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Abstract

We consider adaptive control of the Linear Quadratic Regulator (LQR), where
an unknown linear system is controlled subject to quadratic costs. Leveraging
recent developments in the estimation of linear systems and in robust controller
synthesis, we present the first provably polynomial time algorithm that provides
high probability guarantees of sub-linear regret on this problem. We further study
the interplay between regret minimization and parameter estimation by proving a
lower bound on the expected regret in terms of the exploration schedule used by any
algorithm. Finally, we conduct a numerical study comparing our robust adaptive
algorithm to other methods from the adaptive LQR literature, and demonstrate the
flexibility of our proposed method by extending it to a demand forecasting problem
subject to state constraints.

1 Introduction

The problem of adaptively controlling an unknown dynamical system has a rich history, with classical
asymptotic results of convergence and stability dating back decades [12, [13]. Of late, there has
been a renewed interest in the study of a particular instance of such problems, namely the adaptive
Linear Quadratic Regulator (LQR), with an emphasis on non-asymptotic guarantees of stability and
performance. Initiated by Abbasi-Yadkori and Szepesvari [1]], there have since been several works
analyzing the regret suffered by various adaptive algorithms on LQR~- here the regret incurred by
an algorithm is thought of as a measure of deviations in performance from optimality over time.
These results can be broadly divided into two categories: those providing high-probability guarantees
for a single execution of the algorithm [1} 4} |8, [11], and those providing bounds on the expected
Bayesian regret incurred over a family of possible systems [2, [16]]. As we discuss in more detail,
these methods all suffer from one or several of the following limitations: restrictive and unverifiable
assumptions, limited applicability, and computationally intractable subroutines. In this paper, we
provide, to the best of our knowledge, the first polynomial-time algorithm for the adaptive LQR
problem that provides high probability guarantees of sub-linear regret, and that does not require
unverifiable or unrealistic assumptions.

Related Work. There is a rich body of work on the estimation of linear systems as well as on the
robust and adaptive control of unknown systems. We target our discussion to works on non-asymptotic
guarantees for the LQR control of an unknown system, broadly divided into three categories.

Offline estimation and control synthesis: In a non-adaptive setting, i.e., when system identification
can be done offline prior to controller synthesis and implementation, the first work to provide end-
to-end guarantees for the LQR optimal control problem is that of Fiechter [[10], who shows that the
discounted LQR problem is PAC-learnable. Dean et al. [6] improve on this result, and provide the
first end-to-end sample complexity guarantees for the infinite horizon average cost LQR problem.
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Optimism in the Face of Uncertainty (OFU): Abbasi-Yadkori and Szepesvari [1]], Faradonbeh et al.
[8]], and Ibrahimi et al. [[11] employ the Optimism in the Face of Uncertainty (OFU) principle [3]],
which optimistically selects model parameters from a confidence set by choosing those that lead to
the best closed-loop (infinite horizon) control performance, and then plays the corresponding optimal
controller, repeating this process online as the confidence set shrinks. While OFU in the LQR setting

has been shown to achieve optimal regret 9} (\/T ), its implementation requires solving a non-convex
optimization problem to precision O(Tﬁl/ 2), for which no provably efficient implementation exists.

Thompson Sampling (TS): To circumvent the computational roadblock of OFU, recent works replace
the intractable OFU subroutine with a random draw from the model uncertainty set, resulting in
Thompson Sampligg (TS) based policies [2, 4} [16]. Abeille and Lazaric [4] show that such a

method achieves O(T?/3) regret with high-probability for scalar systems. However, their proof
does not extend to the non-scalar setting. Abbasi-Yadkori and Szepesvdri [2] and Ouya~ng et al. [16]

consider expected regret in a Bayesian setting, and provide TS methods which achieve O(/T) regret.
Although not directly comparable to our result, we remark on the computational challenges of these
algorithms. Whereas the proof of Abbasi-Yadkori and Szepesviri [2]] was shown to be incorrect [[15],
Ouyang et al. [16] make the restrictive assumption that there exists a (known) initial compact set ©
describing the uncertainty in the system parameters, such that for any system 6; € ©, the optimal
controller K () is stabilizing when applied to any other system f5 € ©. No means of constructing
such a set are provided, and there is no known tractable algorithm to verify if a given set satisfies this
property. Also, it is implicitly assumed that projecting onto this set can be done efficiently.

Contributions. To develop the first polynomial-time algorithm that provides high probability
guarantees of sub-linear regret, we leverage recent results from the estimation of linear systems [17]],
robust controller synthesis [[14, [19], and coarse-ID control [6]. We show that our robust adaptive
control algorithm: (i) guarantees stability and near-optimal performance at all times; (ii) achieves
a regret up to time 7" bounded by O(7'?/3); and (iii) is based on finite-dimensional semidefinite
programs of size logarithmic in 7T'.

Furthermore, our method estimates the system parameters at O(T~'/3) rate in operator norm.
Although system parameter identification is not necessary for optimal control performance, an
accurate system model is often desirable in practice. Motivated by this, we study the interplay
between regret minimization and parameter estimation, and identify fundamental limits connecting
the two. We show that the expected regret of our algorithm is lower bounded by Q(7'%/3), proving
that our analysis is sharp up to logarithmic factors. Moreover, our lower bound suggests that the
estimation rate achievable by any algorithm with O(T?) regret is Q(T~/?).

Finally, we conduct a numerical study of the adaptive LQR problem, in which we implement our
algorithm, and compare its performance to heuristic implementations of OFU and TS based methods.
We show on several examples that the regret incurred by our algorithm is comparable to that of the
OFU and TS based methods. Furthermore, the infinite horizon cost achieved by our algorithm at
any given time on the true system is consistently lower than that attained by OFU and TS based
algorithms. Finally, we use a demand forecasting example to show how our algorithm naturally
generalizes to incorporate environmental uncertainty and safety constraints. The full version of this
paper is [[7].

2 Problem Statement and Preliminaries

In this work we consider adaptive control of the following discrete-time linear system

Trar1 = Asxk + Byug + wi , wy i?i\'fj'/\f(O, JZJI) , 2.1)

where x;, € R"™ is the state, up € RP is the control input, and wy € R"™ is the process noise. We
assume that the state variables are observed exactly and, for simplicity, that y = 0. We consider the
Linear Quadratic Regulator optimal control problem, given by cost matrices () >~ 0 and R > 0,

s.t. dynamics 2.1)), (2.2)
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where the minimum is taken over measurable functions v = {u(-)}x>1, with each uy, adapted to
the history xg, 51, ..., 1, and possibe additional randomness independent of future states. Given
knowledge of (A, B, ), the optimal policy is a static state-feedback law uy, = K, xj, where K, is
derived from the solution to a discrete algebraic Riccati equation.

We are interested in algorithms which operate without knowledge of the true system transition
matrices (A,, B,). We measure the performance of such algorithms via their regret, defined as

T
Regret(T') := Z(ngxk +up Rug — J,) . (2.3)
k=1

The regret of any algorithm is lower-bounded by (+/T"), a bound matched by OFU up to logarithmic
factors [8]. However, after each epoch, OFU requires optimizing a non-convex objective to QO (T ~1/2)
precision. Instead, our method uses a subroutine based on quasi-convex optimization and robust
control.

2.1 Preliminaries: System Level Synthesis

We briefly describe the necessary background on robust control and System Level Synthesis [[19]
(SLS). These tools were recently used by Dean et al. [6] to provide non-asymptotic bounds for LQR
in the offline “estimate-and-then-control” setting. In the appendix of the full version [7]] we expand
on these preliminaries.

Consider the dynamics @ and fix a static state-feedback control policy K, i.e., let up = Kxy.
Then, the closed loop map from the disturbance process {wq, w1, ...} to the state xj, and control
input uy at time k is given by

T = Zle(A* + B*K)k_twtfl 5 (24)
up, = Y, K(A, + BoK)Ftw,_ .
Letting ®,, (k) := (A, + B,K)*~! and @, (k) := K(A, + B,K)*~1, we can rewrite Eq. (2.4) as
k
o] = [@u(k—t+1)
M 7; [%(,ﬁ_t IS 2.5)

where {®,(k), @, (k)} are called the closed loop system response elements induced by the controller
K. The SLS framework shows that for any elements {®, (k), ®,,(k)} constrained to obey

q):c(k + 1) = A*q)z(k) + B*q)u(k) ) q)ac(]-) =I,Vk>1, (2.6)

there exists some controller that achieves the desired system responses (2.3). The state-feedback
parameterization result in Theorem 1 of Wang et al. [19] formalizes this observation: the SLS
framework therefore allows for any optimal control problem over linear systems to be cast as an
optimization problem over elements {®,.(k), @, (k)}, constrained to satisfy the affine equations (2.6).
Comparing equations (2.4) and (2.3), we see that the former is non-convex in the controller K,
whereas the latter is affine in the elements {®,(k), ®,,(k)}, enabling solutions to previously difficult
optimal control problems.

As we work with infinite horizon problems, it is notationally more convenient to work with transfer
function representations of the above objects, which can be obtained by taking a z-transform of
their time-domain representations. The frequency domain variable z can be informally thought
of as the time-shift operator, i.e., z{zk, Tx+1,...} = {ZTr+1,Tht2,. ..}, allowing for a compact
representation of LTI dynamics. We use boldface letters to denote such transfer functions, e.g.,
®,(z) =Y 2, .(k)z"". Then, the constraints can be rewritten as

2] — A, —B,)] [iw] _7, @.7)

and the corresponding (not necessarily static) control law u = Kx is given by K = &, ® 1.

Although other approaches to optimal controller design exists, we argue now that the SLS parameteri-
zation has some appealing properties when applied to the control of uncertain systems. In particular,



suppose that rather than having access to the true system transition matrices (A4, By ), we instead
only have access to estimates (E, E) The SLS framework allows us to characterize the system
responses achieved by a controller, computed using only the estimates (fT7 E), on the true system
(A, By). Specifically, if we denote A (A AP, + (E — B,)®,, simple algebra shows that

(21 -A -B] [%ﬂ] =1 ifandonlyif [:I— A, —B.] {%ﬁ] =I+A.

The robust stability result in Theorem 2 of Matni et al. [14] shows that if (I 4+ A) exists, then the
controller K = &, ®_ 1, computed using only the estimates (A B) achieves the following response

on the true system (A*, B ):
x| _ |®s N1
NS

Further, if K stabilizes the system (A, B), and (I + 3)’1 is stable (simple sufficient conditions can
be derived to ensure this, see [6]), then K is also stabilizing for the true system. It is this transparency
between system uncertainty and controller performance that we exploit in our algorithm.

We end this discussion with the definition of a function space that we use extensively throughout:
S(C,p) : {M ZM V2R | M ()| < CpF, k::1,2,...} . (2.8)

The space S(C, p) consists of (strictly proper) stable transfer functions that satisfy a certain decay
rate in the spectral norm of their impulse response elements. We denote the restriction of S(C, p)
to the space of F'-length finite impulse response (FIR) filters by Sr(C, p), i.e., M € Sp(C, p) if
M e §(C,p), and M (k) =0forall k > F.

We equip S(C, p) with the H ., and Hs norms, which are infinite horizon analogs of the spectral
and Frobenius norms of a matrix, respectively: [[M|y. = supjy,=1 [[Mwl|2 and [[M|l3, =

VDo peq 1M (K)[|%. The Hoo and Ho norm have distinct interpretations. The H ., norm of a system
M is equal to its ¢5 — {5 operator norm, and can be used to measure the robustness of a system to
unmodelled dynamics [20]. The Hy norm has a direct interpretation as the energy transferred to the
system by a white noise process, and is hence closely related to the LQR optimal control problem.
Unsurprisingly, the Ho norm appears in the objective function of our optimization problem, whereas
the H~, norm appears in the constraints to ensure robust stability and performance.

3 Algorithm and Guarantees

Our proposed robust adaptive control algorithm for LQR is shown in Algorithml 1] We note that while
L1neE]of Algorithm [I]is written as an infinite-dimensional optlmlzatlon problem, it can be formulated
in terms of finite-dimensional decision variables {®, (k), ®,,(k)}%_, due to the restriction to FIR
filters. In this formulation, the H2 cost can be written as a Frobenius norm and the H,, constraint
reduces to a linear matrix inequality. Therefore, the inner optimization can be equivalently written as
a semidefinite program over O(F;(n? + np)) decision variables. We describe this transformation in
detail in appendix Section G of the full version [7]. We also note that the outer optimization over y
can be performed efficiently by bisection search because the objective is jointly quasi-convex in the
decision variables and is smooth with respect to ~y in the feasible domain.

