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Abstract

Many machine learning and optimization algorithms are built upon the framework of stochastic
approximation (SA), for which the selection of step-size (or learning rate) is essential for success. For
the sake of clarity, this paper focuses on the special case o, = aon ™" at iteration n, with p € [0,1] and
ao > 0 design parameters. It is most common in practice to take p = 0 (constant step-size), while in
more theoretically oriented papers a vanishing step-size is preferred. In particular, with p € (1/2,1) it is
known that on applying the averaging technique of Polyak and Ruppert, the mean-squared error (MSE)
converges at the optimal rate of O(1/n) and the covariance in the central limit theorem (CLT) is minimal
in a precise sense.

The paper revisits step-size selection in a general Markovian setting. Under readily verifiable assump-
tions, the following conclusions are obtained provided 0 < p < 1:

e Parameter estimates converge with probability one, and also in L, for any p > 1.
e The MSE may converge very slowly for small p, of order O(a?2) even with averaging.

e For linear stochastic approximation the source of slow convergence is identified: for any p € (0,1),
averaging results in estimates for which the error covariance vanishes at the optimal rate, and moreover
the CLT covariance is optimal in the sense of Polyak and Ruppert. However, necessary and sufficient
conditions are obtained under which the bias converges to zero at rate O(aw,).

This is the first paper to obtain such strong conclusions while allowing for p < 1/2. A major conclusion
is that the choice of p = 0 or even p < 1/2 is justified only in select settings—In general, bias may preclude
fast convergence.

*This work was supported by ARO award W911NF2010055 and NSF grant CCF 2306023.
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1 Introduction

Many problems of interest to the machine learning and optimization research communities hinge upon one
task: root-finding in the presence of noise. That is, the goal is to estimate the vector §* solving f(6*) = 0, in
which f: R — R? is defined by an expectation

F(0) =E[f(0,2)] (1)

where ® is a random vector which takes values in a set X, and f: R? x X — R satisfies appropriate continuity
and measurability assumptions.
The standard approach is stochastic approximation (SA), defined as a d-dimensional recursion: for an
initial condition 6y € RY,
9n+1 =0, + an+1f(0n, (I)n+1) , n >0 (2)

in which {®,,} is a sequence of random vectors converging in distribution to ® as n — oo and {«,, } is known
as a “step-size” sequence. A common assumption is to take the “noise” sequence ® :={®,} to be Markovian
as in the setting of this paper. For ease of exposition we focus on step-size sequences of the form «,, = agn="
in which ap > 0 and p € [0, 1].

There is extensive theory concerning two settings: (i) vanishing step-size with p € (1/2,1], and (ii)
constant step-size, in which p = 0. In either case, bounds on the mean-squared error (MSE) of estimates are
determined by the step-size: subject to assumptions, E[||0,, — 0*||?] = O(«,,). These assumptions are most
subtle when p = 1—see the CLT for SA in [3, 6] or the MSE theory in [5, 8].

The Polyak-Ruppert (PR) averaged estimates are defined by

N
1
0N = ——— 6 k> N 3
N N — N() +1 Z ko =0 ( )
k=No
in which the interval {0, ..., Ny} is known as the burn-in period. Averaging was introduced in prior work to

optimize the covariance in the CLT for the parameter estimates, also known as the asymptotic covariance.
For any SA recursion this is defined by
Y := lim nCov(6,) (4)
n—oo
Letting X*® denote the asymptotic covariance for the estimates (3), under general conditions we have optimality
in a sense similar to the bound of Crameér and Rao: provided {6,,} is convergent to 8* we must have ¥g > Xf
where the inequality is in the matricial sense. An expression for 3*® is given in (19).

A major conclusion is that the MSE convergence rate can be improved to E[||¢°% — 6*||?] = O(1/n), far
faster than achieved without averaging if p € [0,1). However, there is general theory only for the limited
range p € (1/2,1). Recent success stories for p = 0 may be found in the literature review.

The major technical goal of this paper is to extend SA theory to the full range of possible p. The main
results have surprising consequences to step-size selection in practice. We first recall the motivation for
choosing p = 0.

Argument for constant step-size. There is intuition based on the noise-free recursion defined by z,41 =

Tn + apy1f(xn), n >0, an Euler approximation of the mean flow,
&0 =F(d) (5)

Under the assumptions of this paper, the solutions to the mean flow converge to 8* with exponential rate of
convergence. We also have x,, — 0* geometrically fast, provided that p = 0 and o, = ay is chosen sufficiently
small.

It is true that transients in the parameter error will show a similar decay rate for the corresponding SA
recursion. This is seen by expressing (2) as a noisy Euler approximation of the mean flow:

0n+1 = en + an—&-l[f(an) + An+1] 5 n Z 0 (6)
with Apy1 = f(0n, Ppy1) — f(&n) In proofs of convergence as well as convergence rates for SA, an
approximation of the form 6,, ~ 9, is obtained, in which ¢, = 22:1 ay. For fixed step-size the convergence
9, — 0* holds geometrically quickly. For vanishing step-size with 0 < p < 1 we have t,, ~ agn'=?/(1 — p),
so that the convergence rate is not geometric, but it remains very fast.

Of course, the approximation 6,, ~ 9, is valid only for a limited range of n—eventually noise dominates
the rate of convergence.



Argument for vanishing step-size. The CLT tells us that the rate of convergence of the MSE can be no faster
than O(1/n), far slower than anticipated by the mean flow approximation.
A larger problem is due to bias. For linear SA, this paper obtains the the following for p € (0, 1):
O = 0" + anBn + J=2n
(7)
Ell67" —0*11] = i lIBxll* + E[I Z0]1%)

in which {f,} is a deterministic sequence, convergent to an identified value B¢, and {Z,} is a zero-mean
stochastic process satisfying Cov(Z,) — X as n — oco. Consequently, if p < 1/2 and g # 0, then the MSE
is dominated by a2 > 1/n.

A compatible bound is also obtained in the present paper for the general (nonlinear) SA recursion:

Efl0 — 0°[°) < v**max(a7,1/n),  pe(0,1) (8)

This bound was previously obtained in [5] in the classical regime p € (1/2,1). Under similar assumptions to
the present paper they obtain:
lim nE[||0" —07|1°] = tr (™),  pe(1/2,1) (9)
n—oo
Contributions: The main technical contributions are differentiated by the assumptions on the “noise”
A ={Ap:k>1}. MD: it is a martingale difference sequence, AD (additive): A, 11 does not depend upon
0,,, and MU (multiplicative): the general setting,.
In the MD setting, A,,+1 may or may not depend upon 6,,. For example, the MD assumption holds when
® is i.i.d.. Another example of MD is Q-learning in the tabular setting [36, 28], or using split sampling [7].
The additive noise case is typical in optimization where f(6,,®,+1) = —VL(0,) + An11, in which
L:R? — R is a loss function to be minimized, and A is a zero-mean sequence (often i.i.d.).
(i) L, moment bounds: for any p > 1 there exists a constant b>* depending on p, p, and the initial condition

such that for each n > 1,
E[l6, —67(17] < 0**al/? (10)
(ii) Convergence and target bias: The estimates {6, } converge to 6* with probability one. Moreover, the
rate of convergence of the average target bias is identified: for a constant Y* € R?,
al 1

1 1 . _
li E|l— = —7 2 11
Jim [Nk=1f<ek>} T pe(0.2)3) (1)

in which Y* is nonzero only in the MU setting. A representation for Y* is given in Appendix E.

(iii) Convergence rate: The MSE bound (8) is established.

We are not aware of prior work establishing almost sure convergence or the MSE bound (8) for p € (0,1/2]
even in the MD setting.

The sharpest results are obtained for linear SA,

f(ena (I)n+1) - An+10n - bn+1 (12)

in which the matrix A,, and vector b,, are fixed functions of ®,, for each n. We are in the AD setting if and
only if A, = A* for each n.

(iv) The approximation (7) is established, so that PR averaging achieves the optimal asymptotic covariance
for any p € (0,1).

Takeaway for the practitioner: The Introduction leaves open who is the winner: those who advocate
p = 0, or those advocating vanishing step-size with p € (1/2,1). There are no winners.

e If your application falls in the MD or AD settings, such as typical implementations of stochastic gradient
descent, then it is sensible to take a small value of p. The new theory in this paper demonstrates that in this
case E[[|0F% — 6*||?] = O(1/n), because the bias converges rapidly: 3,, — 0 faster than O(n=?) for any D > 1.

However, there is no theory in this paper that suggests p = 0 will give better performance, or adapted
non-vanishing step-size such as proposed as part of ADAM [18]. Moreover, constant gain algorithms present
the challenge of choosing g > 0 for stability; no such challenge presents itself for p € (0,1).



e If your application falls into the class MU then E[||6°% — 6*||?] = O(||Bo||?a2). The value of ||Be|* may be
large, as illustrated in numerical experiments.

Examples of the MU setting abound in reinforcement learning. In particular, TD-learning with linear
function approximation is an example of linear SA with Markovian noise.

New approach to analysis: Establishing convergence rates for SA with Markovian noise often begins with
the noise decomposition of Métivier and Priouret [27]:

Apy1 = Wiy — Trgro + Tit1 — i1 V42 (13)

in which {Wi2} is a martingale difference sequence and {7Ti42 — Tr+1} is a telescoping sequence.
The results of the present paper also rely on a noise decomposition, introduced here for the first time:

Aprr = (—ars) " Vhin + Wiy — Titvo + Rip + kg1 [Grar Ok — ] (14)

where {W} ,} is a martingale difference sequence, {Y7,,} is a stochastic process with bounded L, moments
(uniform in k for each m), and the deterministic sequence of matrices {Gr+1} and vectors {@p41} are
convergent. The sequence {7’ ; — R}, ,} vanishes in L, at rate axy1/k so that {7, + Ry} is
approximately telescoping.

