller in figure 1. The
disturbance w(-) : Rt — R? is an L., disturbance with
|lwl]|z.. = @. The vector xq is the plant’s initial condition.

The system state, z(t), at time ¢ is measured by the event
detector. The event detector decides when to hand over the
system state to the quantizer. The sequence of sampling
times is denoted as {si}7°,. For notational convenience,
the kth consecutively sampled state z(sy) will be denoted
as xg. The kth inter-sampling interval is defined as T}, =
Sk+1 — Sk-

Upon receiving the sampled state, xy, the quantizer con-
verts this real vector into a finite bit representation. This
quantized state is denoted as &) € R™. The finite nature
of the representation is modeled as a quantization error

eq(llznll, w) = flzn — 2l (6)
where €,(-,-) : Rt x Rt — R is strictly increasing with
respect to both arguments and satisfying &,(0,0) = 0.

We define the gap between the current state and quantized
state as ep(t) = x(t) — £x. We assume that quantization
is done instantaneously and that the quantizer transmits
the quantized sampled state, 2, across the channel. The
transmission times are therefore equivalent to the sampling
times generated by the event trigger. The rest of the paper
uses the terms transmission and sampling in an inter-
changeable way. The sampling times {s;} are generated
by the event trigger so that the gap is always less than a
state-dependent threshold function

lex (O < 0([|2x, ) (7)
for all t € (s, Sg+1] where k = 0,1,...,00. The function
0(-,-) : RT x Rt — RT is strictly increasing with respect
to both arguments and satisfying 6(0,0) = 0.

We assume that the quantized state, 2y, is always success-
fully delivered to the controller. The channel, however, is
assumed to introduce a finite delay into the delivery time.
In particular, the arrival time of the kth sampled state
21 at the controller is denoted as ap € RT. This time is
strictly greater than s;. The delay of the kth message is
Dy, = ap — si. We need to assume some orderliness to the

transmission and delivery of such messages. In particular,
we require that the transmission times, si, and arrival
times, ay, satisfy the following order sx < ap < Sk41
for k =0,1,...,00. Such a sequence of transmissions and
arrivals will be said to be admissible.

Upon the arrival of the kth quantized state, &y, at the
controller, a control input is computed and then held until
the next quantized state is received. In other words, the
control signal takes the form

u(t) = up, = K(Z) (8)
for t € [ak, ag41). The function K(-) : R™ — R™ is locally
Lipschitz, and satisfies K(0) = 0. As has been done in

Tabuada [2007], this paper assumes that K is chosen so
the system

o(t) = fa(t), K(x(t) + e(t)), w(t)), (9)
is input-to-state stable with respect to the signals e,w €
L. This means, of course, that there exists a function
V() : T — RT satisfying (3) and

oV

o @ w) < —a(llzl) +7(llel) +r2(lwl),

for all z € T where T C R” is a domain containing the
origin, a, 1 and 79 are class K functions. Note that this
can be a very restrictive assumption since such K may not
always exist (see Angeli et al. [2000]).

(10)

4. INPUT-TO-STATE STABILITY

This section characterizes a threshold function, a quanti-
zation error function and a maximum delay such that the
event-triggered system described in section 3 is ISS.
In our system, the error signal e in (10) is defined as

e(t) = e, Vt € lag,ap41),Vk =0,1,--- 00,
and equation (10), then, takes the form of

ov _
5 (@ w) < —alllzll) + 7 (llexll) + 72 (w), (11)
for all ¢t € [ag,ar4+1), all k=0,1,--- ;o0 and all x € T. In

the case of no delay, if we set our triggering event (7) to
be [lex(t)[| < O([|2x][, w) < &(][x[|, w) where

E(llz]l, @) = 7 (salllz]) + ys (@), (12)
for some ¢ € (0,1), and some class I function sz, then
equation (11) is changed to

ov

5, (@ w) < —(1 = qa(|lz]]) +72(@) + 3(w),

for all t € [ak,agt1), all k = 0,1,--- ;00 and all z € T,
and there must exist some class KL function 8 and class
K function  such that

[e(@)] < max{B(||zoll,),v(w)},Vt > 0.

