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Abstract— This paper studies data-driven stabilization of
unknown discrete-time linear systems using only quantized state
measurements that take values in finite sets. We consider a two-
stage framework in which quantized data are first collected
to design a stabilizing feedback gain, followed by closed-loop
stabilization using quantized state feedback. For the controller
design stage, we provide a verifiable condition ensuring that
the obtained feedback gain is stabilizing, and establish that
this condition can be guaranteed to hold under sufficiently
fine quantization. For the stabilization stage, we formulate
an explicit sufficient bound on the number of quantization
cells that ensures exponential convergence. We characterize
the trade-off between the quantization requirements in the
two stages. In particular, finer quantization during controller
design requires more quantization cells for data collection but
improves the verifiable condition. Conversely, as the coefficient
in the verifiable condition approaches zero, the sufficient bound
for exponential convergence grows at least inversely with this
coefficient. Numerical results illustrate the trade-off and the
effectiveness of the proposed approach.

I. INTRODUCTION

Data-driven control has emerged as a powerful alternative
to model-based design when accurate system models are
unavailable or difficult to obtain [1], [2]. Rather than first
identifying a model, direct data-driven methods construct
controllers directly from measured trajectories [3], [4]. In
this direction, Willems’ fundamental lemma [5] shows that
the behavior of a controllable linear system can be fully char-
acterized from persistently exciting data. This key result has
enabled data-driven approaches to stabilization and optimal
control [6]—[8], model predictive control [9], and extensions
to nonlinear systems [10] and switched systems [11].

In networked control systems, measurements are often
transmitted through communication channels with limited
data rates. Quantization provides a natural mechanism for
representing measurements using finite alphabets. Feedback
stabilization under quantization and data-rate constraints
has been studied extensively; see, e.g., [12]-[15]. Recent
developments span robust control [16]-[18], event-triggered
control [19], and switched systems [20], [21]. These model-
based results motivate incorporating data-rate constraints
directly into data-driven controller design.

Robust data-driven control methods can accommodate
noisy data using tools such as semidefinite programming
[8], the matrix S-lemma [22], and data informativity [23].
Quantization, however, introduces an additional challenge:
it can affect both the controller design and the subsequent
feedback implementation.
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Only a limited number of works have investigated data-
driven control under quantized measurements. In [24], un-
known linear systems are stabilized using quantized control
inputs together with noisy unquantized trajectory data. Other
approaches consider super-stabilization from partially quan-
tized data [25], event-triggered control with quantized state
transmission [26], and the trade-off between quantization
densities for data-driven design and feedback control [27].
However, these approaches rely on unquantized data for
controller synthesis, employ static quantizers with infinitely
many levels, or both, and therefore do not simultaneously
address controller design and stabilization using only finite-
valued quantized state measurements.

To address this issue, [28] introduces a two-stage frame-
work in which quantized state measurements are first col-
lected under a prescribed quantization error bound and used
to design a feedback controller via a semidefinite program
(SDP), after which a Lyapunov-based quantizer with a fixed
number of quantization cells is used for feedback stabi-
lization. Sufficient conditions were established for obtaining
a stabilizing controller from the quantized data and for
exponential convergence under quantized state feedback.

The present paper builds on this framework by strengthen-
ing the controller design guarantee, deriving a more explicit
sufficient condition for exponential convergence, and, most
importantly, characterizing the trade-off between the quanti-
zation requirements in the two stages. The main contributions
are as follows.

First, for the controller design stage, we establish that, for
sufficiently small quantization errors, every optimal solution
to the quantized SDP satisfies a verifiable condition ensuring
that the resulting feedback gain is stabilizing. Compared with
[28], this extends the guarantee to the verifiable condition,
at the expense of a more restrictive sufficient bound on the
quantization error.

Second, for the stabilization stage, we derive from the
sufficient condition for exponential convergence in [28] a
more explicit bound N* on the number of quantization cells,
which also facilitates the subsequent trade-off analysis.