This decomposition is crucial in establishing optimality of the asymptotic covariance of {6:*}. First,
for any given p we may choose m so that (ax+1)™" < (ag)™/k, so that the first term is insignificant in
covariance calculations. Second, a constant such as 111 does not change the covariance. Finally, the term
ap1+1Gry10r may be interpreted as a vanishing perturbation of the linear dynamics. It is shown that such
perturbations do not impact the asymptotic covariance—see Thm. 2.4.

1.1 Literature Survey

Asymptotic Statistics The optimal asymptotic covariance % was first introduced in the 1950’s for the
scalar algorithm [9]. The use of averaging to achieve this lower bound appeared much later in [31, 32, 33] for
general SA recursions with p € (1/2,1) and {A;} a martingale difference sequence (this is case MD in the
present paper). Under these stronger assumptions on A, [32] provides a treatment of the regime p € (0,1) for
linear SA, obtaining the following conclusions for PR-averaged estimates: optimality of the CLT covariance,
optimal MSE rates and almost sure convergence to 6*.

In applications to optimization it is more common to take p = 0 [2, 37, 15, 26]. The general constant step-
size algorithm with averaging is considered in [30, 12] for linear SA, where it is shown that the estimates {6%
are convergent to #* and that the convergence rate is approximately optimal in a mean-square sense. Finite-n
bounds are also obtained. It is assumed in [30] that ® is i.i.d. (independent and identically distributed),
which implies the MD setting of the present paper. The paper [12] goes far further, allowing for ® uniformly
geometrically ergodic, obtaining L, bounds on the estimation error, and improving upon the bounds of [30]
in the MD setting. We are not aware of extensions beyond the linear setting.

In broader generality, the articles [23, 14, 24] show that the PR-averaging cannot eliminate the bias
induced by memory of the “noise” in the algorithm in the MU setting. The assumptions in [24] are more
closely related to the present paper, in which the following bias representation was obtained for linear SA: for
a constant vector Y* € R% and a,, = Q,

lim E[8] = 0" + ao[A"] T + O(a) (15)
—00

See [1] for generalization to SA in which the transition kernel for ® is parameter dependent.

Moreover, the CLT covariance lower bound X% is generally not achieved in fixed step-size algorithms
with averaging even for linear SA in any of the noise settings [30, 24]. In the general MU case, it admits the
following approximation [24]: for a matrix Z € R4, limy ., NCov(f%) = 7% — apZ + O(a3).

In the theory of reinforcement learning the value p = 1 is often adopted, as in the original formulation of
Q-learning by Watkins [35]; it was discovered in [10, 38] that this choice will result in poor convergence rate
unless aq is chosen sufficiently large.

Finite-Time Bounds Finite-n bounds on mean square error in a Markovian setting appeared within the

context of TD learning in [4]. General linear SA recursions are studied in [34], followed by [8] which focused
in nonlinear recursions.



The work [8] is most closely related to the present work because they also allow for vanishing stepsize of
the form a,, = agpn™". The standard SA recursion (2) is considered in [8], of the form

f(en; (I)7z+1) - F(aann—O—l) + W£+1 (16)

where {X,,} is a Markov chain on a state space X with transition kernel P, and {W9} a martingale difference
sequence satisfying the standard assumptions of the SA literature [6]. It is assumed that {X,,} is uniformly
ergodic [29]: there is a unique invariant measure 7w and fixed constants R < oo and ¢ < 1 such that
1Pz, ) — 7(- Il < Ro™

In addition, it is assumed that V' (§) = 1(|§ — 6*||* serves as a Lyapunov function for the mean flow, in the
sense that the following holds, for some ¢y > 0 and all 6:

VV(0) - f(0) < —coV () (17a)

Under these assumptions, the mean square error bound is of the form

5 1 log(R/o)
EfI6.1%) < Kllog (n/a0) +Jan + e, K =L max {1, m} (17b)

in which {e,} vanishes quickly, similar to the bound on the right hand side of (20a). The constant L takes
the form L = 520(L + 03,,0)%a0(]|60*|| + 1)%, where L is the Lipschitz constant for f and o3, is a constant
depending upon the variance of W ;.

The present paper complements [8], in that the slow convergence for p < 1/2 is explained by the large
bias in this regime when there is multiplicative noise—see (20b). Prior to the present paper, it might have
been expected that (17b) could be improved using PR-averaging. The bias formula (20b) also tells us that
the bound (17b) is loose due to the log(n) coefficient, but this may be a necessary price for such an elegant
upper bound.

Organization: The paper is organized into three additional sections. Section 2 introduces the assumptions
that are imposed throughout the paper, followed by contributions (i)—(iv). Section 3 illustrates the theory in
Section 2 through a numerical experiment. Conclusions and directions for future research are included in
Section 4. Technical proofs of the main results in Section 2 are contained on the Appendix.

2 Main results

2.1 Assumptions

It is assumed that ® := {®,: n > 0} is an aperiodic, -irreducible Markov chain on a general state space X
and with transition kernel P. See [29] for precise definitions of aperiodicity and ¢-ireducibility. It admits an
unique invariant measure 7, so that f(6) = Ex[f(6, ®1)], where the subscript 7t denotes the expectation is
taken in steady state: ®; ~ 7 for each k.

The joint parameter-disturbance process is expressed as ¥ := {U,, = (6,,, ®,,11) : n > 0}. Any functions
g: X =R h:RYx X — R? are assumed to be measurable with respect to the Borel sigma-algebra B(X)
and B(R? x X), respectively.

The following additional assumptions are imposed throughout the paper:
(A1) The SA recursion (2) is considered with {c,} of the form a, = agn™" with p € (0,1) and ag > 0.

(A2) There exists a function L: X — R satisfying, for all z € X and 6,6’ € R?,

1f(0,2) = £(0",2)[| < L(x)|6 — &'
170, 2)]| < L(x)

(A3) The mean flow ODE (5) is globally asymptotically stable with unique equilibrium 6* € R? and the
scaled vector field f_,(0) :=limc_o  f(ch) exists for each § € R%. Moreover, the ODE@Qoo [7],

i = o (97)

is globally asymptotically stable.



(A4) The Markov chain ® satisfies (DV3):
For functions V: X = Ry, W: X = [1,00), a small set C', b > 0 and all z € X,

Elexp(V(®ry1)) | % = 2] < exp(V(z) — W(z) + bleo(x)) (DV3)
In addition, for each r > 0,
Sw(r) :={xz: W(x) <r} is either small or empty, sup{V(z):z € Sw(r)} < oo,
nlirgc(sup{é//((zi)) W(z) > n}) =0 (18)

(A5) f:R?Y— R?is continuously differentiable in #, and the Jacobian matrix A = df is uniformly bounded
and uniformly Lipschitz continuous with Lipschitz constant L4. Moreover, A* := A(6*) is Hurwitz.

The bound (DV3) in (A4) implies geometric ergodicity of ® [21]. Moreover, assumptions (A2), (A3), and
(A5) imply exponential asymptotic stability of (5)[23].
Proposition 2.1. Under (A2), (A8), and (A5), the ODE (5) is exponentially asymptotically stable: for
positive constants b*' and 0*', and any initial condition ¥y € RE, |9, — 6*|| < b9 — 0% || exp(—0*'t),
t> 0. g

2.2 General Stochastic Approximation

Moment bounds of the form (10) for general nonlinear SA recursions (2) with Markovian noise are established
in [5] for p = 4 under slightly weaker assumptions as in the present paper. In particular, the authors consider
a relaxation of the condition (18) in (A4) (see Section 2.2 for more details). However, this prior work concerns
the p € (1/2,1) regime for vanishing step-size algorithms. An extension to constant step-size is presented in
[24] where L4 moment bounds on estimation error are also established.

Similar arguments as the ones used in these prior works can be used to establish moment bounds in the
setting of this paper. Under (A4), we obtain bounds of the form (10) for arbitrary p, which in turn imply
contributions (ii) and (iii).

Theorem 2.2. Suppose (A1)-(A4) hold. Then, for each p € (0,1),

(1) There exists b** < 0o depending upon Uy and p such that (10) holds.

(ii) The sequence of estimates converges to 6% for each initial condition 6y € R? with probability one:
0, =% 0.

If in addition (A5) holds,

(iil) There exists b** depending upon Vo and p such that (8) holds.

(iv) The representation for the average target bias in (11) holds. Moreover, the right hand side of (11) is
zero outside of the MU setting.

The proofs of part (i) and (ii) of Thm. 2.2 are given at the end of Appendix B, while parts (iii) and (iv)
are proven in Appendix C.

Thm. 2.2 (iv) hints at a deeper connection between performance of slowly vanishing and constant step-size
algorithms. See Thm. 2.4 for a bias representation entirely analogous to (15) for linear SA, which is obtained
as a consequence of (11).

Recall from Section 1.1 that L, moment bounds and almost sure convergence were never established in
prior work for p € (0,1/2], in any of the noise settings. Convergence has been established in only one special
case: linear SA with PR-averaging in the MD setting [32].

With Thm. 2.2 in hand, it is straightforward to relax the linearity assumption, and convergence does not
require averaging:

Corollary 2.3. Suppose the assumptions of Thm. 2.2 hold. Suppose moreover that {A,4+1} is a martingale
difference sequence and there is a constant ca > 0 such that

EllAnt1]?1Fa] <TAQ+ 6], >0
where Fy, =0 (0y, 1, ,®y). Then, for each p € (0,1), parts (i)-(iv) of Thm. 2.2 hold.
The proof of Corollary 2.3 is postponed to the end of Appendix C.



