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Abstract. The purpose of this paper is to investigate a Bregman pro-
jection algorithm for solving split feasibility problem with multiple output
sets. The proposed algorithm is motivated by the ideas of the Halpern
method, the CQ method and the Tseng method. Our proposed algorithm
employs the inertial technique and a self-adaptive step size to guarantee a
high rate of convergence. The strong convergence theorem is established
without prior knowledge of the operator norm and the Lipschitz continuous
assumption on the operators involved. Numerical experiments with graph-
ical illustrations are presented to demonstrate the effectiveness and the
performance of our proposed algorithm in comparison with some existing
ones.

1. Introduction

Let H;, 7 =0,1,..., N, be real Hilbert spaces with the inner product (-, -)
and the induced norm || -||. In this paper, we study the split feasibility problem
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with multiple output sets (SFP-MOS) [17,22,25,28-30],
(1.1) find u* € Hg such that Fu* € C;, Vj=0,1,...,N,

where C; C H;, j = 0,1,..., N, are nonempty closed convex subsets, Fy :
Ho — Ho is the identity mapping I, and F; : Ho — H;, 7 = 1,..., N, are
bounded linear mappings. The solution set of the SFP-MOS is denoted by €2,
that is

Qi={u" €Ho | Fju" €Cj, ¥j=0,1,...,N}.

A special case of the SFP-MOS, when N = 1, is the split feasibility problem
(SFP):
find v* € Hy such that u* € Cy and Fiu* € C;.

Originally, the SFP was introduced in Euclidean spaces [7] and afterward ex-
tended to infinite dimensional spaces. The SFP was applied successfully in
the field of intensity-modulated radiation therapy treatment planning [8,9]. It
plays an important role in medical image reconstruction and in signal process-
ing [3,4].

For each j =1,2,..., N, let us define the mappings 7; : Ho — Ho by

(1.2) T = Fe, [I = Fi (I~ ch)]:j],

where v; € (0,2/[F;||?). Then 7; is a nonexpansive mapping and its set of
fixed points Fix(7;) = {x € Ho | x = T;x} coincides with the solution set of the
SFP finding u* € Cp such that F;u* € C;. Thus, the set of common fixed points
of a finite family of nonexpansive operators is coincident with the solution set
of the SFP-MOS,; i.e.,

() Fix(7;) = Q.

j=1

A well-known method for solving the SFP is Byrne’s CQ algorithm (see
[3]). As has already been mentioned by Byrne, a special case of this method
was introduced by Landweber [14]. It is known that u* € Cy solves the SFP if
and only if u* solves the fixed point problem:

u* = Pe, (u* —yFr(l — Pcl)]—]u*),

where Pr, and Pc, are the metric projections of H and #; onto Cy and Cy,
respectively, I is the identity operator on Hgy or H;, F; is the adjoint operator
of Fi, and v € (0,2/L) with L is the spectral radius of F;yF;. The weak
convergence theorem requires to calculate the spectral norm of the operator
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F1. The implementation of this method depends on the knowledge of the
norm of the bounded linear operator. It also should be noted that strong
convergence results are much more desirable than weak convergence results
in infinite dimensional Hilbert spaces. To guarantee the strong convergence
result, some methods, such as the Halpern method, the viscosity approximation
method, and the hybrid projection method, can be employed. Some new results
on the CQ method to solve the SFP and some related problems can be seen in
[24-27,29-32] and the references therein.

In order to improve the convergence rate of the algorithms, inertial accel-
eration is widely applied [16,17,25,30-32]. It is firstly proposed by Polyak in
1964 [21] for solving the smooth convex minimization problems.

Most of the aforementioned methods employ the norm distances and the
induced metric projections. The Bregman distance is an elegant and effective
distance function introduced by Bregman in 1976 [5]. It generalizes a wide range
of measures, such as the squared Euclidean distance, the Itakura—Saito diver-
gence, and the Kullback—Leibler divergence. The Bregman distance, which
is capable of exploring the nonlinear correlation of data features, has found
applications in various areas, including machine learning, computational ge-
ometry, operations research, and information theory [11,18]. Several methods
for solving problem SFP with Bregman projections can be found in [13,15,23].