Third, we characterize the trade-off between the quan-
tization requirements for controller design and subsequent
stabilization. As the design-stage quantization error bound
approaches zero, we show that the number of quantization
cells per dimension Nj during data collection grows as
N, = O(671), while the coefficient 7; in the verifiable
condition approaches one with 1 — 7; = O(6). Conversely,
for strictly unstable plants, we show that the sufficient bound
N* for exponential convergence satisfies N* = Q(n; ') as
m — 0%, which improves to N* = ©(n; ') under additional



boundedness conditions.

The remainder of the paper is organized as follows. Sec-
tion II introduces the problem formulation and quantization
scheme. Sections III and IV develop the controller design and
feedback stabilization stages, respectively. Section V charac-
terizes the trade-off between their quantization requirements.
Section VI numerically illustrates the proposed approach and
the quantization trade-off. Section VII concludes the paper.

Notation: For a vector v, denote by ||v|| and ||v|~ its
Euclidean and infinity norms, respectively. For a matrix
M € R™*™, denote by p(M), a(M), ||M]||, and || M| its
spectral radius, smallest singular value, spectral norm (i.e.,
largest singular value), and Frobenius norm, respectively.
For a symmetric matrix S € R™*", denote by \(S) and
A(S) its largest and smallest eigenvalues, respectively. For
symmetric matrices P, R € R"™"*", write P = Rand P = R
when P — R is positive definite and positive semidefinite,
respectively.

II. PROBLEM FORMULATION

Consider a discrete-time linear time-invariant (LTI) system

z(k+1) = Azx(k) + Bu(k), x(0)=z0, k€ Zxo, (1)

where x(k) € R" is the state and u(k) € R™ is the control
input. We assume that the dimensions n and m are known,
but the matrices A € R"*™ and B € R™*™ are unknown.
Instead, only upper bounds on their norms are known:

[A <o, 1B < 8. 2

Our goal is to stabilize the unknown LTI system (1) using
quantized state measurements & (k) = qr(z(k)), where qx(-)
is a time-varying quantizer that maps R"™ to a finite set of
points at each time k.

The proposed approach follows the two-stage framework
introduced in [28]. First, in the controller design stage,
we collect input and quantized state data and use them to
compute a stabilizing feedback gain. The quantizer update
rule in this stage is designed to maintain a prescribed
quantization error bound. Second, in the stabilization stage,
we employ a Lyapunov-based quantizer update rule with a
fixed number of quantization cells and establish exponential
convergence under quantized state feedback. The controller
design stage need not be performed offline. For concreteness,
we consider stabilization beginning directly after controller
design without resetting the system; the designed controller
can also be applied after a system reset or at a later time.

The quantization scheme is introduced in Section II-A. The
design and stabilization stages are developed in Sections III
and IV, respectively.

A. Quantization scheme

The initial state xo is unknown. We assume that there
exists a known bound Ey > 0 such that

[zolloc < Eo.

If unavailable, such a bound can be obtained in finite time
using search techniques in quantized control; see, e.g., [12].

At each time k, we maintain a bound E;, such that
lz(F)lleo < Ek, 3)
that is, (k) lies in the hypercube
R(Eg) = {v € R" : [[v]|oo < B},

which serves as the quantization range. Given E}, quantizer
update rules are designed to determine E}q such that z(k+
1) € R(Ek+1). The update rules differ between the two
stages and are derived in Sections III-B and I'V-A.

The quantizer partitions R(E}) into N} equal hypercubic
cells, with N}, cells per dimension, where N} is a positive
integer. The quantized measurement Z(k) is defined as the
center of the cell containing x(k). Consequently, the quanti-
zation error

d(k) := &(k) — z(k)
satisfies
[d(B)]loc = 12(k) — (k)]0 < - (4)

Since the quantizer takes values in a set of cardinality N,
the measurement at time %k can be represented using a finite
number of bits.

