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Abstract

The effectiveness of model-based versus model-free methods is a long-standing question in rein-
forcement learning (RL). Motivated by recent empirical success of RL on continuous control tasks,
we study the sample complexity of popular model-based and model-free algorithms on the Lin-
ear Quadratic Regulator (LQR). We show that for policy evaluation, a simple model-based plugin
method requires asymptotically less samples than the classical least-squares temporal difference
(LSTD) estimator to reach the same quality of solution; the sample complexity gap between the
two methods can be at least a factor of state dimension. For policy optimization, we study a simple
family of problem instances and show that nominal (certainty equivalence principle) control also
requires several factors of state and input dimension fewer samples than the policy gradient method
to reach the same level of control performance on these instances. Furthermore, the gap persists
even when employing baselines commonly used in practice. To the best of our knowledge, this
is the first theoretical result which demonstrates a separation in the sample complexity between
model-based and model-free methods on a continuous control task.

Keywords: Linear dynamical systems, linear quadratic regulator, least-squares temporal difference
learning, policy gradients.

1. Introduction

The reinforcement learning (RL) community has been debating the relative merits of model-based
and model-free methods for decades. This debate has become reinvigorated in the last few years
due to the impressive success of RL techniques in various domains such as game playing, robotic
manipulation, and locomotion tasks. A common rule of thumb amongst RL practitioners is that
model-free methods have worse sample complexity compared to model-based methods, but are
generally able to achieve better performance asymptotically since they do not suffer from biases in
the model that lead to sub-optimal behavior Clavera et al. (2018); Nagabandi et al. (2018); Pong et al.
(2018). However, there is currently no general theory which rigorously explains the gap between
performance of model-based versus model-free methods. While there has been theoretical work
studying both model-based and model-free methods in RL, prior work has primarily shown specific
upper bounds Agrawal and Jia (2017); Azar et al. (2017); Jaksch et al. (2010); Jin et al. (2018); Strehl
et al. (2006) which are not directly comparable, or information-theoretic lower bounds Jaksch et al.
(2010); Jin et al. (2018) which are currently too coarse-grained to delineate between model-based
and model-free methods. Furthermore, most of the prior work has focused primarily on the tabular
Markov Decision Process (MDP) setting.
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We take a first step towards a theoretical understanding of the differences between model-based
and model-free methods for continuous control settings. While we are ultimately interested in com-
paring these methods for general MDPs with non-linear state transition dynamics, in this work we
build upon recent progress in understanding the performance guarantees of data-driven methods for
the Linear Quadratic Regulator (LQR). We study the asymptotic behavior of both policy evalua-
tion and policy optimization on LQR, comparing the performance of simple model-based methods
which use empirical state transition data to fit a dynamics model versus the performance of pop-
ular model-free methods from RL: temporal-difference learning for policy evaluation and policy
gradient methods for policy optimization.

Our analysis shows that in the policy evaluation setting, a simple model-based plugin estimator
is always asymptotically more sample efficient than the classical least-squares temporal difference
(LSTD) estimator; the gap between the two methods can be at least a factor of state-dimension.
For policy optimization, we consider a simple family of instances for which nominal control (also
known as the certainty equivalence principle in control theory) is also at least several factors of state
and input dimension more efficient than the widely used policy gradient method. Furthermore, the
gap persists even when we employ commonly used baselines to reduce the variance of the policy
gradient estimate. In both settings, we also show minimax lower bounds which highlight the near-
optimality of model-based methods on the family of instances we consider. To the best of our
knowledge, our work is the first to rigorously show a setting where a strict separation between a
model-based and model-free method solving the same continuous control task occurs.

2. Main Results

In this paper, we study the performance of model-based and model-free algorithms for the Lin-
ear Quadratic Regulator (LQR) via two fundamental primitives in reinforcement learning: policy
evaluation and policy optimization. In both tasks we fix an unknown dynamical system

Ti41 = A*l’t + B*’U,t + Wt ,

starting at zp = 0 (for simplicity) and driven by Gaussian white noise w; N (0,021,). We let n
denote the state dimension and d denote the input dimension, and assume the system is underactu-
ated (i.e. d < m). We also fix two positive semi-definite cost matrices (@, R).

2.1. Policy Evaluation

Given a controller K € R%*™ that stabilizes (A, B,), the policy evaluation task is to compute the
(relative) value function V (z):

T-1
VK(x) = Tlg%oE Z(a:tTth + utTRut — AK) | xo = x] , up = Kxy . 2.1
t=0

Above, \f is the infinite horizon average cost. It is well-known that V() can be written as:
VE(z) = opa" P, 2.2)
where P, = dlyap(A, + B,K,Q + KT RK) solves the discrete-time Lyapunov equation:
(Ay + B,K)TP(A, + B.K) — P, +Q+ K'RK =0. (2.3)
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From the Lyapunov equation, it is clear that given (A,, B,), the solution to policy evaluation task
is readily computable. In this paper, we study algorithms which only have input/output access to
(A, B,). Specifically, we study on-policy algorithms that operate on a single trajectory, where the
input s is determined by u; = K x;. The variable that controls the amount of information available
to the algorithm is 7', the trajectory length. The trajectory will be denoted as {ﬂct}tTZO. We are
interested in the asymptotic behavior of algorithms as 7" — oo.

Model-based algorithm. In light of Equation (2.3), the plugin estimator is a very natural model-
based algorithm to use. Let L, := A, + B, K denote the true closed-loop matrix. The plugin
estimator uses the trajectory {xt}t _o to estimate L, via least-squares; call this L(T). The estimator
then returns Pplug( ) by using L(T) in-place of L, in (2.3). Algorithm 1 describes this estimator
in more detail.

Algorithm 1 Model-based algorithm for policy evaluation.

Input: Policy 7(z) = Kz, rollout length 7', regularization A > 0, thresholds ¢ € (0,1) and ¢ > 0.
1: Collect trajectory {z:}7_, using the feedback u; = m(z;) = K.
2: Estimate the closed-loop matrix via least-squares:

(Z - ) (z e 4 AL )

if p(L(T)) > Co H L(T)|| > 4 then
Set Pplug( )
else
Set Pyue(T) = dlyap(L(T), Q + KT RK).
end if
return ﬁplug (T).

-1

® XNk

Model-free algorithm. By observing that V5 (2) = 022" P,z = o2 (svec(P,),svec(zx ")), one
can apply Least-Squares Temporal Difference Learning (LSTD) Boyan (1999); Bradtke and Barto
(1996) with the feature map ¢(x) := svec(zz ") to estimate P,. Here, svec(-) vectorizes the upper
triangular part of a symmetric matrix, weighting the off-diagonal terms by /2 to ensure consistency
in the inner product. This is a classical algorithm in RL; the pseudocode is given in Algorithm 2.

We now proceed to compare the risk of Algorithm 1 versus Algorithm 2. Our notion of risk will
be the expected squared error of the estimator: E[|| P — P, ||%]. Our first result gives an upper bound
on the asymptotic risk of the model-based plugin Algorithm 1.

Theorem 2.1 Let K stabilize (A, By). Define L, to be the closed-loop matrix A, + B, K and
let p(Ly) € (0,1) denote its stability radius. Recall that Py is the solution to the discrete-time
Lyapunov equation (2.3) that parameterizes the value function VX (x). We have that Algorithm 1

with thresholds ((,) satisfying ¢ € (p(Ly),1) and ¢ € (||Ly||, 00) and any fixed regularization
parameter \ > 0 has the asymptotic risk upper bound:

Jim T Bf|| Poiug (T) = Pol|7) < dte(( — LT ©5 L))" (LI PP Ly @5 0 PN (I~ L @, L)

,T) ]
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Algorithm 2 Model-free algorithm for policy evaluation (LSTD) Bradtke and Barto (1996).
Input: Policy w(x) = Kz, rollout length T'.

1. Collect trajectory {z;}}_, using the feedback u; = m(z;) = K.

2: Estimate \; ~ 02 tr(P,) from {z:}]_,.

3: Compute (recall that ¢(z) = svec(zz")):

T-1 -1
Wista(T) = <Z d(we)(d(we) — ¢(5L’t+1))T> (Z(Ct - /\t)¢(33t)> ;
=0

t=0

4: Set Piyg(T) = smat(@isra(T)).
5: return Pigq (7).

Here, Py, = dIyap(LI, 02 I,,) is the stationary covariance matrix of the closed-loop system x;,1 =
Lyxy + wy and @ denotes the symmetric Kronecker product.

We make a few quick remarks regarding Theorem 2.1. First, while the risk bound is presented as
an upper bound, the exact asymptotic risk can be recovered from the proof. Second, the thresholds
(¢, %) and regularization parameter A do not affect the final asymptotic bound, but do possibly
affect both higher order terms and the rate of convergence to the limiting risk. We include these
thresholds as they simplify the proof. In practice, we find that thresholding or regularization is
generally not needed, with the caveat that if the estimate E(T) is not stable then the solution to the
discrete Lyapunov equation is not guaranteed to exist (and when it exists is not guaranteed to be
positive semidefinite). Finally, we remark that a non-asymptotic high probability upper bound for
the risk of Algorithm 1 can be easily derived by combining the single trajectory learning results of
Simchowitz et al. (2018) with standard results on perturbation of Lyapunov equations.

We now turn our attention to the model-free LSTD algorithm. Our next result gives a lower
bound on the asymptotic risk of Algorithm 2.

Theorem 2.2 Let K stabilize (A, By). Define L, to be the closed-loop matrix A, + B, K. Recall
that P; is the solution to the discrete-time Lyapunov equation (2.3) that parameterizes the value
function VX (x). We have that Algorithm 2 with the cost estimates \; set to the true cost \, =
o2 tr(P,) satisfies the asymptotic risk lower bound:

liminf T - B[|| Baa (T) — Pe]|%] > 4Rpiug
T—o0

+ 80121;<P007 LIPEL*> tr((I - LI ®s LI)il(Poiol R Pogl)([ - LI Rs LI)iT)
Here, Rpug = limp_o0 T - E[Hﬁplug (T) — P4||%] is the asymptotic risk of the plugin estimator,
P, = dlyap(L], 0121}[”) is the stationary covariance matrix of the closed loop system x; i1 =
Lyxy 4+ wy, and ®4 denotes the symmetric Kronecker product.

Theorem 2.2 shows that the asymptotic risk of the model-free method always exceeds that of the
model-based plugin method. We remark that we prove the theorem under an idealized setting where
the infinite horizon cost estimate ), is set to the true cost A,. In practice, the true cost is not known
and must instead be estimated from the data at hand. However, for the purposes of our comparison
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this is not an issue because using the true cost A, over an estimator of A, only reduces the variance
of the risk.

To get a sense of how much excess risk is incurred by the model-free method over the model-
based method, consider the following family of instances, defined for p € (0,1) and 1 < d < n:

F(p,d,K) :={(As,By) : Ax + B.K =7Pg +~I,,, (1,7) € (0,1), 7+~ < p, dim(F) <d}.
2.4)

With this family, one can show with elementary computations that under the simplifying assump-
tions that Q + K TRK = I,, and d =< n, Theorem 2.1 and Theorem 2.2 state that:

N 02n?
i Tl Bons (1) = PR < 0 (20 )

(1—p?)?
o R ) p2n3
lim inf 7" B[[| Asta(T) — Pul[p] > 2 <<1_p2)3> :

That is, for .#(p,d, K), the plugin risk is a factor of state-dimension n less than the LSTD risk.
Moreover, the non-asymptotic result for LSTD from Lemma 4.1 of Abbasi-Yadkori et al. (2019)
(which extends the non-asymptotic discounted LSTD result from Tu and Recht (2018)) gives a
bound of || Pgta(T) — Pil|% < O(n®/T) w.h.p., which matches the asymptotic bound of Theo-
rem 2.2 in terms of n up to logarithmic factors.

Our final result for policy evaluation is a minimax lower bound on the risk of any estimator over
F(p,d,K).

Theorem 2.3 Fixa p € (0,1) and suppose that K satisfies Q + KT RK = I,,. Suppose that n is
greater than an absolute constant and T > n(1 — p*)/p®. We have that:

~ 9 p2n2
inf sup ElP = P P —
P (A.,B))eF (p,2,K) L +lI7] (1—p2)3T

where the infimum is taken over all estimators P taking input {wt}tho-

Theorem 2.3 states that the rate achieved by the model-based Algorithm 3 over the family .7 (p, d, K)
cannot be improved beyond constant factors, at least asymptotically; its dependence on both the state
dimension n and stability radius p is optimal.

2.2. Policy Optimization

Given a finite horizon length 7', the policy optimization task is to solve the finite horizon optimal
control problem:

T—1
Jy = m?}E Z(xtTth + utTRut) + quﬂQxT , Tyl = Axxy + Biuy + wy (2.5)
utl t=0

We will focus on a special case of this problem when there is no penalty on the input: Q = I,
R = 0, and range(A,) C range(Bsy). In this situation, the cost function reduces to E[ZtT:ont 13]
and the optimal solution simply chooses a w; that cancels out the state x; that is u; = K,xy with
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K, = —BIA*. We work with this simple class of instances so that we can ensure that policy
gradient converges to the optimal solution; in general this is not guaranteed.

