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1. Introduction

The purpose of this paper is to review the development of the so-called
Robbins-Monro (RM) process. Moreover, some of the results presented here
seem to be new. A summary of some results in stochastic approximation, in-
cluding papers up to 1956, has been given by C. Derman [1].

The idea of stochastic approximation had its origin in the framework of
sequential design (H. Robbins [2]). There are not only important applications
in fields like biology, metallurgy, and so on, but also it is becoming increasingly
clear that stochastic approximation is related to interesting questions in other
fields of mathematics.

Let us first recall the well-known classical approach to the iterative solution
of an equation of the simplest type. Suppose that M is a mapping from Euclidean
space R, into R, and let o be a real number. We are interested in solutions of
the equation

(1) M(x) = a.

It is well known that under weak assumptions on M the following is true. Let 2,
be any real number. Let us define a sequence z, by induction,

(2) Tnp1 = Tn + au[a — M(z,)], n 1,

where a, is a given sequence of real numbers which has to satisfy some conditions
not enumerated here. Then x, converges to a solution of (1); moreover, this
solution is the one with the smallest distance from z; (R. von Mises and
H. Pollaczek-Geiringer [3]).

In many practical applications it happens that the function M is only em-
pirically given; that is to say, for every real number z the value of the function
M(z) is subject to an error. We suppose that for every z this error can be repre-
sented by a random variable y(z) with distribution function F. in such a way
that M(z) is the mathematical expectation of y(z) for every real number z, so
that M can be considered as a regression line. The problem is again to find a
solution of equation (1). Whether one knows the error law given by F or not,
the procedure given by (2) does not work, because we have made the assump-
tion that M(z) cannot be determined exactly. What we really can obtain is a
realization for every real x of the random variable y(z) whose mathematical
expectation is M(z). Under these circumstances one could try to define, instead
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of the sequence of real numbers given by (2), a sequence of random variables
which converges, for instance, in probability or with probability 1, to a solu-
tion of (1). This objective was achieved by Robbins and Monro, who invented
the so-called stochastic approximation method which modifies (2) for random
variables. This work makes it possible to find under weak assumptions inter-
esting convergence theorems of the kind mentioned above, and gives other
interesting results. Moreover, it should be pointed out that stochastic approxima-
tion methods are of the nonparametric type.

The following assumptions are made throughout this paper. (R, S, P) is a
fixed probability field and a typical element of R is denoted by w. Let y(x) be a
set of random variables, —o < x < « [that is, a set of real-valued S-measura-
ble mappings @ — y(z, w)], whose expectations exist for every z and are equal,

" say, to M(x). M might satisfy different conditions from case to case. Cy, Cs, - - -
denote positive constants, g1, g, - - - denote arbitrary constants throughout.

2. Convergence theorems

2.1. The Robbins-Monro method. In their pioneering paper Robbins and
Monro [4] define a nonstationary real-valued Markov chain z, in the following
manner. Let a be a real number and let a, be a sequence of real positive num-
bers. Let x; be an arbitrary random variable, and define for n = 1 and every

wER,

(3) Tapi(@) = Za(w) + @ala — ya(w)],

where ¥, is a random variable whose conditional distribution, given 2y, - - - , 2,
coincides with the distribution of y(z,). It follows that

@ E(yilzs) = M(z), nzl

The following results of [4] are cited here as the historically first theorems.
TaeoreM 1. Suppose that there exists a Cy such that

(5) P{ly@)| < Cy} =1

Jor all real a. Suppose further that M satisfies the following conditions. There
exists a real number 9 and an n > 0 such that

(6) M) <a—9 for <8¢ and M(z) >a+1n for z>9,

and there exist Ca, C3 such that Co/n < an = Ci/n for n Z 1. Then, of 2, ts of
finite variance,

(7 E[(x, — $)?] =0 when n— o,

(This implies of course the convergence of z, to ¢ in probability.)
Robbins and Monro also proved the following result.
TueoreM 2. If (6) is replaced by the following conditions: M is nondecreasing,

(8 M®) = a,
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and the first derivative of M at & exists and is > 0, then the conclusion of theorem 1
remains valid.

J. Wolfowitz [5] showed, in answer to a question raised in [4], that conver-
gence in probability can be proved under weaker conditions.

From the point of view of a statistician who is mainly interested in applica-
tions these two theorems are quite sufficient. From a more mathematical point
of view questions about convergence of z, with probability 1 are of interest.
The first theorem concerned with convergence with probability 1 was given by
J. R. Blum {6] (see also G. Kallianpur [7]). Using and extending Blum’s method
we can prove

THEOREM 3. Suppose that the following conditions are satisfied.

9) M zs Borel-measurable
and locally bounded. There exists a & such that for every 6 > 0 and every N > 0

(10) 6§0i}1£§N [a = M(z)] >0 and Bgzi—-nong (M(z) — a] > 0.
There exists a Cy such that

(11) E{ly(z) — M(x)]*} £ Cy for —o <z <.
Further,

(12) > an =,

and "

(13) T <.

Then either x.(w) converges to & with probability 1 or for a set of positive probability
xa(w) oscillates in such a manner that lim z,(w) = —oo, im 2.(w) = ©, and no
finite limat point of x.(w) exists.

We shall indicate the proof, which uses the following important lemma.

Lemma 1. Let v, be a sequence of random variables and assume that the condi-
tional expectation E(valvy, - -+, vaa) = 0, for n 2 1, with probability 1. If ¢ (v,),
the variance of v, exists for n = 1 and if > 7-10°(v.) converges, then Y n_1v,
converges with probability 1 to a random variable [8].

Using (4), (9), (11), and (13) it can be seen that lemma 1 can be applied to
the random variables v, = a.[M(x,) — y.], so that

(14) j; a;[M(z;) — yi]

converges to a random variable with probability 1.
Now (3) gives for every w € R

15) (o) = (o) + T a{M[5W)] -

= :g;aj{M[xj(w)] —yiw)}, n>m=L



590 FOURTH BERKELEY SYMPOSIUM: SCHMETTERER

z.(w) cannot diverge in a set of positive probability measure to 4+« or —w
because if it did then (10) and the convergence of (14) with probability 1 and (15)
would together lead to a contradiction. Further, it follows easily from (15), using
the convergence with probability 1 of (14) and the local boundedness of M,
that each of the statements Iim z.(w) = ©® and —w < lim z.(w) < © and
— < Iim 2,(w) < © and lim z,(w) = —o can only be true in a set of prob-
ability 0.