Motivated by the results above and the ongoing research interest in this
direction, we introduce an algorithm based on Bregman projections for solving
the SFP-MOS in Hilbert spaces. Our proposed method has key features as
follows.

1. The proposed method utilizes the Bregman distance and Bregman projec-
tion instead of the standard Euclidean metric. This allows the algorithm
to adapt to the specific geometry of the underlying Hilbert spaces, pro-
viding a more flexible framework for solving the SFP-MOS under relaxed
regularity conditions.

2. The proposed method is combined with one-step inertial techniques to
improve its convergence.

3. Implementation of the algorithm does not require the knowledge of oper-
ator norms nor the Lipschitz continuous assumption on the operators.

The remaining part of this paper is organized as follows: the next section
displays some lemmas that will be used for the validity and convergence of
the algorithm. The third section is devoted to describing our proposed algo-
rithms and the strong convergence results. In the next section, an example is
provided to illustrate the performance of the algorithm using certain Bregman
projections.
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2. Preliminaries

In this section, we introduce some mathematical symbols, definitions, and
lemmas which can be used in the proof of our main result. Let H be a real
Hilbert space with inner product (-, -) and norm || - ||. In what follows, we write
2% — x to indicate that the sequence {z*} converges weakly to = while z¥ — z
indicates that the sequence {x*} converges strongly to .

Let g : H — (—o00,400]. The function g is said to be
1. strictly convex if Vz,y € dom ¢, = # v,
glte + (1 = t)y] < tg(x) + (1 = t)g(y), vt € (0,1);
2. uniformly convex with modulus ¢ if V¢ € (0,1), Vz,y € dom g,
gltr + (1 = t)y] <tg(z) + (1 = t)g(y) — t(1 =)o (|lx — yl),
where ¢ is an increasing function vanishing only at 0;

3. strongly convex with a constant o > 0 if V¢t € (0,1), Vz,y € dom g,
o
gtz + (1= t)y] < tg(z) + (1 = t)g(y) — F1 = )]e —y|*

Note that strong convexity implies strict convexity.

Let g : H — (—o00,4+00] be a strictly convex and differentiable (on the
interior of its domain) function with gradient Vg and domain

dom g ={z € H | g(z) < +oo} # 0.

The Fenchel conjugate function of g is the convex function g* : H — (—o0, +o0]
defined by

g*(z") == sup{(z",z) — g(2)}.
TzEH

Remark 2.1. Let ¢* : H — (—o0,+00] be Fenchel conjugate function of g.
Then Vg*(Vg(z)) = =z for all x € dom Vg and Vg(Vg*(z*)) = «* for all
z* € dom g*.

A function g : H — (—o0, +00] is called Legendre if it satisfies

1. int(dom g) # @ and the subdifferential g is single-valued on its domain;

2. int(dom g*) # @) and Og* is single-valued on its domain.
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The Bregman bifunction (distance) D, : dom g x int(dom g) — [0, +0c0)
corresponding to the strictly convex function g is defined by the formula [5)

Dy(z,y) :==g(z) — 9(y) — (Vg(y),z — y), Vz € dom g, Vy € int(dom g).

The Bregman divergence is one kind of measurement of the difference between
two points (or distributions in statistics) on a differentiable convex function
of Legendre type. Note that the Bregman divergence is not a usual metric
because it is asymmetric and does not satisfy the triangle inequality. The
Bregman divergence with respect to various types of g can be seen as follows
(Bauschke et al. [2]; Hieu and Cholamjiak [12]): let = (21, 22,...,7m) " and
Y= (Y1,Y2,---,Ym) " be two points in R™.

1. The squared Euclidean divergence
SE 1 2

generated by the function ¢5%(z) = 1||z||? with its domain dom ¢5F =
R™ and its gradient Vg¢°F(z) = x.

2. The Kullback—Leibler divergence

m

DKLmy :sz(IOg( >_1)+Zyz
i=1
generated by the Shannon’s function g¥U(z) := Yot xilogx; with its
domain dom ¢g¥' = {z = (z1,22,...,2,)" €ER™, 2; >0, i=1,...,m}

and its gradient
VRt (z) = (1 +logzy, 1 +log s, ..., 1 +logx,)"

In statistics, the Kullback—Leibler divergence is used to measure the dif-
ference between two probability distributions.

