SIAM J. CONTROL OPTIM. (© 1997 Society for Industrial and Applied Mathematics
Vol. 35, No. 5, pp. 1811-1827, September 1997 020

WEIGHTED MEANS IN STOCHASTIC APPROXIMATION OF
MINIMA*

J. DIPPONT AND J. RENZ?

Abstract. Weighted averages of Kiefer—Wolfowitz-type procedures, which are driven by larger
step lengths than usual, can achieve the optimal rate of convergence. A priori knowledge of a lower
bound on the smallest eigenvalue of the Hessian matrix is avoided. The asymptotic mean squared
error of the weighted averaging algorithm is the same as would emerge using a Newton-type adaptive
algorithm. Several different gradient estimates are considered; one of them leads to a vanishing
asymptotic bias. This gradient estimate applied with the weighted averaging algorithm usually
yields a better asymptotic mean squared error than applied with the standard algorithm.
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1. Introduction. In stochastic approximation the minimizer 9 of an unknown
regression function f : R¢ — R can be estimated by running the recursion

(11) Xn+1 =X, —apYn,

where Y,, is a gradient estimate of f at the point X,, and a,, are positive step lengths
decreasing to zero. For instance, for d = 1 and decreasing span c,,, Kiefer and Wol-
fowitz [11] used divided differences Y,, = (Y, 1 — Y,2)/(2¢,) as approximation of
f/(Xy), where Y, 1 and Y,, » are error-contaminated observations of f(X, + ¢,) and
f(X,, — cn), respectively. If f is p-times differentiable at ¢, and if the gradient esti-
mates Y,, are constructed appropriately, one can obtain

n#073)(X, —9) B N(u.K) (n— o)

with step lengths a,, = an™® for some a > 0 and « € (0,1] (see Fabian [8] for p > 3
odd). Hence, for step lengths a, = a/n, the convergence rate n!=1/P)/2 is obtained.
This is the exact minimax order in the problem of estimating the minimizer of f for f
belonging to a certain class of p-times differentiable functions (Polyak and Tsybakov
18]).
In this paper we investigate weighted means
n
(1.2) Xns = 5 ZiéXz‘

i=1

of Kiefer—Wolfowitz-type processes (X,,) generated by recursion (1.1) with some gra-
dient estimates Y;, for p-times differentiable regression functions and step lengths
converging slower to zero than 1/n. We obtain

nz(1=%) ()Zn,g - 19) A N(i, K) (n— o)
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for some weight parameters 6 and various types of gradient estimates (Theorems 3.2
and 4.2). The main advantages are the following. First, a priori knowledge of a lower
bound on the smallest eigenvalue Ag of the Hessian Hf () of f at ¢ is avoided. If,
in the standard algorithm with a, = a/n, the constant a is chosen too small, i.e.,
a < (1 —=1/p)/(2Xg), convergence can be very slow. To be safe one might choose
a pretty large. But the asymptotic mean squared error (AMSE) produced by the
standard algorithm grows approximately linearly in a. These problems do not arise
when the averaging algorithm is applied. On the other side, if an asymptotic bias is
present, the AMSE of the averaging algorithm cannot be greater than four times the
AMSE of the standard algorithm with the optimal, but usually unknown, constant a.
In this sense the averaging algorithm can be considered to be more stable than the
standard one. Furthermore, the averaging algorithm shows the same limit distribution
as the Newton-type adaptive procedure suggested by Fabian [9] (section 5).

The method proposed in this paper is inspired by an idea of Ruppert [21] and
Polyak [16], who suggested considering the arithmetic mean of the trajectories of a
Robbins—Monro process, which is driven by step lengths slower than 1/n, too. In
this case one obtains the best possible convergence rate and the optimal covariance
of the asymptotic distribution in a certain sense [17]. Since then Yin [27], Pechtl [15],
Kushner and Yang [13], Gyorfi and Walk [10], Nazin and Shcherbakov [14], and others
have studied this idea.

A further contribution of this paper is a new design to estimate the gradient
which leads to a vanishing asymptotic bias i1 (for d = 1 see Renz [19]) regardless
of which method (with or without averaging, or with adaptation) is used. Applying
the weighted averaging algorithm together with this gradient estimate leads to a
second moment of the asymptotic distribution which is minimal within a large class
of procedures (relation (5.4)).

Spall [22] introduced another gradient estimate Y;,, the so-called simultaneous
gradient perturbation method. It uses only two observations at each step instead
of 2d observations, as in the standard Kiefer-Wolfowitz method in R?. This makes
it suitable for certain optimization problems in high-dimensional spaces R?. Taking
weighted averages of the process generated with Spall’s gradient estimate stabilizes
the performance as discussed below (Theorem 4.2 and section 5).

All these central limit theorems require consistency of the stochastic approxima-
tion method (Propositions 3.1 and 4.1). To prove the central limit theorems we apply
a weak invariance principle stated in Lemma 7.1. Taking weighted averages of the
trajectories leads to an accumulation of terms due to the nonlinearity of the regression
function. To cope with this effect the assumptions of this lemma are partly stronger
than those of a functional central limit theorem for the nonweighted case (see Walk
[24]). But fortunately, the additional conditions can be shown to be fulfilled for many
stochastic approximation procedures. The assertions of both central limit theorems
in this paper can be formulated as invariance principles in the spirit of Lemma 7.1.

As already indicated in Dippon and Renz [4], taking weighted averages of the
trajectories works well with the original gradient estimate of Kiefer and Wolfowitz

(p=3).