III. DATA-DRIVEN CONTROLLER DESIGN
A. Data-driven control preliminaries
During the controller design stage, we excite the unknown
LTI system (1) with an input sequence {u(k)};_, satisfying
H’LL(k)H Sﬂa Vke{ovlv"'val}, (5)

and collect the quantized state measurement sequence
{#(k)}I_,. Define the corresponding data matrices

Xo = [2(0) (1) (T - 1)],

Xp = [2(1) 2(2) &(T)].
The data matrices Uy € R™*7T, Xy, X1 € R™7, and
Do,D; € R™7T for the input u(k), unquantized state
z(k), and quantization error d(k), respectively, are defined
analogously. The matrices Xy, X1, Do, D; are introduced

only for analysis and are not available for control synthesis.
A key condition for computing a stabilizing controller is

(6)

U,
rank {X(())] =n+m. @)
In the absence of quantization, it is known from [5] that this
rank condition holds when the input sequence is sufficiently

exciting.

Definition 1 ([5]). The input sequence {u(k)};_, is persis-
tently exciting (PE) of order L if the Hankel matrix

u(0) u(1) u(T — L)
u(1) u(2) w(T—-L+1)
WUo,n,7—141 = : : :
uw(L—1) wu(L) u(T —1)

has full row rank mL.



Lemma 1 ([5, Cor. 2]). If the LTI system (1) is controllable
and the input sequence {u(k)};_o is PE of order n+1, then

Uo| _
rank [Xo] =n+m. ®)
We assume
T>mn+1)+mn, )

which is necessary for {u(k)};_, to be PE of order n + 1.
Theorem 2 below establishes that, under the assumptions of
Lemma 1, the quantized rank condition (7) also holds when
the quantization errors are sufficiently small.

B. Quantized data collection

For k < T, by (2), (3), and (5),

lz(k + Do < [[Az(k) + Bu(k)| < av/nEy, + Bu.

To ensure that (3) holds for all £k < T, we let

Eypy1 = avnEy + B, k=0,1,...,T—1. (10)
To maintain a prescribed quantization error bound § > 0, we

let

E
N, = [(ﬂ k=0,1,...,T, (11)
where [-] is the ceiling function. Then (4) gives
ldB)le <6 VEE{0,1,....,T}.  (12)

The update rule (10) yields a bound on ||z(k+1)|| that is
independent of the collected data but can lead to exponential
growth of Ej, and N during this stage. A tighter update
rule can be obtained by exploiting the available quantized
measurement £ (k) and letting

Egt1 = a(|2(k)|| + vnd) + Bu, k=0,1,....,T —1.
(13)
Using (4), this update also ensures that (3) holds for all
k < T and can significantly reduce the required number
of quantization cells.

Although the number of quantization cells may vary
during this stage, E} and Ny can be determined at each
time from their update rules and, when (13) is used, previ-
ously transmitted quantized measurements; hence they need
not be communicated separately. Thus, only the quantizer
output at each time needs to be transmitted, and it can be
represented using a finite number of bits. The number of
quantization cells remains constant during the stabilization
stage in Section IV.

C. Data-driven controller synthesis

Following [28], we adopt the optimization-based frame-
work in [8] for stabilizing unknown LTI systems in the
presence of disturbances and extend it to quantized state
measurements.

In the absence of quantization, a stabilizing controller can
be computed by solving the following semidefinite program
(SDP):

o BEyT (14
subject to

X,QP Q"X - P+1=0, (14b)
P1, (14¢)
L-UyQP'Q"U, =0, (14d)
XoQ =P, (14e)
tr(P) + tr(L) <7, (141)

where Uy and X, X; are the input and unquantized state
data matrices introduced in Section III-A. The relevant
properties are summarized in the next lemma, which follows
from [8, Lem. 2 and 3].