Extending the idea described above to the case when
there is delay, we show that the system is ISS with our
designed threshold function 6, quantization error e, and
maximum delay in theorem 3. Before stating the theorem,
we introduce some conventions that will be used in the
rest of this paper.

(13)

With the event triggered control system described in
section 3, the plant for this system is characterized by
the function f on the right hand side of equation (5).
We assume that this function is Lipschitz on compacts.
In particular, this means if we let 2 be a compact set



containing &y and all possible trajectories of x(t) for any
te [ak, ak+1), then

1f (@, K (2x), w)l| < ¢(@k, K(Zr), @) + Loy [lex]|  (14)

where ¥ (&, K (&x),w) = || f(&x, K(ix),0)|| + Lo, w,and
ex(t) = z(t) — &, is the gap function defined earlier. We
can think of Lg, and Lq, as the Lipschitz constants with
respect to & and w over compact set .

Define a ball set By = {z : ||z|| < max{5(||zol|,0),~v(w)}}.
Since « is a continuous class K function, it is easy to show
that there exists a function g(w) such that

(2] + 9()) < afa]) + 22

Let €(s) = 77
] .

Ve € By.

Y(sa(s)). Tt’s easy to see that &(||z| +

g(w)) < &(||z]],w) for all z € By. Define £(||2x||, w) as
&(s,w) =supfe : e <min{'(s + g(w) —€),s + g(w)},
Vs € [0,n]}, (15)

where 1 = 2max{3(||zo|],0),v(w)} + g(w). With 7 as the
radius, we define another ball set By = {x : ||z]| < n}.

With these preliminaries we now state the main theorem
of this section.

Theorem 3. Consider the system described in section 3.
Assume that the threshold function 6 and quantization
error e, satisfy

0|2kl w) < &Ikl @), (16)

eq(llzkll, w) <min{b([|2¢, @), |zxl + g(@)}, (A7)
for all x; € By and all Z; € Bs. The closed-loop event
triggered system is ISS, if the actual channel delay Dy, =
ar — Si is always no greater than Ay, = min{T;,, Dy} for

all k=0,1,...,00, where
ngy (0 )
n(egEine) o
o ({1 e e

O(||Zx—1]], w)
1 ¢(‘%k1»K(ik1),w)>> . (19)

U k—1 takes the form of

Uy k-1 (Zx, Th—1,0)

—In (1 + LQk7

:|¢(§3k7K(§jk)aw) - w(jkaK(jk71)7w)l
+ (2, K(Zk-1), D),
and ), takes the form of
Qp ={z e R" ¢ |lz|| < [|&kl + €2kl @)}

Proof. We first show that zj is always bounded. Once
this is shown, it’s easy to see that €2 is always bounded,
and hence we have finite L, forallk =0,1,--- , co. Based
on the fact that Lq, is always finite, we, then, prove that
equation (13) holds for all ¢ > 0, and the ISS can be shown.

Let’s start from showing that xj, is always bounded. If this
is true, then Z; must be bounded, too. Now, let’s assume
that there exists an integer k' such that

|zx|| < max{B([|zoll,sx), y(@)}, Yk =0,1,--- K
|z 41|l > max{B(||zoll, sxr+1), (@)}

(20)
(21)

In the following, we will show that equation (21) and (20)
contradict with each other, and hence demonstrate that
x is always bounded.

The first step is to show that |lex(t)|| < &(||Zx]|, w) for all
t € [k, Sk+1] and all k =0,1,--- | K. We know that for all
t € [sk,sk+1), llex(®)|| < 0(]|Zk]|, w). Since x € By, and
(17) holds, [|2]| < [lzx |l +eq([lexll, w) < 2[|lzx]| + g(w). So,
%) € Bs. From (16), we know that |lex(t)|| < 0(||2x]], w) <
E(l[zx]l, w).