Suppose that for a set G of positive probability measure g = g1(w) =
lim 2,(w) < lIm 2,(w) = g2(w) = gz is true. We treat only the case Iim z,(w) < &,
the case Iim z,(w) > ¢ being managed in exactly the same manner. It follows
from (15) and the convergence of (14) with probability 1 that

(16) () = Tlw) 2 z a;{a — Mz;@)]} — 7

with probability 1 for every n > 0 and all m, n > N(n). Fix an w € G such that
(16) is valid. There is a finite interval I which depends on ¢, and g, such that
za(w) & I for all m,n > N(5). Due to the local boundedness of M there exists
a (s such that

(17) sup |M(x)| = Cs.
1

As a consequence of (13) we can choose an Ni(¢) = N(n) for every ¢ > 0 such
that

(18) forall 1= Ni(e).

€
< —
U= 0+ |of
There always exist g; and ¢4 with g < g4 < ¢ such that for infinitely many
pairs of natural numbers n, m = Ni(e), we have 2,(w) < ¢gs, Tm(w) > g4, and
2j(w) £ g4 if m < j < n, where it may be that n = m <4 1 and no such j exists.
It follows that

(19) To(w) — ul(w) < g5 — ¢a
Now using (10), from (16) we get
(20) (@) = 2w(w) Z —anilel + [Mzn(@)]l} —

and this is = —(e + ) by (17) and (18). This contradicts (19).
Next, suppose that for a set G of positive probability measure the following is

true: im z,(w) = =, lim z,(w) = —, and there exists at least one finite limit
point k. Let Cs, C; be such that Cs > max (|9}, |h]) and C7 > Cs and let
(21) Cs= sup |M().

2 €(—C1,C7)

Fix an w € @ such that (14) converges. Then either there exist infinitely many
pairs (n, m) of natural numbers such that x.(w) > C; while —C7 £ za(w) < C,

and 2;(w) = Cs for m < j < n or there exist infinitely many pairs (n, m) such
that z.(w) < —C7, —Cs < Tm(w) £ Cq, and zj(w) = —Cs for m <j <n. It
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suffices to treat the first case. Exactly in the same manner as above we get on
the one hand,

(22) :l"n(w) - Sl:m(w) > Cqr — Cc,

and on the other hand, z,(w) — 2n(w) = ax(|la] + Cs) + 5, which contradicts
(22) if an 1s small enough. Hence z, converges with probability 1 to a random
variable if it is not the case that Iim z,(w) = ® and lim z,(w) = — in a set
of positive probability measure. But this random variable must be equal to ¢
with probability 1; otherwise the convergence of > ;.1 a;,[M(x;) — a] to a ran-
dom variable with probability 1, which now follows from (15), would lead to a
contradiction with (12). Note that only for this last conclusion has condition (12)
been used.

A counterexample given by Wolfowitz [5] shows that condition (11) cannot
be omitted. Another counterexample also given in [5] shows that (10) cannot
be removed. Moreover, it is easy to modify this counterexample in an obvious
manner so as to show that the local boundedness of M is essential. However,
we can give a further result which contains, so far as I know, all previously
published theorems in this direction.

CoRrOLLARY 1. If the conditions of theorem 3 are satisfied and if further for
—o <z <™

(23) M(z) = gslz| + g6 (or M(z) £ gilz| + gv),

then the convergence of x, to & with probability 1 follows.

We observe first that (10) implies gs < 0 or g7 = 0. Suppose for instance that
M(x) = gslz| + gs for — < z < « and that in a set of positive probability
Zn(w) has only the limit points ©» and —. Fix an » such that (14) converges.
Let n be so large that

24 aullel +1g6) < aulgsl <1, an{M[za(@)] — ya(w)}] <,
(25) Tapi(@) > Oy, 24(0) < —Cy,  Co > e+ 1.

Then it follows easily from (3) that z,,1(w) < € + 5, and this contradicts (25).
It is easy to show that corollary 1 can be falsified if (23) is omitted (Dvoretzky
[91).

Condition (23) is in a certain sense a Tauberian condition, as can be seen
by the following considerations. Suppose that a, = 1/n, for n = 1, that (14)
converges with probability 1, and that nothing is known about M except (9)
and (23). Suppose further that it is known that z, is bounded with probability 1
and that (z; + - -+ + z,)/n converges to a random variable with probability 1.
It follows from (15), from the convergence of (14) with probability 1, and from
the regularity of the C;-summability that > ;%; [« — M(x;)]/j is also Ci-
summable with probability 1. From the boundedness of z, with probability 1
and from (23) follows '

v

1 1 1 C
(26) Lo = M@)] < (@ = goloal — g0 <22 nzl,



592 FOURTH BERKELEY SYMPOSIUM: SCHMETTERER

with probability 1. But this is a well-known one-sided Tauberian condition for
Ci-summability which implies the convergence of > ;=i [@ — M(z;)]/7 and so
that of z, with probability 1. The same conclusion holds if (23) and the bounded-
ness of z, with probability 1 are replaced by the one-sided boundedness of M.

2.2. The Kiefer-Wolfowitz (KW) process. Stimulated by the Robbins-Monro
paper [4], J. Kiefer and J. Wolfowitz [10] constructed a process which enables
the determination of an unknown maximum (or minimum) of a function. This
process is exactly the stochastic version of a classical iterative procedure first
defined by B. Germansky [11]. More precisely, they have proved the following
theorem, which was the first result on stochastic approximation to the maximum
of an unknown function. '

THEOREM 4. Let x; be an arbitrary random variable and define z, for n = 1
and every w by

(27) Znp1(0) = Zo(w) + @, Yeu(w) _c y%—l("’),

where Yan_y and Yz, are random variables whose respective conditional distribution,
guen Xi, c -+, Ty Y1, ", Yonz, Ore independent and coincide with the distribu-
tion of y(x. — ¢.) and y(x, + c,) respectively. The sequences of positive numbers
a, and ¢, satisfy the following conditions

(28) ¢, — 0, Zla,,=oo, Zlanc,.<oo, Zla?.c,.‘2<oo.