Lemma 2. 1) Let (v,Q, P, L) be any feasible solution to
(14), and define K := UyQP~'. Then A+ BK is Schur
stable (i.e., all eigenvalues lie in the open unit disk).

2) Suppose that the rank condition (8) holds. For any K
such that A+ BK is Schur stable, (14) admits a feasible
solution (v, Q, P, L) satisfying K = UpQP 1.

When only quantized state measurements are available, we
rgplage X, X1 in (14) with the quantized state data matrices
X, X1 defined in (6) and consider the following quantized
SDP:

L) (150
subject to

X1QP'Q"X —P+I=0, (15b)
P-1, (15¢)
L-UyQP'Q"U, >0, (15d)
XoQ =P, (15¢)
W—-QP QT =0, (15f)
tr(P) + tr(L) + wtr(W) < . (15g)

The additional variable W and parameter w > 0 introduce a
regularization term motivated by robustness to disturbances;
see [8, Sec. 5]. Larger values of w encourage solutions
with smaller tr(QP~*QT), which can make the sufficient
condition in Theorem 1 below easier to satisfy.

The data matrices satisfy

X, = AX, + BUy, Xo=Xo+ Dy, Xi=X,+D.
Hence
X, = AX + BUy + Dy = AXy + BUy + (D1 — ADy).

Let
Ag:=Dy—ADg € RnXT,

which captures the discrepancy introduced by the quantized
measurements. By (2) and (12), the columns of A satisfy

|d(k+1)—Ad(k)|| < Va(a+1)§ Vke{0,1,...,T—1}.



Hence

12l < 120l < VaT(a+1)8 =4, (16)

where § can be made arbitrarily small by decreasing 4, at
the expense of requiring more quantization cells.

The following theorem from [28] establishes a verifiable
condition under which any feasible solution to the SDP (15)
yields a stabilizing controller.

Theorem 1 ([28, Th. 1]). Let (¥,Q, P, L, W) be any feasible
solution to (15), and define

K = U()QP_l, M := QP_1QT'
Then
(A+ BK)P(A+ BK)" — P < -1, (17)
where B _
m =1 —0%| M| — 25| X1 M]|. (18)
If
m >0, (19)

then A + BK is Schur stable.

The following theorem guarantees that the verifiable con-
dition (19) is satisfied by every optimal solution when the
quantization errors are sufficiently small.

Theorem 2. Suppose that the LTI system (1) is controllable
and the input sequence {u(k)}r_o is PE of order n + 1.
There exists 6* > 0 such that, if the quantization error bound
0 < 0%, then the rank condition (7) holds, the quantized SDP
(15) is feasible, and every optimal solution to (15) satisfies
(19).

A related result was established in [28, Th. 2], which
ensures that every optimal solution yields a stabilizing con-
troller for sufficiently small quantization errors. Theorem 2
further guarantees that every optimal solution satisfies the
verifiable condition (19), but under a more restrictive suffi-
cient bound on 4.

Theorem 2 is restricted to optimal solutions to the quan-
tized SDP (15), in contrast to Theorem 1, which applies
to all feasible solutions. This restriction arises because the
proof relies on comparing the optimal value of (15) with the
objective value of a specifically constructed feasible solution.

Due to space limitation, the proof of Theorem 2 is omitted
here and can be found in [29]. It uses the robust fundamental
lemma in [30] and includes an explicit sufficient bound on §.
The bound depends on the unknown matrices A and B and
therefore cannot be verified directly from the available data.
Nevertheless, it provides an existence guarantee: the verifi-
able condition (19) can always be satisfied by sufficiently fine
quantization.

IV. QUANTIZED FEEDBACK STABILIZATION

Having obtained a stabilizing feedback gain from quan-
tized data, we now address closed-loop stabilization using
quantized state feedback.