2. Notations. For a d-dimensional Euclidean space the linear space of d x d
matrices is denoted by £(R?). z* is the transposed vector of x € R?, A* is the adjoint
matrix, and tr A is the trace of A € L(RY). The tensor product * ® y : R — R? is
defined by (y,-)z, where z,y € R? and (-,-) is the usual inner product. The space
C(]0,1], R?) of R%-valued continuous functions on [0, 1] is equipped with the maximum
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norm. Hf () is the Hessian of a function f : R? — R at ¥ € R%. For x € R we use
|| and [z], denoting the integer part of  and the least integer greater than or equal
to x, respectively.

Let (€2, A, P) be a probability space. Then a sequence (X,,) of R%valued random
variables (r.v.’s) is called bounded in probability whenever limg_, o lim,, P(|| X, | >
R) = 0; (X,,) converges to zero almost in L" or is bounded almost in L" (r €
(0,00)) if for each € > 0 there exists an . € A with P(Q.) > 1 — ¢ such that
(Jo. IXall" dP)Y" = o(1) or = O(1), respectively. Convergence almost in L" implies
convergence in probability, but it is weaker than a.s. convergence or convergence in
the rth mean.

3. A Kiefer—Wolfowitz procedure with an improved gradient estimate.
The Kiefer—Wolfowitz procedure, which finds the minimizer 9 of a regression function
f:R?Y — R, has been modified by Fabian [6] in such a way that the rate of convergence
nearly reaches the rate of a Robbins—Monro procedure if f is assumed to be sufficiently
smooth in a neighborhood of ¢. The method uses multiple observations per step.

We consider here, including the Fabian procedure, a modified Kiefer—Wolfowitz
procedure which is given by recursion (1.1). There Y,, is an estimate of the gradient
Vf(X,) based on error-contaminated observations of f. It is defined by

(3.1) Yo =c,' > v ({f(Xn+Cnuj€i) ~ V) (X —caujes) — Vyg,gj})i_l L
j=1 =1,..,

where the following definitions and relations are used throughout section 3: m € N,
O<up < <um<1,vy,...,v, are real numbers with E;’;l vju?i_l = (1/2)éy; for
all i=1,...,m (as to the existence, compare Fabian [6]), and ¢, =cn™" with ¢>0
and 0<~y<1/2. The unit vectors in R? are denoted by ey, ..., eq.

For future reference, we state the following additional conditions:
(A) Vf exists on R? with Vf (1) = 0.

Concerning the local differentiability of f at 9 we consider two cases. In the first
case (p = 2) we assume that there exists e >0, 7€ (0,1], K7 and K> such that
(Bla) Hf () exists with ||Vf(z) — Hf (9)(z — 9)| < Ki|lz —9||1*7 for all z€U.(¥),
(B1b) [|Vf(z) = Vi (W)l < Kz|lz —yl| for all z,y € U ().

(B1b) holds, for instance, if all second partial derivatives of f exist and are

bounded on U (). For the second case (p > 3), we assume that there exist ¢ >0 and
L such that

(B2a) derivatives of f up to order p — 1 exist on U.(¥),

(B2b) the pth derivative of f at 1 exists,

(B2c) [|Hf(z) = Hf (y)l| < Ll|z — y| for all 2,y € Uc(0).

A sufficient condition for (B2c) to hold is that all third partial derivatives of f
exist and are bounded on U, (1}).

For brevity, (B1) stands for (Bla) and (Blb), and (B2) for (B2a), (B2b), and
(B2c). We use (B) to indicate that either (B1) or (B2) holds.

So far, m has not been specified. The number m must be adapted to the particular
value of p given by (B1) or (B2). Fabian [6] considers in this connection the case
(C1) m:=|p/2] =(p—1)/2 for an odd p > 3, v :=1/(2p).

We will consider in addition the following case (for d = 1 see Renz [19]):

(C2)  m:=[p/2] for p > 2 (p not necessarily odd), v := 1/(2p),
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which will result in an unbiased limit distribution, whereas (C1) generally leads to a
nonzero bias (Theorem 3.2).

Similarly as above, (C) means that either (C1) or (C2) holds. We note here that
the assumptions (B1) and (C1) do not occur together.

The sequence (W,,) of random variables W,, := 37" | v; (V,Y;j_l—v,fgj)
’ " i=1,...d

[RRRE}

satisfies
(D) v |EWo @ Wl < onem (E|Win|2E[W,||?)2

with Zgl < oo and E||W,|I> = O(1).
1=0

Regarding assumption (B2b) it is worthwhile to note that this condition is in-
variant under rotation of coordinates (compare Fabian [8]). As a further comparison
with related work (Fabian [8], Spall [23]), we remark that our results, Theorems 3.2
and 4.2, do not assume continuity of the highest-order partial derivatives.

Results about asymptotic normality in stochastic approximation usually rely on
local smoothness of the regression function f around ¥ and on the consistency of the
procedure. The next proposition shows consistency of the modified procedure. The
assumptions imposed on f allow us to decouple the influence of the r.v.’s W, and to
use the weak dependence condition (D).

PROPOSITION 3.1. Let a, = a/n® with o € (max{1/2+ 1/(2p),1 —1/p},1) or
an = (alnn)/n, a > 0. For recursion (1.1) with gradient estimate (3.1), assume that
conditions (A) and (D) hold, f is bounded from below and has a Lipschitz continuous
derivative with V f(z) # 0 for all x # 9, and sup{||z|| : f(z) < A} < oo for all
A > inf{f(z) : x € R¥}. Then X,, — 9 (n — o0) a.s.