Suppose that M :atisfies condition (11) and that there exists a real number & such
that M 1s strictly increasing for x < & and strictly decreasing for x > &. Suppose
further that M satisfies the following conditions. There exist positive numbers B
and Cy, such that |z, — 9| + |z, — 9| < Bimplies |M(z1) — M(z2)| < Culzs — 24|
There exist positive numbers p and Ci2 such that |x, — x| < p tmplies that
|M(z1) — M(x2)| < Cro. For every & > 0 there exists a positive n(8) such that
|z — & > 6 implies

(29) of Mate = Ma = ol

5/2 >¢>0 €

> 9(38).

Then x, converges in probability to §.

A very simple and typical example of a function M which satisfies these con-
ditions is M(x) = Culr — ¥| for —o < z < . Note that M(z) = (z — 9)*
for —eo < x < « does not satisfy these conditions.

Later these conditions were considerably weakened by J. R. Blum [6], D. L.
Burkholder [12], and by A. Dvoretzky [9] (see below), but Dvoretzky’s approach
goes much further. He introduced a general stochastic approximation process
which embraces as special cases the RM and the KW processes.

2.3. Process of Dvoretzky. Let (21, -+, 2,) — Tu(xy, -+, 2a), for n = 1, be
a sequence of Borel-measurable mappings from R, to R;. Let x, and u,, for
n 2 1, be random variables and define for n = 1 and every w
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(30) Tnp(w) = Ta[za(w), <+, Ta(w)] + Un(w).

Dvoretzky [9] proved the following convergence theorem for this process.

THEOREM 5. Let an, Bn, vs be nonnegative functions from R, to R, which sati:fy
the conditions liMy—e au(Z1, -« , ) = O uniformly for all sequences 1, z,, « - - ;
the functions B8, are Borel-measurable and 3 n-1 Bn(x1, * - - , Tn) 18 uniformly con-
vergent and uniformly bounded for all sequences x1, Xz, -+ ; > n=1Va(T1, *++ , Tn)
diverges to « uniformly for all sequences z, s, - - - with sup, [z.| < Cu for every
Cu. Let 9 be a real number such that

(Bl |Ta(zy, «++ , ) — 9
< max {an(z;, -, Z)[L + Bul@y, -+, T)|Ta — I — valzy, - -+, 20)}

forall (z1, - - - , 2,) € R, wheren = 1. Suppose further that E(u,|z1, -+ ,x,) =0
with n = 1, with probability 1, and that Y -1 E(u2) < . Then x, converges to ¢
with probability 1.

Later Wolfowitz [13] gave another proof of this theorem which is simpler than
Dvoretzky’s proof and similar to the proof given for theorem 3.

A specialization of theorem 5 to the case of the RM process, with the relation
Tu(zy, -+, Zn) = Tu + au[a — M(x,)] for (x1, -+, z,) € R, and with u,(w) =
an {M[2:(w)]} — Yn(w), for w € R, n = 1 gives a theorem like corollary 1 but
with the one-sided condition (23) replaced by the less general two-sided condi-
tion. A similar specialization to the KW process gives

TuEOREM 6. Consider the process defined by (27) and suppose that assun p-
tions (11) and the first, second, and fourth parts of (28) are satisfied; there exi t
Cis and Cys such that |M(x + 1) — M(x)| < Culz| + Cis, for —0 <z < =
there exists a real & such that for every § > 0 and N > 0 we have, for the upper and
lower derivative of M,

(32) sup DM(z) <0, inf DM(x) > 0.
§<z—9 <N <3~z <N
Then z, converges to & with probability 1.

M(z) = —(x — 9)? obviously satisfies the conditions of theorem 6. Note that
the third part of (28) is superfluous. Roughly speaking, a true convergence
theorem for the RM process “implies” a true convergence theorem for the KW
process if the conditions imposed on M in the RM process are replaced by similar
conditions for the derivative of M.

Dvoretzky [9] and Wolfowitz [13] are interested not only in convergence with
probability 1 but also in mean convergence. More exactly the following result
has been proved.

TaEOREM 7. Consider the process defined by (30). Define

(33) b, = E[(x. — 9)2].
E(a2}) < = together with the assumptions of theorem 5 tmply
(34) b, — 0.

T. Kitagawa [14] gave a slight modification of this result. Instead of a single
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real number &, he introduced a sequence of real numbers ¢, and gets (under
weaker assumptions) the conclusion E[(z, — 3,)%] — 0.

In previous papers the author ([15], [16], and [17]) showed that in the special
case of the RM process, under stronger conditions, not only can (34) be proved
but also the order of magnitude of b, can be determined. We have

TueoreM 8. Constder the process defined by (3) and suppose that assumptions
%), (9), (12), and (13) are satisfied, and that z; is a random varw,ble which ts
bounded with probability 1,

(35) (M) —a](x—39) >0

for all x #= 9. There exists an e > 0 such that

(36) [M(z) — a| 2 Cilz — 9, lt — 9 = ¢
and

37 [M(z) — o] = Cis, [z — 3 > e
Then

@ oz o qL (- §2)+ T (1 - G2) B o[ 11 (- 52)]"
where

(39) e: = E[(y: — o)?], izl A=1, 4, =3 a

i=1

Cy has the following significance. From the assumptions made there follows
the existence of a Cy such that

v

(40) (M) — of 2 552 |on = 9, nz1,
with probability 1.

A similar theorem is true for the so-called quasi-linear case in which assump-
tions (5), (36), and (37) are replaced by (11) and the following condition. There
exist Cy and Cy with C > Cy such that

(41) Czolx - 0l = IM(x) - al = lex - 0!, —o <z < w,
Then (38) remains true if one replaces a:/A ;1 by a; for 7 = 1, and Cy by 2Cy.
It follows immediately on choosing

(42) a, = for n =1, with ¢ > ;5

2021

3lo

that b, = O(1/n).

For the linear case, in which M is supposed to be of the form M(x) = gz + g0
for every real z, a result like theorem 8 was also obtained by J. L. Hodges, Jr.,
and E. L. Lehmann [18].

Condition (42) deserves still some attention. It is obvious from geometrical
considerations that, for the classical iteration process given by (2), the speed
of the convergence of x, to ¢is closely related to the slope of M near ¢. The
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greater the slope near 9 the faster the convergence of z, provided the sequence a,,
in (2) is chosen in a proper way. A very similar situation occurs for the RM
process. Roughly speaking, the smallest slope of M near ¢ is decisive for the
magnitude of the asymptotic variance of the random variable z, given by (3).
The smallest possible order of b, is only attainable if a proper Cy, is known. For
the KW process similar studies of the magnitude of the asymptotic variance of
the random variable z, were made by V. Dupaé [19].