A. Quantized state feedback implementation

We first recall the quantized state feedback implementation
introduced in [28]. At time 7', suppose that a feasible solution
(7%, Q,P,L,W) to the SDP (15) has been obtained and
satisfies (19). Then by Theorem 1, the feedback gain K :=
UoQP~! satisfies (17), and A + BK is Schur stable.

For the transition between the two stages, we let u(7') = 0
and begin quantized state feedback at time 7" + 1. During
the stabilization stage, the quantizer uses a fixed number of
quantization cells and exponentially decaying bounds:

Nk::NSa Ek+1:MEk7 k:T+1aT+2aa (20)

where the initial bound E7 4, the contraction factor p, and
a sufficient lower bound on N, for € (0,1) are derived
in Section IV-B. With these choices, the closed-loop state
under

z(k+1) = Azx(k) + BKi(k), k>T+1, (1)

remains in the quantization range (i.e., (3) holds) for all k£ >
T + 1 and converges exponentially to the origin.

During this stage, since the number of quantization cells
remains constant, the quantizer can be expressed as a “zoom-
ing” quantizer [12]:

. x(k
&(k) = MkQ<())»
M
where ¢(-) is the quantizer with bound Ep,; and Nj
quantization cells per dimension, and

k=T-1 k=T+1,T+2,...

Mk == [
is the zoom variable.

B. Exponential convergence

We establish exponential convergence by constructing
nested sets that contract under the closed-loop dynamics,
based on sublevel sets of

V(z) =z P 'z, (22)

where P > 0 is from the feasible solution to (15) obtained
at time 7.

We first construct a sublevel set of V' containing x (7" + 1)
and derive E71 such that the quantization range R(E741)
contains this set. Recall that

R(E) ={z e R" : [|lz] < E},

and define the sublevel set

Since
ol _ ol _ gy < Bl mlel
MP) T AP) T TAMP) T AP) ’
we have

S(E) C R(E) C S( "C(g) E) VE > 0.



Using w(T") =0 and z(T") € R(Er), we obtain
[2(T + Do < [Az(T)|| < eflx(T)|| < av/nEr.
Therefore, defining

>|

XP) g,
A(P)
yields (T + 1) € R(ay/nEr) C S(Ers1) C R(Eri1)-
Thus, R(E74+1) can be used as the initial quantization range
for the stabilization stage.

A tighter initial bound can be obtained by exploiting the
available quantized measurement Z(7") and letting

Eryi=an (23)

o nA(P)
Ery1 =« A(P)
which also ensures z(T' + 1) € S(Er41) C R(Er+1).

The following theorem makes the sufficient condition for
exponential convergence in [28, Th. 3] more explicit by
introducing an e-independent bound N* on the number of
quantization cells. This formulation facilitates the analysis
of the quantization trade-off in Section V. For convenience,
define

(IZ(T)[I + v/nd), (24)

(o + BIKIDBIE | AP)
A(P)

where a, 5 > 0 are as in (2).

_ PR
T AP)

0 .= , (25)

)

Theorem 3. Suppose that the number of quantization cells
satisfies

N, > 0+ /6% +m0¢ n)\(‘_P)?’ _ N, 26)
m A(P)

where 11 € (0, 1) is defined in (18). Then there exists € > 0
such that

| 0 VPG 9) nAP)?
: i A(P)

—en \(P)
(27
satisfies Ny > NI > N*. Moreover, for any such ¢,
lz(k)loo < ¥ T Epy  VE>T+1, (28)

where

i \/max{ -t <l o

The proof of Theorem 3 relies on the following lemma.
Lemma 3. Forany k> T + 1, if

then
z(k+1) € S(ukk),

where (u is defined in (29).

Due to space limitation, the proof of Lemma 3 is omitted
here and can be found in [29].