Under condition (C1) a nonweighted analogue of the next theorem can be found
in Fabian [8].

THEOREM 3.2. Let a, = (alnn)/n for p=2 and a, =a/n®* with a € (1/241/(2p),1)
for p>3. For recursion (1.1) with gradient estimate (3.1), assume that conditions
(A)—(D) hold, A := Hf (V) is positive definite, and X,, — ¥ a.s. Let B,(t) :=
n~1/2 {ZZLZJ Wi + (nt — LntJ)WWHH}. Suppose the existence of a Brownian mo-
tion B with covariance matriz S of B(1) and

B, 2B in C([0,1,RY) (n— o).
Then, for all 6 > —(p+1)/(2p),

1(1_1) (= D 2p(146 14— 1+8)% -2 41— -
nz(1=%) (Xwg—ﬁ) —>N(pfg++2p)5 Pt AT, ppiliQ)péc 2A7154 1) (n — o),

where b = —2L (ijzl vjuf (1 + (71)p+1)%f(19))i:1 . and X, s is defined in

p!
(1.2). In particular, under condition (C2), b= 0.

REMARK 3.3. The choices 6 = 0 and 6 = =2y = —1/p are of special interest.
Provided b # 0, the pair (6,¢) = (0, cp) with ¢y as given in (5.1) minimizes the second
moment of the limit distribution. However, for fized ¢ > 0, the limit’s covariance is
minimized by § = —2~v = —1/p. In particular, Theorem 3.2 yields for n — oo

n%(l—%) (nl ZX’f _ 19) E) N (% P A1y P CiQAilsAfl) ,
k=1

.....

’ ptl

3

1(-2) [ p=1 -2 - -1 . D —14-13 p=1 -2 ,4-1g -1
5( )< T YRR 19)—>N(2cpAb,pcASA )
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4. A Kiefer—Wolfowitz procedure with simultaneous perturbation gra-
dient approximation. The classical Kiefer-Wolfowitz (finite difference) stochastic
approximation method (FDSA) needs 2d observations to obtain a finite difference
approximation of the gradient belonging to the function f : R — R of which the
minimizer 9 is sought. To reduce the number of observations in each step, random-
ized gradient approximation methods have been considered in the literature. Two
examples are random direction stochastic approximation (RDSA), suggested by Kush-
ner and Clark [12], and simultaneous perturbation stochastic approximation (SPSA),
suggested by Spall [22]. Both methods are based on only two observations in each
iteration. Depending on the dimension d and the third derivatives of the regres-
sion function f the AMSE of the SPSA method can be better or worse than that of
the FDSA and RDSA methods. At least for second-order polynomials f, the FDSA
method needs d times more observations than the SPSA method to achieve the same
level of mean squared error asymptotically, when the same span ¢, = ¢n~7 is used
(Spall [23]).

Before the idea of weighted averages is applied to the SPSA method, we will
describe this algorithm in more detail. Again recursion (1.1) is used, but with step
lengths a,, = an™® and with the following so-called simultaneous perturbation gradient
estimate of Vf(X,,):

. (A~
(4.1) Yn = f : ([f(Xn + CnAn) - Wn,l] - [f(Xn - CnAn) - Wn,?])
"\

consisting of (artificially generated) random vectors A, € M(,R%), observation
errors Wy, 1, W2 € M(,R), and span c,,.
We consider the following set of conditions.

(E) The components A of A,, i = 1,....d, for n € N fixed, form a set
of independent, identically and symmetrically distributed r.v.’s with |A£Ll)|
having values between fixed positive numbers ay < «;. The r.v. A, is as-
sumed to be independent of {Xy,..., X, Ay,...,A,_1}. Furthermore, we
use €2 = E|AV2 and p? = E|AP|72. For simplicity, the column vector
appearing in (4.1) is denoted by AL,

(F) The difference W,, = W,, 1 — W,, 2 of the observation errors satisfies E(W), |
Fn) =0and sup, F (W,f | gn) < 00 a.s., where F,, and G,, denote the o-fields
generated by {Xi,..., X, Ar,..., Ay} and {X1,..., X5, A1,...,An_1},
respectively.

(G) o0 > E(W? | Fn) — 0% as. and E(W2ljw2sp | Fn) — 0 as. for every
r>0.

(H) (B2) holds for p = 3, and A = Hf(¥) is a positive definite matrix.

The proposition below presents conditions for the recursion’s consistency. It is
related to Blum’s result [2] on multivariate Kiefer—Wolfowitz procedures. Under dif-
ferent and less intuitive assumptions and with a different method of proof, Spall [23]
asserts consistency as well.

PROPOSITION 4.1. Let a,, = a/n® with o € (max{y+1/2,1—2+},1] and v > 0.
For recursion (1.1) with gradient estimate (4.1), assume that conditions (A), (E), and
(F) hold, and that f is bounded from below and has a Lipschitz continuous gradient.

(a) If sup{||z|| : f(z) < A} < oo for all X > inf{f(x) : x € R%}, then sup,, || X,| <

o0 a.s.
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(b) Assume Vf(x) # 0 and f(x) > f(9) for all x # 9. If sup, | Xn| < o0 a.s.,
then X, — ¥ (n — o) a.s.

A nonweighted analogue of the following theorem is stated in Spall [23].