We consider a slightly different input/output oracle model in this setting than we did in Sec-
tion 2.1. The horizon length 7' is now considered fixed, and N rounds are played. At each round
i=1,..., N, the algorithm chooses a feedback matrix K; € R?*". The algorithm then observes the
trajectory {xil)}tT o by playing the control input u(i) =K; :1:( Dy n§ ), where 17 ~ N(0,021,) is
1.i.d. noise used for the policy. This process then repeats for V total rounds. After the IV rounds, the
algorithm is asked to output a K (N) and is assigned the risk E[J(K(N)) — J,], where J(K (N))
denotes playing the feedback u; = K (N)z; on the true system (A, By). We will study the behavior
of algorithms when N — oo (and 7' is held fixed).

Model-based algorithm. Under this oracle model, a natural model-based algorithm is to first
use random open-loop feedback (i.e. K; = 0) to observe /N independent trajectories (each of
length T'), and then use the trajectory data to fit the state transition matrices (A, By); call this
estimate (E(N ) B (IV)). After fitting the dynamics, the algorithm then returns the estimate of K,
by solving the finite horizon problem (2.5) with (A(N), B(N )) taking the place of (A4, By). 1
general, however, the assumption that range(A(N)) C range(B(NN)) will not hold, and hence the
optimal solution to (2.5) will not be time-invariant. Moreover, solving for the best time-invariant
static feedback for the finite horizon problem in general is not tractable. In light of this, to provide
the fairest comparison to the model-free policy gradient method, we use the time-invariant static
feedback that arises from infinite horizon solution given by the discrete algebraic Riccati equation
as a proxy. We note that under our range inclusion assumption, the infinite horizon solution is a
consistent estimator of the optimal feedback. The pseudo-code for this model-based algorithm is
described in Algorithm 3.

Algorithm 3 Model-based algorithm for policy optimization.
Input: Horizon length 7', rollouts N regularization A, thresholds o € (0,1),(, %, 7.

1: Collect trajectories {{(xi U )}t o}, using the feedback K; = 0 (open-loop).
2: Estimate the dynamics matrlces (A, By) via regularized least-squares:

N T-1 . N T-1 , -1 . ) )
= (ZZ@H(zE”)T) (Z zE”(zﬁ“)wAfwd) 4= () ).

3: Set (4, B) = O(N) R

4: if p(A) > gor [|Al| > Cor [ B]| > 1) or o4(B) <  then

5. Set Kpjug(V) =

6: else

7. Set P = dare(A, B, I,,,0) as the positive definite solution to':

P=A"PA— ATPB(B"PB)'BTPA+1,.

8:  Set Kyug(N) = —(BTPB) 'BTPA.
9 endif
10: return Kpj, (V).
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Model-free algorithm. We study a model-free algorithm based on policy gradients (see e.g. Peters
and Schaal (2008); Williams (1992)). Here, we choose to parameterize the policy as a time-invariant
linear feedback. The algorithm is described in Algorithm 4.

Algorithm 4 Model-free algorithm for policy optimization (REINFORCE) Peters and Schaal
(2008); Williams (1992).
Input: Horizon length 7', rollouts N, baseline functions {W,(-;-)}, step-sizes {«;}, initial K7,
threshold (.
1: fort=1,...,Ndo
2:  Collect trajectory 7 := {(:cgi), ugi))}fzo using feedback K.
3 Compute policy gradient g; as: g; = U% ZtT:_OI ngi) (ajgi))T\IJt(T ) K;).
4:  Take policy gradient step: K; 1 = Prc;j||,“SC(Ki — @;9;).
5
6
7

: end£0r
. Set Kpg<N) = Ky.

~

: return K, (N).

In general for problems with a continuous action space, when applying policy gradient one has
many degrees of freedom in choosing how to represent the policy m. Some of these degrees of
freedom include whether or not the policy should be time-invariant and how much of the history
before time ¢ should be used to compute the action at time ¢. More broadly, the question is what
function class should be used to model the policy. Ideally, one chooses a function class which is
both capable of expressing the optimal solution and is easy to optimize over.

Another issue that significantly impacts the performance of policy gradient in practice is choos-
ing a baseline which effectively reduces the variance of the policy gradient estimate. What makes
computing a baseline challenging is that good baselines (such as value or advantage functions) re-
quire knowledge of the unknown MDP transition dynamics in order to compute. Therefore, one has
to estimate the baseline from the empirical trajectories, adding another layer of complexity to the
policy gradient algorithm.

In general, these issues are still an active area of research in RL and present many hurdles
to a general theory for policy optimization. However, by restriction our attention to LQR, we can
sidestep these issues which enables our analysis. In particular, by studying problems with no penalty
on the input and where the state can be cancelled at every step, we know that the optimal control is
a static time-invariant linear feedback. Therefore, we can restrict our policy representation to static
linear feedback controllers without introducing any approximation error. Furthermore, it turns out
that the specific assumptions on (A,, By) that we impose imply that the optimization landscape
satisfies a standard notion of restricted strong convexity. This allows us to study policy gradient
by leveraging the existing theory on the asymptotic distribution of stochastic gradient descent for
strongly convex objectives. Finally, we can compute many of the standard baselines used in closed
form, which further enables our analysis.

We note that in the literature, the model-based method is often called nominal control or the
certainty equivalence principle. As noted in Dean et al. (2017), one issue with this approach is that

1. A sufficient condition for the existence of a unique positive definite solution to the discrete algebraic Riccati equation
when R = 0 is that (A, B) is stabilizable and B has full column rank (Lemma C.1).
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on an infinite horizon, there is no guarantee of robust stability with nominal control. However, as
we are dealing with only finite horizon problems, the notion of stability is irrelevant.
Our first result for policy optimization gives the asymptotic risk of the model-based Algorithm 3.

Theorem 2.4 Let (A,, By) be such that A, is stable, range(A,) C range(B,), and B, has full
column rank. We have that the model-based plugin Algorithm 3 with thresholds (o, (,,y) such
that o € (p(Ay), 1), ¢ € (||Axll,00), ¥ € (|| Bxl|, 00), and v € (0,04(By)) satisfies the asymptotic
risk bound:

Jim N B (Rpug(V) — 1] = O(d(tx(P2) + [K.[3) + or(1)
Here, Py, = dlyap(Ay, 02 B, Bl + 02 1,,) is the steady-state convariance of the system driven with
control input uy ~ N(0,021y), K, is the optimal controller, and O(-) hides constants depending

2 2

only on oy, 0%

We can interpret Theorem 2.4 by upper bounding P! < 0,21, In this case if | K,||% < O(n),
then this result states that the asymptotic risk scales as O(nd/N). Similar to Theorem 2.1, Theo-
rem 2.4 requires the setting of thresholds (o, ,,). These thresholds serve two purposes. First,
they ensure the existence of a unique positive definite solution to the discrete algebraic Riccati so-
lution with the input penalty 2 = 0 (the details of this are worked out in Section C.2). Second, they
simplify various technical aspects of the proof related to uniform integrability. In practice, such
strong thresholds are not needed, and we leave either removing them or relaxing their requirements
to future work.

Next, we look at the model-free case. As mentioned previously, baselines are very influential
on the behavior of policy gradient. In our analysis, we consider three different baselines:

T
V(T K) = Y lwel3, (Simple baseline by (z; K) = ||2|%.)
{=t+1

T
Uy (T;K) = |laells = Vi (z1) ,  (Value function baseline by (z;; K) = Vi (z,).)
{=t

U(T; K) = AK (24, u4) . (Advantage baseline AX (21, u;) = QF (x4, us) — V& (24).)

Above, the simple baseline should be interpreted as having effectively no baseline; it turns out to
simplify the variance calculations. On the other hand, the value function baseline VX is a very
popular heuristic used in practice Peters and Schaal (2008). Typically one has to actually estimate
the value function for a given policy, since computing it requires knowledge of the model dynamics.
In our analysis however, we simply assume the true value function is known. While this is an
unrealistic assumption in practice, we note that this assumption substantially reduce the variance of
policy gradient, and hence only serves to reduce the asymptotic risk. The last baseline we consider is
to use the advantage function A< Using advantage functions has been shown to be quite effective
in practice Schulman et al. (2016). It has the same issue as the value function baseline in that it
needs to be estimated from the data; once again in our analysis we simply assume we have access
to the true advantage function.

Our main result for model-free policy optimization is the following asymptotic risk lower bound
on Algorithm 4.
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Theorem 2.5 Let (A,, By) be such that A, is stable, range(A,) C range(B,), and B, has full
column rank. Consider Algorithm 4 with K1 = gy, step-sizes a; = [2(T — 1)o204(By)? - i] 74,
and threshold ¢ € (|| K|, 00). We have that the risk is lower bounded by:

~ 1

o ‘ —J] >
liminf N - Bl (Kog(N) = 1] 2 s 1)

Q(T?d(n + || B«||%)3) + or(T?) (Simple baseline)
Q(Td(n + ||B«||%)(n + | BT B4||%)) + or(T)  (Value function baseline) .
Q(d(n + || B||2)|| Bl Bs||%) (Advantage baseline)

2 2
wr Tue

Here, S)(+) hides constants depending only on o

In order to interpret Theorem 2.5, we consider a restricted family of instances (A, B,). For a
p € (0,1)and 1 < d < n, we define the family ¢ (p, d) over (A,, B,) as:

G(p,d) = {(pUUT, pU,) : U, e R UMU, = 1} .

This is a simple family where the A, matrix is stable and contractive, and furthermore we have
range(A,) = range(B,). The optimal feedback is K, = —U,! for each of these instances.

Theorem 2.5 states that for instances from ¢ (p, d), the simple baseline has risk Q(72 - dn3/N),
the value function baseline has risk Q(7 - dn?/N), and the advantage baseline has risk Q(d?>n/N).
On the other hand, Theorem 2.4 states that the model-based risk is upper bounded by O(nd/N),
which is less than the lower bound for all baselines considered in Theorem 2.5. For the simple
and value function baselines, we see that the sample complexity of the model-free policy gradient
method is several factors of n and 7" more than the model-based method. The extra factors of the
horizon length appear due to the large variance of the policy gradient estimator without the variance
reduction effects of the advantage baseline. The advantage baseline performs the best, only one
factor of d more than the model-based method.

We note that we prove Theorem 2.5 with a specific choice of step size «;. This step size cor-
responds to the standard 1/(mt) step sizes commonly found in proofs for SGD on strongly convex
functions (see e.g. Rakhlin et al. (2012)), where m is the strong convexity parameter. We leave to
future work extending our results to support Polyak-Ruppert averaging, which would yield asymp-
totic results that are more robust to specific step size choices.

Finally, we turn to our information-theoretic lower bound for any (possibly adaptive) method
over the family ¥ (p, d).

Theorem 2.6 Fixad < n/2 and suppose d(n — d) is greater than an absolute constant. Consider
the family 4 (p, d) as describe above. Fix a time horizon T and number of rollouts N. The risk
over any algorithm A which plays (possibly adaptive) feedbacks of the form u, = K;x; + ny with
| K|l < 1and n, ~ N(0,021,) is lower bounded by:

o d(n—d)
inf sup E[J(A) — Ji] 2 £ .
A pe(0,1/4), (A ] oh+oy N

(Ax,Bx)EY(d,p)

Observe that this bound is ©(nd/N). Therefore, Theorem 2.6 tells us that asymptotically, the
model-based method in Algorithm 3 is optimal in terms of its dependence on the state and input
dimensions n and d over the family ¢ (p, d).
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3. Related Work

For general Markov Decision Processes (MDPs), the setting best understood theoretically is the
tabular setting with finite state and action spaces. One definition (c.f. Strehl et al. (2006) and Jin
et al. (2018)) of a tabular model-free algorithm is an algorithm that requires o(S? AH) space, where
S is the number of states, A is the number of actions, and H is the horizon length (this definition
can also be modified for the infinite horizon). Under this definition, the best known regret bound
in the model-based case is O (VH?2SAT) from Azar et al. (2017), which matches the known lower
bound of Q(V H2SAT) from Jaksch et al. (2010); Jin et al. (2018) up to log factors. On the other
hand, the best known regret bound in the model-free case is by Jin et al. (2018), who show that
Q-learning achieves O(V H3S AT') regret. It is open whether or not the gap in H is fundamental.

We now turn to the PAC setting for tabular MDPs. We specifically focus on the generative
model assumption, where an oracle exists that allows one to query the state transition from any
state/action pair at every timestep. For infinite horizon discounted MDPs, Azar et al. (2013) show
that model-based policy iteration can find a € optimal policy with O(SA/((1 — v)3¢?)) samples
as long as ¢ < O(1/4/(1 —7)S), which matches the minimax lower bound given in the same
work. Sidford et al. (2018) show that a model-free variance reduced value iteration algorithm also
achieves O(SA/((1 — 7)3e?)) sample complexity even beyond the small ¢ regime of the model-
based method. Therefore, in this setting, there is no gap between model-based and model-free
methods in the small ¢ regime, and the best upper bounds currently suggest that model-free methods
actually outperform model-based methods in the moderate ¢ regime by a factor of 1/(1 — )2 in
sample complexity. It is still open if this gap can be resolved in the moderate € regime.

Sun et al. (2019) present an information-theoretic definition of model-free algorithms which
can be applied beyond the tabular setting. Under their definition, they construct a family of factored
MDPs with horizon length H where any model-free algorithm incurs sample complexity Q(21),
whereas they exhibit a model-based algorithm that has sample complexity polynomial in H and
other relevant quantities. We leave proving lower bounds for LQR under a rigorous definition of
model-free algorithms to future work.