Proof of Theorem 3. First, note that N is well defined and
positive for every ¢ > 0, since (6’ + V02 +m(o+ a))2 >
me and A\(P)? > n; A(P). Moreover, N is strictly increas-
ing in ¢, and

lim NI = N™.

eN\0
Thus, under (26), there exists a sufficiently small € > 0 such
that Ny > NI > N*. For any such ¢, both terms in the
maximum in (29) are strictly smaller than one, and N} > 0.
Hence 1 € (0,1).

By either (23) or (24),

z(T+1) € S(Ers1)-
Therefore, iterating Lemma 3 gives
2(k) € ST Eryn) C R(WFTT Erga)
for all kK > T + 1, which proves (28). O

V. TRADE-OFF BETWEEN DESIGN AND STABILIZATION
QUANTIZATION REQUIREMENTS

The proposed approach involves different quantization re-
quirements for controller design and subsequent stabilization.
In the design stage, a smaller quantization error bound gen-
erally requires more quantization cells, but can improve the
verifiable condition (19) and reduce the sufficient bound N*
in (26) for exponential convergence in the stabilization stage.
In this section, we characterize this trade-off through the
relations among the design-stage quantization error bound 4,
the number of quantization cells per dimension Nj during
data collection, the resulting coefficient 7; in Theorem 1, and
the sufficient bound N* in Theorem 3.

We use the following standard one-sided asymptotic nota-
tion. For two functions f : R — R and g : R — R>, we
write f(s) = O(g(s)) as s — 07 if there exist C,s9 > 0
such that

|f(s)] < Cy(s)

If f is also nonnegative, then we write f(s) = Q(g(s))
if g(s) = O(f(s)), and f(s) = O(g(s)) if both f(s) =
O(g(s)) and f(s) = (g(5)).

We first characterize the quantization requirements in both
stages for sufficiently fine quantization in the design stage.

Vs e (0,s0).

Proposition 1. Suppose that the LTI system (1) is control-
lable, and consider a fixed initial state xy and a fixed input
sequence {u(k)}\_, that is PE of order n+1. As § — 0%,

Ne=0@"1Y)  Vke{o1,...,T}.

Moreover, uniformly over all optimal solutions

(%,Q, P, L,W) to the quantized SDP (15),
1—n1 = 0(5), N*=0(1).

Proof. For the fixed initial state and input sequence, the
unquantized state sequence during the design stage is in-
dependent of §. By (12), the quantized state sequence and
corresponding data matrix satisfy

12(k) — z(k)|| < Vrlld(k)lls = O()



for all k € {0,1,...,T}, and
1X1 = X1l < | D ]lw = O(9).

We first characterize Ny for £ < T'. Under the update
rule (10), every E; > 0 is independent of §. For the
measurement-dependent update rule (13), Fy is fixed, and

Ey = a(||lz(k — 1)|| + vnd) + Bu
=a([lz(k = 1)[| + O(8)) + Bu
= allz(k — 1)|| + Bu + O(9)
for all ¥ € {1,2,...,T}. Since the unquantized state
sequence is independent of § and a|z(k—1)|| + Su > 0, we
have E; = O(1) for every k < T. Therefore, under either
(10) or (13), (11) implies

N;, = {Ek-‘ _ L +0(1)=0@1"1)

) 0
for all k € {0,1,...,T}.
Changes in § may lead to different quantized measure-
ments and consequently different solutions to the quantized
SDP (15). Nevertheless, the proof of Theorem 2 in [29]
shows that, as § — 07, the following relations hold uniformly
over all optimal solutions to (15):

K| =0@1), [M|=0(1), 1<A(P)<AP)=0(1)
We now characterize 1 — ;. Since 6 = VnT(a + 1)4,
[[M]|| = O(1), and

IX: M| < (IIX: ]l + 0(8))O(1) = O(1),
(18) implies
1—m =0(H0(1) + 0(6)O(1) = 0(9).
Finally, (25) yields
6 =0(1), ¢ =0(1).