THEOREM 4.2. Let « € (2/3,1) and v = 1/6. For recursion (1.1) with gradient
estimate (4.1), assume conditions (A), (E)-(H), and X,, — ¢ a.s. Then, for all
6> —-2/3,

n¥ (Xus =) 2 N (s A7 {atse 2A7ISATY ) (n— o),

where

2.2 83

_ap __1
S = 1 I, b= 652 7 )3f )+3 Z sz(ax])Qf() ,

=1, j#i i=1,..,d

and )A(:ms is as defined in (1.2).

5. Comparison of stochastic approximation procedures with respect
to their asymptotic mean squared error and further comments. Based on
recursion (1.1) with any of the gradient estimates Y,, discussed in this paper, we
consider the following three variants of algorithms:

(i) the basic recursion with a, = a/n,
(ii) an adaptive variant obtained from the basic recursion with a, = (a/n)M,
and random matrices M,, converging to M = Hf(9)~! a.s.,
(iii) the basic recursion with a,, converging to zero slower than 1/n combined with
averaging of the trajectories

and compare the corresponding estimators with regard to their asymptotic behavior.
Some of these estimators have been treated in the literature (Fabian [6], [9], Spall [22],
[23]). The adaptive procedure has been introduced by Fabian [9] to improve the limit
distribution. There the auxiliary sequence M, is built up from information available
up to stage n. For both algorithms (i) and (ii), with any gradient estimate considered
in this paper, the limit distribution can be obtained by Theorem 1 in Walk [24] and
by the representations derived in the proofs of Theorems 3.2 and 4.2.

Assuming that A = Hf(¥) is a positive definite matrix, the related second mo-
ments of the asymptotic distributions turn out to be

E@my:@@*w@m—ﬁr%m?ﬁgnQMA—m*s) a> B/(2\0),

N 9cP 2 2
~ 2¢71(1 + ? 1+ 6)2
IC((S7 C) = (M'A 1b||> 6(2(—_|_ﬂ—)|—26)tr (A_lsA_l) 5 o> ﬁ/Q - 1,

respectively, where 8 =1 —1/p, Ag = min{A : A € spec A}, and ¢ > 0 (concerning FE
and E use Theorem 5.8 and Remark 5.9 of [25]). Under appropriate assumptions these
quantities are equal to the AMSEs lim,, E||n2(177)(Xn — 9)||? shown by algorithm
(i) or (ii), and hmnEHrﬂ(l )(X 5 —U)||? shown by algorithm (iii). Apparently it
holds that E(a,c) = E(a — 1,¢).



WEIGHTED MEANS IN STOCHASTIC APPROXIMATION 1817

If b # 0, the asymptotic distribution is biased. In this case E and E are minimized
by (a,c) = (1,¢) and (,¢) = (0, cp), respectively, with

_((2-5) t(ATISAT)\
(5-1) CO‘<4<p—1> VEE ) 7

which is usually unknown. At the end of section 6 we show that

1 1\? E B
(5.2) Ye>0 - < (ZH—) < min N(a’c) < sup ~(a,c) = o0
4 2p a>6/(2x) E(0,¢)  a>p/(2x) E(0,c)
and
1 1\” E E
(53) - < <p+> < min min ~(a,c) < sup min N(a,c) = oo.
4 2p a>B/(2X0) >0 F(0, cp) a>B/(2x0) 0 E(0,cp)

Noticing the last equation of the preceding paragraph, these relations can be rewritten
in terms of E instead of E. Thus the AMSE of the adaptive algorithm (ii) and the
averaging algorithm (iii) is less than four times the AMSE of the standard algorithm (i)
for any admissible a, no matter whether a common c¢ is used or the optimal values
of ¢ are chosen. On the opposite side, a bad choice of a (a close to 3/(2Ag) or a too
large) results in an arbitrarily large AMSE of the standard algorithm (i), whereas
this difficulty does not arise when the adaptive or averaging method is used. In this
sense one may say that the averaging and adaptive algorithms are more stable than
the standard algorithm.

In the one-dimensional case the AMSE of the standard algorithm (i) is minimized

by aj =1/A and ¢, = (4(21:_51) %)1/(2”). Hence, for d = 1, the second relation in (5.3)

can be sharpened to E(a}, )/ E(0,co) = 1.

In section 3 the design (u1,...,u,) was fixed. If condition (C1) holds, the gra-
dient estimate (3.1) usually produces an asymptotic bias. In this case Fabian [7] and
Erickson, Fabian, and Marik [5] investigated how the AMSE can be further reduced
by the choice of an optimal design.

If the gradient estimate (3.1) is constructed under condition (C2), the bias is
vanishing (since b = 0). Then, for a fixed positive ¢, the AMSEs E and E attain their
minimum ¢~ 2(1 — 1/p) tr(A='SA™!) for a =1 —1/p and § = —1/p, respectively. We
get

(5.4) Ve>0 1 < min M < M =

a>8/(2x0) E(—=1/p,c)  a>B8/(2x0) E(—=1/p,c)
Assume that ag (> 3/(2\g)) minimizes F(a,c) for a fixed c¢. Then, only in special
cases can F(ag,c) = E (—=1/p,c) be achieved. In any of the three variants the related
AMSE can be made arbitrarily small by choosing ¢ sufficiently large. Hence, with
respect to the AMSE criterion, the procedures using the gradient estimate leading to
b = 0 are superior to those leading to b # 0, although they need 2d more observations
per step.

