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A NOTE ON THE CONVERGENCE RATE
IN REGULARIZED STOCHASTIC PROGRAMMING

EVGUENI GORDIENKO AND YURY GRYAZIN

We deal with a stochastic programming problem that can be inconsistent. To overcome
the inconsistency we apply Tikhonov’s regularization technique, and, using recent results on
the convergence rate of empirical measures in Wasserstein metric, we treat the following two
related problems:

1. A choice of regularization parameters that guarantees the convergence of the minimization
procedure.

2. Estimation of the rate of convergence in probability.

Considering both light and heavy tail distributions and Lipschitz objective functions (which
can be unbounded), we obtain the power bounds for the convergence rate.

Keywords: stochastic programming problem, Tikhonov’s regularization, Lipschitz condi-
tions, Kantorovich metric, convergence rate
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1. PROBLEM SETTING

We consider a stochastic optimization problem associated with, so-called, empirical risk
minimization in the learning theory (see, for instance [2, B, 11, 14} [T5]). We assume that
all random vectors and variables, which appear in this paper, are defined on a common
probability space (Q, F,P).

Let X = (X,Y) € X x Y be a random vector with values X € X C RF and
Y € Y C R™, where X and ) are given Borel sets.

Let £L:)Y xY — [0,00) be a given measurable function (loss function in learning,
that is related to objective function in “classical” stochastic optimization), and F' = {f :
X — Y} be a given class of measurable functions. We suppose that for each f € F,

R(f) == EL(Y, f(X)) < o0 (1)
and there exists f, € F such that

R* = inf R(f) = R(}.). (2)
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One of typical problems in stochastic optimization is estimating R* in in the
situation where the distribution P := Px y) of (X,Y) is unknown, but a sample

(X1 = (X1,Y1),..., X = (X0, Vo) } (3)

of i.i.d. random vectors with a common law P is available.
The standard approach to tackle the problem is the following (see, for example,
121 13, 17, 18, [, 10}, 12, [14]).

Let P, := % >~ 0(x,,v;) be the corresponding empirical distribution,
i=1

n

Ralf) 1= Bp, L0V, (X)) = - S LV f(X), feF, (4)
=1
and
R} = ;gan(f), n=12... (5)

There is a vast literature about conditions (for example, boundedness, compactness,
continuity, or moment conditions) that make the problem consistent. That is

R — R* as n— (6)

(either in probability, or with probability one).
Moreover, considering a “classical” version of the stochastic programming problem
—(B) with an objective function L : R® x RF — R and

R* = a;elxngRs EL(z,§), (7)
where x € R? is a “decision vector”, and ¢ is a k—dimensional random vector with an
unknown distribution, one can find many papers (possibly starting in 1978 by paper [7])
on estimations of the rate of convergence of R to R* (in probability, see, for instance
2,18, 9, 10, 12, [14]).

Our goal also is the estimation of the convergence rate (in probability), but in situa-
tions where the consistency @ can fail to hold, and a regularization is needed to make
the problem well-posed.

Note that the technique and the results obtained in this paper can (after appropriate
modifications) be applied to the “classical” stochastic programming, where R* in is
estimated by using empirical distributions.

2. ASSUMPTIONS AND EXAMPLE

The Lipschitz (or Holder) conditions on a loss function (or on a objective function) are
common in stochastic programming ([5, [7, @, 10, 12]) and the learning theory (2} Bl 1T,
T4l [15]). At the same time, the Lipschitz conditions on functions f from F in and
are also in use (for example, considering linear functions or splines of first order,
2, [, (5], [T, 14 [15].
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Let | - |x and |- |,, be Euclidian norms in R* and R™, respectively. A norm on
R? = R* x R™ is defined by |- | := |- |x + | |m
Let

o /

Fom{f: X - such that | fl|y = sup LTl o) (8)
r#x’ |;U - |k

be the class of all maps from X to ) with a finite Lipschitz norm ||| L.

Assumption 1. There is a constant L < oo such that for any ¥, 7,y and §' € Y

1Ly, 9) — L& 9N < Ly = Y'lm + 15— 7' |m)- (9)
Assumption 2. F'is a subset of F.
Assumption 3. For some § > 3

E|X|] <00, E|Y|Z < 0. (10)

Example 1. Let k =m =1, X = [1,3], X be a random variable distributed uniformly
n [1,3], and for every Borel set B C R,

P(n, € B) zell,?2,

PYeB|X=x)= { P(12.—2 € B) x€(2,3].