The second step is to show that [lex(t)] < &(||Zk], @)
for all t € [sg+1,ak+1) and all & = 0,1,--- ,k’. To do
so, we first need to show that during interval [s,ay)
for k = 0,1,--- k', no sampling occur. In other words,
Dy < Ty for k =0,1,--- k. From (14) the derivative of
llex(t)] satisfies

d”i’;f )l < léx(t)|| < (@, K(2k—1), ) + Lo, [lex ()|,

for all t € [sk,ar). According to the comparison principle,
we have

llex(ar)ll <

w(i.lﬁ K(ik*1)7 117) (eLQka _ 1)
Lq,
+ &q(||zxll, w)et o Pr.
For interval [ag, ar+1), the derivative of ||ex(t)| satisfies

d“egt( il < |léx(@®)|| < ¥(&k, K(Zk), w) + La, |lex (@)

With |leg(ak)|| as the initial condition, we have

lI/lc,lc—l(:ilma}k—laﬁ)) (eLngk o 1)

er(s <
x| < ZEEAEE
+ &q(||xll, w)el T, (22)
From |lek(sk+1)|]l = 0(||Zk]l, w), it can be derived that

T, > T, Since D, < Ay < T, we see that Dy < T}, i.e.
the sequence of transmissions and arrivals are admissible.

To complete the second step, we assume that there exist
D' < Dyy1 < Agyr, such that |lex(sg+1 + D)) >
E([|Z ||, w). With the same technique as above, we show

(&g, K(2k),w )(eLQkD/ —

Lq,
+0(||x]|, w)ebe D",
Since [lex(sp+1 + D)|| > £(||2x||, w), we can derive that
D > Dk+1 > Ag41, which contradicts the assertion that
Dy < Agq1. So, we conclude that |lex(t)| < &([|2k|, w)
for all ¢ € [sk41,ar+1) and all k=0,1,--- k.

e (sps1 4+ D')|| <

By now, we have shown that ||ex(t)|| < &(||2k], @) for all
t € [Sk,art+1), and all k = 0,1, ,k’. The next, we will
show that £([|Zx ||, w) < §(||:v( )||, @) for all t € [0, ap11).
From (15), we can derive that &(||Zx|l, @) < &(||z|, @).
for all t € [sk,akt+1), and all & = 0,1,--- ,k’. Now, we
know that lex ()] < (il @) < E(linll, @) for al
t € [sg,ary1) and all k = 0,1,---  k’. Together with
(11) and (12), it is easy to show that (13) holds for all
t € [sg,ars+1) and all k = 0,1,--- K/, i.e. there exists an
ISS-Lyapunov function V for all ¢ € [0, ar41)-

Therefore, ||z(t)]] < max{B(||xol|,t),y(®w)} for all ¢t €
[0, akr+1), and hence [|zg 41| < max{B(||zol|, sx'+1),v(w)}.
It contradicts our assumption in (21), which demon-
strates that ||z| < max{8(||zoll, sk),y(w)}, for all k =



0,1,---,00. If ||xg| is bounded, & is also bounded, and
hence so is Q. From the fact that the system is locally
Lipschitz, we can conclude that Lq, is always bounded.

Since we have proven Lq, is always bounded, we can follow
the same idea to show that (13) is true for all ¢ > 0, and
hence the ISS stability of the system is shown. (|
Remark 4. Inequality (16) and (17) assure that T, and
Dy, are positive, and hence guarantee that Ty and Ay are
always positive.

Remark 5. If we set the quantization error, network delay
to be 0, then the minimum inter-sampling intervals T’
in our work and the work in Wang and Lemmon [2011a]
are the same. If we set the quantization error to be 0,
the minimum inter-sampling intervals and the maximum
delays in our work and Wang’s work in Wang and Lemmon
[2009b] are in similar forms.