2.4. Other convergence theorems. A generalization of the RM process has been
given recently by Blum [20]. Let {T,:» = 1} be a sequence of Borel-measura-
ble mappings from R, to R; which satisfy the condition

43) > |Ta(a, oo 2] <o

for every sequence i, Zz, - - -+ of real numbers. Let {h,:n = 1} be a sequence of
Borel-measurable mappings from R, to R; with the following property. There
exists an integer k > 0 such that for every real number r and every ¢ > 0 and
all n = N(r,¢), we have z; = r + ¢ [respectively z: <r —¢] for 2 =n —
k+1,---,nimplies h,(xy, - - - , x,) > r [respectively hn(x, - - - , 2,) < r]. Then
the following result is true.

TureoreM 9. Suppose that M is bounded and satisfies conditions (9) and (10)
with e = 0 and (11). Suppose further that T, satisfies (43). Let z; be any random
variable and define by induction r,41(w) = z.(w) + Tu[z1(w), - - -, Talw)] — @xWa(w)
for every w € R, for n = 1, where a. is a sequence of positive numbers satisfying (12)
and (13) and where w, 1s a random variable whose conditional distribution, given
Ti, **+y Tn, cotncides with the distribution of y[ha(xy, -« +, z4)] for all n 2 1, and
where h, may satisfy the condition listed above. Then x, converges to & with proba-
bility 1.

The proof uses lemma 1 and the following result.

LemMMA 2. Let u,, v, be two sequences of random variables. Denote for every
€ > 0 the characteristic function of the set {w: u.(w) 2 €, =+, Un—rp(w) = € by
Cemi GNd bY C_en i the characteristic function of the set {w:u.(w) < —¢, -+,
Un—kr1(w) < —e}. Suppose further that for some positive integer k and every ¢ > 0
we have Y=k Ceno(Vn + |va])/2 and T n—ik C—e.n k(s — [n])/2 converge with prob-
ability 1. Then u, converges with probability 1 if and only if lim,., v, = 0 with
probability 1 [20].

Let us go back once more to the KW process. Theorem 6 shows how to deter-
mine under weak conditions the location ¢ of an unknown maximum or minimum
of a function M. But it may also be of interest to find out the value M (¥) of
the extremum. In this direction we note a convergence theorem given by
Burkholder [12].

TureoreM 10. Suppose that the conditions of theorem 6 are satisfied. Suppose
furthermore that M is continuous at 9. Then, if the random variables y; for 7 = 1
have the same significance as in theorem 4, 3 7.1 y;/n converges to M () with prob-
ablity 1.
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The proof depends on the following lemma, which is only a reformulation of
lemma 1.

LemMA 3. Let {v,:n 2 1} be a sequence of random variables and assume
E(,|vy, -+, vay) = 0 forn = 1, with probability 1. If ¢%(v,) exists forn = 1 and
if 3 on=10%(v,)/n® converges, then 3 n -1 v./n converges with probability 1 to a ran-
dom variable.

Apply now lemma 3 to the random variables vs, 1 = yony — M(x, — ¢,) and
Van = You — M(z. + c,).

3. Higher moments and the asymptotic distribution

The first results in this direction were given by XK. L. Chung [21] for the case of
the RM process. He developed an interesting method which was used in a very
rudimentary form earlier in [15], [16], and [17]. The method depends on the
study of some linear difference inequalities and can be roughly described in the
following way. Using the notations (33), (39), and d, = E{(z, — ¢)[M(z,) — a]}
it is easy to derive from (3) the following equation

(44) bn+1 = b,. et 2a,.dn + en(lg.

Suppose that it is known that d, = 0. This is the case, for instance, if condi-
tion (35) is satisfied. Clearly, if a lower [upper] bound for d.(n = 1) and an
upper [lower] bound for e,(n = 1) can be found, one obtains from (44) linear
difference inequalities for b, and derives from them upper [lower] bounds for b,.
In the same manner, using induction too, one can get bounds also for the higher
moments of x, — J. Besides this, Chung [21] obtained with the help of this
method precise results about the asymptotic behavior of the higher moments
of 2, — ¢ as n — . In [21] the following theorem is actually given.

TrEOREM 11. Suppose that (5), (8), (9), and (35) are satisfied and also assume
that

45) M@) =a+ta@—39) 4oz —9) asz—3—0,0 <oy <.
For every 8 > 0 we have
(46) inf |M(z) — a] = Ko8) > 0.

le—=98]>8
For all x we have
(47) E{ly@@) — M(x)]%} = o

Choose a, = 1/n'=¢ for n = 1, with 1/2(1 + Cy») < € < 1/2, where Ca has a
significance similar to that of Cys in theorem 8. Then we have for every integer r 2 1

(48)

lim nA-or/2pD = { if r=2s—1,
n—w (02/201)*(2s — 1)(2s — 3) -+ - 3-1 if r=29s,

where b%) denotes the rth moment of x, — 0.
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Using the well-known theorem of Fréchet and Shohat one gets the following
result. :

CoROLLARY 2. The random variable n'=9/2(x, — &) has an asymptotically
normal distribution with mean 0 and variance o%/20;.

A similar theorem is true for the quasi-linear case in which (5) and (46) are
replaced by (41) and by the condition that

(49) Elly(x) — M(x)|?] = Cas(p)
for all x and all p = 1. Then, if (42) is satisfied, we have for every integer r = 1
(50)

lim 72 = {0 =21,
n—w [o2?/(aic — 1)]*(2s — 1)(2s — 3) ---3-1 if r = 2s.