Turning our attention from tabular MDPs to LQR, the story is less complete. Unlike the tabular
setting, the storage requirements of a model-based method are comparable to a model-free method.
For instance, it takes O(n(n + d)) space to store the state transition model and O((n + d)?) space
to store the )-function. In presenting the known results of LQR, we will delineate between offline
(one-shot) methods versus online (adaptive) methods.

In the offline setting, the first non-asymptotic result is from Fiechter (1997), who studied the
sample complexity of the certainty equivalence controller on the discounted infinite horizon LQR
problem. Later, Dean et al. (2017) study the average cost infinite horizon problem, using tools
from robust control to quantify how the uncertainty in the model affects control performance in
an interpretable way. Both works are model-based, since they both propose to first estimate the
state transition matrices from sample trajectories and then use the estimated dynamics in a con-
trol synthesis procedure. For model-free methods on LQR, Tu and Recht (2018) study the per-
formance of least-squares temporal difference learning (LSTD) Boyan (1999); Bradtke and Barto
(1996) (c.f Section 2.1). They focus on the discounted cost setting and provide a non-asymptotic
bound on the error of LSTD. Later, Abbasi-Yadkori et al. (2019) extend this result to the average
cost setting. Most related to our analysis for policy gradient is Fazel et al. (2018), who study the
performance of model-free policy gradient related methods on LQR. Unfortunately, their bounds
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do not give explicit dependence on the problem instance parameters and are therefore difficult to
compare to. Furthermore, Fazel et al. study an infinite horizon setting where the only noise is in the
initial state; all subsequence state transitions have no process noise. Other than our current work,
we are unaware of any analysis (asymptotic or non-asymptotic) which explicitly studies the behav-
ior of policy gradient on the finite horizon LQR problem. We also note that Fazel et al. analyze a
policy optimization method which is more akin to derivative-free random search (e.g. Mania et al.
(2018); Nesterov and Spokoiny (2017); Salimans et al. (2017)) than REINFORCE. Derivative-free
random search for LQR is studied by Malik et al. (2019), who prove upper bounds that suggest that
having two point evaluations is more sample efficient compared to single point evaluation. We leave
analyzing these derivative-free algorithms under our framework to future work. Finally, note that
all the results mentioned for LQR are only upper bounds; we are unaware of any lower bounds in
the literature for LQR which give explicit dependence on the problem instance.

We now discuss known results for the online (adaptive) setting for LQR. For model-based al-
gorithms, both optimism in the face of uncertainty (OFU) Abbasi-Yadkori and Szepesvari (2011);
Faradonbeh et al. (2017); Ibrahimi et al. (2012) and Thompson sampling Abeille and Lazaric (2017,
2018); Ouyang et al. (2017) have been analyzed in the online learning literature. In both cases,
the algorithms have been shown to achieve O(\/T ) regret, which is known to be nearly optimal in
the dependence on T'. However, in nearly all the bounds the dependence on the problem instance
parameters is hidden. Furthermore, it is currently unclear how to solve the OFU subproblem in
polynomial time for LQR. In response to the computational issues with OFU, Dean et al. (2018)
propose a polynomial time adaptive algorithm with sub-linear regret O(T2/ 3); their bounds make
the dependence on the problem instance parameters explicit, but are quite conservative in this re-
gard. For model-free algorithms, Abbasi-Yadkori et al. (2019) study the regret of a model-free
algorithm based on follow the leader. They prove that their algorithm has regret O (T 2/ 3+€) for any
€ > 0, nearly matching the bound given by Dean et al. in terms of the dependence on 7. In terms of
the dependence on the problem specific parameters, however, their bound is not directly comparable
to that of Dean et al. Experimentally, Abbasi-Yadkori et al. observe that their model-free algorithm
performs quite sub-optimally compared to model-based methods; these empirical observations are
also consistent with experiments by Mania et al. (2018); Recht (2018); Tu and Recht (2018).

4. Proof Sketch

At a high level our proofs are relatively straightforward, relying on classical arguments from asymp-
totic statistics. However, various technical issues arise which make the arguments more involved.
Below, we briefly outline the proof strategies that we use for our main results.

4.1. Policy Evaluation

Model-based (Algorithm 1 and Theorem 2.1). We first compute the limiting distribution of
VTvee(L(T) — L,) (Lemma A.1) as a consequence of a standard Markov chain CLT (Theo-
rem D.1). We then use the delta method to compute the limiting distribution of \/Tsvec(ﬁplug (T)—
P,) by differentiating the map L — dlyap(L, Q@ + K" RK) at L,. We then prove that this sequence
of random variables is uniformly integrable by controlling its higher order moments. Uniform in-
tegrability then implies (Lemma A.5) that the limit of the scaled risk 7 - E[Hﬁplug(T) — P4 is
equal to the trace of the covariance of this limiting distribution, which yields the result. The details
of this are worked out in Section B.1.
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Model-free LSTD (Algorithm 2 and Theorem 2.2). This case is simpler since we can directly
compute the limiting distribution of v/T' (Wistq —w«) (Lemma A.3) using Markov chain CLTs. Then,
the trace of the limiting distribution immediately lower bounds (Lemma A.5) the limit of the scaled
risk 7" - E[Hﬁlstd — P,||%] without having to establish uniform integrability. The details are worked
out in Section B.2.

4.2. Policy Optimization

Model-based (Algorithm 3 and Theorem 2.4). As before, we start by computing the limiting
distribution of v Nvec(©(N) — ©,) (Lemma A.2). Next, we use the delta method to compute
the limiting distribution of v/ Nvec(K(6(N)) — K,), where K (©) is the optimal LQR controller
designed with the model parameters ©. This is done by differentiating the solution of the discrete
algebraic Riccati equation with respect to the model parameters (Lemma C.2). Next, we make the
observation that VJ(K,) = 0 and apply the second order delta method in order to compute the
limiting distribution of N - (J(K (N)) — J,). We then show uniform integrability of this sequence
by once again controlling its higher order moments. Again, by Lemma A.5 this yields an expression
for the limit of the scaled risk NV - E[J (IA( (N)) — J.]. The details are worked out in Section C.2.

Model-free policy gradients (Algorithm 4 and Theorem 2.5). This proof is the most involved,
because it requires us to establish the limiting distribution of a first-order stochastic optimization
algorithm with a convex projection step. In Section C.1, we show that the geometry of the smoothed
policy gradient function satisfies restricted strong convexity for the particular dynamics we consider.
Then in Section E, we compute the limiting distribution for SGD with projection on restricted strong
convex functions, when the optimal solution lives in the interior of the domain. To do this, we build
on the results of Toulis and Airoldi (2017) and Rakhlin et al. (2012). The remainder of the proof
involves computing the variance of the various policy gradient estimators with different baselines.
In general this calculation is not tractable, but our particular choice of models we study allows us to
obtain very sharp estimates on this variance. The details are worked out in Section C.3.

5. Conclusion

We compared the asymptotic performance of both model-based and model-free methods for LQR.
We showed that for policy evaluation, a simple plugin estimator is always more asymptotically
sample efficient than the classical LSTD estimator. For policy optimization, we studied a family
of instances where the convergence of policy gradient to the optimal solution is guaranteed, and
showed that in this setting a simple plugin estimator is asymptotically at least a factor of state-
dimension more efficient than policy gradient, depending on what specific baseline is used.

This work opens a variety of new directions for future research. The first is analyzing the
asymptotic behavior of other model-free algorithms, such as derivative-free optimization, policy
iteration, and Q-learning. Beyond algorithmic specific bounds, formulating a rigorous definition of
model-free methods and proving lower bounds against the definition is of interest. As mentioned
earlier, Sun et al. (2019) take an important first step in this direction. Another direction is to use
asymptotic analysis to understand the effect of various baselines in policy gradient. Designing
efficient baselines is still an open problem in RL, and understanding limiting behavior of different
estimators could lead to new insights. Finally, extending the asymptotic analysis to the online setting
would help us understand the difference between optimal /7 regret algorithms at a finer resolution.
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Appendix A. Asymptotic Toolbox

Our analysis relies heavily on computing limiting distributions for the various estimators we study.
A crucial fact we use is that if the matrix L, is stable, then the Markov chain {z;} given by x4+ =
Lyx; + wy with w, ~ N(0,021,) is geometrically ergodic. This allows us to apply well known
limit theorems for ergodic Markov chains.

In what follows, we let == denote almost sure convergence and 2 denote convergence in
distribution. We also let ® denote the standard Kronecker product and ®; denote the symmetric
Kronecker product; see e.g. Schicke (2004) for a review of the basic properties of the Kronecker
and symmetric Kronecker product which we will use extensively throughout the sequel. For a matrix
M, the notation vec(M) denotes the vectorized version of M by stacking the columns. We will also
let svec(-) denote the operator that satisfies (svec(M), svec(Ms)) = (M7, M) for all symmetric
matrices My, My € R™ ™, where the first inner product is with respect to R*(7+1)/2 and the second
is with respect to R™*". Finally, we let mat(-) and smat(-) denote the functional inverses of vec(-)
and svec(+). The proofs of the results presented in this section are deferred to Section D.

We first state a well-known result that concerns the least-squares estimator of a stable dynamical
system. In the scalar case, this result dates back to Mann and Wald (1943).

Lemma A.1 Let x4y = Ly + wy be a dynamical system with L, stable and w; ~ N (0, U?UI ).
Given a trajectory {mt}g;o, let L(T') denote the least-squares estimator of L, with regularization
A>0:

T-1

A
L(1) = in — Lay[|3 + IILIIE -
(T) arg min o t:0||$t+1 wel|3 + 2” %

Let Py, denote the stationary covariance matrix of the process {x}52, i.e. L*POOLI — P +
02 I, = 0. We have that L(T) %> L, and furthermore:

VTvec(L(T) — L) 2 N (0,03 (P ® 1,)) .

We now consider a slightly altered process where the system is no longer autonomous, and
instead will be driven by white noise.
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Lemma A.2 Let 2411 = Asxy + Byuy + wy be a stable dynamical system driven by u; ~
N(0,021,) and wy ~ N(0,021,). Consider a least-squares estimator © of ©, = (A*, B,) €
R™*("+4) pased off of N independent trajectories of length T, i.e. given {{zt(z) = ( )}t oy,

N T-1

o) _ @2, A 2
o) —arg | min 530 S lelh —4r” - B 13+ 514 Bl

Let Py, denote the stationary covariance of the process {x}72, i.e. P solves
APy Al — Poo +02B.B] + 051, =0.

We have that ©(N) 22 ©, and furthermore:

VNvee(®(N) —©,) 2 N <0, ‘212“ [PBZI (1/003)Id] © I + 0(1/T)> .

Next, we consider the asymptotic distribution of Least-Squares Temporal Difference Learning
for LQR.

Lemma A.3 Let ;11 = Azt + Byeuy + wy be a linear system driven by uy = Kz and wy ~
N(0,021,,). Suppose the closed-loop matrix A, + B, K is stable. Let v, denote the stationary
distribution of the Markov chain {x}{2. Define the two matrices A, Bso, the mapping 1 (x),
and the vector w, as

A= E  [0(2)(6(z) - 6(2))T],

2/ mp( o (2)
Booi= E  [(6(a)) = (@) w)*6(2)o ()],

&' ~p(-lz,m(z))

Ya)= _E [pa)],
a/~p(-la,m(x))
wy = svec(Py) .

Let Wystq(T) denote the LSTD estimator given by:

T—1 -1
Wista(T') = <Z P(we)(p(we) — ¢($t+1))T) <Z(Ct - )\t)¢(90t)> :
t=0 t=0

Suppose that LSTD is run with the true \; = )\, := o2, tr(Py) and that the matrix A, is invertible.
We have that Wigq(T) <= w, and furthermore:

VT (Wi (T) — wye) 2 N(0, Al B ALT) .

As a corollary to Lemma A.3, we work out the formulas for A, and B, and a useful lower
bound.
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Corollary A.4 [In the setting of Lemma A.3, with L, = A, + B, K, we have that the matrix A is
invertible, and:
Aoo:(Poo®spoo)_(PooLI®sPooLI)7
Boo = (02(Poo, LI P2L,) + 200 || P||3) (2(Pso ®5 Po) + svec(Pag)svec(Pag) ")
+ 202 (svec( Py )svec(Poo LT P2L, Poo) T + svec(Po L] P2L, Py )svec(Pa)T)
+ 802 (P L] P2L, Py, ®, Ps) .
Furthermore, we can lower bound the matrix A7 Boo AT by:
AL Boo AL = 807 (Poo, LIPIL) (I = LT @5 L) (P! @5 P)(I = L @5 L) 7T
+1602(I — L] @5 L)) " W(L] P2, @5 P (I - L @5 L))" 7. (A1)

Next, we state a standard lemma which we will use to convert convergence in distribution guar-
antees to guarantees regarding the convergence of risk.

Lemma A.5 Suppose that {X,,} is a sequence of random vectors and X, 2 x Suppose that f
is a non-negative continuous real-valued function such that E[f (X )] < co. We have that:

lininf B[ (X)) = E[f(X)]

If additionally we have sup,,»; E[f(X,,)'7¢] < oo holds for some ¢ > 0, then lim,, oo E[f(Xy)]
exists and

lim E[f(X,)] = E[f(X)].

n—oo

Proof Both facts are standard consequences of weak convergence of probability measures; see e.g.
Chapter 5 of Billingsley (1995) for more details. |

The next claim uniformly controls the p-th moments of the regularized least-squares estimate
when 7' is large enough. This technical result will allow us to invoke Lemma A.5 to obtain conver-
gence in L.