Here 1, ~ Norm(z,1), noz—2 ~ Norm(2x — 2,1), (that is, the law of Y conditionally to
X is a Gaussian centered either in X or in 2X — 2.)

Let £L=|y— f(z)] and F:={f : [1,3] > R : ||f]|L < oo}. Then Assumptions 1-3 are
satisfied, and in

3
=5 [ BV~ 01X = apas

/E\nx— o)) de + & /Em 2 — flw)|dz. (11)

Also,
inf Eln, — — inf Eln, — 2| = median(n,) = =, ef1,2
inf e — f(x)] inf [0z — z| = median(n,) = x x € [1,2]

and
}relgEmgz,g — f(x)| = median(nzg—2) = 2 — 2, x € (2,3].

Consequently, ;ng R(f) is attained at the function
fe

_ = ; x€[L,2],
fal@) = { 20—2 , xe (23
From (|11)) we see that (n ~ Norm(0, 1)) R(f.)=E|n| =
The solutlon of the problem in , . prov1des a quite different result. Choosing
in the piecewise linear function f, that connects the points Y;, ¢ = 1,...,n gives

f(X;) =Y; for all 4. Therefore, in R = R,(f¥)=0for alln=1,2,.... Note that
with probability one ||f}||r — oo as n — oo.



A note on the convergence rate in regularized stochastic programming 41

3. REGULARIZATION

The matter of fact we observed in Example 1 is known as overfitting (in learning theory
and other areas of stochastic optimization). To cope with this phenomenon, the different
methods of regularization are applied. (See, for instance, [3, Bl [T} [15]).

In our rather general setting, when we do not consider particular minimization
algorithms and treat the Lipschitz case, Tikkonov’s regularization (see, for instance,
[6, 11 13, [15]) :

Rn(f) == Ru(f) + anV([) (12)
is adequate. In R,, was defined in (), and V(f) = V(||f||2) is the regularization
term, that penalises “too large slopes” |||z of f € F.

In the above setting the following two problems seem to be new:

(1) A suitable choise of the regularization parameters oy, in (12), which takes into
account the error of approximation of P by P, , and guaranties

. = P
f R R* as . 13
jnf W(f) — R* asn — oo (13)

(2) Estimation of the rate of convergence in ([L3).

4. TIKHONOV’S REGULARIZATION AND THE CONVERGENCE RATE
Let (L is defined in (9))

V(f) == Lmax{l, |fll}, [€F, (14)
and, given {a,} C (0,00), forn =1,2,...
G, (f) = Ra(f) + anV(f), [EF, (15)

with R, (f) being defined in ().

First, we need to choose a suitable measure of an error of the approximation of the
unknown P by means of P,.

For probabilities measures p and v on W := X x ) (with finite first moments) the
Kantorovich (or Wasserstein of order 1) distance is

se(ov) = sup| [ g(a)u(dz) - / o(x)v(da)], (16)
ped JW w

where @ :={¢p: W = R: |¢[r <1}
The below proposition is a particular case of Theorem 1 in [4].

Proposition 1. Under Assumption 3 there is a constant cg < oo such that,
Ex(P, Py,) < cg Yn, n=12,..., (17)
where for n =1,2,...

~zlog(l+n) it di=k+m=2,
n = 1
7 { - if d>3. (18)

3 3
= W=
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The rate of convergence in is the best possible, and cg can be estimated in terms
of § and d (see []).

Given some known bound ¢ > cg and fixing

E (o, % - ;) : (19)

Qp = CYp + 1", n=12... (20)

we define:

In place of the generally ill-posed problem , we counsider the following (regularized)
problem of minimization of “empirical risk” .
Let {f»} C F be any sequence such that (see (15)))

<i =
Gh,a, (fn) < J}gg Gn,a, (f) + an by, n=12 (21)

In (21)) {h,} is a sequence of nonnegative random variables. The term «, h,, represents
a possible error of minimization of G, o, . We assume

sup Ehy, = h, < 00. (22)

n>1
Recall that R(f) and R* were introduced in and (2).

Theorem 1. Let Assumtions 1-3 hold and {f,,} be defined in (21]). Then the sequence
R(f.), n > 1 converges in probability to R* = }ng R(f). Moreover, for every ¢ > 0,
€

n>1

P(R(f) ~ B > €) < [(ch, +qlc+ D)+ (b + @)
n M1+ A2 [logn] 7}, (23)
where q = Lmax{1, ||f«|lz}, (24)
)\:g—aﬁ—1>07 (25)

¢ comes from and ¢ := 2%_1{E|X|f + E|Y|%}. The sequence {~,} was defined in
).