Some remarks on practice are in order. First, in Line[6] only the trajectory data collected during the
i-th epoch is used for the least squares estimate. Second, the epoch lengths we use grow exponentially
in the epoch index. These settings are chosen primarily to simplify the analysis; in practice all the
data collected should be used, and it may be preferable to use a slower growing epoch schedule (such
as T; = Cr(i + 1)). Additionally, for storage considerations, instead of performing a batch least
squares update of the model, a recursive least squares (RLS) estimator rule can be used to update
the parameters in an online manner. Furthermore, many constants in Algorithm [I] depend on the
unknown system to be consistent with our data-independent analysis. In practice, these parameters
can be estimated from collected data.

Finally, we note that the proofs for all results in this section can be found in the full version [7].



Algorithm 1 Robust Adaptive Control Algorithm

Require: Stabilizing controller K(©), failure probability § € (0, 1), and constants (C,, p,, || K ||).
1: Set Cp < 2WC '« ||K,||Cy. and p < .999 + .001p,.

(I—ps)3° i ;
2 Set Cp « O ((n+p) LG,

3: for: =0,1,2,...do

4.  SetT, CT21 and 02, < o2 (T;/Cp)~ /3.

5: SetD; = {(mk , kl))} w, < evolve system forward T; steps, where each action u,(:) is
obtained from the controller K(*) plus an additional noise term for exploration More precisely,
u® = K®Ox® 4 n(® where each entry of 17( %) is drawn i.i.d. from A\ (0, Un ).

6: Set (A\l,éi) < argminAB Zg 1 || k+1 7Ax§€) Bué)”2

7: SetEi(*@(M\/nTTp) andﬂew

. Un,i(l_p*)s 1—p.
8:  SetK(*D = &,®. ', where (®,, ®,) are the solution to

T]’L

. 1 . Q2 0 ] [®,
mlnlmlzewe[o,l) 1_ ~ QIIEIE} v 0 R1/2 (I>u N
’ 2
~ o [e] 1 V2e; o,
S.t. [ZI — Al _Bi] |:(I)u:| =1 + E 5 W @u o S v,

IVl < Cap™*, @4 € S(Cavp), ®u € Sk (Cusp).

9: end for

3.1 Regret Upper Bounds

Our guarantees for Algorithm|I]are stated in terms of certain system specific constants, which we
define here. We let K, denote the static feedback solution to the LQR problem for (A,, By, @, R).
Next, we define (C4, p,) such that the closed loop system A, + B, K, belongs to S(Cy, ps). Our
main assumption is stated as follows.

Assumption 3.1. We are given a controller KO that stabilizes the true system (A, By). Further-
more, letting (®,, ®.,,) denote the response of K(O) on (A,, B,), we assume that ®, € S(Cy, p)
and ®,, € S(C,, p), where the constants C,,, C.,, p are defined in Algorithm

The requirement of an initial stabilizing controller K(©) is not restrictive; Dean et al. [6] provide an
offline strategy for finding such a controller. Furthermore, in practice Algorithm [I]can be initialized
with no controller, with random inputs applied instead to the system in the first epoch to estimate
(A, B,) within an initial confidence set for which the synthesis problem becomes feasible.

Our first guarantee is on the rate of estimation of (A,, By) as the algorithm progresses through
time. This result builds on recent progress [17] for estimation along trajectories of a lin-
ear dynamical system For what follows, the notation O(:) hides absolute constants and

polylog (T,%,C* 1, || B, 1K ||) factors.

" T—py
Theorem 3.2. Fixa § € (0,1) and suppose that Assumption[3.1 holds. With probability at least

1 — & the following statement holds. Suppose that T is at an epoch boundary. Let (A(T), B(T))
denote the current estimate of (A, By) computed by Algorithm at the end of time T. Then, this
estimate satisfies the guarantee

max{A(T) — AL 1B - By < 6 (G0 VTR

Theorem shows that Algorithm achieves a consistent estimate of the true dynamics (A, By),

and learns at a rate of O (T—1/3). We note that consistency of parameter estimates is not a guarantee
provided by OFU or TS based approaches.



Next, we state an upper bound on the regret incurred by Algorithm T}
Theorem 3.3. Fix a § € (0,1) and suppose that Assumption holds. With probability at least
1 — § the following statement holds. For all T > 0 we have that Algorithm([I] satisfies
CHI+ KD (1 + ||B*>2J*T2/3> |
(1= p.)10

Regret(T) < O ((” +p)

Here, the notation O(-) also hides o(T*/®) terms.

Our proof strategy works as follows. We first decompose regret by epochs as follows:

O(log, T') T; ) ) ) ]
Regret(T) = Z Z((x,(j))TQxS) + (u,(j))TRu,(;) —J),
=0 k=1

where :v,(f) denotes the state at the k-th timestep in the i-th epoch (and similarly for ug)). By
standard concentration of measure arguments, we can upper bound w.h.p. the per-epoch regret

ST (@) T Q) + ()T Rul” — 7, by its expected value plus a deviation term that involves the
norm of xéz). Because we constrain the impulse response coefficients of the SLS response {®,., ®,, }

in Algorithm [1} this allows to easily bound ||x(()i) |l w.h.p. again by using standard concentration
arguments. We then use the SLS machinery to quantify the difference between the expected cost
over the horizon T; minus J,, which yields that the regret incurred during epoch ¢ is bounded by
O(Ti(a.fbi /o2 + s?,l)J*), where &;_; is the estimation error, and the O(O’Zﬂi / ai) contribution is
the additional cost incurred from injecting exi loration noise. We then bound our estimation error by

gi = O((0w/ U,M-)Ti_l/ ?) using Theorem 3.2} Setting O'%A’i = 02T, *, we have the per-epoch regret
is bounded by (5(1}17& + ﬂl_(l_a)/ 2). Choosing o = 1/3 to balance these competing powers of 7;
and summing over logarithmic number of epochs, we obtain a final regret of O(T%/3).

The main difficulty in the proof is ensuring that the transient behavior of the resulting controllers is
uniformly bounded when applied to the true system. Prior works sidestep this issue by assuming that
the true dynamics lie within a (known) compact set for which the Heine-Borel theorem asserts the
existence of finite constants that capture this behavior. We go a step further and work through the
perturbation analysis which allows us to give a regret bound that depends only on simple quantities
of the true system (A,, B, ). The full proof is given in the appendix.

Finally, we remark that the dependence on 1/(1 — p,) in our results is an artifact of our perturbation
analysis, and we leave sharpening this dependence to future work.

3.2 Regret Lower Bounds and Parameter Estimation Rates

We saw that Algorithm achieves O(T 2/ 3) regret with high probability. Now we provide a matching
algorithmic lower bound on the expected regret, showing that the analysis presented in Section [3.1]is
sharp as a function of 7. Moreover, our lower bound characterizes how much regret must be accrued
in order to achieve a specified estimation rate for the system parameters (A, By).

Theorem 3.4. Let the initial state xo be distributed according to the steady state distribution
N (0, Py) of the optimal closed loop system, and let {u;};>0 be any sequence of inputs as in
Section[2] Furthermore, let f: R — R be any function such that with probability 1 — § we have

T-1

k=0
Then, there exist positive values Ty and Cy such that for all T > Ty we have

T
ZE [x;—ka + U;Ruk - J*] >
k=0

where Ty and Cy are functions of Ay, By, Q, R, 0120, and n. We note the specific form of Ty and C
are given in the proof.

(1 = ) Amin(R) (1 + owmin (K,)?) F(T — Tp) — Co

N =



The proof of the estimation error Theorem [3.2] shows that Algorithm [I] satisfies Eq. (3.1) with

f(T)=O(To ,277@(10g2(T))). Since the exploration variance 072771- used by Algorithmduring the i-th
epoch is given by 0727,i = O(02T~/3), we obtain the following corollary which demonstrates the
sharpness of our regret analysis with respect to the scaling of 7.

Corollary 3.5. ForT > Cy(n, 6,02, A,, B.,Q, R) the expected regret ofAlgorithmsatisﬁes

w

T
> E [ Qui + w Rug — 1] = Qmin(R)(1 + 0min (K,)?)T??) .
k=1

A natural question to ask is how much regret does any algorithm accrue in order to achieve estimation
error Hﬁ —A,|| <ecand||B - B,| < e. From Theoremwe know that Algorithmestimates
(A, B,) at rate O(T~/3). Therefore, in order to achieve ¢ estimation error, 7" must be (¢ ~3).
Hence, Theorem implies that the regret of Algorithmto achieve ¢ estimation error is O (e72).

Interestingly, let us consider any other Algorithm achieving O(T%) regret for some 0 < « < 1.
Then, Theorem suggests that the best rate achievable by such an algorithm is O(T —o/ 2), since
the minimum eigenvalue condition Eq. (3.1)) governs the signal-to-noise ratio. In the case of linear-
regression with independent data it is known that the minimax estimation rate is lower bounded by
square root of the inverse of the minimum eigenvalue (3.1). We conjecture that the same results
holds in our case. Therefore, to achieve ¢ estimation error, any Algorithm would likely require
Q(e72) regret, showing that Algorithmis optimal up to logarithmic factors in this sense. Finally,

we note that while Algorithm [1|estimates (A, , B,) at a rate O(T~1/3), Theorem 3.4|suggests that
any algorithm achieving the O(v/T) regret would estimate (A, , B, ) at a rate Q(T~/%).

4 Experiments

Regret Comparison. We illustrate the performance of several adaptive schemes empirically. We
compare the proposed robust adaptive method with non-Bayesian Thompson sampling (TS) as
in Abeille and Lazaric [4] and a heuristic projected gradient descent (PGD) implementation of OFU.
As a simple baseline, we use the nominal control method, which synthesizes the optimal infinite-
horizon LQR controller for the estimated system and injects noise with the same schedule as the
robust approach. Computational burden varies across adaptive methods due to differences in both
cost and frequency of controller synthesis; implementation details and computational considerations
for all methods are in Section G of the full version [[7]].

The comparison experiments are carried out on the following LQR problem:

1.0l 001 0
A, =001 1.01 001|, B,=1I, Q=10I, R=1, 04 =1. A.1)
0 001 1.01

This system corresponds to a marginally unstable Laplacian system where adjacent nodes are weakly
connected; these dynamics were also studied by [3}16,[18]]. The cost is such that input size is penalized
relatively less than state. This problem setting is amenable to robust methods due to both the cost
ratio and the marginal instability, which are factors that may hurt optimistic methods. In Section H of
the full version [7], we show similar results for an unstable system with large transients.

To standardize the initialization of the various adaptive methods, we use a rollout of length 7y = 100
where the input is a stabilizing controller plus Gaussian noise with fixed variance o,, = 1. This
trajectory is not counted towards the regret, but the recorded states and inputs are used to initialize
parameter estimates. In each experiment, the system starts from 2y = 0 to reduce variance over runs.

For all methods, the actual errors Et — A, and Bt — B, are used rather than bounds or bootstrapped
estimates. The effect of this choice on regret is small, as examined empirically in Section H of [7].

The performance of the various adaptive methods over time is compared in Figure[I] The median
and 90th percentile cumulative regret over 500 instances is displayed in Figure[Th, which gives an
idea of both typical and worst-case behavior. The regret of the optimal LQR controller for the true
system is displayed as a baseline. Overall, the methods have very similar performance. One benefit
of robustness is the guaranteed stability and bounded infinite-horizon cost at every point during
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Figure 1: A comparison of different adaptive methods on 500 experiments of the marginally unstable Laplacian
example in[d1] In (a), the median and 90th percentile cumulative regret is plotted over time. In (b), the median
and 90th percentile infinite-horizon LQR cost of the epoch’s controller.
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Figure 2: The addition of constraints in the robust synthesis problem can guarantee the safe execution of
adaptive systems. We consider an example inspired by demand forecasting, as illustrated in (a), where the left
hand side of the diagram represents unknown dynamics. The median and maximum values of ||z ||oc Over 500
trials are plotted for both the unconstrained and constrained synthesis problems in (b).

operation. In Figure [Tp, this infinite-horizon LQR cost is plotted for the controllers played during
each epoch. This value measures the cost of using each epoch’s controller indefinitely, rather than
continuing to update its parameters. The robust adaptive method performs relatively better than other
adaptive algorithms, indicating that it is more amenable to early stopping, i.e., to turning off the
adaptive component of the algorithm and playing the current controller indefinitely.