Lemma A.6 Let x441 :AL*xt + wy with wy ~ N (0, afuln) and L, stable. Fix a regularization
parameter \ > 0 and let L(T) denote the LS estimator:

T—1
~ .1 A
L(T) =arg min =% o1 — Lagll3 + S L] -

nxn 2
LeR =0

Fix a finite p > 1. Let Cr,, p, and Cr, x pnp denote constants that depend only on Ly, \,n (resp.
L., A\,n,p) and not on T, 6. Fix a 6 € (0,1). With probability at least 1 — 6, as long as T >
CL,.anlog(1/0) we have:

- log(1/9)
IE(T) = L)l < Oy 22
Furthermore, as long as T' > Cr,, \ n.p, then:
~ 1
E[[|L(T) — Ly|P] < C/L*,A,n,pm :
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The next result is the analogue of Lemma A.6 for the non-autonomous system driven by white
noise.

Lemma A.7 Let x4y = Ay + Byug + wy with wy ~ N (0,00 1,), ug ~ N(0,0014), and A,
stable. Fix a regularization parameter A > 0 and let ©(N) denote the LS estimator:

N T-—
O(N) = ar 2D — Az — Bu 2+ 2[4 B>
(V)=ag  min 22320\ ) — A~ Buf 3+ 2[4 Bl
Fixafinitep > 1. Let Co, 7 n,d and Ceo, T xn.dp denote constants that depend only on ©,., T, \,n,d
(resp. ©4, T, \,n,d,p) and not on N, 9. Fixa 0 € (0,1). With probability at least 1 — §, as long as
N > Ceo, 13 n,alog(1/6) we have:

- log(1/9)
[O(N) — 6.l < Co, 1And N
Furthermore, as long as N > Ce, T\ n,dp then:
~ , , 1
E[[|©(N) — 04[] < CG*,T,)\,n,d,pW :

Proof The proof is nearly identical to that of Lemma A.6, except we use the concentration result
of Proposition 1.1 from Dean et al. (2017) instead of Theorem 2.4 of Simchowitz et al. (2018) to
establish concentration over multiple independent rollouts. We omit the details as they very closely
mimic that of Lemma A.6.

We note that in doing this we obtain a sub-optimal dependence on the horizon length 7". This can
be remedied by a more careful argument combining the concentration along each trajectory from
Simchowitz et al. with the concentration across independent trajectories from Dean et al. However,
as in our limit theorems only N the rollout length is being sent to infinity (e.g. 7" is considered a
constant), a sub-optimal bound in 7" will suffice for our purpose. |

Our final asymptotic result deals with the performance of stochastic gradient descent (SGD) with
projection. This will be our key ingredient in analyzing policy gradient (Algorithm 4). While the
asymptotic performance of SGD (and more generally stochastic approximation) is well-established
(see e.g. Kushner and Yin (2003)), we consider a slight modification where the iterates are projected
back into a compact convex set at every iteration. As long as the optimal solution is not on the
boundary of the projection set, then one intuitively does not expect the asymptotic distribution to
be affected by this projection, since eventually as SGD converges towards the optimal solution the
projection step will effectively be inactive. Our result here makes this intuition rigorous. It follows
by combining the asymptotic analysis of Toulis and Airoldi (2017) with the high probability bounds
for SGD from Rakhlin et al. (2012).

To state the result, we need a few definitions. First, we say a differentiable function F' : R 5 R
satisfies restricted strong convexity (RSC) on a compact convex set © C R? if it has a unique
minimizer 6, € int(©) and for some m > 0, we have (VF (), —0,) > m| 0 —0,||3 forall § € ©.
We denote this by RSC(m, ©).
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Lemma A.8 Let F € C3(0) and suppose F satisfies RSC(m, ©). Let 0, € © denote the unique
minimizer of F' in ©. Suppose we have a stochastic gradient oracle g(0;§) such that g is contin-
uous in both §,& and VF(0) = E¢[g(8;€)] for some distribution over . Suppose that for some
G1,Ga, L > 0, forallp € [1,4] and § € (0, 1), we have that

sup E¢[||lg(6; 9)[5] < GY, (A2)
0cO
P (suplls(6:€)12 > Gapolviog(1/9)) <. (A3)
c
Ee[llg(6;€) — g(0::€)[|3] < L||6 — 0,]|3 VO € © . (A.4)

Given an sequence {& }7°, drawn i.i.d. from the law of &, consider the sequence of iterates {0; }7°,
starting with 01 € © and defined as:
1
t+1 rojo (0 — arg(01:6t)) , o i
We have that:
lim mT - Var(fr) = =, (A.5)

T—o0

where Z = lyap(%1;—V?F(0,), E¢[g(6x; £)g(0x; ) T]) solves the continuous-time Lyapunov equa-
tion:

(510 = V2F(0.)) E+E (S 1a— V2F(0.)) + Eelg(0.:€)9(0::9)T) = 0. (A.6)
We also have that for any G € C3(0) with VG () = 0 and V>G(0,) = 0,
liminf T - E[G(67) — G(6,)] > —— tx(V2G(6,) - E) . (A7)
T—o0 2m

We defer the proof of this lemma to Section E of the Appendix. We quickly comment on how the

last inequality can be used. Taking trace of both sides from Equation A.6, we obtain:
m

5 10) = Eello(@.: Ol

tr(Z - (V2F(6,) — 5

We now upper bound the LHS as:
t(E - (V2F(0,) — 1))
= tr(2 - V2G(0,)Y? - V2G(0,) V2 (VEF(0,) — %Id)VQG(H*)_l/Z V3G (0,)'?)
< tr(2 - V2G(0,) Amax (V2G(0,) "V2(V2F(6,) — %Id)VQG(Q*)_W)
= t2(Z - V2G(02)) Anax (VG (0,) " (V2F (60,) — 21)) .

2

Combining the last two equations we obtain that:
1

lim inf 7 - E[G(07) = G(6.)] > 5 tx(2 - V2G(6,))
1

& AmAmax (V2G(0,)"1(V2F(6,) — %Id))Eg[Hg(G*;f)H%] :

(A.8)

We will use this last estimate in our analysis.
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Appendix B. Analysis of Policy Evalution Methods
In this section, recall that Q, R, K are fixed, and furthermore define M := Q + K" RK.

B.1. Proof of Theorem 2.1

The strategy is as follows. Recall that Lemma A.1 gives us the asymptotic distribution of the (reg-
ularized) least-squares estimator L (T') of the true closed-loop matrix L,. For a stable matrix L, let
P(L) = dlyap(L, M). Since the map L — P(L) is differentiable, using the delta method we can
recover the asymptotic distribution of /T'svec(P (E(T)) — P,). Upper bounding the trace of the
covariance matrix for this asymptotic distribution then yields Theorem 2.1.

Let [DP(L)] denote the Fréchet derivative of the map P(-) evaluated at L, and let [DP(L)](X)
denote the action of the linear operator [DP(L)] on X. By a straightforward application of the
implicit function theorem, we have that:

[DP(L,)|(X) = dlyap(L,, X "P,.L, + LT P, X) .

Before we proceed, we introduce some notation surrounding Kronecker products. Let I' denote
the matrix such that (A®,B) = 3I'T(A® B+ B®A)I for any square matrices A, B. Itis a fact that
I'vec(S) = svec(S) for any symmetric matrix S. Also let II be the orthonormal matrix such that
Ivec(X) = vec(X ) for all square matrices X . It is not hard to verify that II" (A® B)II = (B®A),
a fact we will use later. With this notation, we proceed as follows:

svec([DP(Ly)|(X)) = (I — L] @, L)) 'svec(X T P,L, + L] P,X)
=(I-L] o, L) 'Tvec(XTP.L, + LI P, X)
= —-L] @ LH7'T(LTP, ® L)1 + (I, ® LT P,))vec(X) .
Applying Lemma A.1 in conjunction with the delta method, we obtain:
VTsvec(P(L(T)) = P.) % N(0,0%(I — LT @, LT)"'V(I = LT ®, L1)™T),
where,

V :=T[(L{ P, ® L)1 + (I, ® L] P.)) (P! ® I,)((L] P, @ L)1 + (I, ® L] P,))T]T"T

,\
NG

2T[(L] P, ® L) I(P!' @ L) (P.L, ® I,) + (I, ® L P)(P! ® I,) (I, ® P.L,)|TT
oT[(L] P, @ I,) (I, ® P )(PiLy ® I,) + (I, ® L] P) (P! ® I,) (I, ® PoLy)|TT
oT[(L] P’L, © PLY) + (PL! @ LT P2L)TT

4(L]P2L, ®s PL).

In (a), we used the inequality for any matrices X, Y and positive definite matrices F, G, (see e.g.
Chapter 3, page 94 of Zhang (2005)):

X+VF+O ' X+ <XFIXT+va v,

Suppose that the sequence {||Z7||%} is uniformly integrable, where Z7 := /T'svec(P(L(T)) —
P,). Then:

Tim T B[|P(E(T)) - B} < 4u((T - LT @, LD (LT P2L, @, 02 PL)(I — LT ©, L)

21
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which is the desired bound on the asymptotic risk.
We now show that the sequence {|| Z7||%} is uniformly integrable. To do this, we need a simple
matrix stability perturbation bound.

Lemma B.1 Let A be a stable matrix that satisfies | A*|| < Cp¥ for all k > 0 for some C > 0 and
p € (0,1). Fixa~y € (p,1). Suppose that A is a perturbation that satisfies:

Y—P
Al € —=.
N
Then we have that (a) A + A is a stable matrix with p(A + A) < v and (b) ||(A + A)F|| < CH*
forall k > 0.

Proof We start by proving (b). Fix an integer & > 1. Consider the expansion of (A + A)* into 2*
terms. Label all these terms as T} j for¢ = 0,...,kand j = 1,. (k) where 7 denotes the degree of

A in the term (hence there are ( ) terms with a degree of ¢ for A) Using the fact that || A*|| < CpF
for all k > 0, we can bound ||T; ;|| < C*1p*~%||A||*. Hence by triangle inequality:

k
I(A+2)F <D0 D Tl

i=0 j

<Z( e
—OZ( Jiclanyis

— c(C)a] +p)*
< CyF,

where the last inequality uses the assumption ||A|| < 2=2. This gives the claim (b).

To derive the claim (a), we use the inequality that p(A + A) < [|(A + A)*||1/k < CVF*y for
any k£ > 1. Since this holds for any £ > 1, we can take the infimum over all £ > 1 on the RHS,
which yields the desired claim. |

Fix a finite p > 1. Since L, is stable and ¢ € (p(Ly), 1), there exists a C, such that ||L¥| <
C,CF for all k > 0. For the rest of the proof, O(-),Q(-) will hide constants that depend on
L,,Ceyn,p,\,(,%, but not on T'. Set op = O(l/Tp/2) and let T be large enough so that there
exists an event Egqq promised by Lemma A.6 such that P(Egqq) > 1 — dp and on Eggq We
have ||L(T) — L,|| < O(y/log(1/67)/T). Let T also be large enough so that on Egqg, we have
|Z(T) — L,|| < min((y — px)/Cx, b — || L||). With this setting, we have that on Eggq, for any

€ (0,1),

L(a) == aL(T) + (1 — )L, € {L e RV p(L) < ¢, ||L|| < min (||L*] 4+ ;p’w)} = G.

Therefore on Egqq, for some o € (0, 1),

IP(L(T)) = P|| = [[DP(L(a))|(L(T) = L.)| < iugll[DP( DIIIZ(T) = Lu]| := SIL(T) = Ll
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Here the norm [|[H]|| := sup) x|<1[/[](X)[|. We have that S is finite since G is a compact set.
Next, define the set Gajg as:

Gaig :={L e R™" : p(L) <, |IL|| <4},
and define the event Eajg as Eajg = {E(T) € Galg}- Consider the decomposition:
E[|| Pytug (T) — P*Ilp] E[|| Potug(T) = PullPLeggy) + Elll Potug(T) — Pe|P1eg, ]
E[[| Potug(T) — PullPLeggy] + Bl Porug(T) — PelPeg, e,
+ E[|| Potug (T) — Py|[PLee

In what follows we will assume that 7" is sufficiently large.

demsAg]‘

On £gyq.  On this event, since we have Egyg C Ealg, We can bound by Lemma A.6:
E[|| Potug(T) = PelPLegga) = Bl Poug (T) — PullPLeggunen] < SPE[IL(T) — L|[P) < O(1/T?/?) .
On £5,4 N Eng-  On this event, we use the fact that Gaig is compact to bound:

E[||Potug(T) = PullPLeg, nen,] < sup dlyap(L, Q + KT RE) — PulPP(Egag N Entg)
Legnig

< sup Hdlyap(f, Q-+ KTRK) — P.||Por
EegNg

<0(1/17/?).
On &g,y N &R, On this event, we simply have:

E[l| Potug(T) = PellPLeg, ez, ] = [ PPP(Egaa N ERg) < I PulIP6r < O(L/TP).
Putting it together. Combining these bounds we obtain that E[|\]3plug(T) — Pi||P] < O(1/17/3).
Recall that Zp = svec(P(L(T)) — P,). We have that for any finite y > 0 and 7' > (1):

E(| 27|77 = T®*PE[| P(L(T)) - P77
< n@HNETEIRE] P(L(T)) - PP
< nENRTEN20 (1 ) TR+/2)
< nMN20(1).

On the other hand, when 7" < O(1) it is easy to see that E[HZTHHV] is finite. Hence we have

supyrsq K[| Z7 H2+7] < oo which shows the desired uniformly integrable condition. This concludes
the proof of Theorem 2.1.