2.3 Linear Stochastic Approximation

This section concerns asymptotic statistics for linear SA recursions of the form (12). In the general MU
setting, it is assumed that A, 41 = Ex[A(Pn11)] = A* and b1 = Ex[b(Py41)] = b. Recall that A, = A* for

each n when the noise is AD. The mean vector field takes the form f(#) = A*(6 — 0*) with 0* = [A*]~'b.
The optimal asymptotic covariance X is defined as follows:

SR = GEype GT (19)

where G = [A*]71 and Xy« is the asymptotic covariance matrix of the martingale difference sequence Wit
depending only on the “noise” ®. See (40) in Appendix C for a precise definition of W* in terms of algorithms
primitives.

Theorem 2.4. Suppose (A1)-(A5) hold for SA recursions of the form (12). Then, for each p € (0,1),
(i) If the noise is AD, there exist b**, 0** and ny > 0 sufficiently large such that
IE[G.]]| < b exp(—0**(7p — 71,)) (20a)
in which T2 = ag(1+ (1 — p)~L[nt=r —1]).

(i) If the noise is MU and p € (0,2/3), there exists a vector Bg € R? such that

lim
n—oo an+1

E[0%] = Bo, O :=0™— 0 (20b)

(iii) For any of the three noise settings (including MU), lim,,_, ., nCov(62%) = 3R

_ The asymptotic bias in (20b) may be expressed fo = (1 — p)~'[A*]71Y*, in which a representation for
Y* is given in Appendix E.
The limits in eqgs. (20a) and (20b) come with error bounds:

Theorem 2.5. Under the assumptions of Thm. 2.4 we have the following representations: for a constant b*®
depending upon ¥y and p,

(i)

B b2-5p,—3p/2 p < 1/2
_ B B -
E[0] = any1Bo + <k, llenll < {b2~5nﬂ/2—1 p>1/2 (21a)
(ii) Denoting o™ := \/tr (X*?),
5 b2.5n—3p/2 p < 3/7
PR 1 _PR o o =
||9n ||2 < a’ﬂJrlHBe” + ﬁa + En s |5n| < {62'571(3")/4 p> 3/7 (le)

Consequently, if ||Bel| is non-zero, then the MSE ||07%||2 converges to zero at the optimal rate 1/n if and only
if p>1/2.

The proof of parts (i) and (ii) of Thm. 2.4 are given at the end of Appendix E.1. A proof of (iii) for the
AD setting can be found at the start of Appendix E.2, while the proof for the MU setting is given at the end
of Appendix E.2. Thm. 2.5 is obtained by identifying the dominant error terms in Thm. 2.4.

3 Numerical Experiments

The numerical experiments contained in this section aim to illustrate the general theory, focusing on a simple
linear model for which the asymptotic bias and covariance are easily computed.
An instance of the recursion (12) is considered in which {®} evolves on X = {0, 1}, with transition matrix

P= L i u 1 ; a} where a € (0,1). The Markov chain is reversible, with uniform invariant distribution



7t. Moreover, it satisfies the assumptions of [8]: it is uniformly ergodic and its rate of convergence can be
identified: [|[P™(z, -) —7(- )|+ < Ro™ with R =1/2 and ¢ = 2a — 1.

For a pair of matrices and a pair of vectors A%, A1 € R¥*? and %, b! € R?, we have (12) with
Apyr = ©pA' + (1= ) A% bygr = Bpb' + (1 — Dp)0° (22a)
Since 7 is uniform, the mean flow vector field is

F(0) = A0 =D with A" = 3(A°+ AY), =10 +0b") (22b)

Closed-form expressions for the terms in Thm. 2.4 are summarized in the following.
Lemma 3.1. For 0 < a <1 the asymptotic statistics of the linear model are computable, with
(i) Asymptotic bias (20b):

Bo— —— (A7 with YV = (2a - 1)

— A A =) (23)

(ii) Optimal asymptotic covariance (19): X = %(AOF)*)(AOH*)T.
—a

The proof of Lemma 3.1 is postponed to Ap- B
pendix F e a=0.7 — |E[ON]Il
Setup: In the experiments surveyed here, the linear 1°¢ <

SA recursion (12) using (22a) was simulated with
a € {0.3,0.5,0.7} and

efe el

""" an+1|Bell

1 -2 0 =
1 0 (24)
A1:2|: :|7 b1:_2|::| 150 ~
-1 1 —— (N — No)tr (Cov(05))
so that f() = A*0 — b' with A* = —J and 6* = | |  ----- tr (L°F)
_1lpt
2
Several choices of step-size were considered, in
which a, = agn™” with ag = 05 and p € [ """~ " oI T---oooo--
{0.15,0.3,0.45,0.6,0.75,0.9}. For each value of p, 0.15 0.3 0.45 06 0.75 09 p

M = 300 independent experiments were carried out
for a time horizon of N = 3 x 10® with initial condi-
tions {0} : 1 <i < M} sampled independently from N(6*,251I).

After obtaining the sequence of estimates {6} for the i experiment, PR-averaging was applied with
Ny =2 x 10® to compute {67 : n > Ny}.
Results: The empirical mean and variance were calculated for the final PR-averaged estimates 9?{? across
all independent runs and are plotted as functions of p in Fig. 1 for the special case a = 0.7. Also plotted in
this figure are their associated theoretical optimal values obtained from Thm. 2.4. Results for the remaining

choices of a are displayed in Figs. 3 and 4 in Appendix F. We see that the empirical mean and covariance are
near optimal for p € {0.45,0.6,0.75}.

Small-p regime. Problems are observed for small p as expected in view of (21b) since Bg # 0 (see (23)).
Moreover, for small p > 0 there is a need for a longer run time because the step-size vanishes so slowly. For
example, when p = 0.15 we have that a = 0.09 and if the same experiments were carried out with o, = ay
for all n, one could not expect optimality of the asymptotic covariance based upon theory in [24, 30].

Figure 1: Empirical and theoretical mean and variance.



Large-p regime. Also observed in Fig. 1 is poor solidarity with theory for p ~ 1. This is predicted by Thm. 2.5
since the error terms P, £9 converge to zero at rate n~(3=?)/4 ~ n=1/2 when p ~ 1.

Performance without averaging. Shown on the left hand side of Fig. 2 is a plot of the approximation
for the MSE {||0,,]|3}, along with the finite-n bounds (17b). See Appendix F for details on how each of the
terms in (17b) were identified for this example. The bound is very loose even though the maximum in (17b)
defining K is equal to unity. However, remember that the bound of [8] is universal, over all nonlinear SA
algorithms with common values of K.

Averaging. The plots on the right hand side of Fig. 2 show an approximation for the MSE {||#%%||3}, along
with the approximate MSE obtained from Thm. 2.5 (obtained by dropping the error term g in (21b)). The
approximation is surprisingly tight over the entire run.

— El6a]1%) ---- Kllog (n/a0) + 1] ot — E[IGR7] - a2 lIBell? + Etr (2°F)
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Figure 2: Comparison between empirical and theoretical mean squared error with and without PR averaging.

4 Conclusions

The condition p > 1/2 is imposed in classical treatments of stochastic approximation because of the standard

requirements,
o0 (o)
§ : _ 2: 2
a, = 00, a, <00,
n=1 n=1

in which the first condition is essential for sufficient exploration. In the standard ODE approximation
approach to convergence, the second condition is essential in analysis to bound the impact of noise in the SA
recursion. This paper establishes convergence for the entire range of p € (0,1) based on an entirely new proof
technique, in which the first step is establishing convergence rates in L,, for any p. This is also the first paper
to quantify the impact of bias when p < 1.

It is worth repeating that the implications for the practitioner depend on the setting:
o In the MD or AD settings, any value of p € (0,1) will achieve the optimal rate of convergence of the MSE
(that is, O(1/n)).
o If the noise is multiplicative (MU setting), then p > 1/2 is required to achieve the optimal rate of
convergence.

There are several paths for additional research:

e It is known that lim,, . nE[||05% — 0*|?] = tr (X*F) for p € (1/2,1) for nonlinear SA, even if Y* # 0 [5].
Can this be extended to p € (0,1/2] when Y* = 0? Can a version of (7) be established outside of the linear
setting when Y* # 07

e In applications to reinforcement learning and gradient-free optimization, the “noise” ® is designed by
the user for the purpose of “exploration”. Recent success stories show that it is possible to select ® so that
tr (X") and Y* are minimized for a deterministic version of SA known as quasi-stochastic approximation
[22, 25], but can these ideas be extended to the stochastic setting?

e Theory in non-convergent settings, such as in non-convex optimization, will require new performance
metrics.

e Although this paper focused on general single timescale SA algorithms, several algorithms of interest to
the machine learning research community are built upon the framework of two time-scale SA. One example
being actor-critic algorithms [20, 19]. SA in two timescales with Markovian noise has been studied before for
several special cases [17, 16, 39, 11], but can we extend these results to the setting of the present paper?
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Appendix

The following contains proofs of the main results and further details on numerical experiments.

More Notation: Recall that 7t is the invariant measure for the Markov chain ®. For a measurable function
g on X we often write g or 7(g) for the mean [ g(z)m(z). The function g may be real- or vector-valued.

For any measurable function w: X — [1,00), let L,, denote the set of all measurable functions g: X — R
satisfying

lglh = sup ——Jg()] <
g||lw :=sup g(x 00
zeX ”U.)(CL')
If 7t(w) is finite then so is 7(]g|), and in this case we denote
The function g is said to be the solution to Poisson’s equation with forcing function g if it satisfies
E[g(q)n+1) - g(q)n) | ¢, = $] = —g(.’lﬁ), zeX (25)

For a d-dimensional vector-valued random variable X and p > 1, the L, norm is denoted || X]||, =
(E[|X|[*])/?, and the L, span norm || X||p.s = min{||X — ¢[|, : ¢ € R?’}. When p = 2 we have

1X]|2,s = /ot (Cov(X)) (26a)
IX13 = 1113« + I1ELX]]1 (26b)

Any d x d positive definite matrix M defines a norm on R? via ||z||?, = 2TMz for 2 € R?