Extension to Uncertain Environment with State Constraints. The proposed robust adaptive
method naturally generalizes beyond the standard LQR problem. We consider a disturbance fore-
casting example which incorporates environmental uncertainty and safety constraints. Consider a
system with known dynamics driven by stochastic disturbances that are now correlated in time. We
model the disturbance process as the output of an unknown autonomous LTT system, as illustrated in
Figure2a] This setting can be interpreted as a demand forecasting problem, where, for example, the
system is a server farm and the disturbances represent changes in the amount of incoming jobs. If
the dynamics of the correlated disturbance process are known, this knowledge can be used for more
cost-effective temperature control.

We let the system (A, B,) with known dynamics be described by the graph Laplacian dynamics as
in Eq. @.I). The disturbance dynamics are unknown and are governed by a stable system transition
matrix Ag, resulting in the following dynamics for the full system:

0.5 01 O
xt—‘,—l — A* I 2t + B* Uy + 0 wy , Ad = O 05 O]. .
disn 0 Aq| |d 0 I 0 0 05

The costs are set to model expensive inputs, with Q = I and R = 1 x 1031. The controller synthesis
problem in Line §of Algorithm[I]is modified to reflect the problem structure, and crucially, we add a
constraint on the system response ®,.. Further details of the formulation are explained in Section H
of [[7]. Figure[2B]illustrates the effect. While the unconstrained synthesis results in trajectories with
large state values, the constrained synthesis results in much more moderate behavior.



5 Conclusions and Future Work

We presented a polynomial-time algorithm for the adaptive LQR problem that provides high probabil-
ity guarantees of sub-linear regret. In contrast to other approaches to this problem, our robust adaptive
method guarantees stability, robust performance, and parameter estimation. We also explored the
interplay between regret minimization and parameter estimation, identifying fundamental limits
connecting the two.

Several questions remain to be answered. It is an open question whether a polynomial-time algorithm
can achieve a regret of O(v/T). In our implementation of OFU, we observed that PGD performed
quite effectively. Interesting future work is to see if the techniques of Fazel et al. [9] for policy
gradient optimization on LQR can be applied to prove convergence of PGD on the OFU subroutine,
which would provide an optimal polynomial-time algorithm. Moreover, we observed that OFU
and TS methods in practice gave estimates of system parameters that were comparable with our
method which explicitly adds excitation noise. It seems that the switching of control policies at epoch
boundaries provides more excitation for system identification than is currently understood by the
theory. Furthermore, practical issues that remain to be addressed include satisfying safety constraints
and dealing with nonlinear dynamics; in both settings, finite-sample parameter estimation/system
identification and adaptive control remain an open problem.
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A Background on System Level Synthesis

‘We begin by defining two function spaces which we use extensively throughout:
RHoo = {M:C — C™™P| M(z) is rational , M(z) is analytic on D} , (A1)
RHo(C,p) = {M € RHo | IMIEK]|| < Cp*, k=1,2,...}. (A.2)
Note that we use S(C, p) to denote R (C, p) in the main body of the text.

Recall that our main object of interest is the system
Tp1 = Axy + Buy +wy,

and our goal is to design a LTI feedback control policy u = Kx such that the resulting closed loop
system is stable. For a given K, we refer to the closed loop transfer functions from w — x and
w — u as the system response. Symbolically, we denote these maps as ®, and ®,,. Simple algebra
shows that given K, these maps take on the form

®,=(:[-A-BK)™', &, =K(:I -A-BK)™". (A.3)

We then have the following theorem parameterizing the set of such stable closed-loop transfer
functions that are achievable by a stabilizing controller K.

Theorem A.1 (State-Feedback Parameterization [[19]). The following are true:

o The affine subspace defined by

@,

[z2I—A —B [q)u

1
] =1, &, P, € ;R?—Loo (A4)
parameterizes all system responses (??) from w to (x,u), achievable by an internally
stabilizing state-feedback controller K.

e For any transfer matrices {®,, ®,,} satisfying (??), the controller K = 'IJu‘I’;l is inter-
nally stabilizing and achieves the desired system response (??).

If K stabilizes (A, B), then the LQR cost of K on (A, B) can be written by Parseval’s identity as
Q1/2 0 ®,
0 RY?||®u

More generally, we will define J (A, B, K; 3) to be the LQR cost when the process noise is driven by
w "~ N (0, ). When we omit the last argument, we mean 02, = 1,i.e. J(A, B,K) = J(A, B,K; I).

In [6]], the authors use SLS to study how uncertainty in the true parameters (A, B,) affect the LQR
objective cost. Our analysis relies on these tools, which we briefly describe below.

2

2

:o’w

T
. 1
J(A,B,K;021) := TlgnOo TE I;a:ngk + u; Ruy,

Ha .
(A.5)

The starting point for the theory is a characterization of all robustly stabilizing controllers.
Theorem A.2 ([14]). Suppose that the transfer matrices {®,, ®,} € %RHOO satisfy

@,

[:I-A —B] {@u

} =I+A. (A.6)

Then the controller K = ®,® ! stabilizes the system described by (A, B) ifand only if (I +A) ™! €
RHoo. Furthermore, the resulting system response is given by

ﬁ _ E;ﬂ (I+A)'w. (A7)

This robustness result is used to derive a cost perturbation result for LQR.
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Lemma A.3 ([6]). Let the controller K stabilize (A\ E) and (P, ®,,) be its corresponding system
response on system (A, B). Then if K stabilizes (A, B), it achieves the following LOR cost

5 el i)

A=[As Ag] E;ﬂ . (A.9)

J(A,B,K) = (A.8)

Ho

Furthermore, letting

a sufficient condition for K to stabilize (A, B) is that | A3 < 1. An upper bound on | Al|3.. is
given by, for any « € (0,1),

~ AP,
1A < H[ e <1>] , (A.10)
Vi—a " U Hoo
where we assume that ||A — Ally < e4 and |B — Bl|3 < ep.
B Synthesis Results
We first study the following infinite-dimensional synthesis problem.
L 1 . Q: 0] [®,
minimize min
V€D T v, &, || 0 R |®u s
T 8| R _ P, v (B.1)
wias -afg]- (2] s

P, € %R’HOO(CM/)), P, € %RHm(Cu,p).

We will conduct our analysis assuming that this infinite-dimensional problem is solvable. Later on,
we will show how to relax this problem to a finite-dimension one via FIR truncation, and show the
minor modifications needed to the analysis for the guarantees to hold.

We now prove a sub-optimality guarantee on the solution to (??) which holds for certain choices
of € and the coefficients (C,, p,;) and (C, p,,). This result also establishes an important technical
consideration, which is when the problemmmm (??) is feasible.

Theorem B.1. Let J, denote the minimal LOR cost achievable by any controller for the dynamical
system with transition matrices (A, By), and let K, denote its optimal static feedback contoller.
Suppose that Ry, 1 g, k, € RHoo(Cy, ps) and that (wlog) p, > 1/e. Suppose furthermore that € is

small enough to satisfy the following conditions: B
eI+ 1K IDIRA 8.k e <1/5,
e(1+ K )0, <1 — p, .

Let (A, B) be any estimates of the transition matrices such that max{||A 4|, || Ap||} < e. Then, if
(Cyp) and (Cy, p) are set as,

. _ 00C
1 — ps
¢ _ OWIKC,
1—ps

p=(1/4)p. +3/4,

we have that (a) the program (??) is feasible, (b) letting K denote an optimal solution to (?), the
relative error in the LOR cost is

J(As, B, K) < (14 5e(1+ | Kl DR, 1B, 1, 1) o (B2)

12



and (c) if furthermore &(Cy + C,) < 2(1 — p,), the response {®,,
(A, B,) satisfies

«} of K on the true system

O(1)C,
(1= pa)?
OM)|I K [[Cx
(1= pe)?
Proof. The proof of (a) and (b) is nearly identical to that given in [6]], which works by showing
that ®, = Ry, 5, and @, = KR 3, g, is a feasible response which gives the desired sub-

optimality guarantee The only modification is that we need to find constants C,., C,,, p for which
Ri, 6k, € IRH o (Cy, p) and K, Ri, Bk, € LRH oo (Cy, p). We do this by writing

Riisx. = Rapr, (I —A)7", A= (As+ApK)Ra,1B.k, -
By the definition of A and our assumptions, we have that
A € RUoo(e(1+ [EulDCi p4) 5 Al <1
This places us in a position to apply Lemma ??, from which we conclude that
(I—A)' € RHo (O(1), Avg(ps, 1)) .
Now applying Lemma ?? to R4, 4 5, i, (I — A)~L, we conclude that

01)C,
NRiiek, € R ( 1(_) (1/4)ps +3/4) :
The claims of (a) and (b) now follows.

Now for the proof of (c). Let {®,., ®,} be the solution to (??). We have that
P P VTN P
8- ar aome saft]
We know that || A l#.. < 1 by the constraints of the optimization problem (??) and furthermore,

A € RHoo(e(Cr 4+ Cu), p) -
By assumption we have £(C,, + C,,) < 2, from which we conclude using Lemma ?? that

(I+A)" e RH (O(1), Avg(p, 1)) .
Furthermore, from Lemma ??, we conclude that

®,(1+A)"" € RHx (C ,3/4 4 (1/4)p )

3
P, € RHo ,T/8+ (1/8)p >

®, € RHo ( 7/8 4 (1/8)p >

*

~ Cy
O, (I+A)" e RH ( ,3/4+ (1/4)p )
The claim now follows by plugging in the values of Cw, Cu, and p. O

B.1 Suboptimality bounds for FIR truncated SLS

Optimization problem (??) is convex but infinite dimensional, and as far as we are aware does
not admit an efficient solution. In Algorithm [I] we instead propose solving the following FIR

approximation to problem (2?):
Q 1/2 0 P,
0 RY?||®u

1
min
~ [®, 1
st.[zI-A -B] {‘I) } =I+ 5V

IHIHIIHIZG,YE [0,1) 1

- ’Y Py, Pu,V Ho

V2e

7TPF+1 <7 (B.3)

B,

?,
1 1

IVlla < Cop™", @x € “RHUL(Ca, p), ®u € “RHL(Cusp) -

where here F' denotes the FIR truncation length used. This optimization problem can be posed as a
finite dimensional semidefinite program (see Section ??). Let K(F') denote the resulting controller.
We begin with a lemma identifying conditions under which optimization problem (??) is feasible. to
ease notation going forward, we let ¢ := (1 + || K4||2)[|Ra, +B, k. || 1. -

L—LM
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Lemma B.2. Let the assumptions of Theorem ?? hold, and further assume that
log(2C;)

h > ot
log(1/p)
Then optimization problem (??) is feasible for any F' > Fy,.

Proof. We construct a feasible solution as follows. Let ®, = Rz g, (1 @ F), &, =

KRz g (1:F), V=R g (F+1),andy =3 M . First, the proposed (®,,, ®,,) are FIR

of length F', and hence, using the same arguments as in the proof of Theorem 22, @, € RHOO (Csz,p)
and ®, € RHE (C,,p). It then also follows immediately that ||V ||, = ||ERA+BK* (F4+1)2 <
Cppt+t.

Note that the affine constraint
—~ ~ [P 1
— — =14+ — B4
[2I - A —B] LI,J +FV (B.4)
is equivalent to
D, (t+1) = AD,(t) + BD,(t), P.(1) =1,

for 1 <t < F. We have by construction that the proposed ®,, and ®,, satisfy this constraint. Further,
the combination of the FIR constraints and the affine constraint (??) impose that

D, (F +1) = AD,(F) + BD,(F) -V = 0.
Now notice that for the proposed (®,,®,), we have that ﬁ(bx(F) + E@U(F) = (ﬁ +

BK,)R irBr,(F) = R i1 Bk, (F + 1), where the last equality follows from the fact that

Ripr, (t+1)= (A + BK,). It follows that &, (F + 1) = 0, as desired.
L2V

=l
)|, S1-¢*

The final inequality follows immediately from the assumption that ¢ < 1/5. Further, note that
V2e Dy < 2v/2e RiiBk, 2\[C
1= Cypttt Py Ky 9%AJrBK* Ho 1 -¢’

where the first inequality follows from the assumption on on Fj and that the proposed ®, is a

truncation of R 3, 5, and that the proposed ®, is a truncation of K, R 3, 5, . and final inequality
follows by applying the triangle inequality and the definition of (. This proves the result. O

It remains to prove that

V2e
1 — CypFtl

Hoo

Next, we use this to bound the suboptimality gap of the performance achieved by the controller
implemented using the solutions of optimization problem (??).

