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A constrained least squares problem in a Hilbert space H is considered. The
standard Tikhonov regularization method is used. In the case where the set of the
constraints is the nonempty intersection of a finite collection of closed convex
subsets of H, an iterative algorithm is designed. The resulting sequence is shown
to converge strongly to the unique solution of the regularized problem. The net
of the solutions to the regularized problems strongly converges to the minimum
norm solution of the least squares problem if its solution set is nonempty.

1. Introduction

Consider the following constrained least squares problem in a Hilbert space H:
inf(x):= 1A% - bl (.0
min f(x) := | Ax , .

where C is a nonempty closed convex subset of H, A : H — H is abounded linear
operator, and b is an element of H.

Let S denote the solution set of (1.1). It is known that S is closed and convex,
but it may well be empty.

Since problem (1.1) may be ill-posed, a regularization process is necessary in
order to find a solution of (1.1) (if any). We will apply the standard Tikhonov
regularization to (1.1); that is, we consider the following regularized problem
(e>0):

1 1
in fu(x) =~ || Ax — bII> + = ellx]. 1.2
rpe%lf(x) 2|| x—bll 28||JC|| (1.2)
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504 Constrained least squares problem

(The reader is referred to [6] by Engl et al. for regularization methods for inverse
and ill-posed problems. See also Tikhonov and Arsenin [12] and Bjorck [3].)

Since f. is continuous, convex, and coercive (i.e., [lx]| = c0 = fe(x) — o),
(1.2) has a unique solution which we denote by x,.

In this paper, we first discuss the asymptotic behavior of {x.} as e | 0 and then
design an iterative algorithm which produces a sequence converging strongly to
the unique solution x. of (1.2) in the case where C is the nonempty intersection
of a finite collection of closed convex subsets of H. Moreover, if S is nonempty,
then the net {x.} of the approximate solutions converges strongly to the mini-
mum norm solution of (1.1).

2. Behavior of {x.}

Let C, f, fe, {x¢}, and S be given as in the introduction. It is the objective of this
section to study the behavior of the net {x.} of the solutions of the regularized
problem (1.2). The next result shows that as long as the solution set S of (1.1)
is nonempty, {x.} behaves well and approaches the minimum norm solution of

(1.1).

THEOREM 2.1. The behavior of {x.} is as follows:

(i) S # @ if and only if {x.} is bounded as € | 0. In this case, {x.} converges
strongly as € | 0 to the minimum norm solution of (1.1);
(ii) S = D if and only if limgg l|x, [l = co.

Proof. To prove (i), first assume that S # &. Since S is closed and convex, there
is a unique element in S, denoted by S°, such that

[|S°]| = min {[|v|| : v € S}. (2.1)
Since fe(x:) < f:(8°), we see that
ellxel* = 1IS°1°) = [|AS" = b|* - [|Ax. - b]|". (2.2)

But f(S8°) < f(x); thatis, [|AS® — bl|> < [|Ax, — bl|?, it follows from (2.2) that

So

[|xe]| < 11S°]]. (2.3)

Hence, {x.} is bounded.
Next, assume that {x.} is bounded as € | 0. Assume that ¢, | 0 and x,, — %
weakly. Clearly, x € C.
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We claim that X € S. To see this, we note that the weak lower semicontinuity
of f implies that for any x € C,

f(x) < liInIliolc:lff(xsn) <limsup f(x.) = limsup f; (x,)

el0 el0

< limsup f(x) = f(x). 24)
ell

This shows that x € S.

Next, we prove, assuming that S # &, that {x.} converges strongly as € | 0 to
§°, the minimum norm solution of (1.1). Let v be any weak limit point of {x,}
when ¢ | 0. Then, we have a sequence ¢, | 0 such that x,, — v weakly. Since the
norm of H is weakly lower semicontinuous, it follows from (2.3) that

Sl (2.5)

vl < |
Due to the uniqueness of the minimum norm element, this implies that v = §°,
which in turn implies that S° is the only weak limit point of {x.}. Therefore,

again, due to the weak lower semicontinuity of the norm and (2.3), we have

So

w— lsllrglx‘9 =S, lggl||xs|| =|°]]. (2.6)

This implies that s — lim,o x, = S°.
In order to prove (ii), we first note that if S # &, then by (i) {x.} is bounded.

So, it remains to show that S = & implies

lsigl||x5|| = oo, (2.7)

Suppose on the contrary that (2.7) does not hold. Then we can find a sequence
{e4} 1 0 and some X € C such that

X, — X weakly. (2.8)
Repeating the first half of the proof of part (i), we obtain that
f(x) < fx), xeC (2.9)

That is, X € S and S is nonempty. The contradiction we have reached completes
the proof. O

Remark 2.2. Let y € H and let x.(y) denote the unique solution of the regular-
ized optimization problem

, e a2 Lo — w2
I;’lelélfg(x).—ZHAx bl| +2£||x ylI°. (2.10)
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Let Ps be the nearest point projection from H onto S. Then, we can prove the

following results:

(i) S # @ if and only if {x:(y)} is bounded as ¢ | 0. In this case, {x.(y)}
converges strongly as ¢ | 0 to the solution of (1.1) closest to y (i.e., Psy);
(i) S = @ ifand only if lim,,o [|x:(y) || = 0.
3. Iterative algorithm

In this section, we will introduce an iterative algorithm which produces a se-
quence that converges strongly to the unique solution of the regularized prob-
lem (1.2) in the case where the set C of constraints is the intersection of finitely
many closed convex subsets of H. We need some lemmas. Lemma 3.1 is elemen-
tary (see [14] for a proof). Lemma 3.2 is an easy exercise in an inner product
space. Lemma 3.3 is well known in the fixed-point theory of nonexpansive map-
pings (see, e.g., Goebel and Kirk [7]). Lemma 3.4 may be known. A proof is,
however, included.

LemMA 3.1. Let {s,} be a sequence of nonnegative numbers satisfying
Sut1 < (L= ay)sp+ By, n=0, (3.1)

where {a,} and {f,} are sequences of real numbers such that

(i) {ay} C [0, 1] and ;> yan = oo or equivalently,

ﬁ (1-ay) =1 ﬁ (1—ax) (3.2)

(ii) limsup,,_ , Bn < 0, or >, anfy is convergent.
Then lim,,—.« s, = 0.

LemMA 3.2. Let H be a Hilbert space. Then ||x+ y|> < llx|1> +2({y,x + y), for all
X,y € H.

Lemma 3.3. Let D be a closed convex subset of H and T : D — H a nonexpansive
mapping with a fixed point. If {x,} is a sequence in D such that x, — x weakly and
(I—=T)x, — y strongly, then (I — T)x = y. (Here I is the identity operator on H.)

LeEMMA 3.4 (the optimality condition for (1.2)). The point x, € C solves (1.2) if
and only if

(x —xe, A*b— (A*A+el)x.) <0, x€C, (3.3)

where A* is the adjoint of A.
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Proof. Assume that x, € C is the minimizer of f; over C. We have, for any x € C,

0<lim ¢ [fo(xe + (e ) ~ fi(x)]

= 111})1[(Ax‘E —b,A(x—x:)) +e{xe, x — x¢)

e L (A=l elle—lP)]
= (A% (Ax; — b) +&xe, X — X
= ((A*A+el)x. — A*b,x — x¢).

Assume next that (3.3) holds. Calculations yield the derivative
f(x)=(A*A+el)x—A*D. (3.5)
Hence, by the subdifferential inequality, we obtain, for all x € C,

f(x) = f(xs) + <f, (xe))x_xe>
= f(xe) + ((A*A+el)x, —A*b,x — x) = f(xe).

This shows that x, is indeed a minimizer of f, over C. O

We now assume that S # @ and look for the minimum norm solution of (1.1)
in the case where

c=G (3.7)

where N > 1 is an integer and {Cj,...,Cy} is a finite collection of closed convex
subsets of a Hilbert space H. We assume that for each i, C; is the fixed-point
set of a nonexpansive mapping T; (i.e., C; = {x € H : Tyx = x}). Recall that a
mapping T : H — H is nonexpansive if || Tx — Ty|l < ||x — y|l for all x,y € H.
It is well known that the (nearest point) projection Pp from H onto a closed
convex subset D of H is nonexpansive. Note that each C; is the fixed-point set of
the projection P,.

We now introduce the iterative algorithm. Let a sequence {«,} of real num-
bers in the interval [0, 1] be given. For € > 0, we put

B=B,:=A*A+¢l, u:=A*b. (3.8)
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Starting with an arbitrary initial guess xo € H, we define the sequence {x,}
recursively by the following algorithm:

X1 = (I—alB)T1x0+(x1u,

Xy = (I — (XzB) Trx1 + oou,

(3.9)
XN = (I - (XNB) Tnxn-1+anu,
xn+1 = (I —an1B) Tixy + ansiu,
We can rewrite the algorithm in a more compact form
Xpi1 = (I — €p41B) Tp1Xn + @piit, n=0, (3.10)

where T,, = T,modn and the mod function takes values in {1,2,...,N}.

Remark 3.5. The algorithm is a modification of an iteration scheme proposed
by Halpern [8] and developed by Lions [9], Wittmann [13], Reich [10, 11],
Bauschke [1], Xu [14, 15], and others. The algorithm and its variants apply to
the convex feasibility problem (CFP). (See [2, 4] for some of the recent develop-
ments regarding the CFP.)

We now prove the main result of the paper. Some related work can also be
found in a paper by Deutsch and Yamada [5].

THEOREM 3.6. Assume that

(1) xn — O;

(2) Zn‘xn = 00y

(3) an/anin — Lor X, lay — apen| < 005

(4) C = NN F(T)) = F(T1 Ty - - - Ty) = F(TyTy -+ - Tn-1) = - -+ = F(T2T;
e TNTY).

Then, the sequence (x,) generated by algorithm (3.10) converges in norm to the
unique solution x, of (1.2).