A Noise Decomposition for (General SA

The following results may be found in [29]: Part (i) of the following follows from Theorem 16.0.1, and (ii)
follows from Theorem 17.4.2. Part (iii) follows from Theorem 17.5.3 and the representation in (28) is (17.47)
of Section 17.4.3.

Theorem A.l. Suppose that ® := {®,: n > 0} is an aperiodic, -irreducible Markov chain satisfying
Assumption (A4). Then,

(i) ® is v-uniformly ergodic with v = e : there is 0, € (0,1) and b, < oo such that for any g € L.,

|EL[3(@4)]] < bullgllov(@)ol
where the subscript x on the left hand side indicates that ®g = x.

(ii) If ||g]lw < o0 with w = v® and § < 1, then there is a solution to Poisson’s equation (25). Moreover,
lg]lw < oo and the solution can be chosen so that 1(g) = 0.

(iii) If g: X — R™ satisfies g?> € L, for each i, then the m-dimensional stochastic process {Z9 =
n=1/2 Sh_1G(®g) :n > 1} converges in distribution to a Gaussian N(0,%¢) random variable, and the
second moment also converges:

lim E[Z¢(Z9)T] = lim lCOV(Zg(cbk)) - (27)
k=1

n—00 n—oo N

The m x m asymptotic covariance may be expressed in two equivalent forms:

e the sum of the auto-covariance matrices:

oo

EgLT = Z Eﬂ[g(q)o)g(q)k)-r]

k=—o0

in which {®y, : —oo < k < oo} is a stationary version of the Markov chain.
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o [In terms of solutions to Poisson’s equation (25):

32r = Ex[9(®0)3(P0)T] + Ex[§(®0)g(®0)T] — En[g(P0)g(®0)T] (28)
u]

Poisson’s equation (25) is the key workhorse in establishing any of the main results in the present paper.
However, we require a slight extension of the definition (25): we are interested in solutions with forcing
functions of the form h : R? x X — R?. Solutions for the joint process ¥ will not be required, but instead we
obtain solutions for each 6. The following abuse of notation will be employed throughout the paper: h is said
to be the solution to Poisson’s equation with forcing function A if it satisfies, for each fixed § € R?,

E[h(0, ®pyit) — h(0,®,) | &, = 2] = —h(0,2) + h(F), zeX (29)

This notation is also extended to matrix-valued functions.
The first important example is b = f that is part of the definition of the SA recursion. The following is a
companion to Thm. A.1 (iii).

Proposition A.2. Suppose that (A2) and (A4) hold. Then, fiRYx X = R exists solving (29) with forcing
function f, in which Ex[f(0,®,)] = 0 for each 6 € R, and for a constant by and all 0,0’ € R? and x € X:

1F (8.2l < by (L + V(@) [L+ 0] (30a)

1(6,2) — F@ )]l < by (1 + V@) 6 - ¢'| (30b)

Proof. Thm. A.1 (iii) cannot be applied because the bounds on f involve W rather than w = e®V.

An application of Jensen’s inequality implies the following bound under (DV3):
E[V(®Pt1) | Pr =] < V(x) — W(z) + ble(z), x € X.
The conclusion then follows from [13, Th. 2.3]. O

Corollary A.3. Suppose the assumptions of Prop. A.2 along with (A5). Then, A: R4 5 X —5 RIXD egists
solving (29) with forcing function A, in which Ex[A(0,®,)] =0 for each 6 € RY, and for a constant by and
all 6,0 € R? and x € X:

A8, )| r < ba(1+V(z))[1+[l6]] (31a)
|AB, ) — A0, 2)||r < ba(1+V(z))]0— ¢ (31b)
O

Solutions to Poisson’s equation enable “whitening” of A through the noise decomposition of Métivier and
Priouret [27],

Lemma A.4. Under (A2), the representation (13) holds with

Witz = f (O, rr2) — E[f Ok, Prg2) | Frsa] (32a)
T = (O, Prtr) (32b)
Yiqo = e [f(Ors1, Prr2) — F(Or, Pryo)] (32¢)

O

The sequence {W, 42} is a martingale difference sequence and {Yy42} is the major source of bias for

stochastic approximation with constant step-size [24]. When the noise is AD, f is only a function of ®, giving
Y =0.
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B Moment Bounds

The standard ODE approximation of an SA recursion begins with the introduction of “sampling times” for
the mean flow (5): Tp41 = 7% + @41, with 79 = 0 [3, 6]. Then a fixed time horizon T > 0 is specified,
along with the sequence T, 11 = min{r;: 7, > T,, + T} for n > 0, initialized with Ty = 0. It follows that
the interval [T, Ty, 1] satisfies T < T, 41 — T, < T + & for each n, where & := sup, ay,. We let m,, denote
the integer satisfying T, = 7,,, and {SE”) : t > T,} denote the solution to the mean flow with initial
condition 19%1 ) — O, . Convergence theory of SA proceeds by comparing {0y : m, < k < mp41} and
{19(72) cmy <k < mpgq}.

We establish moment bounds of the form (10) by extending the approach of [5], based on a Lyapunov
function of the form V(0,z) = V°(0) + fV°(0)v,(x) in which 8 > 0, and

Vo) =1+ 017, vi(x) = Elexp(V(®m,, +1)) | P, = ]
A Lyapunov bound is obtained in the following:

Proposition B.1. Suppose the assumptions of Thm. 2.2 hold. Then for each p € (0,1) and p > 1 there are
constants g < 1, b,, and ng > 1 such that

E[V(emwrl ) (I’mn,+1) | (I)mn] < QOV(077Ln7‘I)mn) + by ;M 2N (33)
]

A similar result appears in [5] with p € (1/2,1) and p = 4. In the following we explain how these
assumptions may be relaxed.

We first note that (A4) is far stronger than what is assumed in [5], in which (18) is relaxed to dr, :=
|L|w :=sup, |L(z)|/W(z) < oo, and Jr, is assumed sufficiently small.

The assumption that dy, is small may be gauranteed under (A4) by applying (18):

Lemma B.2. If (44) holds, then for any §o > 0 there is r < 0o such that (A4) holds with (V,W,) using
W, (z) := max{r, W(x)}, and

0r(r) :=sup ——~
Throughout the Appendix, for given p € (0,1) we fix r > 1, T' > 0, and an integer p satisfying,

[9¢ — 0% < 31190 — 07|, t>T, d € R? (34a)
1

max(4,2/p) < p < P = g

(34b)

where in (34a), {9; : ¢ > 0} is a solution to the mean flow, and the bound holds for any initial condition dy.
Since p, r are fixed we henceforth write d;, (suppressing dependency on r).
The following is a simple corollary to [5, Prop. 12 (ii)], which considered only p = 4.

Lemma B.3. Suppose (A1)-(A4) hold. Then, the following bound holds for m, <k < m,i1:

Mn41

A+ 10l < 2 exp(pi S W (@) (1t [0, ) (35)

J=ma+1

Bounds on the conditional expectation of the right hand side of (35) are obtained by applying Lemma B.4
that follows. The proof follows from Lemma B.2, combined with an obvious extension of [5, Prop. 3].

Lemma B.4. Under (A4) the following holds: for any n, any non-negative sequence {0 : 1 <k <n —1}
satisfying > 0 < 1 there is b, < oo and d, > 0 such that

n—1
E, [exp(V(CI)n) + 0Ty 6kW(<I>k))} <byexp(V(z)— 6,W(z)), zeX (36)
k=0
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The two lemmas combined with the Markov property imply the following under our standing assumption
(34Db):

Lemma B.5. Under the assumptions of Lemma B.3, the following holds for some §, > 0, alln > 0, and
My < k< mpyq:

Elexp(V(®kr1)) (1 + 10k])" | @raii1] < 2700 (14 [0, ()7 exp(V (P, 41) — 8 (P, )
O

[6, Lemma 11] establishes the following for p = 4. The simple proof is easily extended to general p > 4
under (A4).