Lemma B.3. Let the assumptions of Lemma ?? hold. Fix any C'y > 0, and further let
P log((1+C;1Cy)
log(1/p)

Denote by (®,(F ) W(F), V(F),~(F)) the optimal solution to optimization problem (??), and let
K(F)=®,(F)®_'(F). Then

J(Ax, B, K(F)) < (14 Ch2(1+O0M)e(l + | Kull2)1Ra, + B, 1, [1720)* T (B.5)

—1.

Proof. Let

-1
®,(F) 1
0 a2 ] (e
Further note that using a similar argument to that in the proof of Lemma 4.2 of [6]], one can verify that

R ¥
1Bl < =Gt | |22

<(F),
Hoo
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where we have exploited that (®,.(F), ®,,(F), V(F),y(F)) form a feasible solution to optimization
problem (?7?).

Then, repeated application of Theorem ?? tells us that the performance achieved by K (F') on the
true system is given by

V(A B K(F)) = H[Qé 0] [3@] (I+ ;Fv(F))_1 (I+A)

< amim |5 o) (6

Ha

where the inequality follows from || Al < v(F) < 1, and ||V (F)|» < 1/2 (by the assumption
of F > I,

Denote by (®,,, ®.,, V, o) the feasible solution constructed in the proof of Lemma ??. Then,

1 1 Q: 0] [®.(F) 1 1 Q: 0] [®,
L=CopP T T—~(F) [[L 0 RE] [Bu(E)]|[, ~1=CopFil—no L0 Rz]|Pu]],
1 1 —
- l_prF-‘rl 1—'}/0 JF(A7B7K*)
1 1

J(A\7 E? K*)

<
-1 _Cpr—i-l 1 — 7

1 1 1
< VvV I,
ST o1V

where the first inequality follows from the optimality of (®,(F'), ®,,(F), V(F),v(F)), the equality
and second inequality from the fact that (®,,, ®,,) are truncations of the response of K, on (A, B) to
the first F' time steps, and the final inequality by following similar arguments to the proof of Theorem
4.1 in [6] in applying Theorem ?? and noting that

for s

9‘{2+1§K* ]H <(<1.
DRarer |y ~

‘We therefore have that

1 1 1 1 1
J(A. B K(F) < T, <(+C — 7.
VI () 1= Cppf 1 —71-¢ (a+ J)l—Wol—C

where the last inequality follows from the assumptions on F stated in the Lemma. Finally, by

assumption ¢ < 1/5 < .8(1 + 2v/2)71, from which it follows that (1 — o)1 (1 — ¢)~! < 14 20¢,
leading to the bound

V(AL BLK(F)) < (14 Cy)(1+200)/ ..

Squaring both sides proves the result. O

The following Theorem is then immediate.

Theorem B.4. Let J, denote the minimal LOR cost achievable by any controller for (A, By). Let
K, denote the optimal controller and suppose that R4, +B, k, € RHoo(Cx, ps). Fixa Cy > 0, and

~

suppose that Fy and ¢ satisfy the assumptions of Lemmas ?? and ??. Let (A, B ) be any estimates of
the transition matrices such that max{||Aa||, ||Ag||} < e. Then, if (Cy, p) and (Cy, p) are set as
in Lemma ??, we have that (a) the program (2?) is feasible for any truncation length F' > Fy, (b)
letting K(F') denote an optimal solution to (??) for truncation length F, the relative error in the
LOR cost is

J(As, B K(F)) < (14 Cy)*(1+ OM)e( + | Kull2) R4, + 5. 1. 192.0)* s (B.6)
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~ 1)C,
D, € RHoo <(O( )€ ,.999 + .001p,

and (c) if furthermore £(Cy + Cy) < O(1)(1 = p,)2, the response {®,, ®,,} of K on the true system
1—p.)3
WK 20

(A, B,) satisfies
)
(1—=ps)? ) '

Proof. Claims (a) and (b) follow immediately from Lemmas ?? and ??.

Now for the proof of (c). Let {®,.(F), ®,(F)} be the solution to (??). Then as argued in the proof
of Lemma ??, the response achieved on the true system (A,, By) is given by

S ) s

where A is defined as in the proof of Lemma ??.

We start by noting that ®,(F) € RHo(Cy,p), and by the assumption on F > Fp, it
holds that 2= PV (F) € RHo(2,p'/?). This allows us to apply Lemma ?? to conclude that
(I+2"FV(F)™' € RHw (O(1)(1 — p'/2)~1, Avg(p/2,1)). Thus, applying Lemma ?? we
conclude that

&, (F) (1 + ZlFV(F)>1 € RHo (

A similar argument yields

P, (F) (I + ZlFV(F)) - € RH oo (Oﬂ)lc/Q,Avg(Avg( 12 1), 1)) .

P, € RH ( ,.999 + .001p,

%7Avg(Avg( 12 1), 1)) .

Now note that N
A= (A2, (F)+ApPy(F))I + ZﬁFV(F))il

From the previous argument, we have that

ome,

(51 pl/2’

Ap®, (F)YI+ 2 FV(F) ™' € RMoo Avg(Avg(p*/?,1),1)
0(1)C,

5171/27A g(Avg(p 1/27 1),1)

Ap®,(F)I + 2 FV(F)™ € RHo

)

)
)

from which it follows that
~ omn(Cy +C,
A e RH (EW,Avg(Avg(pl/Q, 1), 1)) .
-P

By the assumptions of the Theorem, we have that EW < 2, allowing us to apply Lemma ??

to conclude that
(I+A)" € RHo (O(l),Avg(Avg(Avg(pl/Q, 1),1), 1)) .

Applying Lemma ??, we see that

@, (F)I +2TV(F)"' (I +A)™ € RHo (O(l)IC/Q,Avg(Avg(Avg(Avg( 121),1), 1)1)>

@, (F)I+zFV(F) 'I+A)" € RHo <0(1)§2 Avg(Avg(Avg(Avg(p'/?,1),1), 1)1)>

Finally, to simplify these bounds to those in the Theorem statement, notice first that for p > .4, we
have that (1 — p'/2) > (1 — p)2. Then, we also have that

31 1 31 11 3
Avg(Avg(Avg(Avg(p/?,1),1),1)1) = = + —p*/? = s /2,
ve(Avg(Ave(Ava(p"/%, 1), 1), 1)1) = 5 4 =2 = g (ot )
Finally, one can check that for p, > .4, we have that (p. + 1)1/2 < .95 + .05p,, leading to the
bound 31 1.1 3 31.95 .05
ST VI =, < .999 + .001p,.
3 T3t )T S Ty g = 9994 001y
We note that these constants are by no means optimized. O
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C Estimation
Recall that Algorithmlproceeds in epochs and that we denote by argi) and u,(f the state and input

at time ¢ during epoch i, respectively. The i-th epoch has length 7;. Note that z(z) the last state of

epoch ¢, is equal to x(() G ), the first state of epoch ¢ + 1.

At the end of each epoch our method estimates the parameters (A, By ) from the trajectory observed
during that epoch, i.e.

Tl
(A,B) € argmln Z f|| t+1 - sz(t 2 Bugz)H%. (C.1)

The goal of this section is to offer high probability confidence bounds on the estimation error of
(??). For the rest of the section we suppress the dependence on the epoch index i because we prove a
statistical rate for a fixed epoch.

Algorithm|[I] generates the inputs u, using a feedback controller K which stabilizes the true system
(A, By). Let {®,, ®,} denote the response of K on the true system (A,, By), and suppose that

D, € L1RN(Cy,p) and @, € LRH o (Cly, p). More precisely, if w; N0, 02 1,) is the process
noise at time ¢ and 7, AN (0, 0727],,) is the input noise added at time ¢, then we can write

t—1

2= Dyt + wo + > Dyt — k) (Bumk + wi) (C.2)
k=0
t—1
up =+ Put+ 1)zo+ Y ult — k) (Bugk + wy). (C3)
k=0
For the statistical analysis it is useful to consider the stochastic process z; = [z ,u/]". Also,
we denote the filtration F; = o(xo, 70, Wo - - - , Mt—1, We—1, 7). It is clear that the process {zt}t>0

is {]—'t}t>0 -adapted. Throughout this sectlon we assume that C,,C, > 1 and denote 02 =
nC; + pC.

C.1 Estimation after one epoch

Throughout this section we assume that o,, < o,. This condition is not needed for achieving the
necessary statistical rate of estimation of (A, B), but it aids in simplifying several algebraic quantities.
Proposition C.1. Let xo € R" be any initial state, let 0,, < o, and assume that a trajectory
{(ws,us) Yi=g! is observed. Furthermore, suppose the inputs u; € RP are generated by a feedback con-
troller K which stabilizes and achieves a response {®,, ®,} on (A, B.) with ®, € 1RH o (Cy, p)

and ®,, € LR H o (Cly, p). Then, the error of the OLS estimator (ﬁ, B ) from Eq. ?? satisfies with
probability 1 — § the guarantee

A=A, UwCu (n+P) pCu O-wM 1 ||$0||2
max{nB Bn} o \/ R G +an6(1—p) 1B H+ow\/:7 ’

as long as

pCy | au p°CiCk 2, [[zoll3
> 1 T~u 7107 . R
TN(n-l-p)log( + 5 + %5( ) 14 ||Bs]|* + 2T (C4)

The proof of this result follows from a result by Simchowitz et al. [[17]] on the estimation of linear
response time-series. We present that result in the context of our problem. Let M, = [A,, B,], and
recall that z; = [z, , v, | ". Then, the OLS estimator (??) can be written in the form

T-1
—~ ) 1
M € arg min Z §||act+1 — Mz|3. (C.5)

t=0
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The process {z; }¢>0 is said to satisfy the (k, v, 8)-block martingale small-ball (BMSB) condition if
forany j > 0 and v € R™"P, one has that
1k
p ZP(|<U7Z]‘+Z‘>| > v) > 8 almost surely.
i=1
This condition is used for characterizing the size of the minimum eigenvalue of the covariance matrix
tT;OI 22, . A larger v guarantees a larger lower bound of the minimum eigenvalue. In the context
of our problem the result by Simchowitz et al. [[17]] translates as follows.
Theorem C.2 (Simchowitz et al. [17]). Fixe,d € (0,1). Forevery T, k, v, and 8 such that {z; }+>0
satisfies the (k,v, 3)-BMSB and

T-1 T
TS n+p10g 14 2et=0 Tr(Ezz, ) ’
k|~ k[T /K] 32020

the estimate M defined in Eq. ?? satisfies the following statistical rate

— 1 T Tr(Bzz]
P 15 = My > Qw1 AP log<1+ =0 Utzt)) <.

Bv \| k[T/k] k|[T/k| 2026

Therefore, in order to apply this result we need to find k, v, and 3 such that {zt}@o satisfies the
(k, v, 8)-BMSB condition, and we also have to upper bound the trace of the covariance of z;. The
next two lemmas address these two issues.