Obviously we have also a result on the asymptotic normality of n'/%(r, — @)
which corresponds to corollary 2. But condition (41) is of course very restrictive;
it is not satisfied, for instance, if M is bounded. Hodges and Lehmann [18]
introduced a nice idea which shows that (41) can be replaced by

(51) [M(z) — o < Culz — 9|, —o <z < o,

if one is only interested in the asymptotic distribution of x, — ¢ at the sacrifice
of knowledge about the behavior of the moments of z, — 9. Let us describe this
without going into details. It follows from (45) that for small 7 > O there
exists a Ca with Cos = infiz—g/ <, |[M(z) — a]/(z — &¥)|. Choose a, = ¢/n for
n = 1, with ¢ > 1/2Cs%. Then (8), (9), (35), (49), and (51) imply the con-
vergence of z, to ¢ with probability 1 as a consequence of corollary 1. This
implies that for every 7 > 0 and ¢ > 0 we have |z.(w) — ¢ < n with prob-
ability = 1 — ¢ for n = N(e, n). It follows from (45) that (41), with z = x,
when n = N(¢, 1), is satisfied with probability 1 — e. Now a truncation argu-
ment is used. If we remove a set of probability < e the conditions cited above
for the quasi-linear case are satisfied. Hence the asymptotic normality of
nV2(z, — &) is proved. This is, especially from the point of view of a statistician,
a satisfactory result. Even in the case of a bounded M we can get an ‘“‘asymptotic
variance” for z, of order 1/n whereas corollary 2 gives only order 1/n'—¢

C. Derman [22] and V. Dupaé [19] obtained similar results with the help of
Chung’s method for the KW process. Using and refining this method, Burkholder
[12] obtained more general and more sophisticated results for a more general
stochastic approximation process which contains the processes of EM and of KW
as special cases. This process has the following form. For every natural number n
let M, be a mapping from R, to R;. For every n and every real z let z,(x) be a
random variable, [ — z.(z, w)], whose expectation exists and is equal to M, ().
Let z;: be a random variable and k, a sequence of positive real numbers and
define z,, for n = 1 and every w by

(52) Tny1(®) = Za(w) — knza(w),
where the conditional distribution of 2z, given zy, - -, x, is the distribution
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of z.(x.). There exists an analogue to theorem 11 for this process. Moreover,
the quasi-linear case can also be treated and the truncation device of Hodges
and Lehmann [18] is useful also if one is only interested in the asymptotic
distribution of z,.

The most general and complete results concerning asymptotic distribution
of z, for the RM and KW processes have been obtained by J. Sacks [23]. He
does not use the method of moments and gives theorems which are modeled on
the Lindeberg-Feller central limit theorem. He observes that his method works
under suitable conditions also for the process defined by (52). We will now
formulate such a theorem and give the main lines of the proof.

TuroreM 12. Let there be given a process of type (52). Suppose that conditions
(53) to (62) are satisfied. M, is Borel-measurable for n = 1; there exists a sequence
of real numbers u, with M,(u.) = 0 and there exists a ¢ with

(53) pwn — 9 = 0(n7), v > 0.
(54) (x — un)Mu(z) 2 0

for all real x. There exist Cas and Cy and a bounded sequence of positive numbers 1,
with

(55) Cu S s < G

for all x # p,;

(56) M. (x) = Bla(x — wn) + Lur(x — p)
with im,o 7(x)/x = 0. For a £ with

(57) 0<t<y £<
we have

(58) nt, —c >0

and

(59) nkul, —d

with

(60) d > &/Cy,

(©1) sup B{[zn(e) — Ma@)]2} < .

The sequence of mappings x — E{[z.(x) — M.(x)]?} converges continuously to a
0?2 > 0atz = & for n — . Denote the set {w: |z.(x, w) — Ma(2)| > R} by Anzr
and take e > 0. Suppose that

(62) lim lim sup {(zn(z, w) — M.(2)]%} dP =0

R—w e—0 |z—0| <e JAnzk

uniformly in n. Then nf(z, — 9) is asymptotically normally distributed with mean
0 and variance o%c?/(28:d — 2%).
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An important tool for the proof is
Lemma 4. [8]. Let upe for 1 £ k < nand n = 1 be a set of random variables
whose distribution function will be denoted by F,. and whose variance oiy exists.

Suppose that E(upkltin, - -+ , Uni_1) = O with probability 1. Define E(ulcun, - - - ,
Uni1) = six. Under the assumptions

2
(63) L ﬁzl _ B dF =0, e> 0.
(64) 0'r2¢ = kE oﬁk =< Cas

forn = 1, and

k=1

for n — o, we have /00 = Dk <n Uns/0n 15 asymptotically distribuled according
to a normal distribution with mean O and variance 1.
Now for simplicity let 2; be a constant with probability 1. We observe that

(66) Bd —£>0

as a consequence of (55), (56), and (60). From (52) and (56) we immediately
obtain

67) o — 9 = (11 — 9)Bon + fﬂ BikimdBn (i — 0)

— Zl ]l'm [Zm - lwm(l'm)Jan - 21 ll'mlmﬁmnT(xm - ﬂm);

m=

where B, = [[fon+1(1 — Bikids). It is easy to see from (59) that

(68) Brn = mPrip=Ad 4 o(mPrin=Ad), n=m; m—o .
Secondly, using (68) and (58) we get
L —1/2 p — /2
(©9) o= (£ sta) " = PR 0k 4+ oy
m=1

and it is enough to prove that h.(x, — &) is asymptotically normally distrib-
uted with mean 0 and variance ¢2. For this it suffices to show that

(@) AnBon — 0;

(D) by X pct knln(ptm — 8)Bmn — 0

(€) hn Xmet knlzm — Mn(2,)]B8mn is asymptotically normally distributed with
mean 0 and variance ¢?;

(d) >m-1knlnBmat(@m — pm) converges to 0 in probability.

(a) is a consequence of (68), (69), and (66). (b) follows from (53), (68), (69),
(59), and (57). Denote the random variable h,k;8;.[2; — M;(x;)] by wu.; for
1 =j=n,n 21 Toprove (¢) it is enough to show that u,; satisfies the condi-
tions of lemma 4. First of all it is easy to see that

(70) Enjltins, + -+ 5 Unj) = 0



600 FOURTH BERKELEY SYMPOSIUM: SCHMETTERER

with probability 1. Then we will show that

(71) > [ dP—0

j=1 Jiunil 2¢
for every € > 0. But |u,;| = € together with (58), (68), (69), and (66) implies
that for a proper é(¢) > 0

(72) 2 — M(x;)| 2 8(e)s*2.