It must be emphasized that in the case b # 0 the adaptive recursion employing
consistent estimators (M,,) of M = A~! instead of some other matrix M is, due to
(5.2) and (5.3), a fairly good choice but not the best one with respect to the optimal
AMSE. For fixed ¢ > 0, a better choice would require consistent estimators M,, of
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a matrix M which minimizes ¢2?~2|[(MA — 21)='Mb|> + ¢~ tr Z where min{re \ :
A € spec(MA — g[)} > 0 and Z is the unique solution of (MA — gI)Z +Z(MA -
g[ )* = MSM*. Hence, averaging applied in the Kiefer-Wolfowitz situation with
nonvanishing asymptotic bias does not optimize the AMSE. This is in contrast to the
Robbins-Monro situation. Minimizing the expression above in both M and ¢ would
lead to an even better AMSE, but we do not pursue this possibility here.

Let ¥,,(f) be an estimator of the minimum J(f) of a p-times differentiable regres-
sion function f on R using n observations. Consider, for fixed ¢ > 0,

s&pp[n%wfz(f) —9(f)] >,

where the supremum is taken over all regression functions f satisfying conditions (A)
and (B) and some further boundedness conditions. Then, according to results by
Chen [3] and by Polyak and Tsybakov [18], this supremum as a function of n has a
universal positive lower bound independent of the choice of ¥,,(f). This raises the
interesting problem of determining which type of algorithm, together with which type
of gradient estimate, leads to the smallest supremum above.

The condition sup{||z| : f(z) < A} < oo for all A > inf{f(z) : * € R¢} appearing
in Propositions 3.1 and 4.1 is equivalent to inf{f(z) : ||z|| > K} — o0 as K — oo.
In applications this condition can be satisfied by adding the function values of an
appropriate increasing and differentiable function to the basic observations taken at
x. A possible choice is x — ||z — dui—”H?l[HzHZd] for a fixed d large enough.

Finally, it is worth mentioning that the weighted means )Z'Wg can easily be recur-
sified by

Xnﬂ) : 0 (X) (Y) -
= — +6 ~ — ap, , Xis=(14+06X,.
(=) =L () (52 sy, ) s 0FO%

6. Proofs.
Proof of Proposition 3.1. For z € R? and h > 0 define

gla,h) = (9 (@, n))

i=1,

L= ZUj(f(CC-FhUjei) = fl@=huje)),_y 4
=

Then, with V,, := ¢~ 'W,, and H,, := Vf(X,,) — ¢, 1g(Xy, cn), we obtain
(6.1) Xnt1=Xn —an(Vf(Xy) =0V, — Hy).

By Lipschitz continuity of Vf we have f € C'(RY). This leads, with a Lipschitz
constant K, to

m 1
) = et @) = [ vy [ (G shuge) = (@) ds
i=1 -

m 1 m
< Z \vj\uj/ IVf(z + shuje;) — Vf(z)|| ds < Kz |vjlush.
j=1 -1 j=1
Therefore |H,| < VdK Z;nzl |Uj|u?cn. Our assumptions yield 3~ a2n!/P(logn)? <
oo and Zann’l/p < 00. Proposition4.1 in Dippon and Renz [4] implies the as-
sertion. ]
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Proof of Theorem 3.2. First step: Expansions for h~1g(x, h). In what follows, we
assume = € U, p(¥) and h € (0,6/2). As a consequence we have x + she;, ¥ + t(x —
V) + huje; € U.(VY) for all t € [0,1] and s € [—1,1].

First we consider the case of an at least three-times differentiable function f
(p > 3). Using (B2c), we obtain f € C?(U(4)), and therefore, according to Taylor’s
formula,

m

(6.2) g(i) (z,h) =

E“

i(f(z + huje;) — f(z — huje;))

<
Il
_

s 2t

i (f (0 + hujei) — f(9 — hujeq))

<.
Il

'MS i

+ > v (VI + huje;) — V(I — huje;))” (x —9)

1

J
+(z—9) /l—tz (Hf (9 + t(z — 9) + huje;)

—Hf(0 + t(x — ) — huje;)) dt (z—1) .

Let us denote the first term of this sum by t®)(h) (i = 1,...,d). (B2a) implies

Zvj (5 0+ hujes) + (~1)" G2y f(9—huge) )

for [ =0,...,p—1. Then wd—,i),t(i)(O) =0foralll=0,...,p—1. This is obvious for [
even. For [ odd with 1 <1 < 2m—1, this follows from (A) and the choice of the vi. In
the case m := [p/2], we have p—1 < 2m — 1, and in the case m := [p/2] = (p—1)/2,
p odd, we have 2m — 1 =p — 2 and p — 1 is even. (B2b) implies

Z UJ )p+1) (aij)p f().