5. STABILIZING BIT-RATES

A stabilizing bit-rate is the bit-rate which is sufficient to
guarantee the ISS stability of the system. This section
shows that the stabilizing bit-rates are always bounded
from above by a continuous increasing function with
respect to the norm of the state. Since ||z| is always
bounded from above by max{3(||zo|,t), &(w)} for some
class KL function B and class K function &, there must
exist a class KL function S and a class K function &
such that the stabilizing bit-rate is bounded from above
by max{S(||xo||,t), &(w)}. This gives us a guide on how to
assign the communication bandwidth to the control system
ahead of time.

Before talking about the stabilizing bit-rate, we first give a
quantization map for the system given quantization error
€q(||lzk||, w). Since at sampling time sj, both sensor and
controller understand that |ex—1(sg)|| = O(||Zx—1]], @),
we only need to quantize the surface of the box {ej_1 :
llex—1(sk)|l < O(||Zx—-1|,@)}. First, we use [log, 2n] bits
to identify which side ey lies on, and then we cut this
OllEk—11,w)
EA(ERIED)
on one of the small parts, then ex_1(sx) will be quantized
as the center of this part, and Z; can be calculated as
the sum of Z#j_; and the quantized ej_1(s). In all, the
number of bits used at the kth sampling is

N, = [log, 2n] + (n — 1) [logQ {WH (23)

We should notice that the number of bits transmitted at
each time can be different, since we fix the quantization
error instead of the number of bits.

n—1
side uniformly into [ —‘ parts. If ex_1(sg) lies

From theorem 3, we know that as long as the network
delay Dj is no greater than the maximum delay Ay, the
closed loop system is ISS. If we define r;, as
N,
ﬂk - Ak7
r;, is sufficient to stabilize the system, and we call it the
stabilizing bit-rate of the kth transmission.

(24)

For convenience of the rest of this paper, we define
oc(||2]]) as a class K function satisfying

P(, K(21),0) < de([2r]) (25)

and ¢, (]|Zx||) as a class K function satisfying

up = [[K (&) < dulllzwl])- (26)
With these preliminaries, we show that the stabilizing bit-
rate is bounded from above by an increasing function with
respect to (w.r.t.) the norm of the state. This is done by
showing that Ny is bounded from above by an increasing
function, and that Ay, is bounded from below by decreasing
functions.

5.1 Increasing upper bound on Ny w.r.t. ||xg—_1]|

Theorem 6. If all the conditions in theorem 3 hold, and

lim 289 (27)
2 25, 0)

then Nj is bounded from above by an increasing func-
tion Ng(|[#x-1]]) with respect to [|Zx—1], ie. Ny <
Ni(||Zk-1]]), where

Ni(s) = [logy 2n] + (n — 1)[logy [ (s, w)]],  (28)
and hi(s,w) is a continuous increasing function satisfying

(s, w) -
s oG, o <M 9
. (s, w) . B
o s — 0, o)~ imh(s @) (30)

Proof. First, we show that there exists a continuous,
positive definite, and increasing function satisfying (29)
and (30). We notice that

Ol &k, @) (&1, w)
eq(llzll, @) — e[l Zr—1ll — O(|Zr—1l, @)], @)
Since both ¢ and e, are continuous, positive definite, and

strictly increasing w.r.t both arguments, and 6(s, w) < s+
g(w) (from (16) and (15)), according to lemma 2, we have
Ol k1], @)

lim — — - — < 0.
520 &g (|| Zk—1ll — O(|Zk—1]], w)], w)

(31)

(32)

Besides, we know that both 6 and e, are continuous and
positive definite. According to lemma 1, there must exist
a continuous, positive definite, and increasing function
satisfying (29) and (30).

From (31) and (29), it is easy to see that N, <
Ni(||Zr-1]). Since hy(||#k—1]|, @) is an increasing function

w.r.t ||Zx_1]|, we can see that Ny (||Zx_1]|) is also increasing
w.rt. || 2-1]-

Theorem 6 indicates that we may need more bits to
quantize the state information if the last sampled state
goes far away from the origin. Next, we will show that the
maximum delay has a decreasing lower bound w.r.t. the
norm of the state.