3. The squared Mahalanobis divergence
1
DS (z,y) = 52— 1) Q —)

generated by the function ¢M(x) := %xTQx with its domain dom ¢5M =
R™ and its gradient Vg*™(z) = Qx, where Q is a positive definite sym-
metric matrix. The squared Mahalanobis divergence is used to measure
the difference between standard deviation and mean in a normal distri-
bution.
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The relationship between D, and norm ||- || is guaranteed when g is strongly
convex with strong convexity constant o > 0 (see [33]):

(2.1) Dy(z,y) > %Hx —y||?, Vo € dom g, y € int(dom g).

We also have the following three-point identity: Va € dom g, y, z € int(dom g),
Dy(x,y) + Dy(y, 2) — Dyg(x,2) = (Vg(2) — Vg(y),x — y).

Let C C H be a nonempty closed convex subset. The metric projection
Pr : H — C is defined by

Pex :=argmin{||z —y| |y € C}, x € H.
A fundamental characteristic property (see [1]) is that
(2.2) z = Pe(x) if and only if (x — 2,y — 2) <0, Vy € C.
Moreover, we have
(2.3 |Pex — > < o — yl]? — o — Pea.

Throughout this paper, we consider a more general projection, namely the
Bregman projection, which is defined as follows: The Bregman projection,
with respect to the function g, of a point z € int(dom g) is the unique point in
C defined by

Plx :=argmin{D,(y,z) |y € C}, xz € H.

In the special case where g(z) = 1||z||?, we have Dy(z,y) = 3|z — y||* and

thus P/ = P¢. In general, the Bregman projection P¢ depends not only on
the set C, but also on the function g. Like the metric projection, the Bregman

projection also has the following properties, for each z € H (see [6]):

(2.4) z = PJ(z) if and only if (Vg(z) — Vg(z),y —z) <0, Yy € C
and
25) Dy(y, L) + Dy(Pa, 1) < Dyly, ), ¥y € C.

We also know that if g : H — R is uniformly Fréchet differentiable and bounded
on bounded subsets of H, then Vg is uniformly continuous on bounded subsets
of H. Moreover, if g is assumed to be o-strongly convex, Fréchet differentiable
and bounded on bounded subsets of H, then for any two sequences {z*} and

{yk} in H,

(2.6) klim Dy(z*,y*) = 0= lim [|z* —y*|| = 0.
—00 k—o0
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Let Vj : dom g x dom g* — [0, +00) associated with a Legendre function g
be defined by

Vo(z,x") := g(z) — (2", z) + g"(¢*), Vo € dom g, 2" € dom g¢*.
Some properties of the function V; can be summarized as follows (see [20]):

1. V, is nonnegative and convex in the second variable;
2. Vy(z,2*) = Dy(z, Vg*(2*)) Vo € dom g, 2* € int(dom) g*;
3. Vy(z,2*) < V(z*+y*, 2)—(y*, Vg* (z*)—z) Vo € dom g, 2*,y* € dom g¢*.

Since V, is convex in the second variable, then, for N € N

(2.7) D, (x, Vg*(i )\ng(yj))> < XN: A;jDy(z,y;), Vo € dom g,

Jj=1 Jj=1

where y; € H, \; € [0,1] for j =1,...,N, and Z;il)\j =1.

The following lemmas are needed to prove a result in the next section.

Lemma 2.1 (see [10]). Let {sx}, {ar}, {bx}, and {ci} be sequences of non-

negative real numbers such that spy1 < (1 —ag —by) sk + brsg—1 + arcr, Yk > 1,

where Y 72, a = o0, {by} € [0,1/2], and lilznsup ¢ <0. Then kli_)rn s =0.
—»00 o0

Lemma 2.2 (see [19]). Let {si} be a nonnegative real sequence such that there

exists a subsequence {k;} of {k} such that sy, < sp,41 for alll € N. Then

there exists an increasing sequence {¢p(1)} C N such that llir& (1) = oo and

the following properties are satisfied by all (sufficiently large) numbers m € N:
Sp(m) < Sp(m)+1 ANd Sy < Sg(my1- In fact, ¢(m) = max{j < m |s; < sj41 }.