Lemma C.3. Let x be any initial state in R™ and let {u; }+>o be the sequence of inputs generated
according to (??), and assume o, < 0.,. Then, the process z; = [z ,u]]" satisfies the

3
(1, %, 20) BMSB condition.
Proof. Forallt > 1, denote

& =up —np — Py (Dwp—y

t—2
= B, (t+ Dwo+ > Dt — k) (Burp + wg) + @u (1) Bamp1.
k=0

Therefore, we have
Ti41 _ A*xt + B*ut + In 0 Wi
Utt1 §tt1 Q,(1) Ip| M1’

Tt41 |]_—- ~ N Ayry + Byoug Uﬁjln U,?U(I)u(l)T
Uppr| 7 t+1 oz (1) oL@l (1)@,(1)T +021,] )"

w
Denote by p; and X, the mean and covariance of this multivariate normal distribution. Recall that
we denote z; = [z ,u,]T. Letv € R"*P and then (v, 2;) ~ N'({v, j1- +), v X, v). Therefore,

P (|(v,zt)| > \/)\min(Zz)) > P (|(U,zt)| > \/UTsz)
>P (|<v,zt — )| > \/UTEZ’U> > 3/10,

where the last two inequalities follow because for any 1, 02 € R and w ~ A (0, %) we have
P(lu +w| > 0) > P(lw| > 0) > 3/10.

and hence

Since @, € 1RH oo (Cy, p) we have ||®,,(1)|| < C,. Then, by a simple argument based on a Schur
complement (detailed in Lemma ??) it follows that

Amin(X2) > 02 min 1L ow
min z — n 2720_3103—’—0'72] .

The conclusion follows since C', > 1. O
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Lemma C4. Let 0,, < 0y, Then, the process z; = [z ,u; | satisfies
-1 212 2
Z T 2 2 P CKT 2, llwoll3
=0 Tr (Ezezy ) < el o (1—p?) (1 FIB™ 02T )

Proof. Now, note that

.
T_ [P (t+1) T [®a(t+1) 0 0
B2z = o, + 1) %% |o,+1)| T o o2,
t—k D,.(t—Fk
Etf kﬂ (02B.B, + oo 1) [@ugt - kﬂ :
Since for all j > 1 we have ||®,(j)|| < C.p’ and ||®,(5)| < C.p?, we obtain
t

TrEzz < pol+ (nC2 + pC2) (pz’f“:col% + (05, + on || BI?) Zp”“)
k=1

Therefore, we get that
T-1
Z TrEztth < pogT + 1
t=0

2
1—p2?

p*T
(nC3 + pC3) (o, + apl| Bul?) +

- (nC2 +pC2) ol3,

and the conclusion follows by simple algebra. O
Proposition ?? follows from Theorem ??, Lemma ??, Lemma ??, and simple algebra.

C.2 Stitching the epochs together

We start by bounding with high probability the size of the initial states of the epochs. Recall that
epoch ¢ has length 7; and that we denote by :17751) the last state of the epoch ¢, which is equal to the

first state x(()iH) of the epoch ¢ + 1. For simplicity we assume that xéo) = 0, an assumption that is
not restrictive in any way.

Lemma C.5. Fix§ € (0,1), r > 0, and an epoch i. Assume that for all k < i the epoch length Ty, is
large enough so that C,p™ < p". Then, for any t > 0 we have

ey o e G B (8
P (1§l 2 ou(vi+ 0 LB ) <o (1),

Proof. From Eq. (??) we have that

T;—1
gt = DT+ ey + Y T — 1 - §)(Buyy + ),
=0

&i
where we denoted the sum over disturbances during the epoch ¢ by &;. Therefore,

i+1 A 3
252 < Cop™il|25l2 + 1162
< 25|z + 1€z

<Pk ]lo
k=0

By definition &, is a zero-mean multivariate Gaussian random vector with covariance

Tr—1
Sek =y OWN(Th —1—j)(oF, + 02, BB )W (T, — 1 )7,
=0

19



whose top eigenvalue is upper bounded by

> CHok 4+ 02 kBT < (o2 + 02 1B T
=0 R
C2p?
<on(L+B.P)5 _’; 5 (C6)

where the last inequality follows because o, 1, < 0.

Then, we can write || |2 as ||Ei/ ,f wp||2, where wy, is a standard Gaussian random vector distributed

according to V' (0, I,,), and hence ||&;||2 is a Lipschitz function of w; with Lipschitz constant equal

to squared root of (??). Hence, Hxél) ||l2 is a Lipschitz function of standard normal random variables
with the Lipschitz constant

\/02 (L+|1B.]12) €207

Yo l—pr  1—p?
By the concentration of Lipschitz functions of isotropic Gaussians, for v > 0, we have that

- - 21 )1 o)
]P’( GO > B0 < _ :
lzog M2 > Ellzg ™ ll2 + V) < exp 202 p2(1 + || B,|]2)Cs

By Jensen’s inequality we have that

i+1 it+1 (i
Ellof ™)z < VE[2§ V13 < ([ D o0 Tr (R
k=0

B 2
— w 1— pr 1 _p2'

The conclusion follows. O

We are now ready to prove that the statistical rate holds across epochs. In order to achieve this, we
need the statistical rate after the first epoch to be small enough to satisfy the feasibility constraints on
¢ given in Theorem ?? for the IIR case and given in Theorem ?? for the FIR truncated case. Once
this occurs, we immediately have feasibility at the next epoch (w.h.p.), and iterating the argument
gives us recursive feasibility (w.h.p.).

Theorem C.6. Fixa § € (0, 1). For the IIR case, let C,., C,,, p be defined as

0(1)C,
Cm = 77 N9
(1 —ps)?
O)[| K ICy
0, = T
(1= p.)?

p=(1/8)p. +(7/8),
and for the FIR case, let Cy, C, p be defined as

oO(1)C,
o
(1= p)?
O(1) || K.]|Cx
O, = S MEA
(1—ps)?

p =0.001p, +.999 ,

where (Cy, p,.) are as defined in Theorem ?? (resp. Theorem ??), and suppose (wlog) that C;, > 1
and C,, > 1. Let the length of epoch i € {0,1,2,...} be T; = Cp2" time steps and let the injected
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noise variance at epoch i be 072]724 = 072”2_1'/ 3. Suppose the constant C is large enough to satisfy the

following inequalities,

S log(2C;)

c7

= og(1/5) ©D

2— < ( >> foralli=0,1,2, ..., (C.8)

- (n+p) pCy i3 PPCaCEk (C2(+|1B.)?

0r 2 3o (14 0722 72 P (SEHEE ) ) o)
foralli =0,1,2, ...,
2 2

Op 2 0D CulCs + Cu) (C.10)

~  92i/3 (1 _ p*)(x

Cu
xlog(1+(i+1)p i o,

foralli=0,1,2,

4y 2O (CULLIBDYY

where above o = 2 for the IIR case and o = 4 for the FIR case. Then, with probability 1 — §, the
following two statements hold. First, for all epochs 1, the norm of the first state at the beginning of
each epoch satisfies

1252 S 0w <\/ﬁ+ log (l + 1)) CapL+ | Bull) (C.11)

0 1—p?

Second, for all epochs 1, the OLS estimate (A( B® ) satisfies the statistical rate

max{HB() BH} \/T log |1+ (i+1) 3 +(2+1)0n,i 50— 7

I—p
(C.12)

On,i i

Proof. For this proof, we set r = log(2)/log(1/p).

By Theorem ?? for the IIR case and Theorem ?? for the FIR case, we know that the true responses
{®,, P, } of the synthesized controllers K; on (A,, B,) at every epoch satisfy @, € RH . (Cy, p)
and ®, € RH oo (Cl, p).

Because of the assumption (??) on C we have C,p’* < p". Therefore, we can apply Lemma ??

with #2 = log(O(1) (i + 1)2/6) to obtain that with probability at least 1 — §/2 the norm of z{” for
all epochs i satisfies

12512 S 0w <\/ﬁ+ log (z * 1)) Cap(L + ]| B

6 (L=p)(1—p?)
Furthermore, by the assumption (??) on Cr we have that with probability at least 1 — 6/2,

e 13 _ C20+ [1B.)?
oxl; = (1-p)?

Our assumption (??) means that condition (??) is satisfied for each epoch ¢ and therefore under
the assumption the SLS program is feasible at every iteration, we can invoke Proposition ?? with
§ = O(1)§/(i + 1)? and reach the desired conclusions.

To show feasibility of the SLS at every epoch, Theorem ?? for the IIR case requires that

. 1 — Px
e(i) < O(l)ﬁ )
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and Theorem ?? for the FIR case requires that

. (1 - p*)2
e(t) <O(1)—F—,
() < o)
A _ . e
where ¢(7) is our statistical upper bound on the errors max {‘Il\%“)*%l}ly}' This condition is ensured

by our assumption (??) on Cr. O

We now remark on the satisfiability of the constrain_ts on Cr given by _(??), (??), and (??). For (2?)
and (2?) (resp. (22)), the RHS grows like poly () /2" (resp. poly(i)/2%"/3) and hence the supremum
of the RHS (as a function of 7) is achieved for some finite 7. Therefore, we have that C'r- satisfies in

the IIR case
~ 1 Ca(1+ || KD
C’T:O<max{1_p*,n,(n+p) A=) })
_ 5 Cy(1+ K. )*

and that C'7 satisfies in the FIR case

Px (L —p)to
=0 ((n—i—p)W) . (C.14)

D Regret Decomposition and Analysis

We use the following regret decomposition, and for simplicity we assume that 7" is such that
To+T1+ ...+ Tg_1 = T for some E. Note that £ = O(log, T').

T E-1 T,
Regret(T) = Z(xZka +uy Ruy, — Jy,) = Z Z(JCLQJJW- + quRum -J). (@O
k=1 i=0 j=1

Here, we let z; ; denote the j-th state at the i-th epoch (and similarly for u; ;). Our definition of
regret is defined for a given realization, as opposed to in expectation. However, in our analysis so far
we have considered sub-optimality guarantees in expectation. Hence, our first concern is going from
a realization to expectation.

Denote by Jr (A4, B, K;X) the expected cost incurred by a (stabilizing) feedback policy K over a

finite horizon T on system (A, B) being driven by process noise w N (0,X) and starting from an
initial condition of z¢ = 0, i.e.,

T
Jr(A, B, K;X) := > E [] Qui + uj Rug] . (D.2)

=1

Recall also that J(A, B, K; X)) is the infinite-horizon LQR cost of K in feedback with (A, B). We
now state some basic properties of Jr and J. We omit the proofs of these properties as they are
standard.

Lemma D.1. The following are true

(i) Jr(A,B,K;%) <TJ(A,B,K;Y),

(ii) J(A,B,K;X1 + 33) = J(A,B,K; %) + J(A, B, K; %5),
(iii) J(A,B,K;aY) = aJ(A, B, K;X) for a > 0,

(iv) J(A,B,K;X1) < J(A,B,K; %) if 1 < Xo.
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From these properties, we immediately conclude that
2 2T ‘772/ 131> 2
Jr(A, B, K;0,l +0,BB") <T |1+ ——— | J(A, B, K;0,1), (D.3)
O-’UJ

a fact we will make use of later on.
The following lemma relates the finite horizon cost to its expectation.

Lemma D.2. Let K be a feedback policy that stabilizes (A, B) and that induces system responses
D, € RHo(Cy, p) and @, € RHoo(Cy, p). Suppose that the system (A, B) is started at xo = x

and is driven by process noise w " N'(0, $) with ¥ > 0 and ||S|| < o2. Then with probability at
least 1 — % over the randomness of the process noise,

T
Z;L{ka +u, Ruy < Jp(A,BK; %)+ C,.- O <||:17||§ + 02(y/nTlog (2) +log (?))) ,
=1

(D.4)
for Ce:= (1= p)~(|QICZ + | RICF).
Proof. Writing ®, as ®, = Y7, ®,(k)z~*, we define the following finite-horizon truncations of
its block-Toeplitz representatlon
®,(2)
<I)m T -— : @mﬁ» = .
O,(T) ... @) .+ 1)

We let @, 7 and ®,, 7 4 define similar matrices for ®,,. Using these definitions, we can write

T T

My M
D wf Qa -+ uf Rux = m {Mﬁ M;ﬂ m
k=1

for
ST=[ug wl . wf)

- - T - - - -

M _ q’x,-&- Q q’x,+

U@ R| | ®Pu+

- - T - - - -

Moo — | Bot| |€Q @, 7

12= P, . R| | ®ur

- - T - - - -

Moo — @w T Q (}x,T
2= (I)u T R (I)u,T ’

where Q := blkdiag(Q) and R := blkdiag(R) are block-diagonal matrices of compatible dimension.
With these definitions, one can then check that Tr Masblkdiag(X) = Jr(4, B, K; X).