B.2. Proof of Theorem 2.2
Lemma A.3 (specifically (A.1)) combined with Lemma A.5 tells us that:
liminf T E[|| Pt (T) — Pil|F] > tr(A! Boo AL
T—o00
> 80 tr((Pog, LY PPL)(I — LT @5 LT) ™ (P! @5 PN — L @5 L)) 7T)
+ 1602 tr((I — L] ®, L)) YL P?L, @, PLY(I - L] @, L1)7T).

The claim now follows by using the risk bound from Theorem 2.1.
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B.3. Proof of Theorem 2.3

Let Fy, ..., Ex be d-dimensional subspaces of R" with d < n/2 such that || Pg, — Pg;[|r 2 V.
By Proposition 8 of Pajor (1998), we can take N > €™("~%)  Now consider instances A; with
A; = 7Py, + I, foraT,vy € (0,1) to be determined. We will set 7 + v = p so that each 4; is
contractive (i.e. ||4;]| < 1) and hence stable. This means implicitly that we will require 7 < p. Let
IP; denote the distribution over (z1, ..., z7) induced by instance A;. We have that:

L(P;, P;) ZEWP [KL(N (Ajzy, o*T), N (Ajzy, 0°1))]

1
L S Bl — Al
t=1

T
|4 — Aj|>
< # tr(ExtNPi [xtx;r])
t=1
2
< ET tr(Pao)
d n—d
2
=T7T
! (1—/)2 i 1—72>
< 7'2T7n
1—p?
Now if we choose n(n — d) > 4log2 and T' > n(1 — p?)/p?, we can set 72 = ”(%pz) and obtain
I(V;X)+log 2
On the other hand, let P; = dlyap(A;, I,,). We have that for any integer k& > 0:
k
(rPg, +7In)" — (TPg, + 7I,)" = > ( ) Ml (PE, - Pgy)
=0
k
k’kl(PE—PE +Z<>kf€(P€ Pé)
(=2
Hence,
o0
P— P =) ((A))TAF — (A})TA])
k=1
oo
(AFF — AFF)
k=1

o0 oo 2k
22]{7219 1T+ZZ<2;:> 2k—1 K) (Pg, —PE)

(k:l k=2 (=2

oo k
T 2 (o) Z) = P)-
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Therefore,

2yt YT
————||Pg. — Pg. > \/d.

)

The claim now follows by Fano’s inequality and setting d = n/4.

1P = Pjllr >

Appendix C. Analysis of Policy Optimization Methods
C.1. Preliminary Calculations

Given (A, B,) with range(A,) C range(B,) and rank(B,) = d, let Jg(K) for a K € R¥*"
denote the following cost:

T

Z\%H%] , Tl = Awxy + Baug +wy, up = Koy, we ~N(0,%) .
=1

Ju(K):=E

Here we assume 7' > 2 and ¥ is positive definite. We write J(K) = J,2 1, (K) as shorthand.
Under this feedback law, we have z; ~ N(0, _¢ L(K)*S(L(K)Y)T) with L(K) := A, + B,K.
Letting L be shorthand for L(K), the cost can be written as:

T t—1 T t—1
Jo(E) =33t L'S@LHT) = Ttr(D) + D) tr(LB(LHT) .
t=1 ¢=0 t=1 ¢=1
Let K, denote the minimizer of Jx(K); under our assumptions we have that K, = —BIA*.

Furthermore, because of the range condition we can write A, = B*BIA*. Therefore, L(K) =
B*(BIA* + K'). While the function Jx;(K) is not convex, it has many nice properties. First, Jx (K)
satisfies a quadratic growth condition:

Js(K) — Jg(K,) > (T — 1) tr(LXLT)
= (T — 1) tr(By(BJA, + K)X(BIA, + K)TB])
= (T — 1)vec(BIA, + K)T(X ® Bl B,)vec(BI A, + K)
> (T = 1) Amin(2)min(B)?[| K — K. |17 - (C.1)

Next, we will see Jx(K) satisfies restricted strong convexity. To do this, we first compute the
gradient V.Jx(K). Consider the function M ~ M? for any integer / > 2. We have that the
derivatives are:

-1 -1
[DM)(A) = > MFAMSF[D(MO)T(A) = > (M) TAT(MM)T
k=0 k=0
By the chain rule,
/—1
[DL(K)*|(A) =Y L(K)*B,AL(K)* 1.

>
I

0
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Hence by the chain rule again,

{—1
[Dtr(L(K)*S(LYT](A) = tr (L’fz Z(LMI)TATBI(L’f)T>
k=0

/-1
+ tr (Z L’“B*ALe_k_lE(LZ)T)

k=0
/-1
=2 <Z BI (LR TLIS (LR 1T, A> .
k=0

We have shown that:

£—1
Vi tr(L(K) S(LK))T) =23 BI(LF)TL (LT
k=0

Therefore we can compute the gradient of Jx(K) as:

T—1/¢-1
VIs(K) =2T - 1)BILY+2) » (T—OBI(L)TLRL T
{=2 k=0

Now observe that L(K) = B,(K — K, ) and therefore:

(VIs(K), K — K,) = tr(VJs(K)(K — K,)T)

’ﬂ

—14-1
2T — 1) tr(LXLT) + 2 (T — ¢) tr(L2(LHT)
2 k=0

I
~
[

—~
Nas

a

> 2(T — 1) tr(LELT)
>2(T - 1))‘min(z)amin(B*)2HK - K*H% .
Above, (a) follows since tr(AB) > 0 for positive semi-definite matrices A, B. This condition
proves that K = K, is the unique stationary point, and establishes the restricted strong convexity
RSC(m, R¥™) condition for Js;(K) with constant m = 2(T — 1) Apin (X)0min (By)?2.
Finally, we show that the Hessian of .Jx;(K') evaluated at K, is positive definite. Fix a test matrix
H € R¥" and define the function g(t) := (H,VJx (K, + tH)). By standard properties of the

directional derivative, we have that HessJx(K,)[H, H] = ¢'(0). Observing that L(K, + tH) =
t - B,H, we have that:

g(t) = 2(T — ) tr (EHTBTB H)
10—

+ 2 (T — 0 Y (H"BTN(HTBH* (B, H)'S(HTB]) k1) |
(=2 k=0

from which we conclude:

Hess.Js (K, )[H, H] = 2(T — 1) tr(SH "B B,H) = 2(T — 1)vec(H)" (X ® B B,)vec(H) .
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C.2. Proof of Theorem 2.4

Recal that the pair (A, B) is stabilizable if there exists a feedback matrix K such that p(A+ BK) <
1. We first state a result which gives a sufficient condition for the existence of a unique positive
definite solution to the discrete algebraic Riccati equation.

Lemma C.1 (Theorem 2, Molinari (1975)) Suppose that QQ = 0, (A, B) is stabilizable, and B
has full column rank. Then there exists a unique positive definite solution P to the DARE:

P=ATPA— ATPB(B"PB)"'BTPA+Q. (C.2)

This P satisfies the lower bound P = Q, and if A is contractive (i.e. |A|| < 1) satisfies the upper

lQll
bound || P|| < A

Proof Define the map W(z; A) := BT (2711, — A)~TQ(z1,— A)~'B. Let K be such that A+ BK
is stable. We observe that for |z| = 1, we have that:

U(z; A+ BK) = B*(2I, — (A4 BK))™*Q(zI, — (A+ BK))"'B >~ 0.

This is because ) > 0, B*B > 0, and the matrix zI,, — (A+ BK) does not drop rank since A+ BK
has no eigenvalues on the unit circle. Therefore by Theorem 2 of Molinari (1975), there exists a
unique symmetric solution P that satisfies (C.2) with the additional constraint that BT PB > 0 and
that p(A.) < 1 with A, := A — B(BTPB)"'BT PA. But (C.2) means that:
ATPA, = (A—B(B"PB)"'B"PA)"P(A—- B(B"PB)"'BTPA)
= ATPA—A"PB(B"PB) 'B"PA—- ATPB(B"PB)"'B"TPA
+A"PB(B"PB)"'B"PB(B"PB)"'!BTPA

= ATPA—-A"PB(B"PB)"'!BTPA

=P-Q.
Hence, we have AT PA, — P 4+ @ = 0, and since A, is stable by Lyapunov theory we know that

P > Q. Furthermore, since P > 0, (C.2) implies that P < ATPA + Q@ from which the upper
bound on || P|| follows under the contractivity assumptions. [

Next, we state a result which gives the derivative of the discrete algebraic Riccati equation.

Lemma C.2 (Section A.2 of Abeille and Lazaric (2017)) Let (Q), R) be positive semidefinite ma-
trices. Suppose that (A, B) are such that there exists a unique positive definite solution P(A, B) to
dare(A, B, Q, R). For a perturbation [AA AB] e R™("+d) \ve have that the Fréchet derivative
[D(a,8)P(A, B)| evaluated at the perturbation [A A A B] is given by:

T I, I T T
[D(A,B)P(A>B)K[AA AB]):dlyap <ACaAcP[AA AB} |:K:| + |:K:| [AA AB] PAC> ,

where P = P(A,B), K = —(B"PB+ R)"'B"PA, and A. = A + BK.
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With these two lemmas, we are ready to proceed. We differentiate the map:
h(A,B) := —(B"P(A,B) B+ R)"'BTP(A,B)A.
By the chain rule:

[D(a,pyh(A, B)|(A) = —(B"PB+ R) ™ (B"PAs + ARPA + BT [D4 5 Pl(A)A)
+(B"PB+ R)" (ALPB + B"PAp+ B"[D(4 ) P|(A)B)(B"PB+ R)'BTPA.

‘We now evaluate this derivative at:
A:A*7B:B*7Q:In,R:O.

Note that P(A, B) = I, and also by Lemma C.2, we have that [D 4 gy P(A, B)] = 0, since A, = 0.
Therefore the derivative [D(4 gyh(A, B)](A) simplifies to:

[D(A,B)h(Aa B)](A) = _(BIB*)A(BIAA + AEA*) + (BIB*)A(AJ_T%B* + B*TAB)BIA*
— —BIA,+ BiAgBIA, .
Hence we have:
vee([Diamh(A, B(A)) = | (I, @ B)  (B14)T ® Bl vee(A).

Now using the assumption that A, is stable, from Lemma A.2 we have that by the delta method:

VNvec(h(A(N), B(N)) — K,) 2 N (0,7) =: ¢,

—(I, » (BDHT)

BIA*(XJ (BI)T +O(1/T) .

~(I,®B}) (BiA)T® BI] <[P‘5_°1 1 fg) Id} ® In)

We now make use of the second order delta method. Recall that the Hessian of J at K, is
HessJ (K, )[H, H] = 2(T — 1)o2(H, BT B,H). If VNvec(K (N) — K,) 2 , then by the second
order delta method:

= D
N - (J(K(N)) = J,) ~ (T —1)o2¢" (I, ® BIB,)p.
Next we make an intermediate calculation:

—(I, » (BDHT)

* 4 Ak *

I, ® BBl —((BIA)T ® B, Bl)
—(BiA, @ B,Bl) BlA,AT(B)T ® B,B]
I, —(BIA)T
—BIA, BIAAT(BDT

® B,BI .
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Let Zy := N - (J(K(N)) — J,). To conclude the proof, we show that the sequence {Zy} is
uniformly integrable. Once we have the uniform integrability in place, then by Lemma A.5:

th((KN) Jy)

N—oo

- ((VB‘* o o)

_ P! I, —(BLA,)T
- 0 1/0 4| |—BiA, BiA,AT(B)T

T-1 BlA,|2
= UfLT (tr(Pool) + W) d+op(1).

2
Ou

I, —(BIA)T
—BIA, BIAAT(BI)T

® B*B,t)) + o (1)

) tr(B.BI) + or(1)

To conclude the proof, let Cy, p be such that || A¥|| < C,p* with p, € (0,1): these constants
exist because A, is stable. Now define the events:

Eng = {p(AN)) < o, J[AN)| <<, B <o, oa(BN)) =7},

~ 1—p, . =~
Eoaa = {I[AN) = Al < 2, [B(N) = Bul| < 0a(B.)/2} .
*

Fix a finite p > 1. We write:
E[Z}] = NPE[(J(K(N)) = J.)P1eg,,] + NPE[(J(K(N)) — J,)P1eg, |
= NPE[(J(K(N)) = Ju)"Legaa] + NPE[(J(K(N)) = T Leg, nens)
+ NPE[(J(K(N)) = J,)P1 E54aNES)
= NPE[(J(K (N)) = J.)"1gg,) + NPE[(J(K (N)) = Jo)"Lgg, )
+ NP(J(0) — J)PP(Egaq N ERlg)
< NPE[(J(K(N)) = T Leggs] + NPE[(J(K (N)) = TP Leg, rieg]
+ NP(J(0) = J)PP(Epgq) -
We now consider what happens on these three events. For the remainder of the proof, we let C

denote a constant that depends on n, d, p, Cx, px, 0,(, ¥, 7, Ax, By, T, €, aw, O'u but not on IV, whose
value can change from line to line.