Proof. We will divide the proof into several steps.
(1) First, we show that the sequence {x,} is bounded. Indeed, since B is self-
adjoint, we have that for any 0 < a < (||A||?>+¢)~!, I — aB is positive. Hence,

Il —aBll = sup ((I—aB)x,x) <1—ae. (3.11)

lIxl=1
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(Without loss of generality, we may assume throughout the proof that a, <
(IlA]12 +¢)~! for all n.) It follows from (3.11) that for p € C,

||xn+l _P” = ||(I_¢xn+1B)(Tn+1xn —P) +06n+1(u—BP)||

(3.12)
< (1 —eatns1)||xn — pl| + i1 llu — Bpll.
Hence, by induction, we obtain
llu—Bpll
||xn—p||Smax{||x0—p||,%}, >0, (3.13)

(2) Next, we note that [|x,+1 — Tpr1x,|l — 0. This follows from assumption
(1), step (1), and the fact that [|x,11 — Tus 124l = @pi1lltt = BTpi1x4ll.

(3) Now, we prove that [|x,+n — x,1| — 0. Indeed, we have (note that T,\n =
Ty)

||xn+N _xn” = ||(I_ an+NB) (Tn+an+N71 - Tnxnfl)

+ (onen — o) (u = BTyuxu-1)||
(3.14)
< (1 — e0tsn) | Xnsn—1 — Xn1 || + M | @nin — o |

= (1= eapin) |[xnin-1 = Xno1 || + €N Brs

where M is a constant such that ||lu — BT,x,1ll <M for all n and 8, :=
Me o,y lann — aul. Applying Lemma 3.1 together with assumptions (2) and
(3), we obtain that || x,.nx — x,1| — O.

(4) Next, we observe that x,; — Tyen * * * Tns1%n — O.

Indeed, noting that each T}, is nonexpansive and using step (2), we observe
that

s
XN = TnaNXnin-1 — 0,

TrninXniN-1 = TpeN TN 1X01N -2 = 0,
(3.15)

s
Toin -+ TpsaXne1 — Tnan - - Tpo1xs — 0.

Adding up and using step (3), we see that x, — Tyn - - - Tyy1%, — 0.
(5) Now, we show that limsup,,_ (¢ — Bx,, X, — x¢) < 0, where x. is the
unique solution of (1.2).
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Take a subsequence {xn; ) of {x,} such that

limsup (u — Bxe, %, — X¢) = lim (4 — Bxe, X, — Xe ). (3.16)
n—oo J—oe
Since {x,} is bounded, we may also assume that there exists some X € H such

that x,,, Y. %. Since the pool of mappings is finite, we may further assume (pass-
ing to a further subsequence if necessary) that, for some i € {1,2,...,N},

T, =T, Vj=1 (3.17)

]

It follows from step (4) that
Xn; = Tin =+ + Tis1 Xn; = 0. (3.18)

Lemma 3.3 then ensures that the weak limit X of {x,, } is a fixed point of the map-
ping TisN - - - Tirq. This together with assumption (4) implies that X € F(Tin
-+ Tiy1) = C. Therefore, we have, by (3.16) and Lemma 3.4, thatlimsup,,_ (1 —
Bxe, X — x¢) = (U — Bxe, X — x¢) < 0.
(6) Finally, we claim that x, % x,. Indeed, we can write

Xn+1 — Xeg = (I - (xn+1B) (Tn+1xn - xs) + Anr (u - Bxs)- (3.19)
Apply Lemma 3.2 to get

||xn+l - stz = || (I - “n+lB) (Tn+1xn _xs)”z +2au41 <u — BXe, X1 _xs> (3.20)
< (1 —ean1) || — 3c8||2 + 2041 (U — BXe, Xpp1 — Xe ). .

Using Lemma 3.1 and step (5), we now conclude that ||x, — x.[|> — 0. O

Remark 3.7. Assumption (4) in Theorem 3.6 is automatically satisfied if each T;
is firmly nonexpansive (i.e., T; satisfies the property: (x — y, Tix — Tiy) = || Tix —
T;y|l?, for x, y € H). Since a projection is firmly nonexpansive, we have the fol-
lowing consequence of Theorem 3.6.

COROLLARY 3.8. Assume that
(1) a, — 0;

(2) Zn‘xn = 005
(3) an/dtuen — Lor 2, lay — apen]| < 0.

Let xy € H be chosen arbitrarily and let {x,} be generated by the iterative algorithm
X1 = (I = 0ur1B) PpirXn + 0ty n=0, (3.21)

where Py = P¢, (1 <k < N). Then, {x,} converges in norm to the unique solution

xe of (1.2).
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Remark 3.9. We have used two steps to find a solution of problem (1.1); that is,
we first find the unique solution x. of the regularized problem (1.2) and then ap-
proximate x, via the iterative algorithm (3.10). It is not clear if one can combine
the two steps into one. In other words, if one defines a sequence {x,} by

Xpt1 = (I — ayr1Be,) Tys1Xn + Qp1t, 1> 0, (3.22)

where {e,} € (0,1) and &, — 0 as n — oo, does the sequence {x,} defined by
(3.22) converge to the minimum norm solution of problem (1.1) (if the solution
set S of (1.1) is nonempty)?
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