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ON CONCTRACTIBILITY OF THE OPERATOR I —tVf
Vladimir Jankovi¢ and Milan Jovanovié

Abstract. We study the set K(f) of positive numbers ¢ for which the operator I — tV f is
contractible, where f is a differentiable function defined on a convex subset of the Hilbert space
(I is the identity operator of that Hilbert space). The set K(f) is interesting for a problem of
minimization of strongly convex functions when the method of contractible mappings is applied.

1. Introduction

Let C be a convex subset of the Hilbert space H and let f: C — R be a
differentiable function on the set C'. (That means f can be extended to some open
superset D of the set C, so that its extension is differentiable in every point of
the set C.) The function f is a strongly convex function if there exists a positive
number r such that

F(1=Nz+Ay) < 1=V f@)+ A ) ~(1-VArfe—yl?, zyeC.0<A<L (1)

The number r satisfying (1) is called a constant of strong convexity of the function f.
Maximal constant of strong convexity is denoted by ro. The gradient V f satisfies
Lipschitz condition if there exists a nonnegative number L such that

IVf(z) =Vl < Lz —yll, zyeC. (2)

The number L satisfying (2) is called a Lipschitz constant of the gradient Vf.
Minimal Lipschitz constant is denoted by Lg. The operator I —tV f is contractible
if there exists a number ¢, 0 < ¢ < 1, such that

(@ =tV f(z)) = (y =tV < glle —yll, =,y eC. (3)
We introduce the following set
K(f)={t>0]|operator I —tV f is contractible }.
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The set K(f) is interesting for the method of contractible mappings and our primary
concern is to determine it.

In the sequel the following known theorems will be used (their statements can
be found in [1]).

THEOREM A. Positive number r is a constant of strong convexity of the func-
tion f if and only if

(Vf(x)—Vf(y)w—y) 221"“.7?—2/”27 T,y € C. (4)

THEOREM B. If the gradient of the function f satisfies
IVf(z) = VW < L{Vf(x) = Viy),z—y), z,y€C, (5)
then f is convex and its gradient satisfies the Lipschitz condition (2).

THEOREM C. If intC' # ¢, f is convexr, and the gradient of f satisfies the
Lipschitz condition (2), then the condition (5) is fulfilled.

Theorem A can be found in the third paragraph of the fourth chapter of [1].
In the second paragraph of the same chapter there is a theorem according to which
a function f satisfies the condition (5) if and only if it is convex and its gradient
satisfies the Lipschitz condition (2). However, the convexity of f together with the
Lipschitz condition (2) do not imply the condition (5) in the general case. That
can be shown using the function from the example in the next paragraph of this
article. Actually, there is a mistake in the last part of the proof of that theorem
(the step from the case int C' # ¢ to the general case). All statements from [1] that
we use here are concerned with the finite dimensional Hilbert space, but they can
easily be generalized to arbitrary Hilbert space.

2. Properties of the set K(f)

THEOREM 1. If the set K(f) is non-empty then f is strongly conver and its
gradient satisfies the Lipschitz condition.

Proof. Let t > 0 and 0 < ¢ < 1. Then (3) is equivalent to
(1= @)lle —yl* + £V f(z) = V) <

If t € K(f), then there exists ¢, 0 < ¢ < 1, such that (3) holds and consequently
(6) holds too. It follows that

(1 - q2)||x - y”2 < 2t<Vf(1') - Vf(y),x - y>7 T,y € Cv
so that (4) is fulfilled for r = (1 — ¢?)/4t. From (6) it follows that
tIVF(@) = VI < 2AVf@) - Viy),e-y), zyeC. (7)
This implies that (5), and consequently (2), holds with L =2/¢. m
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THEOREM 2. If f is a strongly convex function and if its gradient satisfies the
Lipschitz condition, then
4’!‘0 2
0,— | CK(f)C(0,— |.
<7L(2)>_ (f)_<’Lo>

Proof. Since (2) holds for L = Ly, then (6) is a consequence of the inequality

1—¢* tL2 5
If 0 <t < 4rg/L2, then tL2/2 < 2ry and there exists ¢, 0 < ¢ < 1, such that
(1 —¢%)/2t + tL3/2 < 2rg holds. For such ¢ (8) is valid, and therefore (6) i.e. (3)
hold; therefore t € K(f).

Suppose t € K(f). For some ¢, 0 < ¢ < 1, the inequality (6) is valid. From
this inequality it follows (7), and from the inequality (7) it follows (5) i.e. (2) with
L = 2/t. Consequently, Lo < 2/t,ie. t<2/Ly.m

THEOREM 3. Suppose int C' # ¢. If [ is a strongly convex function and if its
gradient satisfies the Lipschitz condition, then

K(f)= (0,%) .

Proof. Suppose conditions (4) and (2) hold. Then f(x) — r||z||? is a convex
function and the Lipschitz condition is fulfilled for its gradient with the constant
L + 2r. If we apply Theorem C we get

2r(L +4r)llv = ylI* + IV f(2) = VI)II* <
< (L+6r)(Vf(x)—Vf(y),x—y)7 xvyec' (9)

Let t < 2/Lg. It can be shown that there exists r, 0 < r < rp, such that ¢t <
2/(Lo + 6r) (2/(Lo + 6r) — 2/Lg,r — 04). Also there exists a number L > Ly
such that t = 2/(L +6r). Put ¢ = (L +2r)/(L +67). Then 0 < ¢ < 1. For such L,
r and ¢ the inequality (9) reduces to (6). It follows that ¢t € K(f). m

NotTe. If intC = ¢ but riC # ¢, then the set K(f) can be determined
by applying the above theorem on the function f with the domain C' which is
considered as the subset of aff C. In that case it is useful to have in mind that the
gradient of the restriction of the function f on some subspace is a projection of the
gradient of the function f onto this subspace. If the dimension of the space H is
finite, the condition ri C # ¢ is fulfilled.

EXAMPLE. Suppose H = R?, C = {(z,7) | # € R} and the function f is given
by
flz,y) =az* +by?, a+b>0.
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Then Vf(z,y) = (2az,2by), ||[Vf(z,2) — Vf(u,u)||* = 4(a® + 0*)(z — u)?,
(V£ (2,2)V f(u, ), (2,2) — (1, ) = 2a+b)(z—w)?, |(@,2)—(u, u)||> = 2(z—u)?.
It follows that Lo = \/2(a? + %), ro = 2. Since

(2, 2) =tV f(z,2)] = [(uw,0) =tV f(uw,0)]* = [(1 = 2at)* + (1 = 2bt)°](x — u)*,

then t € K(f) if and only if (1 — 2at)? + (1 — 2bt)? < 2, which is equivalent to
b
ot 5 1t follows that

. _ a+b _ 4ry
w0 =(05w) = (0 3):

+b
3. Method of contractible mappings

THEOREM 4. Let H be a Hilbert space and let f: H — R be a strongly convex
function. If f is differentiable and if its gradient satisfies the Lipschitz condition
(2), then the sequence (x,,) of the points from H, satisfying

Tp4l = Tp — tvf(xn),n =1,2,3,...,
converges to &, the point in which f reaches the minimum, providing 0 <t < 2/L.

This theorem is the consequence of the Theorem 3. In [2] the convergence is
proved under the condition that 0 < t < 4r/M?, where M is the upper bound
of the norm of the second derivative of f. In [3] the convergence is proved under
slightly more general assumption that 0 < t < 4r/L2. According to the Theorem
2 we have that 4r/L? < 2/L, and hence the condition 0 < ¢ < 2/L, which provides
convergence in the Theorem 4, is weaker than the corresponding conditions in older
theorems.
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