On the event £pyq. By a Taylor expansion we write:
BAN), B(N)) = h(A,, B.) = [Diasyh(4, B)] ([AV) — 4, B(N) - B.])

where A = tA, + (1 — t)A(N) and B = tB, + (1 — t)B(N) for some ¢ € [0, 1]. Observe that on
EBdd, We have that

C*

By Lemma B.1, each (A4, B) € G is stabilizable (since A is stable) and B has full column rank.
Therefore by Lemma C.1, for any (A, B) € G we have that dare(A, B, I,,,0) has a unique positive

A,Beg:{( B) A < A + 2L B < B+ 04(B.)/2 . 0a(B) > 0u(B >/2}.
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definite solution and its derivative is well defined. By the compactness of G and the continuity of h
and its derivative, we define the finite constants

Ck := sup [|h(A, B)|l, Caeriv:= sup [[Da,ph(A, B .
A,BEeg A,Beg

We can now Taylor expand J(K') around K, and obtain:

2

~ 1 ~ o R
J(K(N)) = J, = HessJ(K)[K(N) = Ky, K(N) = K.
1 . _
<3 < _sup HHessJ(K)H) |K(N) - K,|%
IR <Cre+| K|
d -~ —~
<3 ( sup  [|HessJ(K H) Cleriv (JAN) — A* + | B(N) — B|]?) .

[ K| <Cr+| K
Hence for IV sufficiently large, by Lemma A.7 we have

NP -E[(J(K(N)) = Jo)" Leggs] < CNPE[JAN) = A*] + E[| B(N) — B.||*?])
1

=) =C.

< ONP(

On the event £C,, N Epg.  In this case, we use the bounds given by £ajg to bound the controller
IA((N) Lemma C.1 ensures that the solution P = dare(A(N), B(N), I,,,0) exists and satisfies
P = I,. Let the finite constant Cp be Cp := SUP,(a)<p,|A||<c,| B <t,04(B)>~ dare(4, B, In, 0).

We can then bound HI? (N)]] as follows. Dropping the indexing of NV,

||l = |(BTPB) ' BTPA| < %HBTPAH < Cr¥e.
Umin(BTP ) 7
Therefore:
N E[(R(N)) = ) begrend SN | sup (J(K) = )P | BlEgaa) < ONPB(Efaq) -
K<<

By Lemma A.7, we can choose N large enough such that P(£5 ) < 1/NP so that NP-E[(J(IA((N))—
J)PLleg nengl < C.

On the event £G,, N 5X|g- This case is simple. We simply invoke Lemma A.7 to choose an N
large enough such that P(E5,,) < 1/(N(J(0) — Ji))P.

Putting it together. If we take N as the maximum over the three cases described above, we have
hence shown that for all N greater than this constant:

E[Z{] < C.

This shows the desired uniform integrability condition for Z . The asymptotic bound now follows
from Lemma A.S.
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C.3. Proof of Theorem 2.5

The proof works by applying Lemma A.8 with the function F(0) = Jx(K) with ¥ = ¢2B,B] +
021, and G() = J(K). We first need to verify the hypothesis of the lemma. We define the convex
domain © as © = {K € R™" : ||[K|| < ¢}. Note that K, is in the interior of ©, since we assume
that || K, || < ¢. Recall that the policy gradient g(K; &) is:

1
K;¢) = — [, €= ey 71, WT—1) -
9(K;€) 2 > mal Ty, &= (no,wo, m1, w1, .., N1, Wr-1)

It is clear that x; is a polynomial in (K, &). Furthermore, all three of the W,’s we study are also
polynomials in (K, ). Hence [Dg(K;€)] is a matrix with entries that are polynomial in (K, §).
Therefore, for every &, for all fixed K1, Ky € O,

19(K1;€) — 9(K2;6)||r < sup [[Drg(K;E)]||r|| K1 — Ko F .
Keo

Hence squaring and taking expectations,
Eelllg(K1;€) — g(K2;€)|7] < Ee lS{lé%H[DKg(K;S)]H% 1Ky — Ko7 -

We can now define the constant L := E¢ [supee||[Drg(K;€)]||%]. To see that this quantity L is
finite, observe that ||[Dx g(K; €)]||% is a polynomial of £ with coefficients given by K (and A,, B,).
Since K lives in a compact set ©, these coefficients are uniformly bounded and hence the their
moments are bounded. In Section C.1, we showed that the function Jy (K) satisfies the RSC(m, ©)
condition with m = 2(T — 1)02 0min(By)?. Also it is clear that the high probability bound on
lg(K;€)||F can be achieved by standard Gaussian concentration results. Hence by Lemma A.8,
and in particular Equation A.8,

. - Ee[llg(Ky; €)II7]
lim inf V- E[J(K) = J.] = 8(T — 1)agamin(B*)2Amax((VQJ(K*)F)’1(VQJE(K*) — 51na))
_ Eelllg(K.: OIIF]

8(T — L)omin(Bx)?(03, + 0| B«l[?)

(C.3)

Above, the inequality holds since we have that,

V2J(K,) =2(T —1)(c21,® B] B,) ,
V3is(K,) = 2(T —1)((621, + 02B,B]) ® Bl B,) = V?J(K,) + 2(T — 1)02(B,B] ® B] B,),

and therefore,

_ m 02 Omin (B 2 _
(V2J(K)) N (VA In (KL — 5 nd) = Ina + U%(B*BI ®1Iq) — ;)(In ® (Bl B,)™)
2
< Ia+ %(B*B*T ® 1) .

The remainder of the proof is to estimate the quantity E¢[|| g(K,; £)||%]. Note that at K = K,,
xy = Bymi—1 + wy—1 since the dynamics are cancelled out. Define ¢;—p := Zg:tﬂa:gﬂg. At
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K = K,, we have ¢;_,7 = Zz o111 Byne + wel|3. Observe that we have for to > ¢4, for any h that
depends on only (7, , Wy, Ny +1, Wiy 415 ---)"

E[(Utl ) 77t2><95t1 s xt2>h] = E[(Utl > nt2>(<B*77t1*17 B*nt2*1> + <wt1*17 wt2*1>
+ <B*77t1—15 wt2—1> + <B*nt2—17 wt1_1>)h]
=0.

As a consequence, we have that as long as W, only depends on (7, we, 741, Wit 1, -..):

T-1 —
1 2
E[HQ(K,g)H%‘] = ] E ”771‘/”2”:%”2\1]2 4 E 77t1a77t2 $t17xt2>qjt1\llt2]
u Oy

HTF
,_.H

1
= Z [lmell3 e 1397]
u :

C.3.1. SIMPLE BASELINE

Recall that the simple baseline is to set b;(w¢; K) = ||¢]|3. Hence, the policy gradient estimate
simplifies to:

~

-1

T
NtZy Ct41-T -
1

g(K;¢) =

:qw‘ =

t

Since we have that c; 1,7 at optimality only depends only on (7, w¢, M¢+1, Wi+1, ...), We compute
E[||g(Ky; €)||%] as follows:

1 T-1
Elllg(K.; &% =i Elllnel3l|zell5¢7 4 17]
U ¢=1
1 T-1
= E ||77t||%‘|B*77t—1 +wHII§
Tu 3=y

Ja

T-1
HB*W + ng% +2 Z HB*nf1 + wy, ”%HB*WQ + wez”%)]

A/~
r”\ N

X
t lo>01=t
T-1
1
=5 2_ Elll B + w3 l1me 131 Bane + will3]
U =1
1 T-1 T-1
+3 > E[||Bum-1 + wial3nell31Bane + well3]
U =1 ¢=t+1
9 T-1T-1
+ 1 E[\IBmt—l + w1 |13]|me 311 Beme + we |31 Bane, + we, 3]
U t=1 fo>
9 T-1 T-1
+3 E(l| Bane—1 + wia |3l l131 Bene, + wey [13]| Bane, + we, 3]
u

t=1 lo>01=t+1
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T-1 T-1
2
= E[||Bani-1 + wi—1|3]nel|3 11 Bene, + we, 1311 Baney + we, |I3] + o(T?)
U =1 fo>l1=t+1
g T-1 T-1
-2 (Bl Boro + wol3)° + o(T?)
U =1 foy>b=t+1
1
= T?’—d( | Bell7 + Ufun) + 0(T3)

C.3.2. VALUE FUNCTION BASELINE

Recall that the value function at time ¢ for a particular policy K is defined as:

T
=E |> |lzel3| :x] .
l=t

We now consider policy gradient with the value function baseline by (z¢; K) = V.5 (z):

’ﬂ

-1

may (cror — Vi () -
1

1
g2
O"u

g(K;€) =

t

Recalling that under K, the dynamics are cancelled out, we readily compute:
Ky
Vi (@) = ||zl + (T = O)(on| BullE + oun) -

Therefore:

’ﬂ

-1

et} (cerior — (T = (05| Bulf + ogn)) -
1

1
52
Uu

g(K*S 5)

t

Define 3 := 02 || B4||% + o2 n. We compute the variance as:

T-1
1
Ellg(KeOllr] = — ) E 1el|3 1| Beme—1 + wi—1]13
U =1
T—1 T-1
< > B+ well3 = 8)* +2 > (1B, + wey 13 — B[ Bene, + wes I3
=t lo>01=t
1 T-1
= > Elllnell3l Bene—1 + w1 |31 Bune + will3 — 8)°]
U =1
1 T—-1 T-1
+3 > E([lnel|51| Bane—1 + we—1 5[ Bene + well3 — 58)?]
U =1 f=t+1
1 T—-1 T—1
= E[lln:|1311Bene—1 + we1l[5(|1Bane + well3 — 8)%] + o(T?)
U =1 f=t+1
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d
= T2§(03HB*||2F + o) (E[|Bene + well] — 52) + o(T?)

u

@, od
= T2;(05||B*II% +0un) 0yl B Bullh + oun + ohon | BullE) + o(T?)

u

Above, (a) follows because:

E[|| Bane + well3) = 20y | B Bullk + oyn + 200,05 Bol&) + (o4l| Bel|F + oin)?

C.3.3. IDEAL ADVANTAGE BASELINE
Let us first compute Qf(* (¢, ut). Under Ky, xp11 = Byne + wy. So we have:
Q" (e, ur) = [|2ell3 + Eu, [|| Aty + Buug +wi|3] + (T — t = 1)(0 | Bull7 + o5yn)
= [lell3 + [| A + Bawgl|3 + o + (T — t = 1) (03 || Bal[3: + o) -
Recalling that V,** (z) = ||z||3 + (T — t)(02|| B«||% + o2 n),
A (@, ue) = QF (@, ue) = Vi (20) = || Asare + Buugl3 — ool Bl % -

Therefore, if u; = K,x; + 1, we have A (24, up) = || Bumel|3 — 02||Bs||%. Since A7 (x4, uy)
depends only on 7,
L T-1
Ellg(Ka OlF] = —5 > Ellmlzlzl5(1Banl3 — ol BllE)?]
Uog=1
1
=a(T- D(oal|BF + ofmEm l3(|Bam I3 — o2l Bl E)7] -
u

We have that E[|ml[3] = od. E[|[B.un[3Imll3] = oy (d + 2)[|Be[7. and E[|| B [[3]lmll3] =
o5((d + 4)||B«||% + (2d + 8)|| B] B,||%) (this can be computed using Lemma D.2). Hence,

Ellln[3(1Ben |3 — ol BillF)?]
= E[||Beml2lmll3 + ool BellzIml3 — 207 Bl 7l Bam 13 1m 3]
= 04((d + 4| Bulli + (2d + 8)||B] Bil[7:) + 00| Bl od — 207 | Bul[7-(d + 2)
= 04(2d +8)|| B/ Bul[% -
Therefore,

Ellg(K.:&)IF] = T(onl| Bl + oin)ond|| B Bull% -

C.3.4. PUTTING IT TOGETHER

Combining Equation (C.3) with the calculations for E¢[||g(K; £)||%], we obtain:

~ 1
liminf N - E[J(Kye(N)) — Ji] 2 X
W BV = LR G o+ 2P
T2 2 ( 02||Bil|% + o2n)3 + o(T?) (Simple baseline)
O_u( 02||Bi||% + o2n)(od|| Bl Bi||% + oin + 0202||Bi||%) + o(T)  (Value function baseline) ,
o2||B||% + 02 n)o2d|| Bl B,||? (Advantage baseline)
u F w u * F

from which Theorem 2.5 follows.
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C.4. Proof of Theorem 2.6

Our proof is inspired by lower bounds for the query complexity of derivative-free optimization of
stochastic optimization (see e.g. Jamieson et al. (2012)).

Recall from (C.1) that the function J(K) satisfies the quadratic growth condition J(K) — J, >
(T —1)p*c2||K — K,||%. Therefore for any ¥ > 0,

inf sup E[J(K) — J,]
K (Ax,Bx)€9(p,d)

> mf sup (T —1)p*020% - P(J(K) — J, > (T — 1)p*029?)
K (As,B)EY (pd)
>inf  sup (T —1)pPo,0” - P(T - 1)p°0g [ (- K3 > (T = 1)p*0n9?)
K (Ay,By)EY (p,d)
=inf  sup (T —DpPop0” - P(|(-U]) = K|[r > 9).
K (A*,B*)Eg(p,d)

Above, the first inequality is Markov’s inequality and the second is the quadratic growth condition.
We first state a result regarding the packing number of O(n, d), which we define as:

O(n,d) :=={U e R4 . UTU = I} .

Lemma C.3 Let 6 > 0, and suppose that d < n/2. We have that the packing number M of O(n, d)
in the Frobenius norm ||-|| p satisfies

d(n—d)
MO, d) e 52 = (£)

where ¢ > 0 is a universal constant.