From the assumptions made it follows by theorem 5 that x, converges to & with
probability 1, and so as a consequence of (61) and (62)

Row 3

(73) lim sup iR {lz; — Mj(z;)]?} dP — 0,

where Aj.p = {w:|z;(w) — M;[x;(w)]| > R}. Hence using (61) and (72), to-

gether with (58), (66), (68), and (69) we have, for a suitable natural number N

and n > N large enough,

(14) X \
j=1

n

P+ > [l dP

[unil Ze j=N+1

N
'U?,j dP = Z
i7=1

unil 2e

N n
= 0[71/—2(51(1—5) z m?ﬁld—?E—l] + 0 [n—2(81d—5) Z m2ﬁld—2$—1] — 0(1)

m=1 m=N+1

for every ¢ > 0. Next we have to prove (65). As the last part of the above proof
of (71) shows, it is enough to prove that E[|E {[zx — Mi(zx)1?|[21 — Mi(z0)], - - -,
(21 — My_1(21-0)]} — E{[zx — Mi(xx)]%}|] converges to O for k — . But this
follows from

(75) E{[z — Mk(xk)Pi[zl — Miy(xy)], <+, (2 — Mia(2s) ]}
— E{lz — Mi(x)]% — 0

with probability 1 as a consequence of (61) and of the well-known theorem on
the term by term integration of boundedly convergent sequences. (75) follows
easily from the convergence of x, to ¢ with probability 1 and the continuous
convergence of E{[z,(x) — M,(x)]% at z = 9.

Now we have to show that (64) is satisfied but it can easily be proved, in the
same way that (75) was proved, that ¢2 converges to 2. Therefore, some posi-
tive bound Cys for o, with n = 1, exists.

(d) is proved in the following way. For every »n > 0 there exists an ¢ > 0
such that

(76) lr(x — 9)] < n?lx — 9|
for |t — ¥ < e. On the other hand, for every § > 0 and ¢ > 0, we have
(77) e, — ¥ < e

for all n = N(¢, 6) with probability 1 — é. According to the assumptions made
it is possible to choose a natural number N; = Ni(n) = N(e, §) such that for
n > Ni(n) we have |h, 3 5-n knlwBrmm=| < /2. Then we have for n > Ni(n),
using (53),
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(78) P Ih Z k lmﬁ'mn'r(xm - I-‘m)l > 11}

m=N1

< Pylha Z\ knlnBmat(@m — &) > 7 — o(h "E EmlmBumam— 1)}

m= V)

< P lh Z: k. IﬂAﬁmnT(xm - 0)' > 77/2}

m=1

<5+ Pn, 2 FndnBonnltn — 8| > 1/2,,}

m=N

<6+ 2E3h, z KonlfBoon|m — a]},

m=N1

using (77) and (76). Using the modified form of (38) for the quasi-linear case
we obtain, under assumption (58), E[(z, — #)%] = O(n—#V2). With the help of
this and of Schwarz’s inequality we have from (78)

(79) P{lho 2 Fnlafinar(tm = n)] > 1} = 5+ O(2n).

Moreover, for a fixed Ni, P{hn|2m=1KknlmBmn(®m — um)| > n} becomes arbi-
trarily small for every » > 0 if n is large enough. This proves (d). It should
still be mentioned that the truncation device of Hodges and Lehmann [18] can
again be used and (55) can be relaxed.

We shall discuss the application of theorem 12 to the KW process defined
by (27). This may be done by introducing the following substitutions

kn = an/Cy, =1,
(80)
l, = ¢a, =1,
(81) z(2) = y(@ — ¢.) — y(x + ¢ca), —o <z <®o; nzl,
and therefore
(82) M.(x) = M(x — ¢a) — M(x + ca), —o <z < ®; n1

One must first check whether all conditions of theorem 12 are satisfied. Here we
are concerned especially with condition (54). Suppose there exists a real num-
ber ¢ such that

(83) M) < M) for {f SnEY
1> T > d.
Then it is easy to see that for every ¢ > 0 there exists a u(e) such that
(84) [z — we)][Mx —e¢ — M(x+ €] >0 forall = # u(e).

Burkholder [12] has introduced the following concept. Suppose that M satisfies
(83). M is called n-locally even at & if

(85) F — ule) = O(etn), 720,¢—0.
It is not difficult to see that any M satisfying (83) is O-locally even at .
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Intuitively it seems very likely that the “asymptotic variance” of z, — ¢ for
the KW process is smaller the greater n is. Let us make this more precise.
Suppose that M is n-locally even. After making the substitutions (80) to (82)
we immediately recognize from (84) that condition (54) is satisfied with

(86) Hn = p(cn), n 1.
Now, from conditions (58) and (59) it follows easily that ¢, = O(n¥1/2). From
this result, (85), and (86), it follows that condition (53) is satisfied with v =
(¢ —1/2)(1 + ). According to (57) we must have 0 < £ < (1/2 — £)(1 + »),
which is equivalent to

1 1
(87) 0<£<2—4+2"

Summing up, we have the following result.

CorOLLARY 3. Consider the KW process defined by (27). Suppose that M s
n-locally even at &. If (87) s satisfied, then, under some more conditions which
can eastily be found by comparison with the condition of theorem 12, n¥(x, — 9) is
asymptotically normally distributed.

Sacks [23] has shown that this corollary is still true if in the conclusion n? is
replaced by nl/2-V¢+20(Jog 1)1, The question arises whether the factor (log n)—!
can be omitted. The answer is, in general, no, as has been shown by Sacks [23].

Let us go back for a moment to theorem 12. On the assumptions of this theo-
rem two important and, in most practical applications, unknown parameters
occur: B; and o2 This means that the result of theorem 12 can in general not be
used for the construction of asymptotic confidence intervals for &. But it is easy
to see, using lemma 3, that under the assumptions of theorem 12

(88) &= 3 d/m

converges to ¢ with probability 1. Let us introduce the following notations: f,
is a sequence of positive numbers; 2} is a random variable whose conditional
distribution given z;, - -, &a, 21, -+ , Z»—1 1s independent of the corresponding
conditional distribution of z, and is given by the distribution of z(z, + f,) for
alln = 1. Now the following theorem is given in [12], which is of some practical
interest.

Tarorem 13. Suppose that the conditions of theorem 12 are satisfied. If
fo— 0and fi* = O(n®) for some & with 0 < £ < Ethent, = X7-1 [(5 — 2)/L:fm]
converges to By with probability 1. It follows from theorem 12 and (88) that
né|2t,d — 2E|1%(cs,) "z, — F) 1s asymplotically normally distributed with mean 0
and variance 1.