In the case m := [p/2] we obtain (df),, t@)(0) = 0. For p even, this is again obvious,
and for p odd, it follows from 2m — 1 = p and from the choice of the v;. Taylor’s
formula yields

(6.3) tOm) =1 (st () + o) (h—0),

For the discussion of the second term of the sum on the right-hand side (r.h.s.)
n (6.2) we define

zk)

Ms

v (axk (9+huje;) — a%kf(ﬁ—hujeiD (i k=1,....d).
j=1

Using (B2a) we obtain by a consideration analogous to that above

i m 1 l
cinr s () = 3 vy (e e F (O hgen) + (— 1) e 2 f(9—huge))
-
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forl =0,...,p—2, where s("¥)(0) = 0, 4 s (0) = 8% ng (9) and @ d' Ty sk (0) =0

for all I = 2,...,p — 2. (B2b) implies, by reasoning similar to that in the case of

" (i
@t (0),

1 i 1
(dd:)ﬁs( k) Zvj p=1 1+ (=1)P) (aip)p 1szf( ) =

Again, by using Taylor’s formula, we obtain

(6.4) s (h) = hgZ- 52 f(9) + WP~ o(1) (b — 0).
Finally, for every i = 1,...,d, the expression
q(i) (J’J, h) =

1 m
(z — 9)" / (U= ) S w0y (HF(O + tz—0) + huge:) — HE(0 + t(—0) — huje,) dt
0 =
can be bounded in the following way by using (B2c):
(6.5) lg™ (@, B)I| < B Jvj|uy Lz = 9.

j=1

Because of (6.2), (6.3), (6.4), and (6.5) we obtain the following representation:
(6.6)  h7'g(x,h) = (Hf(9) + h"~2P(h) + Q(x, h)) (x — ) — BT (h)

with matrices P(h), Q(z, h) and a vector T'(h) satisfying the relations ||P(h)|| = o(1)
(h— 0), 1Qw, )| < VALY, [v;]us lo — 9], and T(h) — T = »1b (h — 0).
Notice that @ is a measurable function (z € U,/5(?), h € (0,/2)).

Now we are going to consider the case of a twice differentiable function f (p = 2).
(Bla) implies the existence of a measurable matrix-valued function R with

Vf(z) = (Hf () + R(z)) (x —¥), where |R(z)| < K|z — ¢||” for z € U.(9).
Because of p = 2 we have m = 1. Without loss of generality, we may assume that
u; = 1. Then we have v; = 1/2. By (B1b) we obtain f € C1(U.(4)), and therefore

9@, ) =5(f(x + he:) — @ —hei)) = 5 h | 52-f(x + she;) ds
1

1
:%h/ (%f(z+shei) - %f(x))derha%if(x).

-1

Putting the last two relations together gives the following representation:
(6.7) h™'g(z, h) = (Hf(9) + R(z)) (x — 9) + s(z, h)

with vector s(z,h) satisfying ||s(x, h)|| < 0.5v/dK, h. Notice that s is also a measur-
able function (z € U,/2(9), h € (0,¢/2)).
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While the last representation and Lemma7.1(b) yield a rate of convergence, we
will need a second representation to apply Lemma7.1(a). We obtain

g (a,h) =1 h/_1 (a%f(x + shei) — (Va2 f(0)"(@ — 9 + shei)) ds
+h (V52 f ()" (x — 9).

For r(z,h) :== 3 fil(a%if(ershei)f(Va%if(ﬁ))*(xfﬂJrshei)) ds, our assumptions
imply '
|7 (e, )]

1 1
< %/1 IVf (z + she;) — Hf (9)(z — & + she;)| ds < %/lKl llz — 9 + she||' T ds

1
< 27_1K1/ (= 917 + s[04 ds < 27K (Jle = 0]+ A1)
-1

As a consequence of the last two relations we obtain the following representation:
(6.8) h=lg(w,h) = Hf(9)(z — 9) +r(z, h),

where the vector 7(z, k) = () (x, h)) is bounded by ||r(z, h)|| < 27VdK,(||Jz—9|*t"
+ W7 /(24 7)). Again, r is a measurable function (z € U, 5(9), h € (0,¢/2)).

Second step: Rate of convergence for X,, — ¥ and proof of asymptotic normality.
Let us define U,, := X,, — 9, V,, := ¢ 1W,,, and Q(n) := [||U,|| < ¢/2 and ¢,, < £/2].

First we consider the case p > 3. We define A, := (Hf(Y) + 27 2P(c,) +
Q(Xn, ) laem) and T, == T(cy)1g(m) —n'/2c 1 g(Xn, ¢n)lo(nye. In the case p = 2 we
define A, := (Hf (9)+R(Xy))1lgm) and T), := —ntts(X,,, cn)lg(n)—nl/chlg(Xn,cn)
“Ig(n)e- Regarding properties (6.1), (6.6), and (6.7), the so-defined quantities fulfill re-
cursion (7.2) and satisfy 4,, — A = Hf(9) a.s. and T,, = O(1) almost in L?. Condition
(7.12) holds by assumption (D). Therefore, Lemma 7.1(b) yields U,, = O(a,ll/in/(Qp))
almost in L2

For p > 3 the above quantities satisfy T), — T a.s. and |4, —A| < C; n~(#=2)/(2p)
+ Co ||Unl| + C31g(n)e. In the case p = 2 we have to alter the definition of A,, and T,.
Let A, := Hf(0)1q(n) and T, := —n/*r(X,, ¢n)lam) —n'/2c71g(Xn, cn)lo@mye. Due
to (6.8) recursion (7.2) holds. Note that |[n'/4r(X,,c,)lom || < Can'/4||U, |7 +
Chs n=T/4,

In both cases we get T}, — T' = o(1) almost in L' and A,, — A = o(1/,/na,,) almost
in L? | where we have used 2/p < 1/2+1/(2p) < « for p > 3. Thus the assertion
follows from Lemma 7.1 (a). d

Proof of Proposition 4.1. We may assume ¢ = 0 and f(¢#) = 0. Lipschitz conti-
nuity of Vf implies