Lemma B.6. Under (A1)-(A4) there exists constants 0 < "¢ < 1, b®°® < oo, and a deterministic and
vanishing sequence {E5° :n > ng} such that for all n > ng,

E[(10mpall+ )7 | 1] < (05 + EE50( @ 11) ) (L4 6, )7 + 5. (37)
Proof of Prop. B.1. Lemma B.6 bounds the first term in the Lyapunov function V(0, z) = V°(6)+5V°(0)v4(x)

EV° (o) | @] < (0 + €204 (Orn,) ) (14100, 1) + 57

(38a)
S [QB.l + bQB.lg’S-GUJr((bm")] Vo(em”) + bB.G + b113.1 )

where g®* € (¢%°,1) is fixed, and then b7 = sup{V°(f) : ¢**(1 + [|0[))" = ¢**(1 + [|0[|)}. The second
constant is the upper bound b5* = sup{(1 + z)?(1 + 2P)~! : x > 0}.
To bound the second term in V we first apply the Markov property,

E[Vo(oanrl)’U-i'(‘I)anrl) | (I)mn} = E[Vo(oanrl)’U(‘I)anrl_i_l) | ¢mn}

where v = €V. Lemma B.5 then gives a bound on the conditional mean of V(f,x): for some finite constant

b5,

< 2%y (1 4 (|0, (P04 (Prn,, ) eXp(*(sz(q)mn))

< 2Pbyb5 VO (O, )04 (P, ) exp (=6, W (P, ) (38b)
< %Vo(emn)v+(q)mn) + b3V (O, )

The proof of the proposition is completed on combining the bounds (38a), (38b) and choosing 8 > 0 so
that g1 := Bb5* + ¢®* < 1. The constant gp < 1 in (33) is gp = max(1/2, 01). O

E[VO (emn,+1 )U+((I)mn+1 )) ‘ ‘bmn]

The following results are immediate from (33):
Corollary B.7. Under the assumptions of Thm. 2.2,

(i) Sup Efl|0k + 1]|” exp(V (®r41))] < 00

(ii) there is b®7 depending upon Vo and p such that

sup [Wellp < 6”7, sup[|Tell, <%,  sup|[Vi, <7
k>0 k>0 k>0
O
Proof of parts (i) and (i) of Thm. 2.2. With Corollary B.7 in hands, the proof of part (i) follows from the
same arguments as the ones used in the proof of [5, Lemma 16]. _
We now establish part (ii). In view of (10), and applying (34b), we have > ° | E[||0,]|?] < oo, implying
0, %0, by Fubini’s theorem. g
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C Asymptotic Statistics for General Stochastic Approximation

We begin this section with a representation for the sample-path target bias, obtained by averaging both sides
of (2) and applying the noise decomposition in Lemma A.4:

Lemma C.1. The following holds for the recursion (2),

N
Z fOr) = SJTV - SJ%+1) (39a)
where S§, = Zszl ﬁ(ekﬂ —0g) and
N N
SR =D A1 =Myio— Ty +To— Y k1 Vo (39b)
= k=1
in which {Mp o := Zgzl Wita : N > 1} is a martingale. O

The next two lemmas will be used repeatedly to establish several of the remaining results of the paper.

Lemma C.2 (Summation by Parts). For any two real-valued sequences {x,,y, : n > 0} and integers

0< Ny <N,
N N
> wk(yk — Yho1) = NN — TNgr1UN, — D (Thi1 — Tk)Yk
k=No+1 k=No+1
]
Lemma C.3. Under (A1) the following bounds hold: for a constant b%* < oo
1 ‘ 2
o /Oé < Np/2 + bC.3
Z ’Oék+1 Qg b= Vo
N
(i) Z ap < 7= 5
k=1
N
L C.3
O

In order to obtain moment bounds for PR averaging, Lemma C.1 tells us we need to first analyze the right
hand side of (39a). Lemmas C.4 and C.5 establish moment bounds for S as well as for each term in (39Db).

Lemma C.4. Under the assumptions of Thm. 2.2, there is b°* depending upon Vo and p such that the
following bounds hold

(i) 1% ll2 < b NP/
(i) | Tov2 — Tall2 < 0o
(iii) | py ks Vsl < BOINT2

Proof. To prove part (i), we apply Lemma C.2, followed by the triangle inequality to obtain

N
1 1. 1 1y
55l = [t - -3 (- Dal,
N
. 1 1 -
< n ‘———]9
o o sl
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Jensen’s inequality along with the bounds in Thm. 2.2 gives [0 ]2 < ||0all, < b**\/a;,. An application of
part (i) of Lemma C.3 yields the final bound.

The result in part (ii) is implied directly from Corollary B.7 (ii) and the triangle inequality.

Part (iii) is obtained as follows:

N N
H Z%HTHQH < (SUP”YIH-QHP) Z|ak+1|
— P \k>0 —

and Corollary B.7 (ii) gives supy > || Yi+2ll, < 6%7. An application of part (ii) of Lemma C.3 finishes the
proof. a

The following notation is adopted to define parameter independent disturbance processes: let M3, , =
N X .
Y k1 Wi 1o with
Wipo = (07, @ri2) — E[f (07, Pry2) | Frya] (40)

The above martingale difference sequence is the “noise” sequence defining the optimal asymptotic covariance
of SA (19).

Lemma C.5. Under the assumptions of Thm. 2.2, there is b°® depending upon ¥qg and p such that the
following bounds hold

(i) [Mny2 — My oll2 < pes N(1—p)/2
(ii) ||M1>:/'+2||2 S bc'5N1/2
Proof. For part (i) we use the martingale difference property to obtain

2

N N
M2 = Micoll3 = || S W = Wiga|[| = D7 Wi = Wil
k=1 k=1

From Prop. A.2 and Thm. 2.2, we have that [|[Wiie — Wi ,|> < b22(|0,,]|2 < b2b>2ay, for some constant
b°® depending upon ¥y. An application of part (ii) of Lemma C.3 yields (i).
The proof of part (ii) follows similarly to (i): since {W} ,} is a martingale difference sequence,

N
1Ml = D7 Wl < N (sup Vi) < 627N
k=1 =

where the last bound is obtained from an application of Corollary B.7 (ii). ]

We are now equipped to prove part (iii) of Thm. 2.2. Only the proof for the multiplicative (MU) noise
case is given. The result for when the noise is AD follows almost identically to the MU setting with the only
difference being that Y = 0, as explained after Lemma A .4.

Proof of part (iii) of Thm. 2.2. A Taylor series expansion of f(6}) around * gives
FOx) = F(07) + A" (0, — 07) + & (41a)

where under the assumptions of the theorem, the second order Taylor series expansion error £ admits the
upper bound: )
1€ 1o < Lallfrlly < Lab*2ay, (41b)

in which L4 is the Lipschitz constant associated with A.
In view of (41), (39a) is equivalently expressed as

N
* *7— 1 * *
O — 0" =[A7] 1N[S;/_Sz%+1+§ Ep + Mo — Myys
k=1
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Taking Lo norms on both sides and applying the triangle inequality we obtain,

18512 < AT e (1S5 s + 1S4 — MN+2||2+ZH6k||2+||MN+2||)
k=1

< IA*1 e (€N+€N +en)
in which || - ||z denotes the Frobenius norm and the identity (39b) gives

en = ISV llz + [[MN12 — My ioll2 + [ T2 + T2ll2

N N
ehe = | X awia Vi, + Y167z
k=1 2 k=1

e = [My 2l
Lemmas C.4 and C.5 and (41b) yield the following bounds: for a constant b*? depending upon ¥q and p,
Eljl\f < b*2 max {NP/Q, N(lfp)/2}’ EIIJV < b2.2N17p7 5?\/ < b2'2N1/2
The error is dominated by 4, when p < 1/2 and by €% when p > 1/2, completing the proof. O

We conclude this section with a proof of the identity in (11) for the average target bias: let 2(9, ) =
Opf(0, ) and
Viso = —A(0", @pp2) f(07, Pgr), V" =E[Vy] (42)

Lemma C.6. Suppose (A1)-(A5) hold. Then, for each p € (0,1) there is b°° depending upon ¥y and p,
(i) Ytz = —A(Or, Pryo) f(Or, Pryr) + b iy
(i) [ Vw2 = Vieallo < 00y
Proof. A Taylor series expansion of f around 6y, gives for each k
F(Ors1, Pry2) = F(Or, Pry2) = A(Br, Pry2) Ory1 — Ok) + EF (43)

where £ denotes the approximation error. By the mean value theorem, there is 0° € (0, 0%, 1) such that

Er=1A A(6°, ®poi2)—A(Or, ®rya)] (01 —0k). Corollary A.3 implies the upper bound: €22 < b9 ||0k+1—0k |3
with ¢ depending upon Vg and p. B
Using the identity (6) and Lipschitz continuity of f, we obtain, through the triangle inequality,

1641 = Okll2 = xra | F(O1) + Arsallz < oxra (LfllOkll2 + [|Akt1]l2) < cpg1b

in which Ly is the Lipschitz constant associated with f and the last bound follows from (10) and Corol-
lary B.7 (ii), for a potentially larger b°-°.

Applying (2) to the right side of (43) completes the proof of part (i), in view of the definition of Y in
(32c¢).

Part (ii) follows from Lipschitz continuity of Af, (10) and part (i), via the triangle inequality. O

Proof of part (iv) of Thm. 2.2. The first step is to take expectations of both sides of (39a). From (13), we
obtain E[Agy1] = E[—Tkt2 + Tit1 — k1Y k2], which in turn gives,

N
%Z ( [SN]+E[TN+2*7-2 +ZOLk+1E ’Y\k_‘_ﬂ)

Adding and subtracting % ng a1 Y* to the right side of the above equation with Y* defined in (42) yields

S ETO] = 5 (Tl + <) + k) (44)
k=1

k=1
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in which
ek = app1 E[Viq2 = Vicyo]

ey = E[SN] + E[Tn12 — T2
Bounds on the terms constituting e® are given by Lemma C.4 and are as follows:
IELSKII < 1S ]l < b N#/2
IE[Tv42 = Tolll < [Ttz — Tall2 < 6°

Consequently, [|€%| < b*N*#/2. A bound on £ is achieved from Lemma C.6:

* * 6,3/2
el < lanalIEMVas2 = Yipolll < lanial [ Vasa = Yipoll <00y’
where the constants b°* and 6°° depend upon ¥y and p.
Using the upper bounds for £* and °, we apply Lemma C.3 (ii) to the right side of (44) and divide both
sides by an 41 to obtain

LS R = T (46)

in which

eS|l < b°* max{N /2 N3/271}
where b** is a constant depending upon ¥y and p. The norm of €5; is dominated by €% for p < 1/2 and by
g% for p > 1/2. Moreover, 4 also dominates the target bias for p > 2/3.