3. The algorithm and convergence analysis

In this section, we introduce a new algorithm based on the Bregman distance
and the Bregman projection for solving the SFP-MOS in Hilbert spaces. Our
algorithm is constructed around the following method: Byrne’s CQ method,
Polyak’s gradient method, Halpern method, and hybrid projection method.
In order to establish the strong convergence of the algorithm, we make the
following assumptions
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(A1) Fo:Ho — Ho is the identity operator, F; : H; — H; is bounded linear
operator, 7 =1,..., N.

(A2) The functions g; : H; — R, j = 0,1,..., N (where gy := g) are ;-
strongly convex, Legendre, which is bounded and uniformly Fréchet dif-
ferentiable on bounded subsets of H;, j =1, 2.

(A3) Q={z* € Ho | Fjz* € Cj j =0,1,..., N}, the solution set of SFP-MOS,
is a nonempty set.

We require that the control parameters satisfy the following conditions for
k>1.

(Cl) {Oék} - (O, 1), lim ap = O7 Zzil Qp = 00.
k—o0
(C2) {nr} C (0,00) such that Jim 7y, Jay, = 0.
—00

Algorithm 3.1. Initialization: Given 0 € (0,00), u € (0,00), 7 € (0,1),
v € (0,1). Let 2°, 2! € H; be arbitrary.

Iterative Steps: Given the iterates ¥, 2*~1 for k > 1, calculate 2**! as

follows.

Step 1. Set w” = Vg* [Vg(z*) + 6, (Vg(z"~1) — Vg(z*))], where

PR (] {Tosmticosmmn 0}, if Vola*) £ Vg(Y),
0, otherwise.

Step 2. Compute yf = Vgj {]—'j* (ng(]-"jwk) — ng(ngj]:jwk))] ,7=0,1,...,N.

Step 3. Compute zF = Vg* (Vg(wk) — Yk Z;.V:O ng(yf)), where v, = pv*
with ki being the smallest non-negative integer x satisfying

N
(3.2) uv” Z Dy, (Fj2F, Fjwh) <7Dy (25, wh).
5=0

If w* = 2*, then stop; w¥ is a solution of SFP-MOS. Otherwise, go to Step 4.
Step 4. Compute 2" = Vg* [a,Vg(2?) + (1 — o) Vg(zF)].
Set k :=k + 1 and go to Step 1.

The combination of the inertial term 6 and the self-adaptive step size 7y in
Algorithm 3.1 significantly enhances the performance and stability of the iter-
ative process. Intuitively, the inertial term 6; acts as a momentum factor that
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utilizes information from previous iterations to accelerate the convergence rate
toward the solution set €2. Simultaneously, the adaptive step-size -, adjusts
the movement based on the local geometry of the operators, which eliminates
the requirement for prior knowledge of global operator norms ||F}||. These
components work together to balance rapid progress with numerical stability.

Lemma 3.1. The Armijo-line search rules (3.2) is well-defined. Moreover,
i € (0, ] for all & > 0.

Proof. Let consider two possible cases.

Case 1. Suppose that E;-V:O Dy, (F;2%, Fjw®) = 0. In this case, we obtain
that k; = 0 holds.
Case 2. Suppose that Z;-V:o Dy, (F;z*, Fjw*) # 0. In this case, we addition-
ally suppose that Dy (2%, w*) = 0. Then, zF = w* and so F;2* = F;w* for all
j=1,...,N. Therefore, E;'V:() Dy, (F;z", Fjw*) = 0. Which is contradiction.
Hence, D, (2", w*) # 0. We assume that

N
(3.3) v Z Dy, (F;z*, Fjw®) > 7D,4(%,w") for any integer x.

j=1
Since p € (0,00), v € (0,1), it follows from (3.3) that

N
0= lim pv"® Zng (Fi2F, Fju®) > 7Dy (2%, w) > 0.

K— 00
j=1

This is a contradiction. Therefore, there exists a finite nonnegative integer
% € N such that puv® Z;‘V:1 Dy, (F;z*, Fjw*) < 7Dg (2", w*). Then (3.2) holds.
This implies that {vy*} € (0, y].

Lemma 3.2. Let {w"} and {z*} be sequences generated by Algorithm 3.1. If

wk = 2% holds for some integer k, then w* € Q.