The problem of what happens to the asymptotic distribution of z,, if there is
one, without conditions like (61) and (62), is not yet attacked. But an interesting
investigation of Chung [21] is the linear case for the RM process should never-
theless be mentioned. Suppose that M(z) = x — ¢ for all x and some real &
such that ¢ is the solution of the equation M(x) = 0. Suppose further that F is
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any distribution function and that the distribution function F, of y(z) is given
by F; = P[y(z) £ y] = F[y — M(x)] for all real y and every fixed real z. As-
sume further that in the RM process given by (3) « = 0 and a, = 1/n, that is,
Znp1(w) = To(w) — Ya(w)/n for all n = 1. Under these assumptions we have
TaEOREM 14. All possible limit distributions of x, — & are stable laws.
The proof can be based on considerations of characteristic functions. If ¢ is
the characteristic function of F we find that

(89) E[eten-o1] = [w(—%)] , o <1< .
It follows in particular that every stable law of exponent a, where 1 < a £ 2,
is the limit distribution of x, — ¢ for a suitable choice of F.

4. Optimal property of the RM process and stopping rules

Chung [21] has proved with the help of an argument due to Wolfowitz [24]
that the RM process is asymptotically minimax in the quasi-linear case under
certain conditions. We shall clarify this below. Denote by F the mapping z — F,,
with —w < 2z < «, where F, is the distribution function of the random vari-
able y(z). It is assumed that for every F there exists a corresponding Mp.

Clearly, My is defined for every x by Mp(x) = f_‘*-: y dF(y) according to our

basic assumptions. Let H be a class of mappings F which have the property
that for the corresponding M» and dr the conditions (8), (9), (41), (45) with ar,
(47) with ¢#, and (49) are satisfied. Suppose furthermore that there exist Ca
and Cs such that infy ayr = C2 and supy o < Cs. Suppose further that H
contains the set of all mappings * — N[Cx(z — @), C3] where N (m, o2) denotes
a normal distribution with mean m and variance ¢ and where gs < a < gyo
with gg < g1. Choose in the RM process given by (3)
1

(90) a, = -6;;7;’ n

v

1.

Now let W be a weight function defined over H X R, as follows. W(F,t) =
Caul|dr — t|" for all (F,t) € H X R, where r = 2 is an integer.

TueoreMm 15. If D, is the set of all sequential estimates T, for dr based on a
sample of size n and if x.41 1s the estimate given by the RM process with (90), then
under the assumptions made

sup E[W(F, 2n41)]
(91) 7}—1—»0 mf sup E[W(F, T~

TnEDn F

From the point of view of application this means that in the large sample case
the problem of an optimal choice of the sequence a, is solved to a certain extent.
But very little is known about “good” stopping rules for stochastic approxima-
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tion processes in the small sample case. For the case of a fixed sample size a
result of Dvoretzky should be mentioned.

THEOREM 16. Consider a RM process given by (3) and suppose that (10), (9),
(11), and (41) are satisfied. Suppose further that E[(x, — 9)%] £ Cy and that

2C,

92 Cop £ —7F7""——
(92) = Cu(Cao — Ca1)
Then, if

- Cs + 05103271’
it follows that

v 03204

J . 2 ——
(94) L[(xp+l 0) ] = 04 + C§1C3zp
and the choice (93) of the a, is an optimal one in the <ense that if (93) does not hold
then there exists a process given by (3) satisfying (92) for which (94) is false.

Later Block [25] considered some generalizations of theorem 16 (see also

Schmetterer [26]). Obviously, theorems of this kind are closely related to theo-
rem 8.

b. Accelerated stochastic approximation

Consider the process defined by (30). One might have the following idea. As
long as x, — x,—1 always has the same sign, the approximation to ¢ cannot be
very good. If z, is near ¢ then the sign of z, — z,—; will in general fluctuate
frequently. Kesten [27] recently used this idea to obtain a process which may
accelerate the convergence of z, to #. Let T, have the same significance as in
the process of Dvoretzky. Let x; and u, for all » = 1 be random variables and
let a, be a sequence of positive numbers. Define z, for n = 1 by
(95) Tupr(w) = Tulzr(w), -+, Za(w)] + dalw)ua(w),
where dy = a3, d2 = a2, d,, = sy With
L,z £0,
0,z > 0.

This means that d, is constant so long as z, — 2,1 and z,_, — z.—» have the
same sign. Let ay,, 8., v» be functions defined as in theorem 5. Let

(97) p(6) = inf inf V—Q@—d—ﬂ

Tty Ta
|lzn—9d| <&

90 sm) =2+ X (@ — 2@ - 2i9)) i) =

Kesten [27] proved the following result.

TurorEM 17. Suppose that (12) and (13) are satisfied and that a.+1 < a, for all
n 2z 1. If |Tﬂ(x1’ e ,.’E,‘) - 0] = []- + Bn(xlr e rxﬂ)lxn - "I - Yn(xl’ Tt ’xn)]
when [Ta(21, -+, 2,)] (Xn — ) > 0; lTn(xly ey Ta) = O] = an@, e, )
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when [To(zy, -+, %a) — 3](xn — 9) S 0;limyryne an(m, « -+, 2,) = 0 uniformly
Jor all sequences 2y, T, - - - , with s(n) — ©;limy—w (T, — F)Ba(®s, <+ + ,Ta)/dn = 0
uniformly for all sequences 1, x, - -+ ; Yn=1 Ba(Ta, *++ , Ta) converges uniformly
for all sequences 1, s, - -+ ; p(8) > 0 for every positive §; E(u,|ty, -+, x,) = 0,
E(udlzy, -+, xs) < Css with probability 1;

(98) lim lim  inf  P{Ta(zy, -+, 2a) + datte 2 2al2y, -+ , 2. >0

n—oo 10 0 <|zn—9| S7
Z1,° * ) Tn-1

and
(99) lim im  inf  P{T.(xy, -, 22) + dottn < Xy|za, -+, 20} > 0,

n—w 70 0 S|za—d| S7
2 TR 7 W}
then x,, given by (95), converges to ¢ with probability 1.
The proof of theorem 17 rests on a refinement of Wolfowitz’s proof of theo-
rem 5. It would be interesting to find less complicated conditions which guarantee
the conclusion of this theorem.