Finally, given that ®, , ®, 7 are sub-matrices of the block-Toeplitz representation of ®,, it follows
that max{||®, 1 ||, | Pz 7|} < |Pullr., < 10 where the last 1nequahty follows from Lemma ??.
Similarly, we have that max{||®, +||, || ®u, . The result then follows by
using these bounds, noting that w ~ N (0, blkdlag(E)) and applylng Lemma ?? with the inequality

1M F < y/rank(M)||M]| < \/max(ny,ns)||M|| for an ny x ngy matrix M. O

We now proceed to prove our main regret upper bounds, for both the IIR and FIR case.

Let Es,; denote the event that the conclusions of Theorem ?? hold up to and including epoch 7. Let
{®; »}i>o0 and {®; ,, };>0 denote the closed loop SLS responses on the true system (A,, B, ). When

23



Eest,i holds, Theorem ?? in the IIR case and Theorem ?? in the FIR case state that uniformly for all
epochs ¢ we have

B, € RH(C,p), ®in € RH(|K.|C,P),
for
o1,

(1 - ,0*)2 ’
p="1/8+(1/8)p.,

6:

in the IIR case and
O(1)C,

(1—p,)3 7
= 0.999 + 0.001p, ,

@)
Il

QU+ R K. [)C?
=7

in the FIR case. For ease of notation, define 62 = =7

Now fix an epoch ¢ > 1 (the epoch ¢ = 0 will be dealt with separately) and let K; denote the
controller that is active during epoch i. We invoke Lemma ?? conditioned on & ; and z; ¢ with
6+ O0(1)8/(i+1)%, % « 021402 BB/, Cy + C, Cy + ||K,||C, and p < p. The conclusion
is that with (conditional) probability at least 1 — O(1)d/(i + 1)2,

T T
E $i7kQ$i,k + umRui,k
k=1

< Jr(A, B Kool + 07 ,B.B])
+ C20 (Jl2ioll3 + (o2 + 02| Bal2) (v/nTs1og (i +1)/3) + log((i + 1)/9)) )

2
gn-( +””> J(ALBL Koo )

C2p*(1 + || B.I))*
(1-p)?
+ (0%, + oy i BullP) (/T log((i + 1) /8) + log (i + 1)/5))> ~

+ 6’30(0120(11 +log((i+1)/9))

For the second inequality, we used the bound (??) and the bound on ||z; o||2 from (2?).

Furthermore, (??) and Theorem ?? in the IIR case (Theorem ?? in the FIR case) tell us that on Eqg; 4,
we have the sub-optimality bound

J(Ae B Koy D) < (14 Co L )P (1+ OWima (L [ KD IR a5, 1. 170.)*
L (au,|K*||6 n+p> .

On,i T;

Above, in the IIR case, we set C'y, = 0 for all 4, and in the FIR case we choose Cj, = 1/ 2i*1 . Since
Cj, <1, we have that (1 + C,)? < 1+ 3C},. Recalling that o, ; /0., = 27"/ and that T; = Cr2’,

we simplify £; = O <||K*||6' ”C—J;Z"2_i/3) = (9( Dy 2" i/3) which gives us

(1 +0M)ei1(1+ [IKD IR A 5. 1. [172.0)?

~ D D2 )
=146 (04 IR i [ 2+ GHO+ 9, 27
Do , D2 )
— 1_|_O 2—1/3_|_ 22—22/3) .
<\/CT Cr
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This means that

(71271'”B*H2
Li\1+ ———— J(A,, By Kl,O'wI)
o

w

<T (14+273B,]12) (1 +3C 140 (P2 g-in D—ngzi/k?’ J
> 1y + || *H ( + Ji—l) + \/@ +CT *

<1 (146 (= Yoo (24 BB gon y DB, ),
+O((1+ | B*)(Cr + D2y/Cr + D3).J,)

= TpJ, + O(V/CrDs + Cr || B.|[2).1,2/* + O(D + v/CrDa| B, |[?).1,2
+O((1+ | B.]I*)(Cr + Day/Cr + D3) ) .

Hence,
T;

Z(zIkaz,k + quRui,k —Jy)
k=1

< O/ CrDy + Cr||B,||?) .22/ + O(D3 + \/CrDy|| B, ||?) 213

2 2 2(1 B, 2
+O<C’Co’wn0( + || B4])) >+(’)C’2 2 /nCr2i/?) + O(C202 || B,||* \/nCr2i/%)

(1-p)?
+ O(Cr22(1 4 | B.|1?) + O((1 + | B.|*)(Cr + Don/Cr + D3)J,,) .
On the other hand, when epoch ¢ = 0, we have that

T
> 24, Quok + ug  Ruo i < Jr(Ay, B, Ko, 001 + 0, BB ) + O(Clar, (1 + ||B.]|*)v/nCr)
k=1

< Cr(1+ | B.]*)J(As, Bo, Ko, 021) + O(C202 (14 || B.||*)/nCr) .

Summing over all the epochs,
O(log, T) T,

Regret(T Z Z lexlk+ulkRuzka)
i=0 =

\/OTDz + Cp||B|?) J.T??) + O(C?02 \/nCrT'/?)
+ O(D2 4+ \/CrDs|| B, |*J.T"3) + O(C%62 || B,||*/nCrT/)
A2 2 A2 2
Lo [ GeounC (1A+2||B*II)

(1-p)

+O((1+ | B.|*)(Cr + D2v/Cr + D3)J,)
+O(C202 (1 + || B.|*)v/nCr) + O(Cr(1 + | B.VT) .
Using the bound on C'r from (??), recalling that

= Vn+pENCOA+ [[KDIIR A, + 5. &, 7o

and ignoring the o(T2/ 3) terms in the regret bound, we have that the regret is bounded by in the IIR
case

& (<n D) %asnr

Cr(1+||B.]1*)J (A, Bx, Ko, 07, I))

CA+ KD S o Co(+ KD BP?

St TR 205 4 (n 4 p) =22 5, T3
= p.r B (s

By using Lemma ??, we have that [|Ra, 1 5, k, [|[ 1., < 1€; ;

simplifies to

CHU+ KD (1 + |1 B.1)* ).

o (40 (=L
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Now for the FIR case, we use the bound (??) and ignoring the o(7'%/3) terms, the regret is bounded
by

CIA+ KN | o CrH1+ [ K ) IB.?
o VLT 4 (n4p) == * g3 )
(= pol R

Using the same bound on ||R 4, 1 B, k, ||, as before, we obtain the FIR regret bound

O ((n-H?) G+ ||(11<*_||)p*()11: 15.) J*T2/3> .

9} ((n +p)IRa, 18, K. e

E Lower bound

This section is dedicated to proving Theorem 3.4} Throughout this section we assume the following
setup and notation. We consider the LQR problem defined by

min E
UQ, UL 5o, UT —1

T-1

&y Prr + Z u, Ruy + :zrtTth] ,
t=0

S.t. Ti4+1 = A*Jﬁt + B*Ut + wy.

where u; is allowed to be any random variable taking values in R? that is independent of the sigma
algebra o (w¢, wi41, .. .). In particular, u; can be a measurable function of zq, wo, w1, ..., Wi_1,
and possibly other exogenous randomness.

We assume that () and R are both positive definite matrices. Throughout this section we denote by P
the solution to the discrete algebraic Riccati equation:

P,=A"PA-A"P,B(R+B'P,B)"'B"P,A+Q.
Moreover, we denote by K, the optimal controller for the infinite horizon LQR problem, namely
K, = —(R+ BTP,B)"'BTP,A. Hence, the optimal closed loop matrix is given by M =
A, + B, K,. Throughout this section we assume that the system (A, B) is controllable and hence
p(M) < 1. Therefore, there exist C' > 0 and p € (0, 1) such that || M*||y < Cp* forall k > 1.

The initial state z for the LQR problem defined above is assumed to have distribution N'(0, Py, ),
where P is the unique solution to the Lyapunov equation

Py = (A, + B.K,)P (A, + B,K,)" +0°1,.

The distribution A (0, P..) corresponds to the stationary distribution of the optimal closed loop
system 2411 = (Ax + By K, )2y + wy. In particular, if z; ~ N (0, Ps), then x4 11 ~ N(0, Pso).

We consider the objective
T—1

JT(V(), Vlyeuny VT—I) =E J};P*Z‘T + Z U:Rut + .’II;FQ.’IIt 5 (El)
t=0

where u; = K, x; + v, for the optimal controller K. Then, since the terminal cost is given by P,
we know that the minimum of objective (??) over v, v1, ..., v7_1 such that v; is independent of
o(wg, wi1,...) is achieved when all v, are identically zero. The random variables v; should be
thought of as deviations from the optimal inputs K, x; for the infinite horizon LQR. Finally, since
xo ~ N (0, Py ) we have that the optimal objective value is J5 = Jr(0) = TJ, + Tr(P,Px),
where J, = o2 Tr(P,) is the optimal objective value of the infinite horizon LQR.

The proof of Theorem 3.4]follows an argument inspired from the field of strongly convex optimization.
We show that under the minimum eigenvalue condition of the process z; = [z, ,u, |7, the process
{vi}1>0 is bounded away from zero. Moreover, we show that the expected regret at time 7" is a
strongly convex function of vy, vy, ..., vp_1, leading us to the desired conclusion. We proceed by
proving a sequence of technical result, followed by the proof of Theorem 3.4}

Lemma E.1. . Suppose that

T—1
Amin (Z [ij 2T ]) >, (E.2)

t=0



withu; = K,x; + vi. Then

Z [vell3 > (1 + omin(K0)?) 7 (E.3)

Proof. Consider v = [v] ,v5 ]T € R"P such that ||v||s = 1 and v; + K Tvy = 0 (such v exists
because [I, K "] is an n x (n + p) matrix and hence has a non-trivial null space). Moreover,
lva]l3 < (1 4 omin(K)?) ™. Then, by assumption we have

T—1 T-1 T-1
<Y (1) + (ug, v2))? = Z(<$t7vl>+<K$t+Vt,U2>)2 =) (v, )°
t=0 =0 t=0
T-1
2 2
< lualls 3 el < e Z el

Lemma E.2. Denote by M the optimal closed loop matrix A, + B, K. Then

T-1
Jr(vo,v,...,vro1) = J5 =E | Y v] (Bl P.B, + R)v;
§=0

+ 2K > v BI(MTYT'P.B.v;

0<i<j<T—1
Proof. We know that
T—-1
> 2], (Q+ K] RK, .| +E[x] p Py r],
t=0

t—1
where z,; = Ej:q

convenience. Also,

—1—1 . iid.
M'='=Jw;. Here, w_1 = mg for convenience, and w; ~ N (0,02 1,) for

T-1

Z x) Quy + (Kox +vp) " R(K, 20 + 1)
t=0

Jr(vo,v1,...,vr—1) +E [:c;P*xTL

where x; = Z],_l Mt—1- Jw + Mt JBI/ and v_; = 0. Recall that v, is independent of any
w; with i > ¢. Hence, for any matrix N we have that E [w;" Nu;] = 0if ¢ > ¢. Therefore

Jr—=Jp=E > Y 2w/ (M")"THQ+ K] RK,)M'' By,
t=0 0<i<j<t—1

T—-1 t—1 T-1

+E|D D> v/ Bl (M) H(Q+ K] RK)M ™ B | +E | > v/ Ry,
| t=0 7,j=0 t=0
[T—1t—1

+E 2w, (MK Ry,
t:O =0

+E S 2w/ (M) P.MTT By,
| 0<i<j<T-1

(71

+E | v Bl (M) P MTT By,
i,j=0
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Now, we note that the sum of the terms that depend linearly on v, is equal to zero, otherwise the
optimum of Jr would not be achieved at v, = 0 for all £. Indeed, this can be checked through
direct computation by remarking that the optimal controller K, satisfies K *TR =—_MTP,B,, and
recalling that P, satisfies the Lyapunov equation

P,=M"P.M+Q+ K, RK,. (E.4)
Hence, we have
T-2 T-1 ‘ ]
Jr—Jp=E > v/BI [ Y (M")T(Q+K"RK)M'™'"7 | B,y
j=0 t=j+1
+2E Sy Bl Y (M) T(Q+ K RK,)M T | By,
0<i<j<T—2 t=j+1
T-1 T-1 ) )
+E | v R +E | v Bl (M) P, M By,
t=0 j=0

+2E > uWBI(MTT P MTT By,
0<i<j<T—1

The conclusion follows by using the Lyapunov equation (??) and simple algebra. O

Lemma E.3. Let M and N be any matrices in R"*"™, with N positive definite, and let T be any
positive integer. Also, consider the (nT') x (nT') block matrix D(T') with blocks D(T'); ; equal to

(7Y (SIS (MTNME) ifi <
D; ;= reo (MT)RN M* ifi = j,
(SIS NME) M= i <
where 1 < 1,7 <T. The matrix D is positive definite.