Proof. We assume that w* = z*. By using Steps 1-3 and Remark 2.1, the
assumption can be rewritten as

N
Vg(w*) = Vg(z*) = Vg(w*) = v Y Vi (yF)
=0

z

(3.4) = Vg(w*) — v Z [}7 (ng(]:jwk) — ng(Pg;.Fjwk))} .

Jj=0
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It follows from ;€ (0, u] and (3.4) that

(35) =i[ (Vgi(Fyu*) = V(P Fut)) |

Jj=
Let u € Q. It follows from (3.5) that

N
(3.6) O:Z<ng(fjw ) = Vg; (P Fju®), Fyw ]:u>

Jj=0

From the three-point identity of the Bregman distance and the property (2.4)
of the Bregman projection, we have

(Vg;(Fjw") = Vg; (P Fjw®), Fyw" — Fju)

Dy, (Fju, Fjw") + Dy, (Fjw*, P& Fjw*) = Dy, (Fju, P Fjw")
(3.7) > Dy, (fjw’f,Pg;fjwk) >0Vj=0,1,...,N.
It follows from (3.6) and (3.7) that
(3.8) <ng(fjwk) — Vg (PY Fyuk), Fju® — fju> —0,¥j=0,1,...,N.
From (3.7) and (3.8), we obtain
(3.9) Dy, (Fjw*, PE Fju*) =0 ¥j = 0,1,..., N.
Hence, (3.9) asserts that || F;w® — P2/ Fjw"| =0 for all j = 0,1,..., N. This
implies that F;w" € C; for all j =0,1,...,N. Thus, w* € Q. ]

Remark 3.1. Lemma 3.2 implies that if the iterative sequence generated by
Algorithm 3.1 terminates within finite steps, then the current iterative point
must be a solution of the SFP-MOS. Without loss of generality, we assume
that Algorithm 3.1 generates an infinite iterative sequence for the following
convergence analysis.

Lemma 3.3. Suppose that all conditions (A1)-(A3), (C1)-(C2) are satisfied.
Let {wk} and {z*} be two sequences generated by Algorithm 3.1. Then for
u € 2, we have

Dy(u, ’“)<D( w) = Dy(=", w")

—»ykz o (Fi2" Pg’]-"w )+Dg](PgJ]-"w Fjwk)] + 7Dy (2F,w").
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Proof. From the three-point identity of the Bregman distance, we have
(810)  Dy(u,2) = Dylu,wh) — Dy(2F,wh) + (Vg(uh) — Vg(k), u — =)

and for all 5 =0,1,...,N

) )

(Vg;(Fju®) = Vg; (P& Fjw®), P Fyuw® — Fj2*)
(3.11)
= —Dy, (Fj2*, P Fjuw*) + Dy, (Fj2*, Fjw®) = Dy, (P Fjw", Fyuw®).

From the property (2.4) of the Bregman projection, we have

(3.12)
(Vg;(Fjw®) = Vg; (P Fyuw*), Fju— P Fyuwk) <0, Vj =0,1,...,N.

Be the definition of y}“, it follows that, for all j =0,1,..., N,

(Vgj (yj <ng — Vy;, (qu]-" w"), Fiu —szk>
= (Vg;(Fjuw*) = Vg; (P& Fjw*) , Fyu — P Fyuw*)
(3.13) +(Vg;(Fjw ) Vg, (P8 Fjuw"), P Fju® — Fi2¥).

By using the definition of 2*, one has
(3.14) (Vg(w*) = Vg(2"),u — 2 <Z Vg;( yj u—z >

Substituting the results from (3.11) to (3.14) into (3.10), we obtain that
Dy(u, 2) < Dg(u,w") — Dy(2*, w")

—fykZ( g, ( (F;zF ng]-'w )—|—D,JJ(P9J]-'w Fijw )) + 7D, (2%, w").