5.2 Decreasing lower bound on Ay w.r.t. ||Zx_1]|

We show that there exists a decreasing lower bound w.r.t.
|lZx—1]] on Ag by showing that both Dj and I, have
decreasing lower bounds w.r.t. ||Z,_1]|.

Lemma 7. If all the conditions in theorem 3 hold and

. ¢C(S)+ZQ,%1’LD
lim ———————
0(s,w)

s—0

< 00, (33)



then Dy, is bounded from below by a positive definite,
decreasing function Dy (||Zr_1]|) w.t.t. |Z5 1], i.e. Dy >
D, where

1— C1

A 1
D = 1 1+ L 34
7]6(8) LQk—l ! ( e h2(57 712) + LQk161> ( )

c1 € (0,1) satisfies

(35)

and ha(s,w) is a continuous, positive definite, increasing
function satisfying

¢c(8)§1‘9 U;z)k_l’lﬂ < hQ(S,’LZ)), (36)
lim ¢C(S)§(+Sfj;1w = i ha(s, 0) (37)

Proof. We first show that there exist ¢; satisfying (35)
and ho(s,w) satisfying (36) and (37). From (16), we have

0 < % < 1. So, we can always find a constant

c1 € (0,1) such that (35) holds. From (16) and (33), we
know that
¢C(S)+LQ,€711I1 ¢C(S)+LQ,€717I)
(s, w) - 0(sw)
Since both ¢. and £ are continuous and positive definite,

according to lemma 1, there exists a continuous, positive
definite and increasing function hs satisfying (36) and (37).

< 00.

We, then, show that Dy > D,. From (25), we know that

Dy, >

¢e(lEh—1l)+La,_, @
JUENSED)
The inequality holds because of (25). Since (35) and (36)
hold, we show that Dy > D,.

6(léx_1ll,)
t Lo gz, o)

We notice that D, (||#_1]|) is a decreasing function w.r.t.
Lgq, , which is a increasing function w.r.t. £5_;. Together
with the fact that ho(s,w) is increasing w.r.t. s, we

conclude that D, (||&x_1]|) is decreasing w.r.t. ||ég_1]. O

The next lemma shows that there exists a decreasing lower
bound on T, w.r.t. || £5_1].

Lemma 8. If all the conditions in theorem 3 and equation
(33) are satisfied, and

m Pu(s)

5—0 0(s, W)

< 00, (38)

then T, is bounded from below by a continuous, posi-
tive definite, increasing function T (||Zk-1]), i-e. T} >
Ly, ([|2x-11]), where

A 1 1-— Co
T = In(1+Ly ———F+ 39
ik(s) LQ; n ( + Qk h(S, ,w) + LQ%C2) ( )

with h(s,w) = 3hs(s’,w) + 2L; ;C(h4(s’,uv) + hs(s,w)),
Lb;ﬂ is the Lipschitz constant of f with respect to u, and

s' = s40(s,w)+€q(s+6(s,w),w) c2 € (0,1) is a constant
satisfying
eq(llzell, w)
O([|zx |, w)
hs(s,w) is a continuous, positive definite, increasing func-
tion w.r.t. s satisfying

(]56(8) + zﬂk—lw

<2,V € By, (40)

505.) < hs(s,w), (41)
¢c(s) + Lo, @ _
SHOW = llg(l) hs(s,w), (42)

h4(s,w) is a continuous, positive definite, increasing func-
tion w.r.t. s satisfying

¢u(3) _

8(s, 0) < hy(s,w), (43)
L Buls) .
D g(s,my b ()

hs(s,w) is a continuous, positive definite, increasing func-
tion w.r.t. s satisfying

¢u(8) S, w
0l —0(s, o) @).m) = o), (45)
li Pu(s) = lim hs(s, @),  (46)

<20 0(h(|s — 0(s, @), ), )

h(s,w) is a continuous, positive definite, increasing func-
tion w.r.t. s satisfying

s—0

|s — &q(s,w)| < h(s,w), (47)
lim |5 — &(s, @)| = lim h(s, @), (48)

and
p =tz 2] < 2kl + 0([[2k—1 ], @)
+ eq(1Zp—1l + O(l|Zx—1]l, )}

Proof. We first show that there exist co, hsz, hg, hs and
h such that (41)-(48) hold. With the same technique used
to prove the existence of c¢;, we show the existence of cs.
With the same technique used to prove the existence of
ho, we show the existence of hs, hy and h. With the same
technique used to prove the existence of hi, we show the
existence of hs.