1
(6.9) |F(x+h)— f(x—h)— (20, V()| = \ [ 0 ) = Vi) ds
' S S = 2
< ||h||/_1K| ks = KA[?,

where K is, here and in the following inequalities, a constant that may vary from
formula to formula. The last inequality, together with

(%)
E (i—fg)%f(Xn) | gn) = Sl f(X,) as.,
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proves
(6.10) |E (Y, | Gn) — VF(Xn)|| < K¢, aus.
Due to (6.9), (6.10), and assumption (F), we obtain
(6.11)  B(|Yal* | Gn) < K + K | VA(Xa)|* + K e E(W | Gn)  as.
and
(6.12) (VH(X0n), B (Yo | Gu)) 2 IVF(Xn)|* = Ken V(X)) as.
Lipschitz continuity of Vf implies, as above,
F(Xnt1) < f(Xn) = an(VF(Xn), Ya) + Kaj, [[Yall*.
Taking conditional expectations and using inequalities (6.11) and (6.12), we obtain

E(f(Xnt1) [ Gn)
< f(Xn) = an (IVF(Xn)[I? = Keu [V (X))
+Kay |[VF(X)||* + Kai /e, (EW; | Gn) +1)
< F(Xn) = an/2 (IVF(Xn)|| = Ken)? + K2 /2002 + Ka? /c2 (B(W2 | Gn) +1)  ass.

for all n with Ka,, < 1/2. Let 4,, := a,/2 (||Vf(Xy)| — Kcn)Q and B, = K2/2 anC,QL
+ Ka2/c2 (E(W2 | Gn) + 1). For n large enough

where A, > 0, B, > 0, and EZOZI B,, < 0o a.s. On a set g of measure 1 we have
convergence of f(X,,) and Y~ , A, according to a theorem of Robbins and Siegmund
[20] for nonnegative almost-supermartingales.

Fix w € Qy and denote x,, := X, (w). Then for almost all n the relation f(x,) <
A:=lim f(x,) 4+ 1 holds. Since {z : f(x) < A} is bounded, (z,,) is bounded as well.

To prove (b) fix w € Qg with sup,, ||z,| < co. Select a subsequence (x,) with
Vf(x,) — 0. Then there exists a convergent subsequence (z,~) of (z,/). Since
Vf(xn7) — 0 and Vf is continuous, (x,~) converges to zero. Hence f(z,~) — 0 and
f(zn) — 0. Choose € > 0 such that ||z,| < 1/e for all n. For n sufficiently large we
have f(x,) <inf{f(x):e < |z| < 1/e}. This proves x,, — 0. O

Proof of Theorem 4.2. We will verify the assumptions of Lemma 7.1. For this
purpose let us define U,, := X,, — 9, D,, := (2¢,) *A N (f( Xy + cnlAy) — F(Xn —
cnAn)), Vi = (20)TALIW,, Q(n) = [|Un] < /2 and ¢, < £/(2dY %)), Vo =
—77,71/6(Dn19(n) - E(Dnlg(n) ‘ gn)), Vn = le + Vn72, and T := Czb.

For 2,z € R and h > 0 with 2,z £ hz, 9+ hz € U.(99), we obtain by condition (H)

flx+hz)— f(x — hz)
= f(9 4+ hz) — f(¥—hz) + (Vf(I+ hz) = Vf(¥ — hz),z — )

+(x —9)* /Ol(l—t)(Hf(ﬁ—Ft(m —9) + hz) — Hf (9 + t(x —9) — hz))dt (x — 9)

where

2h3 s
JO+h2) = [0 = he) = == > oo F0) mizizk + o)),

NN
Vf(9 + hz) — VI — hz) = 2 Hf (9)z + o(h?|]z]|?),
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and

This expansion, together with condition (E), leads to the following representation:

/Ol(l—t)(Hf(ﬂ +t(e— D) + he) — HF0 + t(x — ) — hz))dt” < Lhz|.

E (Dulogy | Gn) = (HF(9) + o(cn) + O(IUn]])) Unlogny — n™ % (T + o(1)) log.

With An = (Hf(ﬁ)'i‘O(Cn)‘i‘O(HUn||))1Q(n), Tn = (T+0(1)>1Q(n) —nl/?’Dle(n)c7
and the quantities defined at the beginning of the proof, recursion (1.1) can be rewrit-
ten in the form of recursion (7.2).

Let By, (t) = 1/y/n (X1 Vi + (nt = [0tV 415), ¢ € [0,1], j € {1,2}. To
show that B, ; converges in distribution to a Brownian motion B, and that B;, » con-
verges to zero in probability, we apply an invariance principle for martingale difference
sequences of Berger [1].

We first consider the case j = 1. Since

EWVpi | Fo) = ﬁAZLlE(Wn | ) =0 a.s.

and V;, 1 is F,y1-measurable, (V1) is a martingale difference sequence with respect
to (Fpn41). Similarly, we get from the assumptions,

%ZE(VM @ Via | Fi)
i=1

= I AT AT EWE | F)
=1

2 n - - n - -
:@%ZAi1®Ai1+ﬁ%ZAil®Ail(E(Wi2|7:i)*0'2)
=1 =1

o2p?