Moreover, 1 — 11 = O(§) implies that, for sufficiently small
0, there exists a positive lower bound on 7;, uniformly over
all optimal solutions. Therefore, (26) implies
20 A(P)3
M A(P)
We next characterize the growth of the sufficient bound
N*asn — 0T,

Proposition 2. Suppose that p(A) > 1. Along any sequence
of feasible solutions (y,Q, P, L, W) to the quantized SDP
(15) such that m; > 0 and n; — 07,

N* = Q). (30)
Proof. If m1 > 0, then Theorem 1 implies that A + BK is
Schur stable. Define

da = mf HA .

p(F

Since p(A) > 1 and the spectral radius is continuous, d4 >
0. Moreover

da < ||A—(A+ BK)|| = |BK| < B K]|.

Since \(P) >
0> (a+BIKBIK] = (o + da)da.

A(P) > 1, (25) yields

Therefore, (26) implies
N> 20\/n > 2(a+da)dayn
m m
Remark 1. 1f |[K|| = O(1) and A\(P) = O(1) along the
sequence of feasible solutions in Proposition 2, then (25)

yields § = O(1) and ¢ = O( ). Consequently, since A(P) >
1, (26) yields N* = O(n; ). Together with (30), this gives

N*=0O(n ).

=Y. O

The trade-off characterized in Propositions 1 and 2 is
illustrated numerically in Section VI.

VI. NUMERICAL ILLUSTRATION
A. Quantized controller design and stabilization

We illustrate the proposed approach on the LTI system (1)

with
2 1 1
=2 A m= g

which is unstable in open loop. The dimensions are n = 2
and m = 1. For the controller design stage, we use 17" =
m(n+1)+n = 5, the minimum data length allowed by (9).
The stabilization stage is simulated for 30 steps.

During the design stage, the input sequence is PE of order
n+ 1 = 3 and satisfies ||u(k)|| < @ = 1. The initial state is
zo=[1 1]".Weuse Eg = 1,5 = 0.01,a = 3 > |||, and
B =1.5> || BJ|. Using (11) together with the measurement-
dependent update rule (13), the number of quantization cells
per dimension is

(No, Ny,...,N5) = (100,461, 1174, 951, 1742, 2658).

The collected data satisfy the rank condition (7). Solving
the quantized SDP (15) with w =1 yields

K =U,QP™ " =[-1.129 —0.333],

and 77 = 0.338 > 0. Thus, the verifiable condition (19)
holds, and Theorem 1 guarantees that A + BK is Schur
stable. Indeed, its eigenvalues are 0.392 and —0.521.

During the stabilization stage, the initial quantization range
is computed using the measurement-dependent initialization
(24), yielding Ep,1 = 118.9. The sufficient condition (26) in
Theorem 3 gives the bound N* = 2623.6 and hence Ny >
2624. In the simulation, we use only Ny = 50 cells per
dimension and set ¢ = 0.95. Although these choices are not
certified by Theorem 3, the simulation results in Fig. 1 show
successful stabilization.

Figure 1(a) shows that the state remains within the quan-
tization range and converges to the origin. During the design
stage (k = 0,...,5), the quantizer maintains the prescribed
quantization error bound. At the transition to stabilization,
the quantization range increases to Ep,; = 118.9 according
to (24), and thereafter decreases exponentially with ;1 = 0.95.



1201 15K lo
] —
100 - ‘
\
80 - ]
L l
60 - =
40 1 R
20 - r
0 = T T T T T T
0 5 10 15 20 25 30 35
(a)
25
— xi(k)
20 x2(k)
Is -== &k
)
10
5 -
A NI\ o= -~ —
0N~ ln\‘ N _,\ " M’;)’/M@
| -
5 4 N
\\ i
W |
-10 |
-15 ; : ; : : ;
0 5 10 15 20 25 30 35

(b)

Fig. 1: Evolution of (a) the state norm ||z (k)||sc and quantization bound EY,
and (b) the state components x; (k) and quantized measurements Z; (k). The
design stage ends at k = 5, and quantized state feedback begins at k = 6.