We, then, show that T}, > T (||#x_1]|). From (25) and
(40), we know that

1 1—co )
T >—1In(1+L — —
= T, ( S (anll, [l @)

where B
dc(l|Zkll) + Lo, w

n T v) =3 L
(kaH?kaH7w) 0(”.%]@”,71)) + Q€2
Pu(llZl) ;- Pull|Er—1]])
+ 2L, e 2L
6|2, w) P 0(||2x ], w)

From (6), (7) and (47), it is easy to see that

126l 2kl — eq([lexll, @) = Akl = O(|2x—al, )|, ),
2]l <21l + 01211l @) + € (|21 ]] + O(| 251 1], @), @)

Together with (41), (43), (45), we show that h'(||zx||, [|Zx ||, @)
< h([|#k-1ll, @) + Loy c2, and hence T, = T (||Zx-1]])-

T,.(|l#x_1]) is a decreasing function w.r.t. ||&x_1]|, since
h(s,w) and Lg are increasing w.r.t. || Zx—1]|.



With lemma 7 and 8, we now can say that the maximum
delay is bounded from below by a continuous, positive
definite, and decreasing function.

Theorem 9. If all the condition in theorem 3 hold, and e-
quation (33) and (38) are satisfied, then there exists a con-
tinuous, positive definite, decreasing function Ay (||Zx—1]])
which bounds Ay from below, ie. Ay > Ap(||Zr-1]]),
where

Ap(lEr-1]) = min{ Dy (zx-1ll), Te(I2x-11D},  (49)

and Dy (||&x_1]|) and Ty (||Zr_1]|) are defined in (34) and
(39), respectively.

5.8 Increasing upper bound on 1), w.r.t. ||Zx—1]|

With theorem 6 and 9, it is easy to find an upper bound
on r;, which is increasing w.r.t. ||Zx—1].

Theorem 10. If all the condition in theorem 3 hold, and
equation (27), (33) and (38) are satisfied, then there
exists a continuous, positive definite, increasing func-
tion 7p(||Zx—1]|) which bounds r, from above, i.e. r;, <
T ([[&r-1]), where

Ni(llZx-1ll)

Ap(lZe-al))’

where N (||#x—1]) and A, (||#x—1]|) are defined in (28) and
(49), respectively.

Remark 11. Theorem 10 indicates that the further the
state is away from the origin, the higher the stabilizing
bit-rate will be. Moreover, since there exist some class KL
function § and class K function & such that ||Zx_q| <
max{S(||zo|[, ), &(w)}, we are also able to find how the
upper bound on the stabilizing bit-rate, which measures
the maximum of the minimum communication resource
sufficient to stabilize the system, varies with respect to
time. This piece of information gives us a guide on how to
assign communication resource to the control system. We
should notice that this assignment can be time varying.

Te(l2x-all) =

Remark 12. If there is no disturbance, the results in Li
et al. [2012] are recovered. Li et al. [2012] focused on the
asymptotic behavior of the stabilizing bit-rate. It’s easy to
see that if all the conditions in theorem 10 hold, the upper

bound on r;, is always finite. Moreover, if lim,_,q '1;((:)) =0,
limg_,q %”(—S) = 0 and lim,_,o Lo, =0, r;, goes to 0 when

the state approaches the origin.
6. SIMULATION RESULTS

This section uses a nonlinear system to demonstrate the-
orem 3 and 10. We are interested in both cases when the
system is disturbed or not.
Now, let’s consider a nonlinear system

i1 =2} + 23 +ug +wy

iy = —af + o3 4+ uz + wy
with uy = =323, ug = =323, w = 1 and z¢ = [1;1]. It’s
easy to see that ¢.(s) = 253, ¢, (s) = 253 and L = 14/|x]|.
We give the ISS-Lyapunov function as V = zf + 3. It
can be shown that (13) is satisfied with T = {x : ||z| <