Proof. We proceed by induction. Let T = 2. Then the matrix of interest is

N+MTNM M'N
D(Q):{ NM N }

Since N > 0, we see that D(T') is positive definite because its Schur complement is
N+M'NM—-MTNN'NM =N = 0.

For T' > 2 we proceed similarly. We consider the matrix D(7") and take its Schur complement with
respect to bottom right corner, i.e.

D(T)11 ... D)7 D(T)y
: : - : D(T)zlp [Dry ... Drr-]
D(T)r-11 ... D(T)r-17-1 D(T)r-1,1
Leti < j < T. Then, the (i, j) block of the Schur complement of D(T') is
T—j
D(T);; — D(T); 2 D(T)*D(T)p; = (M)’ (Z(MT)kNMk> —~ (M) NN NMT—
k=0

T-1-j

= (M)~ ( > (MU’“NM’“) = D(T 1),
k=0

Similarly, if j < i < T we have that D(T); ; — D(T); 7D(T)"*D(T)r; = D(T — 1), ;. Hence,

we have shown that the Schur complement of D(7") with respect to the entry D (1) 7 is D(T — 1).

By induction this matrix is positive definite and the conclusion follows. O
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Lemma E.4. As before, P, is the solution to the algebraic Riccati equation and M = A, + B, K,
is the optimal closed loop matrix. For any vectors vy, vy, ..., vp—1 in RP we have

T-1

)ﬂ
L

o/ (BIP.B.+Ryw; +2 Y v/ BT (M"Y "P.Bvj > Anin(R) Y _ [|v;]]3.
j=0 0<i<j<T—1

<.
I
o

Proof. 1t suffices to prove that the following matrix is positive semi-definite:

P, MTP, (MT)P, ... (MT)T-'p,
P.M P, MTP, ... (MT)T-2p,
P.M?2  P.M P, L. (MT)T=2p,
P.MT-Y pMT2 pMT3 P,

The Schur complement of this matrix around the bottom right corner P, has the form D(T — 1) with
N=Q+ K *TRK*, where D(T — 1) is defined as in Lemma ??. To see this recall that P, satisfies
the Lyapunov equation (??). The conclusion follows. O

Lemma E.5. Fix a horizon Ty > 0, and suppose the inputs are of the form u; = K, xy + 1. Recall
that there exists constants C' > 0 and p € (0,1) such that ||M* ||y < Cp” for all k > 1. Then

no2 C? C? L
Bllor, I} < 3C% " Ellaoll} + 3772 + 37— E | 3 Inll |
t=0

Proof. Recall that we denote by M the closed loop matrix A, + B, K,. We have that

To—1
rr, = MTzo + Z M= B v 4 wy).
t=0
Then
To—1 To—1
I3 < 3lMowol|3 43| D MO~ |5+ 3] D M B3
t=0 t=0

Recall that | M*|| < Cp’. Then

no2 C? Cc? L
Bllor, I} < 3C% " Bllaollf + 3775 +37—5E | 3 Inll |
t=0

O

Lemma E.6. Let () and R be positive definite matrices, and Py = 0. Consider the Riccati recursion
Py1=A"PA-ATPB(R+B'P,B)"'B'P,A+Q.

Then, if P, is the unique solution of the Riccati equation, we have

1\’ A2 ||B|32
[P — Pill2 < <1 + ) , where v = 2||P,||2 max{ [Al>_~_1IBAl> } .
v

)\min (Q) ’ )\min (R)

Moreover, we have that

iTI‘(Pt) —Tr(P)>-n(l+v).
=0

Proof. The first part follows from Proposition 1 of ? ] on value iteration. The second part follows by
bounding

1 —t
Tr(P,) — Te(P,) > —n||P; — Pl|a > —n (1 N V) ’

and summing up these inequalities. O
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Lemma E.7. Fix a horizon Ty > 0 and denote &1 = 41, and Gy = Usy1,. Then

T—-1
E [ig Pio] < min E lz i, Qi + 4, Ry

U0, U1, =0

-T
1
—TJ, +no?(1+v)+ (1 + V) E||Zol|2,

where

[A3  1I1B.13 }
v = 2|| Ps||]2 max , .
|| H2 {Amin(Q) )\min(R)

Proof. Let us consider the Ricatti recursion
Py = ATPA - ATPtB(R + BTPtB)_lBTPtA +Q,
where Py = 0. Then

T T-1
‘min E lz &) Qiy + 0 Riy | =Ei Prao+ o5 Y Tr(P).
wo UL 4 t=0
From the first part of Lemma ?? we know that
T
IPr-pas (143)
14
while from the second part of that Lemma we know that
T—1
> [T (P) = Tr (P)] = —n(l +v).
t=0
The conclusion follows once we recall that J, = o2 Tr(P,). O

Proof of Theorem[3.4] Let Ty > 0 to be chosen later and let 7' > Tj,. We decompose the regret as
the sum of the regret from 0 to 7' — Ty — 1 and the regret from 7" — Tj to T — 1, and we write the
first component in terms terms of the expected cost Jr_7, defined in Eq. (??). We have

T—1 T-To—1
Z E [z Qi +u Ruy — J.] =E |2g_q Perr—1, + Z z) Quy +uf Ruy| — Jf_q,
t=0 t=0

T-—1
+ > Elz)Qu+u Ru — J.] — Ty,
=T—-T¢

+ Tr(P,Ps) — Exf_g, Pavr_my,

where we used J3-_ 5, = (T —Tp)Jx + Tr(P, Ps ). The term Tr(P; P,) we an simply lower bound
by zero since P, and P, are positive semi-definite matrices. From Lemmas ?? and ?? we have

T—-Tp—1 T—To—1
E vy qPar—m,+ Y o/ Qui+w Ru| — Ji g > Aain(R) Y Ilmell3.
t=0 t=0
By Lemma ?? we have that
T-—1
> B¢/ Qi +u Ruy — J.]) — ToJ, — Bxg_q Porr_x,
t=T—Tp

1\ %o
> b+ - (141) Elorn 3.
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Then, from Lemma ?? we get

T—1 T-To
E [z {Ruy — J,| >= )\mm
; (] Qe +uf Ruy — J.] >3 Z v]13
)\min
— <3cp2To Tr(Ps) + naiQ(R)) ,
Co
by choosing
202
IOg ( (lpr)/\mm(R) )
To >
log(1+v—1)
The conclusion follows by Lemma ??. O

F Miscellaneous Results

First we state some results for the function class RH . (C, p).
Lemma F.1. Let G; € RHo(Cy, pi) fori = 1,2 and Then H = G1G2 € RH(C, p) for any

p € (max(p1,p2),1) and C = max {1, 1 g( L ) max(‘;lm) } C1Cs. Note for simplicity if
18 axor 2 ’

601 Cz

we assume p > 1/4 we can take C = and p = Avg(max(p1, p2),1).

Proof. Assume wlog that p; > py. Note that H (k) = Zf:o G1(t)G2(k — t), and therefore for all
k > 0 we have that

k
[HE)| = ||>_ Gi(t)Galk —t) <ClszP1Pk !
t=0 t=0
k
< CiCo Y pf = CiCa(k + 1)pk,
t=0

Fixap € (p1,1). Deﬁne g(k) = (k+1)(p1/p)* and h(k) = log g(k). We see that b’ (k) = 0 only
fork =k, = m 1. Furthermore, h(k.) = log(1/log(p/p1)) — 1 + log(p/p1). Hence,

9(ks) = cogtorory (P/P1)-

The claim now follows since for any k£ > 0,

(k+1)p} = (k+1)(p1/p)"p" <  Sup (k+1)(p1/p)" | P < max{1, g(k.)}p" .

We also use the inequality log(1 + x) > x/2 for x € [0, 2.5]. O

Lemma F.2. Let G; € RHoo(Ci, pi) fori = 1,2. Then G1+Ga € RH oo (C1 4 Co, max{p1, p2}).

Proof. Straightforward from triangle inequality and the definitions. O

Lemma F.3. Suppose that A € RH(C, p) with C < 2 and p > 1/e, and furthermore | A%, <
1. Then we have

(I+A) ' e RH (1 + ?(1)S,Avg(p, 1)) .
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Proof. The function f(z) = “Toe(z) is monotonically decreasing on the interval (1,1/p). Hence

for any « € (1,1/p), we have f(x) > f(1/p) > f(e) = 1. Applying the composition lemma
(Lemma ??) to the system A o A, we have that for ¢; € (1,1/p),

2 €1 2
A € RH (elog(cl)c ,clp> .

Now if we recursively set ¢, € (cx—1,1/p) for k = 2,3, ..., repeated applications of the composition
lemma yield that

n—1
i
AN 0o " 717 n— .
€ RH (c Helog(ci) c 1,9)

i=1

Let coo, = limy_, o, i, Which exists and is finite because the sequence ¢y, is monotonically increasing
and bounded above. Furthermore, we have that for any n > 2,

n—1 n—1 n—1
" c; Ceso C Ceoo C
CHelog(c»S(e) s> §< ) log(cr)
i=1 v Og(zizl Cz‘) € oglc1

Now choose any strictly increasing sequence such that co, = Avg(1,1/p) = (1/2)(1/p + 1) and
c1 =Avg(l,co) = (1/4)(3 4 1/p). By the addition lemma (Lemma ??), the assumption on C, and
a simple limiting argument,

> A" € RHoo (Coop)

n=0
where C” is given as
C 1 2C
C'<1+C+ S1+C+ ——.
log(c1) 1 = Ceoo/e log(c1)
The claim now follows by using the inequality log(1 + z) > x/2 for « € [0, 2.5] and the assumed
bound C < 2. O

Lemma F4. Suppose that G € RH o (C, p). Then |G|l < %.

Proof. We have that

i G(k)z"F
k=0

o
C
|G =sup||G(2)[| = sup <Cy = T
2€T 2€T =0 —p

Next, a probabilistic lemma which we use to control the LQR cost on a finite horizon.

Lemma F.5. Let x and M be fixed, and w ~ N(0, ), with ¥ = 0 and ||| = o2. Then there exists
a universal constant ¢ > 0 such that with probability at least 1 — §

)
x x
o] (o) < e+ 2valaliamalyfog (3

+ Tr M2oX + co?|| Mas|| py/log (%) + co®|| Maz||log (2) . (E.1)

Proof. Expanding the quadratic we have

T
|:f;:| M |:Z;:| = xTMux—l—ZxTMlgw—&—wTMggw.
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Noting that x T Mow ~ N(0, 2T M;2XM,,,x), by standard Gaussian concentration we have with
probability at least 1 — g that

x " Mpw < \/2$TM12EM1—5$10g (%)

1
< V2| || Mazll|Z]|Z 1/og (3)

= \/§Hx||0||M12||\/10g7?)

On the other hand, by the Hanson-Wright inequality [? ], we have that with probability at least 1 — g
that

w' Mapw < Tr MyoX + c\/HZ%MmE% |2 log (2) + |2 M X2 |2 log (2)
é T‘I‘MQQE -+ CU2||M22||F\/10g (%) + CO’2HM22|| log (%) .

O

Lemma F.6. Let 3 be an X n positive-definite matrix and let K be a real p x n matrix. Then, for
any o,, € R we have that

Ami > BKT > ¢2 min 1 Amin (%)
"\ |KY KSKT +021|) = 7u 2 2|KXK |2 +02)
Proof. We find 0 < v; < 1 and 2 > 0 such that the following condition holds

)y 2K _[nz 0
KY KSKT4+02I| = | 0 I|-

By Schur complements, this condition is equivalent to

0= KXK' + (02 —3) — KX((1—7)%) 'Sk T
=7 n KZKT+(05*'Y2)I-
-N

2

— 2 _ 2
Now set yo = Uu/2 and’yl = W—M

G Implementation of Adaptive Methods

We consider several adaptive methods for numerical comparison. This section described the relevant
implementation details.

G.1 Optimism in the Face of Uncertainty

At the start of each epoch, the OFU method computes a confidence set around the dynamics and then
finds the (A, B) that would achieve the smallest LQR cost. The method then plays the associated
optimal controller.