Figure 1(b) shows that the quantized measurements closely
track the states during data collection, and both converge
during stabilization.

The sufficient bound in Theorem 3 is conservative in this
example. Although it requires Ny > 2624, convergence is
achieved with Ny = 50 in simulation. This conservativeness
is due partly to the worst-case norm bounds in the analysis
and the conversion between the hypercubic quantization
ranges and the Lyapunov sublevel sets. More careful analysis
may substantially reduce the quantization requirement.

B. Quantization trade-off

We next illustrate the trade-off characterized in Section V.
We vary the design-stage quantization error bound ¢ while
keeping the initial condition, input sequence, and other pa-
rameters fixed. For each value of §, we generate the quantized
state measurements, formulate and solve the corresponding
quantized SDP (15), and compute the resulting coefficient 7;
in Theorem 1 and sufficient bound N* in Theorem 3. The
results are shown in Fig. 2 and Table 1.

Figure 2(a) shows that 7, approaches 1 as ¢ decreases. This
is consistent with 1 — 7, = O(4) as § — 0T established in
Proposition 1. On the other hand, n; decreases as § increases
in this example and becomes negative between d = 0.015
and 0.0154. For the larger values of § considered beyond
this crossing, the condition 7; > 0 is no longer satisfied.
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Fig. 2: Trade-off between design and stabilization quantization requirements
as 0 varies: (a) the coefficient 71 in the verifiable condition (19), (b) the
number of quantization cells per dimension Nt and the sufficient bound
N* for exponential convergence, and (c) ||K|| and ||M|| and the smallest
and largest eigenvalues of P for the optimal solutions to (15). The bound
N* is shown only when 71 > 0.

TABLE I Quantization trade-off for different values of §

5 Nr m N
0.001 26521 0.9367 976.8
0.005 5304 0.6796 1311.4
0.010 2658 0.3385 2623.6
0.014 1900 0.1091 7270.7
0.015 1773 0.0273 29572.5
0.0154 1725 —0.0172 —




Figure 2(b) illustrates the corresponding trade-off between
the two stages. Over the range considered, Np increases
approximately inversely with §, while N* decreases as o
decreases. For example, decreasing ¢ from 0.01 to 0.001
increases Nt from 2658 to 26521, while N* decreases from
approximately 2624 to 977. In the opposite direction, increas-
ing ¢ reduces the design-stage quantization requirement but
causes 71 to approach zero and N* to increase rapidly. For
example, at § = 0.015, Nt has decreased to 1773, while
n = 0.0273 and N* =~ 2.96 x 10%. These behaviors are
consistent with Propositions 1 and 2.

Figure 2(c) shows that || K|, || M|, A(P), and X(P) vary
relatively mildly over the range considered, in contrast to
the rapid growth of N* as n; approaches zero. In particular,
the observed behavior of ||K|| and \(P) is consistent with
the additional boundedness conditions in Remark 1, under
which the asymptotic relation can be strengthened to N* =
O(n ).

Overall, the example illustrates that finer quantization in
the design stage requires more quantization cells for data
collection, but can substantially reduce the sufficient bound
for exponential convergence in the stabilization stage.

VII. CONCLUSION

This paper studied data-driven stabilization of unknown
discrete-time linear systems using only quantized state mea-
surements that take values in finite sets. Building on a
two-stage framework for controller design and feedback sta-
bilization, we strengthened the controller-design guarantee,
derived a more explicit sufficient condition for exponential
convergence, and characterized the trade-off between the
quantization requirements in the two stages. Numerical re-
sults illustrate this trade-off and the conservativeness of the
theoretical sufficient bound.

Future work includes reducing the conservativeness of the
quantizer design and extending the proposed framework to
continuous-time LTI systems and switched systems.
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