: - 0.45% 420w 0-25
1}, if we set &(s,w) = (SlTG“’) . From (15), we

[0 6, and €q1
. 0y and €, |
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Iogm(bit—rate): bit/s
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O‘ © o)

o : ‘ ‘
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time:s

Fig. 2. State trajectories and stabilizing bit-rates with
disturbances for the nonlinear system

have £(s,w) = 0.2s1° + 0.1w. From (16) and (17), we
choose three pairs of threshold functions and quantization
errors. The first pair is 6;(s,w) = 0.075s*% + 0.05w and
€q1(s,w) = 0.025s'5 4+ 0.017w, 02(s,w) = 0.15s> + 0.05@
and €,2(s, w) = 0.05s 4 0.017w.

We ran the system with disturbance for 300 seconds, and
always used Ay as the delay in the communication net-
work. The state trajectories and stabilizing bit-rates given
by the two pairs of threshold functions and quantization
errors are shown in figure 2. The top two plots show the
state trajectories given by 61 and €, (circles), 62 and €40
(dots). The z-axes of the top two plots indicate time,
and the y-axes of the top two plots indicate x; and s,
respectively. We can see that their state trajectories are
very close to each other, and stay in a neighborhood of
the origin. The bottom plot shows the stabilizing bit-rates
of the two pairs with z-axis indicating time, and y-axis
indicating log, r;,. The stabilizing bit-rate of the first pair
r; and its upper bound 7, are expressed by circles and solid
line, respectively. The stabilizing bit-rate of the second
pair 1, and its upper bound T, are expressed by dots and
dashed line, respectively. We can see that for both pairs,
the stabilizing bit-rates are bounded from above by the
upper bounds given by theorem 10. We notice that the
stabilizing bit-rates for both pair are close to each other.
It is because as = goes to the origin, the constant parts in
threshold function and quantization error, which are the
same in both pairs, dominate the stabilizing bit-rates.

We, then, ran the system without disturbance for 300
seconds to see whether there are differences between the
stabilizing bit-rates of the two pairs of threshold functions
and quantization errors. Again, the delay in the commu-
nication network is set to be Ay. The system trajectories
and stabilizing bit-rates are shown in figure 3. The top
two plots in this figure give the state trajectories of the
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Fig. 3. State trajectories and stabilizing bit-rates without
disturbances for the nonlinear system

two pairs of threshold functions and quantization errors
(expressed by circles and dots, respectively) with z-axes
indicating time and y-axes indicating state. We can see
that they are all asymptotically stable. The bottom plot
shows the stabilizing bit-rates of the two pairs of threshold
functions and quantization errors with z-axis indicating
time and y-axis indicating log, r;,. The stabilizing bit-rate
of the first pair r; and its upper bound 7, are indicated
by circles and solid line, respectively. We see that 7, is
always above r;, and is about 5 times greater than r; in
the worst case. Moreover, as x goes to the origin, both r;
and 7; converges to 0, which is expected by our results in
Li et al. [2012]. The upper bound on the stabilizing bit-
rate T, given by the second pair (dashed line) is always
above the stabilizing bit-rate r,. Each of them converges
to a constant in less than 10 seconds. The constant that
Ty converges to is about 10 times as the constant that r,
converges to.

7. FUTURE WORK

The results in this paper can be used as a foundation
to study the scheduling problem in networked control
systems. This paper provides the maximum delay A
and the stabilizing bit-rate r,. With this information,
communication channel can assign the communication
resource to different control systems. Interesting topics
includes the necessary and/or sufficient bandwidth to
stabilize all control systems in the network, and the
scheduling policy to achieve the necessary and/or sufficient
bandwidth.
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