6. Generalizations to more general spaces

It is quite natural to ask whether the definitions and the results so far ob-
tained may be generalized to the case that M is a mapping from R, to R, or
more generally from some abstract space B into B. It is almost obvious how
to generalize, for example, the definition of the RM process given by (3) to
the definition of an n-dimensional RM process. Suppose that for every z =
(z1, *+* , Zs) € R, an n-dimensional random variable y(z) = y(z1, - -+ , za) =
YOy, -y Tn)y =, Y™ (21, -+, Ta)] is given whose mathematical expecta-~
tion M(z) = M(zy, -+ ,25) = [MO(2, -+, 20), -+, MP(2y, - -+, 2,)] 2y,
exists for every (z1, - - * , Zn) € R,. Let @ = (a®, - -+, a™) be an element of R,.
The problem is, of course, to find a solution of the n equations M(z) = «. Let
us start with some n-dimensional random variable z{®. Let a; be a sequence of
positive numbers and define for j = 1 and every w E R

(100)  zfhi(w) = 77 () + ala — (W),

where y® is a random variable whose conditional distribution, given
z{®, -+, zf, is the distribution of y(zf”). Relation (100) is the n-dimensional
analogue to the RM process given by (3). The first results in the direction of a
generalization of theorem 5 for the process given by (100) and the analogue of
the KW process were obtained by Blum [28]. Results concerning asymptotic
distributions in the case of the n-dimensional analogue of the RM process and the
KW process were given by Sacks [23], who generalized his method to this case.

Some hints for generalizations of the process of Dvoretzky to the case of
Banach spaces were given by Dvoretzky [9] himself. A convergence theorem
in Banach spaces which generalizes theorem 5 is due to Block [29]. But it should
be pointed out that these theorems are not essentially probabilistic. Let us
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introduce for this the following notations. Let B be a vector space over the real
numbers. Let N be an ordered (not necessarily completely ordered) vector space
over the real numbers. Suppose further that a Hausdorff topology is introduced
in N which is compatible with the structure of N. Suppose that a mapping p
from B into N is given with the following properties: p(x) = 0 for all x € B
and p(x) = 0 implies z = 0. Also p(z + y) = p(z) 4+ p(y) for all z, y € B, and
p(ax) = |alp(z) for all z € R and all « € R,. A sequence z, of elements from B
is called convergent to € B if p(x, — x) converges to 0 (in the sense of the
given topology). p is called the generalized norm of B (see Kantorovié¢ [30] and
Schroder [31]). Now we can state the following result.

TuEOREM 18. Suppose that the conditions below are satisfied. Q is a positive and
linear operator from N into N with the property that Qv converges to 0 for every
v € N. If v, is a sequence of elements from N which converges to 0 then 3 71 Q" v,
converges also to 0. T, is a mapping from B» = B X B X --- X Binto Bforn 2 1.

(101) P[Tn(ul; ) un)] é Qp(un)

for n 2 1 and for all (uy, -+ -, u,) & B* Also let 2, be a sequence of elements
from B which converges to 0. Let uy & B be any element and define by induction

(102) Uny1 = Tn(uly T yun) + 2.

Then u, converges to 0.

The proof is very simple. It follows from (101) and (102) and the other assump-
tions made that p(uny1) < Q*p(w1) + 720 Qip(2.—:) for n = 1 where Q° = E is
the identical mapping. It follows immediately that p(u.) converges to 0. If N
is lattice ordered then condition (101) can be replaced by p[Tn(uy, - -+ , us)] =
sup [an, Qo(u,)], where a, converges to 0. This is a natural generalization of
condition (31). The assumptions made for @ are satisfied if, for example, the
following conditions hold: @ is a positive and linear operator from N into N and
S w_0 Q™ converges for every » € N. (This means that the operator (£ — @)~!
exists for all élements of N.) For all elements of N a norm in the usual sense is
defined which is compatible with the given topology. These ideas become im-
portant for questions in numerical analysis (see Schroder [31]).

Suppose now that u; and z,, for n = 1, are random elements which take values .
in B. Consider instead of (102) #nn(w) = Thalws(w), -« , Un(w)] 4+ 2a(w). If it is
known that z,(w) converges to 0 with probability 1 and that besides this all
conditions of theorem 18 are satisfied, then it follows that u.(w) converges to 0,
that is, pun(w) converges to 0, with probability 1. This is, however, a theorem
on stochastic approximation.

It is well known that classical iteration procedures are closely connected with
fixed point theorems, so it is not surprising that stochastic approximation is
related to the subject of random fixed point theorems. These theorems, however,
are beyond the scope of this paper. General investigations in this direction have
been made by Hand [32], [33] and by Spadek [34].
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7. Some applications of stochastic approximation

A well-known application of the RM process first mentioned by Robbins and
Monro themselves is of the following kind. Let M be a response curve for a (not
necessarily biological) population. This means that to every input z a part M(z)
of the population responds and the rest does not. It is natural to suppose that M
is nondecreasing, that M(z) = 0 for £ = 0 and M(x) = 1 for £ — «, that is,
that M is a distribution function. Very frequently the problem is to determine a
quantile of M. In bioassay, for example, one is often interested in the determina-
tion of the median ¢ (the so-called LD 50) which is a solution of the equation
M(x) = 1/2. Suppose now that M is unknown but that for every input z and
every element of the population an experiment can be performed whose outcome
is a random variable y(x) which takes only two values: 1 (response), 0 (no
response). We have P{y(z) = 1} = M(x), P{y(z) = 0} = 1 — M(x) and there-
fore E[y(x)] = M(z). Hence a quantile of an unknown response curve M can
be obtained by the RM process defined by (3). Another (biological) application
has been considered recently by Guttman and Guttman [35]. ‘

Finally we consider an application of the RM process to the problem of round-
ing-off errors. This problem occurs, for example, if one solves equations by
classical iteration processes with the help of electronic computers. We shall only
discuss the simplest problem. Define for every real number x a random variable
y(z) in the following way,

(103)  Ply@@) = [z} =1—(z - [z]), Pl =1+ []} =z - [z].

This can be interpreted as a random rounding-off rule in the following manner.
A real number z is replaced by [x] with probability 1 — (x — [z]) and by
1 + [z] with probability x — [z]. Note that E{y(z)} = z. From here we can
deduce as a pattern for more general theorems the following result. If one solves
a linear equation by an iterative procedure, and modifies it by using for every
step of the iteration the random rounding-off rule given by (103), then the
modified procedure converges with probability 1 to a solution of the given equa-
tion. A very similar result was given by Fabian [36].
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