Taking limits of both sides of the above equation yields (11) for p € (0,2/3).
O

Proof of Corollary 2.3. Results for the MD case are immediate from analysis in the AD case since the noise
decomposition in Lemma A.4 is not needed: when the noise is MD, {£ S5} is analyzed using the same
arguments as the ones used for the stochastic process {%M N+2} in the AD case. O

D Noise Decomposition for Linear SA

In general, the representation for A in Lemma A.4 does not appear to be enough to obtain the asymptotic
covariance for recursions with multiplicative noise, and p < 1. Restricting to linear recursions allows us to
obtain the finer representation for A in (14). This expression is obtained based on recursive decompositions

of stochastic processes that are affine in the parameter. One example is Y10 = _Ak+2Ak+19k + A\k+2bk+17
k > 0 (recall (55a)).

The next two lemmas define the main steps in each recursion. The first considers a generalization of this
example, a stochastic process of the form g,‘;_@ = M0k + Yi+e¢ with matrix-valued stochastic process of

the form My4, = M(@Zﬁ) and vector-valued stochastic process yi4¢ = fy(@ﬁﬁ). In the special case of
Y2 we have £ = 2.

Lemma D.1. Consider the stochastic process g,jH = M0k + Vire, with Myp = M(‘bzﬁ) and Y+ =

'y(cl)ﬁﬁ). Suppose that M: Xt — R¥*4 and ~ : X* — RY satisfy for some bg+ < oo and all x4 € X¢,
EQM(@IDIE + V(@D | @k = 2] < bg+ v+ ()

Then,
N
Gloe =WPL, + Mt (Ppg1)0k +ut (Prsa)

in which |M™*(z)||r + |lut(2)] < bD'lv}r/p(x) for any x, and {ng-:e} is a martingale difference sequence
satisfying
+
BV ol | W = 2] < 0°1V(2)
Proof. Let M*(2)0 + u*(z) = E[GF (0, ®}1]) | Ui = z]. Then,
Grve = Wg:e + MF(Ppy1)0k +ut (Ppy)

with WE!, = Gy — M (®541)0k — u (@r41). O
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The next result is more subtle as it relies on solutions to Poisson’s equation as in Lemma A.4. Its proof is
identical to the proof of (13).

Lemma D.2. Suppose the matriz valued function M: X — R4 and vector valued function u: X — R?
defining G(Uy) = M(Pgy1)0k + w(Pry1) satisfy | M(z)||r + [Ju(z)| < bD'Qv}r/p(x), with respective means M,
@, and let M: X — R4 gnd 4: X — RY denote zero-mean solutions to Poisson’s equation (25):

E[M(®pi1) — M(®,) | @ = 2] = M(x) =M E[a(®Pnyq) — (D) | D = 2] = u(z) — @
Then, denoting G(6,z) = J/W\(x)e + a(x), we have for k > 0,

G(Vy) = M(®@r+1)0k + u(Pp1)

) (47)
=W — T + T — o Yo + G(0k)

where G(0) = MOy, + 1, and for a constant b°* independent of ¥y,

o (Wi, = G(Ok, Prya) — E[G(Ok, ®rs2) | Fugi]} is a martingale difference sequence satisfying E[IWELLIIP |
Uy, = 2] < b°2V(2).

o TG, =GOk, Prir) with E[|TE [P | Wy = 2] < bP2V(2).

o Y i=— [G(Ors1, ®rva) — GOk, Pra)] with E[YE [P | Up = 2] < b22V(2). O

Qp41

Suppose we are in the setting of Lemma D.2 with G(Uy) = M (®Py41)0; + u(Pr41) represented via (47),
and denote QIL_Q = YkG+2. We then apply Lemma D.1 to this stochastic process to obtain

Gilro = Wi+ G (@), GF(@us) i= MH(@pa)bh + 't (@)
Consequently, the previous two lemmas imply the following:

Proposition D.3. Suppose the matriz valued function M : X — R4*? and vector valued function u: X — R¢
satisfy || M (2)||r + |lu(z)] < bD'zvi_/p(x). Then,
G(Vg) = M(Ppi1)0k + u(Pry1)

_ (48)
= Do — Tido + T — ax 1 G (W) + G(0r)

where for a constant b°?* independent of Uy,
o {DF =W, —ak+1W,g:2} is a martingale difference sequence satisfying E[|| DS, ,||P | ¥p = 2] < bP2V(2).
o There is a matriz valued function Mt : X = R4 gnd vector valued function ut: X — R%, with respective
steady-state means M™T, 4T such that
GT (W) = MT(®pp1)0r + ut (Pry1)
G+(9k) =M*O, +at (49)
with  [M*(@)|[p+ M e + ot @) + Jat] < >0} (@)

Construction of the disturbance decomposition The representation in (14) is obtained by applying
Prop. D.3 recursively, to construct a sequence of stochastic processes of the form,

GO(Wy) = MD(D11)0) + u® (Ppy1) (50a)
=D = T+ T — 0k GO (W) + GO (6) (50b)
where D,(Q2 = W,i:)_Q — ak+1W,L(i2). For each ¢, we denote
4 i i (i) G
nglz = W1§+2 ) Tk(+)1 = 775#1 ) YI(cJ)r2 = Ych+2 ) W/Lz = /I—Q—Q (50c)

in which these terms are defined as in Lemmas D.1 and D.2 with G(¥},) = G (¥},) in application to the
first lemma and Gy, = Yf+2 in application to the second.
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The recursion is initialized using
GOWy) = f(Ui) = MO (@4 1)0k + u® (1)
G(O) (ek) = f(&k) = M(O)Hk + ﬂ(o)
where MO(®41) = Ajpr, uO(Ppy1) = —bpgy
MO — a7 a® = 3
The subsequent functions composing the sequence of affine functions {G¥} in (50) are defined through
the following steps:
e For1 <i<m—1: Given M@ (®; ) and u? (P, ;) that define G (V}) via (50a), apply Prop. D.3
with G(¥y) = G (¥}) to obtain the terms {Wk+2’ 7;(_?2, W,L(r;) ,GUHD (W)Y in (50b). In particular, the pair
{MH(®p41),ut (Pry1)} resulting from Prop. D.3 defines {MCHD (D), 1), ul+1) (P )}
e For i = m, Lemma D.2 is applied to (50a) one final time to generate {W,ET%, 7;(_1?2), Y,(J_té, WH(;)} in (50c).

Proposition D.4. Subject to the assumptions of Thm. 2.4, and for any fized m > 1, the representation (14)
holds for each k > 0. Moreover, the terms in (14) satisfy the following for a constant b°* depending upon ¥
and p:

(i) supy, [Viiallz < b7

(ii) {Wg 5 k >0} is a martingale difference sequence satisfying supy, [[Wg oll2 < b°*
(ili) supy [|Ti%qll2 < 0%, and (| Tty — Rijqlle < 0% *agi/k for k>0
(

iv) The deterministic sequences of matrices {Gri1} and vectors {ug1} are convergent, and hence
uniformly bounded in k. Moreover,

|aks1Gra1 — anGrllp <0 ag/k, k>1

The special case m = 0 yields (13) and ngi)z = Weia, 7;(2)2 = Trt2 tn which {W,} and {Tr} are defined in
(32).

Proof. Following the steps outlined after (50b), we obtain (14) in which,

° m (m) . m
Wite = =B Wilks +Zﬁk+1pk+2 Yo ="

=0
Oék+1ék+1ék = Zﬁi+1ﬂ(i)ék 77:+2 Zﬁkﬂrl k+2 (51)
i=1
Qp41Uk41 = Zﬁk+1 T MY6] Riqr = Tepa +Z (Bir — BT, k+1

=0

where () = (—ag)?, {D,(:lz} is a martingale difference sequence as defined after (50b) and M, %) define
GO (0) = MDD +a® for each § € R? and 1.

The moment bounds in parts (i)—(iii) are immediate from the bounds given as results of Lemma D.2 and
Prop. D.3. The coupling between 7,* and R}, in part (iii) is a consequence of the definitions in (51) and the
triangle inequality: for a constant b®* depending upon Vg and p,

[Rys1 — 77“+1||2<Z|ﬂk+1 Bill k+1||2 < BN
i=1

The last bound holds since the term associated with 4 = 1 dominates. ~
It remains to prove (iv). For each 6, the following is immediate from the definitions in (51): im0 Gy 1[0—
0*] — up1 = —GM(H). Moreover, by the triangle inequality,

laks1Grr — arGillr < 318 = BLIIFTO || < bPoN 10

i=1
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Y (m)*

Analogously to the definition of {W;} in (40), we adopt the notation {Wp*, D,(C:_QJ/V,C_|r2 } to define
parameter independent disturbance processes. Moreover, we denote

Hyyo = Z Wise, Hyjpo= Z Wik (52)

We conclude this subsection by obtaining moment bounds on the terms defining {W};_,} in (51).

Lemma D.5. Suppose that the assumptions of Prop. D.4 hold. Then, if for fixred p € (0,1), if m in (14) is
chosen such that mp > 1, then there exists b°®° depending upon Vo and p such that the following bounds hold:
for 0 <i<m:

() |0, B (DY), — D5 a < 2% max{ NO=2i4110)/2 | /log(N)}
(i) | 0, ALy D5l < 5P max{N(=#/2 | flog(N)}

(i) | Rs, Bt VS WS
(iv) | oas, B Wy s

Proof. Parts (i) and (ii) follow similarly to Lemma C.5: using the martingale difference property, we have
from Corollary B.7 (i) that there is a constant b°* depending upon ¥4 and p such that

|2 < bD.s(N(l—[2m+2]p)/2 + 1)

< bD.s(N(lf(erl)p)/Q + 1)

N
| >80, - D) Zwkﬂulv,i‘lfb(”ﬂb<Zb’”|ﬂk+l|||9n||3
k=1
N

<> 0P max{(k + 1) VP (k4 1)7 1}

k=1
N ) } N N .
har ey = 2B PIPL I < 77 3 1Ak
k=1 k=1
N .
<b > max{(k+1)"27, (k+1)7}
k=1

Thm. 2.2 and Lemma C.3 (ii) establish the final bounds for a potentially larger b°-°. The proof of parts (iii)
and (iv) is identical to the proof of (i) and (ii). 0

The martingales {Hy2, Hy 5} defined in (52) admit attractive bounds:

Corollary D.6. Under the assumptions of Lemma D.5, the following bounds hold for a constant b°°® depending

upon ¥y and p:
|HN42 = Hpolla < 070 max{NT/2, \/log(N)}

E Asymptotic Statistics for Linear Stochastic Approximation

In the special case of linear SA, obtaining a representation for the target bias directly translates to a bias
representation for PR averaged estimates because linearization of f is no longer needed: f(6) = A*6. The
next lemma is a version of Lemma C.1 for PR averaging.