Proof Let G, 4 denote the Grassman manifold of d-dimensional subspaces of R™. For two sub-
spaces E, F' € G,, 4, equip G, ¢ with the metric p(E, F') = |Pg — Pr||r, where Pg, Pp are the
projection matrices onto E, F' respectively. Proposition 8 of Pajor (1998) tells us that the covering
number N(Gy, g, p, 6d/2) > ($)*" % But since M(Gh.g,p,6d"/2) > N(Gy.a, p,5d'/2), this
gives us a lower bound on the packing number of G, 4. Now for every E' € G, 4 we can associate
a matrix F1 € O(n, d) such that span(E;) = E. The projector P is simply Pg = ElElT. Now
let £, F' € G}, 4 and observe the inequality,

1Ps = Prllr = |EAE] — FiFY ||p < 2||B1 - Fi||r.
Hence a packing of G, 4 also yields a packing of O(n, d) up to constant factors. |

Now letting Uy, ..., Ups be a 29-separated set we have by the standard reduction to multiple
hypothesis testing that that the risk is lower bounded by:

(C.4)

i I(V:Z) 4+ log?2
H>DfﬁW4va¢mzauuf@m.Q_(V>+Og>_
1%

log M

where V' is a uniform index over {1, ..., M} and the inequality is Fano’s inequality.
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Now we can proceed as follows. First, we let Uy, ..., Ups be elements of O(n,d) that form a
219 =< v/d packing in the ||- ||F norm. We know we can let M > e¥"=4) by Lemma C.3. Each U;
induces a covariance 3; = 02 I, + p?02U;U < (02 + p*02)I,,. Furthermore, the closed-loop L;
given by playing a feedback matrix K that satisfies ||K | < 1is:

L= pUi(U; + KT)T

It is clear that || L;|| < 2p and hence if p < 1/2 then this system is stable. Furthermore, we have
that rank(L;) < d. With this, we can control:

tr(Eza]]) = tr (ZL’Z (LY T) < (02 + po?) ZWIIF

a +p a

Hence for one trajectory Z = (zo, ug, 1, U1, ..., L7—1, Ur—1, ZT ), conditioned on a particular K,

T-1

KL(P 5, Pyix) <>

t=0
2

2
22 57 By e [l (Li — L) |7]

T-1
tr(E[zz] )
t=0
< 8(c2 + p*o2)p?Td
o (1= (2p)?)
This allows us to bound the KL between the distributions involving all the iterations as:

N

8(oy, + pPon)p®NTd
KL(P;, Pj) = Y Expor [KL(Py ., P, )] < o2~ (2
(=1

Assuming d(n — d) is greater than an absolute constant, we can set p to be (recall we have N
different rollouts):

o 04 n—d
P =2 402 TN

and bound % < 1/2. The result now follows from plugging in our choice of p into (C.4).

Appendix D. Deferred Proofs for Asymptotic Toolbox
Our main limit theorem is the following CLT for ergodic Markov chains.

Theorem D.1 (Corollary 2 of Jones (2004)) Suppose that {z;}2, C X is a geometrically er-
godic (Harris) Markov chain with stationary distribution w. Let f : X — R be a Borel function.
Suppose that B || f \2+5] < oo for some & > 0. Then for any initial distribution, we have:

=1
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where

0% := Varz(f(x0)) + 2 _ Cova(f (o), f(x:)) .

i=1

D.1. Proof of Lemma A.1

Proof Let X € R”*" be the data matrix with rows (zg, ..., z7_1) and W € RT*" be the noise
matrix with rows (wo, ..., wr_1). We write:

L(T) — L, = AL (X" X + ML) "+ WTX(XTX + AL,)"".
Using the fact that vec(AX B) = (BT ® A)vec(X),
VTvee(L(T) — Ly) = —VTvec(AL (XX + A,) ™) + (T7'XTX) ™' @ L,)vec(T?WTX).

It is well-known that {x;} is geometrically ergodic (see e.g. Mokkadem (1988)), and therefore the
augmented Markov chain {(z;,w;)} is geometrically ergodic as well. By Theorem D.1 combined
with the Cramér-Wold theorem we conclude:

T
vee(TV2WTX) =171/2 Z vec(wiz] ) 2 N(0, By wlvec(wz T vec(wz)T]) .
=1

Above, we let v, denote the stationary distribution of {x; }. We note that the cross-correlation terms
disappear in the asymptotic covariance due to the martingale difference property of ZtT:_Ol wix] .
We now use the identity vec(wz ") = (z ® I,,)w and compute

By wlvec(wz T )vec(wz )T = Epmpe, wl(z @ L)ww' (27 @ I1,)]
= 0o B (2 @ 1) (2T © L,)]
=02 By (2" @ 1)
=02 (Pu®1,).

We have that T-'XTX 2% P by the ergodic theorem. Therefore by the continuous mapping
theorem followed by Slutsky’s theorem, we have that

(T'XTX)' @ L) vec(TV2WTX) £ N(0,02 (P @ 1)) .
On the other hand, we have:

1
VTvec(AL(XTX + M) 1) = ﬁVeC(AL*(T_lXTX + T ML) 25 0.

The claim now follows by another application of Slutsky’s theorem. |
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D.2. Proof of Lemma A.2
Proof Let Z() € RT*("+d) be a data matrix with the rows (z(()i), vy zéf)_l), and let W) ¢ RT>*»
(4) (4)

be the noise matrix with the rows (wyg’, ..., wy_ ;). With this notation we write:

R (T N Tl -1
6(N) -0, = (Z T2 zﬁ&(zﬁ”f) (Z D BENC UL Mm) -6,

i=1 t=0 i=1 t=0
N . N 4 -
= @* (Z T(Z(Z))TZ(Z)> <Z T(Z(Z))TZ( ) + )\In+d> - @*
i=1 =1
N ' N o4 !
n (Z T(W(z))TZ(Z)> (Z T(Z( ))TZ(z) + )\[md)
i=1 i=1
N 1 -t
SYR <Z T(Z(’))TZ(” - )\In+d>
i=1
N ' N o4 !
n (Z (W(z))TZ(Z)> ( T(Z(l))Tz(l) + )‘In+d>
i=1 i=1

Taking vec of G2(N):

LA T - 11 o
vec(Go(N)) = <NZT(Z(Z))TZ(Z)+N n+d> ® I, | vec (NZT wt(z)(zt(z))T>.

Now we write vec(w;z, )

-
T-1 T-1
1 T 1 T T
E | vec (T tgzo W2y ) vec (T ;ZO Wi 2y ) T2 E [(zt, ® I,) wtlwt2(zt2 ® I,)]

t1,t2=0

= (2z¢ ® I,,)w; and hence

2T1

=72 Z E[ ztzt

We have that:

(2T 70 4 in+d_> ZEZtZt

N~

1 N
N2

=1

38



THE GAP BETWEEN MODEL-BASED AND MODEL-FREE METHODS ON LQR

Hence by the central limit theorem combined with the continuous mapping theorem and Slutsky’s
theorem,

VNvec(G1(N)) 2550,

-1

) _
1
VNvec(Go(N)) 2 N | 0, %" T Z Elzz]| ®1,
_n (0% [%ZT GElaTt 0 )oY
T 0 (1/a2)1, "
To finish the proof, we note that E[z;2] = Z;(l) ALM(AYT .= P, with M := 02B,B] + 021,

and Py = 0 (since g = 0). Since A, is stable, there exists a p € (0,1) and C' > 0 such that
| A%|| < CpF for all k > 0. Hence,

2t
_ ¢ OHT 2 20 2 P
[Poc — Pif| = ZA M(A) || <C HMH;P = C7|[M]l5
Therefore,
= =
IR B R S SR T
t=0 t:
T-1
<*zjllp - Bl + = ||P |
CZHMH 1
Z g 1P
02HM||
————= + = || Px|| = O(1/T) .
Therefore, [ ZtT;(f E[z;z] )]~ = P! + O(1/T) from which the claim follows. [ |
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D.3. Proof of Lemma A.3

Proof Letc; = 2] (Q + K'RK)x;. From Bellman’s equation, we have ¢; — A\, = (¢(z;) —
() Tw,. We write:

T-1 -1 r
Wista(T) — wy = ( o) (p(7r) — ¢(wt+1))T> (Z(Ct - >\*)¢($t)) — Wy

t=0 t=0
T-1 -1 1
= (Z ¢(we)(p(wt) — ¢(fﬂt+1))T) (Z d(we)(p(we) — wm»T) Wi — Wy
t=0 t=0
T-1 -1 1
= <Z O(ze) () — ¢($t+1))T> (Z P(w)(P(e41) — T/f(ﬂft))Tw*>
t=0 t=0
= -1 | T2
= (T o) (p(ze) — ¢(5L‘t+1))T> T > o) (P(e) — ¢($t))Tw*) -
t=0 t=0
We now proceed by considering the Markov chain {z; := (z;,w;)}. Observe that xy1; is z-

measurable, and furthermore the stationary distribution of this chain is vs, x N(0,021,). From
this we conclude two things. First, we conclude by the ergodic theorem that the term inside the
inverse converges a.s. to A, and hence the inverse converges a.s. to AZ! by the continuous mapping
theorem. Next, Theorem D.1 combined with the Cramér-Wold theorem allows us to conclude that

T
\/117 37 d(@) (B@es1) — () Twe 2 N(0, Bso) -
t=1

The final claim now follows by Slutsky’s theorem. |

D.4. Proof of Corollary A.4
21

Proof In the proof we write ¥ = o3 I,.

Y(x) = svec(Lzx LT + X).

First, we note that a quick computation shows that

Matrix A... We have

b(z) — ¢(a') = svec(xa’ — (Lz + w)(Lz +w) ")

=svec(zax| — Lex LT — Law' —wz LT —ww') .
Hence, conditioning on x and iterating expectations, we have

Aso = By [(x)svec(za T — LeaxLT — )77
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Now let m, n be two test vectors and M = smat(m), N = smat(n). We have that,
mT Agon = Epy [z Ma(zz" — Lea" LT — ¥, N)]
= Epr [z Mz(z"(N — LTNL)z — (2, N))]
=Fpn [2"Mzz"(N — LTNL)z] — (2, N)Ego,, [2T Mz]
= Eqlg" P/*MP 299" PY/2(N — LTNL)PY[*g] — (S, N)(M, Ps)
= 2PY?MPY? PY2(N — LTNL)PY/?),
where the last identity follows since LP. LT — P, + ¥ = 0. We therefore have:
Ao = (P ®s Poo) — (Poo LT @5 PooLT)
= (P ®s Poo)(I — LT ®, LT) .
Note that this writes A, as the product of two invertible matrices and hence A, is invertible.
Matrix B,,. We have
(p(a') — (), wy) = svec(Law" +wz LT +ww’ — ¥)Tw,
=22 LTPw + (ww' — %, P,).
Hence,

(p(x') — p(z),w)? = 4z LTPaw)? + (ww' — %, P)2 + 42" LT Pow(ww™ — %, P,)
=T +T+1T;3.

Now we have that m" Boon is
m' Boon = E[Ty2" Maza T Nz| + E[Tox" Mxz" Na] + BTz MzaTNz).  (D.1)
First, we have
E[Ty2" Mzz " Nz) = 4E[(z T LT Pow)? e " MzaT Nz
= 4E[$TLTP*waP*LI‘$TMl’l‘TN$]
= 4E[z"L"P, Y P, Lrx" Mxxz" Nx]
= 4R,[g" (PP LT P P.LPY?)ggT (PY*MPY?)gg" (PX*NPY/?)g]

Now we state a result from Magnus to compute the expectation of the product of three quadratic
forms of Gaussians.

Lemma D.2 (See e.g. Magnus (1979)) Ler g ~ N(0,1) and Ay, Ay, A3 be symmetric matrices.
Then,

Elg" A1gg" Aagg" Asg] = tr(Ay) tr(Az) tr(As)
+ 2(’51‘(141) tr(AgAg) + tl"(Ag) tl"(AlAg) + tl"(Ag) tI‘(AlAQ))
+ 8 tr(AlAQAg) .
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Now by setting
A, = PY2LTpyP,LPY?
Ay = PY2MPL?
A3 = PY2NPLZ
we can compute the expectation E[T1 2T M 22T Nz using Lemma D.2. In particular,
tr(Ay) tr(Ag) tr(Az) = (Pso, LT P.YP,LYm svec(Py )svec(Pao) T,
tr(A1) tr(A243) = (Ps, LT P.EPLYm (Ps @4 Poo)nt

)
tr(As) tr(A; Az) = m"svec(Ps)svec(Po LT P,YP,LPs) 0,
tr(Asz) tr(A1Ag) = m'svec(Pa LT PuX P, L Py )svec(Pss) Tn,
tr(A1ApAs) = m' (P LT P,YP,LPs ®, Pso)n
Hence,
Elg" A1gg" A2g9" Asg]

=m" ((Pso, LT P,YP,L)(2(Poo ®s Po) + svec(Pag)svec(Poo) ")
+ 2svec(Puo )svec(Poo LT PuE P LPs) " + 2svec(Pa LT PuY P, L Py )svec(Pa) "
+ 8( Py LT P,YP,LPs, @ Py))n
Next, we compute
E[Tyz"Mza " Nz) = E[(ww — %, P,)2cT MzaT Nz]
= E[(ww" — %, P)E[zT M2z T Nz .
First, we have
E[(ww — %, P)?] = E[(w" Paw)?] — 2(2, P)E[w" Paw] + (3, P,)?
= 2|22 2|2 4 (P, 2)2 — 2(2, P)? + (P, B)?
= 2||22p, 122
On the other hand,
Elz' Mz  Nz| = 2(PY2MPY? PY2NPY?) + (M, Py )(N, Py) .
Combining these calculations,
E[Tyx" MaaT Nxz] = 2|2V 2P, 22| %.(2(PY2 M PY?, PY2N PY2) 4+ (M, Py ) (N, Ps))
= 2|22 P52 2m T (2(Pao @5 Pao) + svec(Pag)svec(Pao) )0

Finally, we have E[T32T Mx2T Nx] = 0, which is easy to see because it involves odd powers of w.
This gives us that B is:

Boo = ((Pso, LTP.XP,L) + 2|22 P512||2) (2( P @5 Pao) 4 svec(Psg)svec(Pag)T)
+ 2svec(Pag)svec(Pao LT PPy LPs) T + 2svec(Poo LT P,Y P, LPs, )svec(Pa) T
+ 8(Py LT P,YP,LPs, @, Ps) .
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This completes the proof of the formulas for A, and B.
To obtain the lower bound, we need the following lemma which gives a useful lower bound to
Lemma D.2.