Remark 1. Consider, for instance, the case k = m = 1, and suppose that Assump-
tion 3 holds for all g > 0 Then we can single out a “large enough” 3 to be able to
choose in , (20) oo = 5 — i with a small positive 7. In view of ( . Yo = o(n"%) as
n — 00, and in (25) A = 577 — 1 would be greater than =. Consequently, the right-hand
side of (23) could be 20(n™*) with o~ .

Remark 2. In the situation described in Remark 1 (with a = % —n) take in
e =tn~227, Then P ((n%*QW)[R(fn) - R > t) — 0 as n — oo.
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This assertion resembles the estimations of the convergence rate obtained in the works
by V. Kankova (particularly, Theorem 4.2 in [9]).

The above regularization technique can be applied to the “standard” stochastic opti-
mization problems, where as in @ one is looking for xeiagchs EL(x,£), where the set X

can be noncompact and the objective function £ : R® x R¥ — R might be unbounded,
however, for each = € X the function £(x,-) : R¥ — R is Lipschitzian.

Proof. [Proof of the Theorem 1] Given any f € F, from @D and we obtain

£y, £(2)) = LG/ SN < Ly =3l + [k = L)
< Lmax{1, | fllc} [(y,2) — (', 2")| = V(f) |(y,z) — (v/, 2")].
Hence L( -, f(-)) is Lipschitz on W. Letting 0,, := (P, P,) by and ’

[R(f) = Bu(f) < V(f), fEF (26)
From we infer the following inequalities (see ([1F))),
Gran(fn) = Ra(fo) +onV(fa) < J}relg[Rn(f) + o V()] + anhy,
< Ru(fo) + anVI(fi) + anhin. (27)

By and
< Ru(fe) + anV(fe) + anhy < R(fs) + 6,V (fe) + anV(fi) + anhy
= R" + (an + 0n)V(fs) + anhp.

From the last inequalities we obtain
0 < R(fn) = R* < anhn + (a0 + 0p)q + (6 — an)V (fn), (28)

where ¢ := V(f.) = Lmax{1, ||f|lz}

Let € > 0 and &, denote the sum of the first two terms on the right-hand side of .
Then {&, < €, (6n — an)V(fn) < 0} C {& + (0n — an)V(fn) < €}, or, passing to the
complements, {&, + (0n — an)V(fn) > €} C{&n > e} U{(0n — an)V(fn) > 0}.

Since V (f,) is strictly positive (see(T4)), {(6,, — )V (fn) > 0} = {6, > v, }. There-
fore,

P(R(fn) — R* > ¢) <P(&, > ) + P(6, > ay). (29)

By Markov’s inequality, , and
1
P(&n > €) < Zlanh + glan + emm)] <
1
“lehs +ge+g)m + (e + 90”7, (30)

To bound the second summand on the right-hand side of , we apply the following
concentration inequality given in Proposition A.2 in [I] which holds under Assumption 3:

PGo(P, P,) > Ex(P,P,) +1) < cinl~5¢5 (1 + [1og(n%*1tﬁ)]§) . (1)



44 E. GORDIENKO AND Y. GRYAZIN

As it is shown in [, ¢; = 2%E|(X,Y)|B. But E|(X,Y)]? = E[|X|p + |Y]n])? <
25U E|IX|? + E|Y|2}. Thus, ¢; < 2% ~YE|X|? + E|Y|2}.

We have (see (20])
P(5, > an) = PGP, P) > v + 1) < PGP, P) > Ex(P, Po) 1), (32)

where the last inequality is due to and the above selection of the constant c.
Applying to with t =n~%, we get

P(6, > ay) < cln_(g_aﬁ_l){l + [log(ng_o‘ﬁ_l)]g}.
Under condition A= g —af —1>0,and
P(6, > an) < ein M1+ /\%[logn]g}. (33)

Joining the inequalities , and we obtain the desired inequality . |

Example 2. (Continuation of Example 1) For the problem described in Example 1 the
inequalities hold true for every 8 > 3. So, as it was explained in Remark 1, the
parameter « in can be selected close to %, and the right-hand side of inequality

can be made to be %O(n‘é"’"), with 7 near zero.
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