4c2

I (n—o0) as.

according to Kolmogorov’s strong law of large numbers. Further, we obtain

Y EVialPlgvi,gesr | F) € 2) B(g#=Wi 422, | F)
i=1 i=1 i

6 [WE dz}

I~

0 (n— o0)

since E(W7 125z | Fi) is converging to zero a.s.
To get (7.4) for the sequence (V,,.1), we check that

sup E (|[Vaa | | Fu) < gz sup A Psup B (We | F) < 00 as,
n n n

which holds in view of the assumptions.
Likewise, we treat the case j = 2. Note that V}, 2 is G,y 1-measurable, and E(V,, 2 |
G,) = 0 a.s. Condition (H) implies
1B (Vi @ Vaz | G) | € 5z B (1 (X + cadn) = (X = caa) oy | G )

(dLoy/ap)’n ™" =0 (n —o0) as.

A
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This implies sup,, E(||Vy2]|? | Gn) < 00 a.s., and thus validity of (7.4) for the sequence
(Vi,2). Additionally

E (HVn,2H21[HVn,zH22m] | gn) —0 (n—o0) as.

Once more, the invariance principle in Berger [1] can be applied to prove the desired
result.

Since X,, — 9 a.s., we obtain 4, — A and T, — T = ¢?b a.s. The latter is
sufficient for (7.5) and (7.9). Furthermore, the sequence (V,,) fulfills (7.10) and (7.11)
with respect to (Gni1). Now Lemma 7.1(b) asserts U, = O(n1/9=(@/2)) almost in
L?. To obtain A, — A = 0( (@=1)/2) almost in L?, one has to choose a > 2/3. This
completes the proof.

Proof of relations (5. 2) 5.4). Since spec(2aA — 3) C (0,00) we obtain

al|(2aA — B)~b|| = 1 H (%‘ZA B (2—“/1 - 1) A+ (%A - 1)_1 A1
H(I+ 2“A I) 1) A1
1 min {)\ € spec (I + (%“A — I>_1>} | A"

> 3 A7

[N

v

and, by Theorem 1 in Wei [26],
(6.13) tr (a®(2ad4 — B3)7'S) > tr (BA™'SATY).
Noticing that 48/(2 — 8) > 1 and (2 — 8)/2 > 1/2, this yields
b g\2 ~ -
E(a,c) > @ 2| A b|2 + S tr(A71SA7Y) > (%ﬁ) E(0,¢) > L1E(0,0).
The last relation of (5.2) is obvious.

The first two relations of (5.3) follow from (5.2). To prove the last one, we find
for a given admissible a that

- tr((2aA - B)71S)  \*
co(a) = <4(p_ 1)|(2aA—ﬁ)1bII2>

minimizes F(a,c). Now observe that F(a,co(a)) — 00 as a — oo or a \, 3/(2)g).
The first relation of (5.4) follows from (6.13), and the third one is as shown
above. a

7. Appendix: A weak invariance principle for weighted means in sto-
chastic approximation. For the following lemma, which is a consequence of The-
orems 3.1 and 4.1 in Dippon and Renz [4], let (a,) be a sequence decreasing to 0
with

(7.1) na, / oo (n— o)

and satisfying the relation a,, — a,4+1 = ona% with

oo
Z |0 — Ont1] < o0.
n=1
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Note that under (7.1) o, < 1/(na,) — 0 as n — oo. Examples for sequences having
all these properties are (a/n®) and (alogn/n) with a € (0,1), a > 0.

LEMMA 7.1. Let v € [0,1/2) and § > —1/2 —~. For R%-valued random variables
Un,, Vo, T, and E(Rd)-valued random variables A, assume the following recursion:

(72) U7L+1 = (I - anAn) Un + ann’y (‘/n + n_%Tn) .
Suppose that A € L(R?) satisfies
min{re A : A € spec A} > 0.

(a) Let Bu(t) i= n 2 { LI Vit (nt = [nt]) Vi1 } 5 ¢ € [0,1], n € N, As-
sume the existence of a centered Brownian motion B with covariance matriz S of
B(1) and with

(7.3) B, 2B nC(0,1,R)  (n— o),

(7.4) B, (1) = O(1) almost in L.

If there exists T € R? such that

(7.5) T, —T =o0(1) almost in L',

(7.6) U,=0(n"a,) almostin L?

(7.7) A, —A=o0(1/\/na,) almost in L?

then
[nt]

nl/2=7 ¢ min{l,’y+§}$17++i Z KU, + (nt — |nt])(|nt] + 1)6UlntJ+1

k=1

D G(t) == (1 + §) tmaxt0+s—1) 41 ( / 'O dB(tu) + MT)
(0,1]

in C([0,1],R?) for n — oo, where G(1) is a Gaussian distributed random variable in
R< with expectation 2(146) / (1427+28) A~1T and covariance matriz (1+6)? / (142v+26)
ATISATx,

(b) Assume
(7.8) A, — A as (n— ),
(7.9) T, = O(1) almost in L2,
and
(7.10) E(V, | Fa-1) =0 a.s.,
(7.11) Sl:LpE(||Vn“2 | Fr1) < 00 a.s. or E||V,||* =0(1),

where (Fy,) is a filtration and (V4,) is adapted to (Fy,), or, instead of (7.10) and (7.11),

alternatively:

(7.12) Y BV ® Vil < ouen (Bl Vinl P E[[Va )

n-m

with ZQ[ < oo and E|V,|*=0(1).
1=0
Then condition (7.6) holds.
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REMARK 7.2. (a) For conditions implying (7.3) in case of a martingale difference
sequence (V,,), see Theorem 5.1 in Berger [1].

(b) Condition (7.4) is implied by (7.10) and (7.11), or by (7.12).

(¢) In applications, (7.6) can often be used to show (7.7). Usually, (7.8) follows
from the consistency of the stochastic approximation procedure.
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