Lemma E.1. The following holds for the PR averaged estimate (12),
1

AT = (5% = S84 (53)
where ST, and S§ are defined evactly as in Lemma C.1. O
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E.1 Bias
We begin by analyzing bias within the AD noise setting.
Lemma E.2. Suppose that the sequence {v,} C R? satisfies the recursion:
Vo1 = (L + @nt1A4%) Ve + apt16n41 (54)

where A* is Hurwitz, {an} is as defined by (A1) and {en4+1} is a deterministic sequence. Then, for a constant
b®? and ny > 0 sufficiently large,

[Vasil < (1= 0" Fani1)[Vallm + llensalm, 7 >me
in which M > 0 is the unique positive definite matriz solving the Lyapunov equation, [A*]TM + M[A*] = —
Proof. The triangle inequality gives
Vil < T+ ang1 A7) Vo v + angallentafm

Letting A\; and A4 denote the eigenvalues of M with maximal and minimal real part, respectively, we obtain
the upper bound: for a constant b2 < oo,

1 + ans1 A*)Vallig = VR + @1 A) M + a1 A vy,

HVHH%/I - O‘n+1||5n||ﬁ/l + O‘?LJrl”A*Bn”ﬁ/I

! A
< valf (1= e + a0 )

Since M is positive definite, an application of the bound /1 —§ <1 — %5 with § < /\1—1 completes the proof
for n > n;, with n;, sufficiently large. O

Proof of part (i) of Thm. 2.4. Applying the identity f(0) = A*0 to (6), taking expectations of both sides
and rearranging terms gives

E[énJrl] = (I + an+1A*)E[9~n} + an+1E[An+1]

An application of Lemma E.2 with v,, = E[én] and &, = E[A,], yields the contraction: for np > 0 sufficiently
large
gn-i—l < (1 - bE'2%an+l>€n + an—&-lgﬁa nz=mng
with &, := |[Vallm, EX = |lenlm
By induction, we obtain the following upper bound: for each n > ny,

n

n
— § : n—k— A = . E.2
Sn S :n,nbgnb + Oék :‘n,k+1gn ) Snk = H( —b 70‘2—}-1)
k=np i=k

Applying the bound (1 4 §) < exp(d) to the above identity with 6 < Z gives, for a constant g**,

En < Eny exp(—0”* (1) — 7} Z ap M exp(—o (1) = Ti))ER

k:nb

in which Zak <7li=ap(1+ (1 —p) HntP —1)).
k=1
Since the noise is additive, (13) yields E[Ag] = E[=Tk+1 + T&], in which 7y is only a function of ®;. The
drift condition (DV3) implies that £» — 0 geometrically fast (see Thm. A.1 (i)), completing the proof. O

When f is affine in 6, the solutions f to Poisson’s equation (29) with forcing function f takes the form
f(8,®) = A(®)0 4 b(®). Consequently, Yy, is affine in 0 for each k:

Yirz = —Apr2Ape10k + Ajyobig (55a)

Yiis = —Ars2dpp 10 + Appabri (55b)

We note that the definition for Y in (55b) is agrees with the general version in (42). Moreover, the expression
in (55b) is the same as the major contributor for bias in linear SA with constant step-size, that is, Y* in (15)
[24].
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Proof of part (ii) of Thm. 2.4. Taking expectations of both sides of (53), we obtain E[Ag41] = E[—Tk42 +
Ti+1 — @pt1 YV k2] from (13), yielding

N
~ 1
AEIBR) = 7 (EISK] + ElTovsa = Tal + 3 s ElTso])
k=1

The remainder of the proof consists of following the same steps as in the proof of Thm. 2.2 (iv) to obtain the
companion to (46):
VN2 p<1/2

56
VNP2 p>1/2 (56)

E[0N] = ans1Bo +efy . lleRll < {

with Be = (1—p)~'[A*]71Y*. Dividing both sides of the above equation by a . ; and taking limits completes
the proof for p € (0,2/3). |
E.2 Asymptotic Covariance

The next lemma will prove itself useful in establishing asymptotic covariances for PR averaging,

Lemma E.3. Suppose that {Vx} and {Ex} are sequences of random variables such that |V |3 < oo and
lEN|I2 < 0. Then, the following approzimation holds

Cov(Vy +En) = Cov(Vn) + X%
where X% <enl with ey =2||Vnll2.sllEn|l2s + ||5NH%,S
O

Proof of part (iii) of Thm. 2.4 for the AD settting. Adding and subtracting 1 M3, to the right side of (53)
yields

55\? =Vn +EN
. . *1— 1 *
in which Vy = [AY] 1NMN+2 (57a)

*1— 1 T *
En = [A7] 1N(SN - SJ%H — My )

The expression (39b) gives SI%H = Mpn42 — Tny2 + T2 for the additive noise setting. Lemmas C.4 and C.5

1/2

result in the following upper bounds: for a constant b depending upon ¥y and p, ||[Vx|2 < ON~1/2 and

*1— 1 *
[Enl2 < [I[A”] 1||FN(HSJTV||2 + | M2 — My oll2 + [[Tht2 — T2ll2)
< bmaX{N_(1+p)/2, N—(Q—P)/Q}

(57b)

Consequently, the Ly norm of £y is dominated by [ SK |2 for p > 1/2 and by |[Myy2 — M} 5|2 when
p<1/2.

In view of these bounds and the upper bound after (26b), we take covariances of both sides of (57a) and
apply Lemma E.3 to obtain

Cov(87%) = Cov(Vy + En) < Cov(Vy) + enT,
en < b** maX{N_(2+p)/2,N_(3_p)/2}
where b** = 3b2. By definition, M3 o= Zfil Wi o Applying the martingale difference property, (27) gives
lim NCov(6%) = lim NCov(Vy) = [A*] 718y [A*T] 7! (58)
N—o0 N —oo

O

In view of Lemma E.1 and (14), the following representation for PR-averaged estimates is obtained:
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Proposition E.4. Under the assumptions of Prop. D.4, the following holds:
. 1 1 1 1,
A0 = —NS;‘V‘ = v = v+ 5 Sh (59)
where {S% } is a deterministic sequence,
1
(i) {HNn+2} is a martingale satisfying Nlim NCOV(H}\H_Q) =Y
— 00

(ii) For a constant b®* depending upon Vo and p, and N > 1,

1S3 ll2,s < 0% [L+ N2 |65 |I2S+Zk 1165 12,5

(i) If in addition, m = m(p) in (14) is chosen so that mp > 1, then for N > 1, ||Jxyallz < b®*N?/2
Proof. Summing (14) from k = 1 to N and substituting it into (53) gives (59) in which

N N
A 5 5 _
Sx = arp1Griabs, Sk=> g1tk

k=1 k=1

N
Itz = —Thya + T3 = 5K+ D _[(Rigy = T + (aws) ™ )

We proceed with the proof of part (i). We have W,ﬁ); = W o from Prop. D.4, which along with (14)
and the definition of {H}} before Lemma D.5 gives the identity %HNH = Vn + En, with Vy = %MX?H
and Ey = &5 + E% where
1

N(HN+2 —Hy,»)

Y (0)= mATyp Y (m)*
&% = N Z [ZDkJﬂ ar Wi — B WL,
1=

el =

Moment bounds on Vy are obtained exactly as it was done in the proof of Thm. 2.4 (iii) for the AD
setting, while bounds on &£} follow from Prop. E.4 (i). They are of the form [[Vy|2 < bN~'/2 and
€ l2 < bmax{N~(+r/2 " /log(N)/N}, in which b is a constant depending upon ¥ and p.

Moreover, similar arguments as the ones in Lemma D.5 (ii) and (iv) yield the following, for a potentially
larger b,

HZZD’H? < bmax{N="/2 /log(N)}
k=11i=1

Y (m)* . Sb(J\/v(1f(n~b+1)p)/2_’_1)

H ZakHWk T S bmax{N1=7/2 | /log(N)}

+1
oz

where the first bound holds since the term associated with ¢ = 1 dominates. This implies [|E%]2 <
3bmax{N~1+r)/2 " /log(N)/N}.
Then, Lemma E.3 and the upper bound after (26b) yield
1
Cov(NHNH) = Cov(VN + SN> < Cov(Vn) +enI,
~N < b max{N 17" log(N)/N?}
where b>* = 15b%. Multiplying both sides of the above equation by N and taking limits completes the proof
for part (i):
1
lim NCOV(HNH) = hm NCov(Vy) = Zwy-

N—o0
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We now turn to the proof of part (ii). Writing ), = k6% — (k — 1)05% | gives

N
S3 =Y a1 G [k — (k — 167 ]
k=1
— ~ — ~ N_l — — ~
= OéN+1GN+1N6?\? — QQGQGER — Z (ak+1Gk+1 — Oék,Gk,)k’ezR
k=1

where the last equality was obtained through Lemma C.2.
Taking Lo span norms of both sides of the above equation and using the triangle inequality

< Jan41 |Gl N 105 |25 + laz]l|Gall 165 2,s
N-1

+ ) k1 Grir — kGl k167 2,6
k=1

This and Prop. D.4 (iv) completes the proof of (ii).
Part (iii) follows from the definitions of { Hx 42, Jy42} along with the bounds in Prop. D.4 and Lemma C.4
and corollary D.6.
]

The representation (59) in Prop. E.4 is equivalent to (7), in which 2, := —vN[A*| " (Hxy2 + Int2 + S7)
and By = (Nang1) 'Sk

The representation (59) is particularly useful in the setting of linear SA since it results in tighter bounds
for the Ly span norm of 8% when compared to Thm. 2.2 (iii). It will be clear that the asymptotic covariance
of the right hand side of (59) is dominated by {Hx42} and equals Xyy-.