Lemma D.3 Let Ay be positive semi-definite and let As be symmetric. Let g ~ N (0, I). We have
that:

E[gTA1g(gT A2g)?] > 2tr(Ay) tr(A2) + 4tr(A; A2) .
Proof Suppose that A; # 0, otherwise the bound holds vacuously. From Lemma D.2,
ElgTA1g(gT A2g)?] = tr(Ay) tr(Ag)? + 2tr(A1) tr(A2) + 4 tr(As) tr(A; Ag) + 8tr(A; A2).
Since A; is PSD and non-zero, this means that tr(A;) > 0. We proceed as follows:
tr(A;As)
tr(Aq)1/2

tI‘(AlA2>2
tI“(Al)

tr(Al/2 A1 4,)2

tr(Al)

() AM2)2. 00 41/2 4,12
Str(A1>tr(Az)2+4H : HtFr‘(‘All) A

= tr(A;) tr(Ag)* + 4tr(A; 43) ,

4| tr(Ag) tr(A1Ag)| = 2| tr(As) tr(A1) /2] |2

(a)
< tr(Ay) tr(Az)? + 4

= tI‘(Al) tr(A2)2 +4

where in (a) we used Young’s inequality and in (b) we used Cauchy-Schwarz. The claim now
follows. u

We now start from the decomposition (D.1) for B, with m = n and noting that E[T% (™M r)?] >
0 and B[T3(z" Mz)3] = 0:

m! Booem > BTy (2T Mz)?]

a)
> 8(Poo, LTPYP, LY (P ®5 Ps)m + 16m (Po LT P,X P, LPs, @4 Pao)m. .

—

Above in (a) we applied the lower bound from Lemma D.3. Hence since m is arbitrary,
Boo = 8(Pao, LT P,Y.P,L)(Ps ®s Ps) 4+ 16(Poo LT P,Y P, LPs, @, Pso) .

We also have that Ay, = (Ps ®4 Poo)(I —LT®LT),and hence A7l = (I - LT @ L)~} (P! @,
PZY). Therefore,

o0

ALBO AL = 8(Poo, LTPEPLYI — LT @, L)Y (Pt @, PN — LT @, LT)7T

[e.e]

+16(I - LT @, L") Y (L"P.XP.L®, PLY(I — LT @, LT)"T.

[e.o]
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D.5. Proof of Lemma A.6

Proof Recall in the notation of the proof of Lemma A.1,
L(T) = L, = AL (X" X + ML) ' + WTX(XTX + L) ".

Now let us suppose that we are on an event where X ' X is invertible. Let X = UXV T denote the
compact SVD of X. We have:

7 L] Tx(xT -1
L(T) — L] £ A W X(X"'X+ A\,
(a) | L]l

<A

WIX(XTX)™.

The inequality (a) holds due to the following. First observe that (XTX + \I,,)2 < (XTX)™2
Therefore with M = WX, conjugating both sides by M, we have M (XTX + \I,,)2MT <
M(XTX)"2MT. Hence,

IM(XTX +A,) 7Y = \/)\max(M(XTX + AI,)2MT)

< A (M(XTX)~2MT)
= |[M(XTX)7Y .

By Theorem 2.4 of Simchowitz et al. (2018) for T" > Cf,, ,, log(1/6), there exists an event £ with
P(E) > 1 — 6 such that on £ we have:

|Zos(T) — L|| < €L, \/10g(1/8)/T, X X = C}_ T -1, .

Hence on this event we have ||L(T) — L,|| < Cr, aaV/1og(1/6)/T.
For the remainder of the proof, O(-) will hide constants that depend on L,,n,p, A but not on T

or §. We bound the p-th moment as follows. We decompose:
B[ L(T) = Ly[[") = B[ L(T) — Ly|[P1e] + B[ L(T) — Ly [P 1ec] -
On & we have by the inequality (a + b)P < 2P~1(aP + bP) for non-negative a, b,
IZ(T) = L.|[? < 22" (O(\/TP) + O((log(1/6)/T)?"?)) .
On the other hand, we always have:
IZ(T) = LalP < 227 (UL P + (IWTX1/A)P) -
Hence:

-~ a o 207t
E[|L(T) = Lu[PLee] < 2P7H| Lu|[PP(EY) + =~ E[IWT X ["1¢e]
p—1

2
< P LPS + S [BIWTX |25
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We will now compute a very crude bound on E[||W T X||?P] which will suffice. For non-negative ay,
we have (a1 + ... +ar)?P < T2p_1(§:tT:1 a?p ) by Holder’s inequality. Hence

T-1 2p
EWTX|?]=E ||} wia]
t=0
T
<T*'E [Zuwtu%umtr%]
t=1
T

— T2 VR [||wy||??] Z [l4]1%7]
< T?PE[leH?P]\|Poo|rpEg~N<o,n[HgHZp]
=O(T%).

Above, P, denotes the covariance of the stationary distribution of {x;}. Continuing from above:

~ gp—1
B[IE(T) - LulP1se] = 2| Lu|PP5 + =/ O(T)3

We now set § = O(1/T°P) so that the term above is O(1/TP/2). Doing this we obtain that for T
sufficiently large (as a function of only L., p, \),

E[|IL(T) - L.|"] < O(1/T?").

Appendix E. Proof of Lemma A.8

We now state a high probability bound for SGD. This is a straightforward modification of Lemma 6
from Rakhlin et al. (2012) (modifications are needed to deal with the lack of almost surely bounded
gradients), and hence we omit the proof.

Lemma E.1 (Lemma 6, Rakhlin et al. (2012)) Ler the assumptions of Lemma A.8 hold. Define
two constants:

M :=sup||f|l2, G3:=sup|VF(@)|2.
0cO 0cO

Note that since © is compact, both M and G are finite. FixaT > 4 and § € (0,1/e). We have
that with probability at least 1 — 6, forallt < T,

6.2 < polylog(7T'/5) (G% + G3 N M(Gs + G3)> .

0
160~ t m2 m

We are now in a position to analyze the asymptotic variance of SGD with projection. As men-
tioned previously, our argument follows closely that of Toulis and Airoldi (2017). For the remainder
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of the proof, O(-) and €(-) will hide all constants except those depending on ¢ and J. Introduce the
notation:

Ori1 = 0, — ug(04; &)
0111 = Projo (041) -
Let& = {ét = 6, } be the event that the projection step is inactive at time ¢. Recall that we assumed

that 6, is in the interior of ©. This means there exists a radius R > 0 such that {6 : [|§ — 0,2 <
R} C O. Therefore, the event {||0; — 0,|]2 < R} C &. We now decompose,

Var(9t+1) = Var(9t+1 — étJrl + §t+1)
= Var(étH) + Var(9t+1 — ét—i—l) + Cov(0t+1 — ét—i—l, ét—&-l) + COV(ét_H, 9t+1 — ét—i—l) .

‘We have that,

Oi1 — Op1 = (41 — §t+1)1£f+1 :

Hence,

[Var(6r41 — Or41)|| < E[[|0r411ee

< —Oalee 3]
2(E[|0r1131ee, ] + B0 1131, )

< 2(\/E|8r |3ELey, ] + M2E[Le, ])

t+1

A

We can bound E[||y 1]|3] by a constant for all ¢ using our assumption (A.2). On the other hand,
Efle, ] < P61 — bull2 > B)
By triangle inequality,
16241 — Oull2 < 116 — 02 + aellgellz -

By Lemma E.1 and the concentration bound on ||g;||2 from our assumption (A.3), with probability
atleast 1 — 4,

1641 — 0ul|2 < O(polylog(t/5)/vt) .

Hence for ¢ large enough, E[1¢;, | ] < O(exp(—t®)) for some o > 0. This shows that ||Var(6;+1 —

0:11)|| < O(exp(—t®)). Similar arguments show that

max{[|Cov (041 — b1, 01, [|Cov(Grs1, Oi1 — Ors1) ||} < Ofexp(—t)).

Hence:

Var(f;11) = Var(6;,1) + O(exp(—t%)) .
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Therefore,

Var(9t+1) = Var(ét—f—l) + O(exp(_ta))
= Var(0; — a4 g(0; &) + O(exp(—t*))

= Var(6;) + ai Var(g(6:; &) — arCov (0, 9(01; &) — arCov(g (64 &), 1)
+ O(exp(—t%))

= Var(0;) + i Var(g(0s; &) — aeCov(0y, VF(0;)) — ayCov(VF(6;),0;)  (E.1)
+ Ofexp(—t%))

Now we write:

Var(g(0s; &) = Var(g(0x; &) + (904 &) — 9(04561)))
= Var(g(0s; &) + Var(g(0s; &) — 9(04: &)
+ Cov(g(0s; &), 9015 &) — (045 &) + Cov(g(Oe; &) — g(045 ), 9045 &) -

We have by our assumption (A.4),

[Var(g(0s; &) — (0« &) < Elllg(0s; &) — 9(04: &) 13]
= Eg,Ee[||lg(04: &) — 9(0x; &)13]
< LE[||6: — 6.113] -

On the other hand,
1Cov(g(0s€0). 9013 &) — 903 €)1 < 2E[lg(6.: &) 219(063 1) — 9(0u: 1) 2]
< 2\/Elg(6.: &) I31EL9(6:: &) — 903 €112
< 2,/ LGRE[0, — 6,113 .

The same bound also holds for ||Cov(g(0:; &) — g(0x; &), 9(0x; &) || Since we know that E[||6; —
0, ]3] < O(1/t), this shows that:

Var(g(0t; &) = Var(g(0x;€)) + o:(1) .

Next, by a Taylor expansion of V F'(;) around 0,, we have that:
VF(0;) = V2F(6,)(0; — 6,) + Rem(6; — 6,)

where ||[Rem(6; — 0,)|| < O(||60; — 6,]|3). Therefore, utilizing the fact that adding a non-random
vector does not change the covariance,

Cov (s, VF(6;)) = Cov (6, V2F(6,)(0; — 6,) + Rem(6; — 6,))
= Cov(6;, V2F(6,)(6; — 6,)) + Cov(6;, Rem(6; — 6,))
= Cov(0y, V2F(6,)0;) + Cov(6; — 0,,Rem(8; — 6,))
= Var(0;)V2F(6,) + Cov(; — 05, Rem(6; — 6,)) .
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We now bound Cov(6; — 0,,Rem(6; — 0,)) as:
ICov(6; — 6, Rem(6; — 6,))|| < O(E[[|6; — 6.]13]) < O(polylog(t)/t*?) .

Above, the last inequality comes from the high probability bound given in Lemma E.1. Observ-
ing that Cov(6;, VF(6;))T = Cov(VF(6;),0;), combining our calculations and continuing from
Equation (E.1),
Var(0;11) = Var(6;) + oZ (Var(g(6s; €)) + 04(1)) — oy (Var(6;)V2F(6,) + V2F(0,)Var(;))
+ o O(polylog(t) /t3/%) + O(exp(—t)) .
We now make two observations. Recall that oy = 1/(mt). Hence we have O(exp(—t%)) =

20(t? exp(—t®)) = afo(1). Similarly, oy O(polylog(t)/t3/?) = aO(polylog(t)/t'/?) =
a?0;(1). Therefore,

Var(f11) = Var(6;) — oy (Var(6;)V2F(0,) + V2F(6,)Var(6;)) + o2 (Var(g(0x; €)) + 04(1)) .

This matrix recursion can be solved by Corollary C.1 of Toulis and Airoldi (2017), yielding (A.5).
To complete the proof, by a Taylor expansion we have:

T-E[F(0r) — F(6))] = gtT(VQF(Q*)E[(% —0.)(6r —0.)7]) + %E[V?’f(é)(t% —0,)%%].

As above, we can bound IE[V3£(0)(Or — 0,)%3]| < O(E[||07 — 64|3]) < O(polylog(T)/T3/?),
and hence T - |[E[V3£(0)(©1 — 6,)¥3]| — 0. On the other hand, letting ji7 := E[f7], by a bias-
variance decomposition,
E[(0r — 6,)(0r — 0.)") = E[(0r — ur) (07 — pr) "] + (pr — 0.) (ur — 6.)7
= B[(0r — pr)(0r — pr) ] = Var(r) .

Therefore,

T-E[F(6r) ~ F(8.)] > 5 tr(V2F(0,)(mT)Vax(6r)) — ¢ [E[V*(0)(0r — 0)°%].

Taking limits on both sides yields (A.7). This concludes the proof of Lemma A.8.
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