The confidence sets at epoch 7 are of the form

Ci(e) = {© e R™*("P) . Tr((© — ©,)Z1, (0 — ©;)T) < &},
T; T
Zr, =M+ [ij [52] .
i=1

Here, (:)Z denotes the (regularized) least squares estimate of the true parameters O, = (A, B,).

For our experiments, we set A = 1075 and & = ’I‘r((@2 - 6*)ZT7_,((:)Z» — ©,) ") using the true and
estimation values of (A, B).

(G.1)
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Then controller is selected by finding the “best” dynamics. To be precise, let J(A,B) =
Tr(P(A, B)), where P(A, B) is the solution to the discrete algebraic Riccati solution

P=A"PA-A"PB(B'"PB+R)"'B"PA+Q.

Then for every epoch of OFU, it is necessary to solve to the non-convex optimization problem

A B]l=a in J(A4,B). G.2

4, B] =arg  min J(4,B) (G.2)
up to an absolute error of at most O(1/+/T;).
As in Section 5.4 of [? ], we heuristically solve this optimization problem using projected gradient
descent (PGD). An expression for the gradient of © — J(A, B) is derived in [? ] (see also [4]) by
use of the implicit function theorem. Specifically, Vg Tr(P(A, B)) evaluated at a point © = (A, B)

isann x (n + p) matrix D. The 4, j-th entry is given by Tr(E;;), where E;; is the solution to the
Lyapunov equation

I
Eij = Al EijAc+28ym (AZ P(A, B)ese] { KD ,

with K as the optimal LQR controller for (A, B), A, = A+ BK, and Sym(4) = (A + AT).
Finally, the projection of © onto the set C;(£) can be solved by a eigendecomposition of Zr, followed
by a scalar root-finding search. The details of this are also found in Section 5.4 of [? ].

We determine the end of an epoch using a switching rule based on a slight modification of the
determinant condition of [[1]]. We switch an epoch when both (a) T — 7; > 10 and (b) det(Z7) >
2 det(Zr,) hold. The first condition is to ensure that the switches are not too frequent in the beginning
of the algorithm.

G.2 Thompson Sampling

The Thompson sampling algorithm is nearly identical to the OFU algorithm, except the optimization
problem (??) is replaced by sampling. While the description of Thompson sampling in the Bayesian
setting of [2] and [16] requires sampling from the posterior distribution, we follow the more frequentist

setting of [4] and sample a point © uniformly at random from the confidence set C;(¢) as in (2?).

We implement this uniform samping by first drawing a U ~ Unif([0, 1]) and a € R™"*("+P) with
each 7;; ~ N(0,1), and setting

L UYnman) \
9:@4—\/5(77) T1/2
Il # '

For the epoch switching rule, we follow the suggestion of [4] to force exploration after 7 iterations,
where we set 7 = 500. Specifically, we switch an epoch when the following predicate holds:

(T—-T; >7)or ((T—T; > 10) and (det(Zr) > 2det(Z1,))) .

G.3 Robust Adaptive Control with FIR truncation

We now describe how to turn the infinite-dimensional optimization problem in Algorithm [I]into a
finite-dimensional problem. First, recall the problem we want to solve,

minimize 71 min {Ql/z 0 ] [(I)‘r]
Z€yel0,1) 1/2
v 1—~&,,®,V 0 RY?||®, o
~ o [e] 1 V2e ®,
S.t. [z] - A —B] |:(I)u:| =1+ ZTV , W |:(I)u:| ‘Hm <7, (G3)

1 1
VI < Cap™*, ®s € “RHL(Crrp), Bu € —RHL(Cusp) -

Ignoring the outer minimization over y (which can be solved with bisection), the inner minimization
is convex. Truncating the system responses to be FIR of length F' means that

F F
B, = B(k)z ", Bu=) Tu(k)zF.
k=1 k=1
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All pieces of the infinite dimensional problem can be written in terms of these variables. First,
consider the Hs cost in the objective. By Parseval’s identity, we can simply add the second order

cone constraint

_Ql/Q(PI(l)_

Q1/2(i)z(F)

L[R2, (F)] ||

and minimize ¢. Next, we consider the constraints of the original optimization. The function space
constraints reduce to the requirement that

@, (k)| < Cop®, |@u(k)|| < Cup®, k=1,...,F. (G.5)

Next, to rewrite the subspace constraint, we first consider that
F-1
B, =) Bu(k+ 1)z,
k=0

then the subspace constraint yields the following equality constraints,
®.(1) =1,
D, (k+1) = AD, (k) + BO,(k), k=1,..,F—1, (G.6)
V = A®,(F) + B®,(F).
The only constraint that remains is the ., constraint, for which we use the following result.
Theorem G.1 (Theorem 5.8, [? ]). Consider the T-length FIR filter

T
H(z) = Zszik ,Hp, € RPX™
k=0

Define the matrix

Hy
H= : e Rp(T-i—l)xm )

Hry
We have that |H(2) |1 < 7y iff there exists Q = QT > 0 with Q € RPTTVXP(THY) satisfying
Qoo Qo1 ... Qor

* Q11 ... Qir
Q = . . ) Qlj S Rpxp P

* * . :

* * *  Qrr
T T—k —

Q H

ZQtt :721;07 ZQt(t+k) :Opxpak:17"'7T7 |:HT I EO
t=0 t=0 m

For the SLS problem, the H ., constraint on is the filter
F
D, (k _
HE) =3 o]
k=1L Y

The constraint can be rewritten using the LMI in Theorem ??. To avoid a decision variable of size
(n+p)(F+1) x (n+p)(F +1), we instead consider the transpose system H T which has the same
"H o norm and coefficients of size n x (n + p).
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(a) Cumulative Regret (b) Infinite Horizon LQR Cost
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Figure 3: A comparison of different adaptive methods on 500 experiments of the large-transient system
example (??). In (a), the median and 90th percentile cumulative regret is plotted over time. In (b), the median
and 90th percentile infinite-horizon LQR cost of the epoch’s controller.

Putting this together, we arrive at the following SDP, which can be solved using an off the shelf
solver,
min t
®, [k]ER™ X", B, [K]€ERPX", VER™ X"
PeR'rL(F+1) Xn(F+1) ,teR

st. (20, (), (7Y,

F F—k
ZPtt:'YzI, ZPt(H_k):O, kil,...,F,
t=0 t=0

Onxn Onxp
v (w07 el e om
= 1= CIpF‘i’l : ) FT Im )
O, (F)" @y (F)T
IVl < Cap™t.

For our experiments, we used the SCS solver [? ] via CVXPY [? ].

Finally, once the FIR responses {®,.(k)}f_, and {®,,(k)}L_, are found, we need a way to implement
the system responses as a controller. We represent the dynamic controller K = ®,,®_ ! by finding
an equivalent state-space realization (Ax, Bk, Ck, D) via Theorem 2 of [? ].

As a final note, the adaptive method as described in Algorithm [T] requires several constants to be

specified. For the numerical experiments, we set 0, ; = Cy,0, Tfl/ ® where we vary C,, for different
experiments, fix v = 0.98, and use a fixed FIR trunction length of F' = 12. For the experiments in
Section @, we set C, = 0.1.

H Additional Experiments

H.1 Large-Transient Dynamics

We present the regret comparison results using another system

2 0 0
A,=|4 2 0|, B,=1I, Q=10I, R=1. (H.1)
0 4 2

The system is both unstable and has large transients. Each state receives direct input, and the cost is
such that input size is penalized relatively less than state. This problem setting is amenable to robust
methods due to both the cost ratio and the large transients, which are factors that may hurt optimistic
methods. For this experiment, we ran all adaptive methods as described in Appendix ??, and used an
initialization with a horizon of length Ty = 250 and C), = 2.

The performance of the various adaptive methods is compared in Figure ??. The median and 90th
percentile regret over 500 instances is displayed in Figure ??a, which gives an idea of both “average”
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(a) OFU (b) TS (c) Robust
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Figure 4: A comparison of cumulative regret when enlarged error bounds are used for synthesis, rather than
the true errors. Both the median over 500 trials and the 90th percentile regret are plotted. In (a) is OFU, in (b) is
TS, in (c) is robust. The plots show modest if any degradation in performance.

and worst-case behavior. Overall, the methods have very similar performance. One benefit of
robustness is the guaranteed stability and therefore bounded infinite-horizon cost at every point during
operation. In Figure ??b, this infinite-horizon cost of the controller in each epoch is plotted. This
measures the cost of using each epoch’s controller indefinitely, rather than continuing to update its
parameters. Especially for small numbers of iterations, the robust method performs relatively better
than other adaptive algorithms, indicating that it is more amenable to early stopping.

H.2 Error Scaling

In our experiments, we use the actual estimation errors for controller synthesis. To examine the effect
of this choice, we artificially inflate the estimation errors by various multipliers, and plot the regret
for various methods in Figure ??. These experiments were run on the the graph Laplacian example
in @.I) with an initialization with a horizon of length 7;, = 300 and C,, = 1.

The adaptive methods were run as described in Appendix ??. The error term ¢ for OFU and TS
appears in the computation of the uncertainty set as in (??). The errors € 4 and € for the robust
adaptive method appear in (??). The plot shows a modest degradation in regret as these terms are
increased.

H.3 Learning the Disturbance Process

We consider the problem of regulating a known system which is subject to disturbances correlated in
time. These disturbances are modeled as the output of a LTT filter driven by white noise. In other
words,
Tpr1 = Awzy + Boug + dy di+1 = Aadg + Wk,

where xy, is the state to drive to zero, and dj, are the disturbances. We will take (A, By) to be known
and A, unknown. This setting models many phenomenon related to demand forecasting, in which
the dynamics of e.g. a server farm is known, and the changes in demand are stochastic but correlated
in time, and can thus be approximated by the output of an LTI filter.

The plant inputs uj, are designed for regulation. The controller design problem can be formulated as
an optimization problem by defining the augmented system as

Th4+1| _ A* I Tk B* 0

sl =[5 AJ L]+ [5]e [ e 2
We will denote the augmented state z; = [zx; di]. Then the control actions can be designed using
an adaptive LQR strategy. In many situations, inputs are relatively more costly, corresponding for
example to energy usage. Defining an LQR cost directly related to the economics of the system
can be unwise, due to the resulting tendency for states to become large, which may correspond
to unsafe execution. While tuning the quadratic cost to represent a mixture of economic and
safety considerations can often achieve good behavior in practice, the method is heuristic and lacks

guarantees. Instead, consider the explicit addition of a constraint on the state, ||z;|/cc < a for
0 < k < H for some horizon (which may be infinite).
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To state the necessary modification to the controller synthesis problem, we define the norm

Mz, = sup  [[Mw]|s,

Wlloeo=1
for both system responses and state matrices. This norm corresponds to the ¢, — ¢, operator norm.

Proposition H.1. For the system described in (??), let ®, denote a closed-loop state response. Then
consider constraints

[(®2)22llc, <v/€a,

a
[@2)ialle, <5 (1=7)i=c

(H.3)

where (®);; denotes the blocks defined by the partition of z; into x; and d;, and Hgd —Aillz, <Ea.
The addition of these constraints to the synthesis problem in (??) ensures that the resulting closed
loop system has ||x||co < afor 0 <k < H aslong as |wi|leo < bfor0 <k < H.

Proof. In transfer function notation, the state of the plant can be described by

x=[ 0z=[I 0&,(I+A)" mw

Furthermore, due to the known structure of the dynamics,

rar= () 8)2) [k oaidinr]

where X = (I + Ax(®.)22) LA 4(®.)21. Then we have, letting 322 = AA(DP, )20,

0 NS
=[O | R e @ A
Finally, to bound the size of the state,
~ 1
[%[lso < [[(®2)12(1 + Ag2) iz, [Wlloo £ ————I1(®2)12]l, [IW]loo -
1 —[|Ag|,

Then we have that ||Agsl|z, < &4 |(®2)22]|z,, so the result follows from the constraints and the

assumption on wy. O

Therefore, with either a bounded noise assumption on wy, or a high-probability bound over a finite
time horizon, we can apply the previous result to synthesize safe controllers. In the example displayed
in Figure[2] the constraint as in (??) is added to the controller synthesis procedure with ¢ = 0.1 and
v =0.98.
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