Bounds on ||63%|.s are obtained next for the general nonlinear SA algorithm.

Lemma E.5. Suppose that the assumptions of Prop. D.4 hold. Then, ||9 l2,s < B®°N— 12 N >1, fora
constant b*® depending upon ¥y and p.

Proof. Part (iii) of Thm. 2.2 and the inequality after (26b) give [|#5%[2.s < b*2max{ay, N~'/2}, which
completes the proof for p > 1/2. We proceed with the proof of the desired bound for p < 1/2.

For each p € (0,1/2), we choose m in (14) so that mp > 1. Then, taking Lo span norms of both sides of
(59) yields the recursive sequence of bounds,

. 1
1465 + i n2ll2s + &l

Bl < =155
QG_N

(60)
<b (Nl 105 2,0 + Zk dls

) + bE,4N71/2

where the last inequality follows from Prop. E.4, along with ||S%]|2,s = 0.
Applying Thm. 2.2 (iii) (the bound (8)) gives [|67%(|3 , < E[||0;* — 6*||*] < b*2a; for p < 1/2. This bound
together with Lemma C.3 (ii) gives

1
| A% \\2¢§bE4(172p+1)a FRANTYZ D p <12 (61)

completing the proof for p € [1/4,1/2).
If p < 1/4 then (61) gives ||05%||2,s < b™°a?, which is an improvement on Thm. 2.2 (iii). Substituting this
into (60) and repeating the above process yields a sequence of recursive bounds similar to (61):

1
|| A% stﬁbm(mﬁ-l)a]v—&-b“N V2 p<1/4

which completes the proof for p € [1/6,1/4).
Continuing to repeat this process establishes the desired bound for all p € (0,1). a

Now, we can apply the bounds in Lemma E.5 to Prop. E.4 (ii) and conclude that the sequences {S%, Jy 42}
do not dominate the asymptotic covariance of the right side of (59).
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Proof of part (iii) of Thm. 2.4 for the MU settting. It follows from (59) that 55’\? = Vn + En, in which

1 1
Vn = —[A*]_lﬁHNer En = —[A*}_IN(JNH — S¥% + S%) (62)

Applying the bound [|052.s < b**N~1/2 from Lemma E.5 to Prop. E.4 (ii), we obtain
HSﬁHQ s < bEA4bEA5N(172p)/2
Applying Prop. E.4 gives, for a constant b depending upon ¥y and p,
[V ll2,s <bNTV2
e 1
1ENlI2,s < [I[A7] 1||FN(||JN+2||2,5 + 5%
< bmaX{N_H'p/Q7 N_l/z_”}

IZ,S)

Applying Lemma E.3 we obtain

b2 N+l p<1/3

VANTB=AZ 5513 (63)

Cov(05%) = &I+ Ex, tr(&y) < {

where b** = 3b%. Multiplying both sides of the above equation by N and taking limits completes the proof:

lim NCov(0%) = Jim NCov(Vy) = [A*] 718y [A*T] 7T
—00

N—o0

g

Proof of Thm. 2.5. Part (i) follows from taking norms of both sides of (56) and applying the triangle
inequality.

The proof of part (ii) begins by taking square roots of both sides of (26b) to obtain, via the triangle
inequality

165112 < y/tr (Cov(05)) + IEG]I

Substituting eqgs. (56) and (63) into the above equation and using the triangle inequality once more completes
the proof. O

F Numerical Experiments

Here we survey additional results and provide further details on the numerical experiments discussed in
Section 3.

Similarly to what is shown by Fig. 1, Figs. 3 and 4 display the empirical mean and variance for the final
PR-averaged estimates 6% across all independent runs as functions of p for a € {0.3,0.5}. Additionally,
ratios between these empirical statistics and their associated theoretical asymptotic predictions are also shown
by Fig. 5 for each a. Note that there is no comparison with theoretical values for the empirical mean when
a = 0.5, in which case the Markov chain is i.i.d. and bias vanishes very fast, by Thm. 2.4 (i).

The results in Figs. 3 and 4 agree with the discussion surrounding Fig. 1: poor solidarity with theory is
observed in both large and small-p regimes irrespective of the choice of a. Again, this is justified by the error
bounds in Thm. 2.5.

Impact of spectral gap. The transition matrix P has eigenvalues {\1, A2} = {1,2a — 1}, and the spectral gap
is thus vy =1 — |A2| =1 — |2a — 1|. It is maximized when a = 0.5 and vanishes if either a ~ 0 or a ~ 1. It is
commonly assumed that a small spectral gap is a sign of difficulty in numerical algorithms, yet a glance at
Lemma 3.1 shows that:

(i) While it is true that Y* increases without bound when a 1 1, when a | 0 the spectral gap vanishes yet Y*
converges to a finite value.
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(ii) The asymptotic covariance vanishes as a | 0, even as the spectral gap vanishes. In conclusion: long
statistical memory is not always detrimental to algorithmic performance.

The above conclusion is in agreement to what can be observed by the results in Fig. 5 since the empirical
covariance for @ = 0.3 is closer to optimal than for the i.i.d. case (a = 0.5). Moreover, the setting a = 0.3
also outperforms a = 0.7 in terms of empirical variance even though these two choices result in the same
spectral gap.

When it comes to bias, it appears that a = 0.3 and a = 0.5 have similar performances: based upon
Thm. 2.4 (i), bias for the i.i.d. case vanishes very fast, so the low magnitude observed for the empirical mean
with @ = 0.5 is expected. The curve associated with a = 0.3 seems to track the prediction in Thm. 2.4 (ii)
well only facing problems in the large p regime. Tracking for case a = 0.7 is not as good as when a = 0.3 but
also appears to be consisted of with theory. However, tracking is poor in both the low and large p regimes.

o a0y — lEGEN - an-1]|Bell —— (V- No)r (Cov(f)) - - -+ tr (%)
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Figure 3: Empirical and theoretical mean and variance with a = 0.3.
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Figure 4: Empirical and theoretical mean and variance with a = 0.5.

Identifying the constants in (17b). The example considered in Section 3 is of the form (16) of [8], in which
Xj = @5 and W) 1 = 0. This prior work requires a quadratic Lyapunov function for the mean-flow vector
field (see discussion in Section 1.1). The values in (24) were selected for the model (22) so that V'(6) = 1]|6||?
satisfies (17a) with ¢ = 1. The final term in (17b) is thus

L = 5200 (]|0% || + 1)*

We conclude this section with a proof of Lemma 3.1, followed by details on the computing resources used
to perform the experiments in Section 3.
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Figure 5: Ratios between empirical and theoretical mean and variance for different choices of a.

Proof of Lemma 8.1. Let g : X — R denote the solution to Poisson’s equation (25) with forcing function
g(x) = x. Since 7t is uniform, Poisson’s equation equation gives for each = € X,

E[g(®r41)| @ = 2] = ag(@) + (1 — a)§(@) = §(x) —2 + 3
where T = X\ {z}. Solutions to (29) are unique up to an additive constant, so let §(1) = 1. Then, substituting

z =1 into the above equation gives §(0) = $1=2%. It follows that f(6,z) can be re-written as
f(0,z) = [z(A* — A°) + A°)0 — [z(b* — b°) + b°] (64a)
which gives
f(6.2) = §a)[(A = A%)0 — (b' — )] (64b)
0f (0, 2) = glw)(A" = A7) (64c)

where again we have used the fact that solutions to Poisson’s equation are unique up to an additive constant.
The definition of Y* in (42) implies

fi2 = —9(Prr2) (AN = AN)[Ap 10" — by
T = E[Ti ] = —5(AT = 4%) [(4%7 — 1)E[3(®@k12)|@p 11 = 0] + (416" — BE[(Ppy2)|Brss = 1]
(A = A%)[(4%0" — 1) (3(0) — 9(0) + 3 ) + (4%0" =) (31) — (1) + § )
Part (i) is established upon using this with the following identity, obtained from (22b):
0=f(07) = 3[(A° + A"o" — % —b'] (65)
For part (ii), it follows from (28) that we can write the asymptotic covariance X A as

Sa = Ex[AALT + ALALT — ALALT]

(SIS

where A} = f(6*, ®;) and
Ex[ALAT] =

Ap = f(0%,®;). The law of total expectation and the definitions in (64) give
5 (Ex[ALALT|®k = 0] + Ex[A[ALT|) = 1))
= 5l(AT =A%) — (b = b)][3(0)(A°0" — b°)T + g(1)(A6" —b)T]
E[ARALT] = 3 (Ex[ARALT|®r = 0] + Ex[AFALT|®), = 1])
= 1[(A%" —b0)(A°0" — b°)T + (A'0* — b")(AT0* —b")T]
Again, using (65) we obtain

Ex[AFALT] = —(A%07)(A%07)T(9(0) — 3(1)),  Ex[A[ALT] = (A%07)(A%9")T

which completes the proof of (ii). O
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