This complete the proof. |

We are now in a position to prove the strong convergence result of Algorithm
3.1

Theorem 3.1. Suppose that all conditions (A1)-(A3), (C1)-(C2) are satisfied.
Then the sequence {x*} generated by Algorithm 3.1 converges strongly to u* €
with u* = P&(z°).
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Proof. Let u € Q. By combining the definition of w* and (2.7), one deduces
that

(3.15) Dy(u,w*) < (1 —0x)Dy(u, z) 4+ 0. Dy (u, 2"1).
This, combined with Lemma 3.3, implies

(3.16) Dy(u, 2) < (1 — 0x)Dy(u, 2%) 4+ 0. Dy (u, 2"71).
This implies that

(3.17) Dgy(u, zk) < max {Dg(u, xk), Dg(u,xk_l)}.
By virtue of the definition of x**1, (2.7), and (3.17), we obtain

(3.18) Dy(u, ") < apDy(u,2%) + (1 — ag)Dy(u, 27)
< max {Dg(u,xo), Dg(u,xk), Dg(u,xkfl)}

< max {Dy(u,z°), Dy(u,z")}.

This implies that the sequence {Dg(u,z*)} is bounded, which implies that {z*}
is bounded too. By using (3.15) and (3.16), one finds that {w*} and {z*} are
also bounded. By using Lemma 3.3 and (3.18), we obtain

N
(1 —ap) | (1 = 7)Dy(*, w") + s, Z (Dy, (F;2~, chjfjwk)
5=0
+ Dy, (Pg) Fyuh, fjwk))}

(3.19)
< apDy(u,2°) + Dy(u, %) — Dg(u, 2**1) — 0 [Dg(u, 2*) — Dy(u,z*~1)].
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Let u* = P§(z°). It follows from definition of V, and z**! that

(3.20)
Dy(u*, 2" =V, (u*, apVy(z®) + (1 - ak)Vg(zk))
< Vg (anVg(a®) + (1 — ag) Vg (") — ai [Vy(2°) = Vg (uh)],u¥)
k

%)
+ (ar (V(2°) = Vy(u")), Vg*(akvg($0)+(1—ak)vg 2)) —u”)
= Vy(axVg(u*) + (1 — o)V, (2", u*) + ap(Vy(z 0 —V,(u*), 2" —u *)
Dy (u*, Vg [arVy(a°) + (1 — ax)Vy(z")])
+ ap(Vy(2°) = Vy(u*),z k1 —u").
< (1= ap) Dy (u”, 2%) + a(Vy(2®) = Vy(u®), 2" —u*)
< (1= ) Dy, 2) — (1 — ag) O3 (D, 2%) — Dy (s, 21))
+ ap(Vy(2%) — Vy(u), z A —u*)
= [1—ar — (1 — a)8i] Dy(u*, %) + (1 — ay) 6Dy (u*, 2" )
+ ap(Vy(z 0)—Vg(u*),a?k+1 u*).

Now, we consider the following two possible cases to prove klim Dy(u*,z%) = 0.
—> 00

Case 1. There exists an integer k1 € N such that Dy (u, 2**1) < Dy (u, 2*) for
all k > kq, which gives that {D,(u*,z*)} is convergent and

(3.21) lim (Dy(u,2") — Dy(u,z")) = 0.

k—o0

Using (3.19), (3.21), and condition (A2), we get

N.

(3.22)  lim Dy(2F wh) = Jim Dy, (P Fyuwh, Fjw®) = 0, ¥j = 0,1,...,
By using the definition of {w*} and combining (2.7) with (3.1), one has

(3.23)
Dy(xF,wh) < (1 —0x)Dy (2%, 2%) + 0, Dy (2", 2571 = 05D, (2%, 27 1) <.,

By using condition (C2), it follows from (3.23) that

(3.24) lim D, (z* w") = 0.

k—oc0

By using the definition of z**1, (2.7), and klim ag = 0, we have
—00

(3.25)  Dy(zF, 2" 1) < apDy(2%,2%) + (1 — ag)Dy (2%, 2%) = 0 as k — cc.
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It follows from (2.6), (3.22), (3.24), and (3.25), we have

(3.26) kli_>nolo | 2F — wk|| = kl;nolo 2% — w"|| = klingo | 2% — 2* 1| = 0.

It follows from (3.26) that

(3.27) [la* — ™| < Jla* — || + wF = 2F) + |[2F — 2" = 0 as k — .

Since {z*} is bounded, there exists a subsequence {z*'} of {z*} such that
converges weakly to u € Hy and

(3.28)
limsup(z* — u*, Vg(2°) — Vg(u*)) = llim (xM —u*, Vg(a®) — Vg(u®)).
k—o00 —0

By (3.24), one finds that the subsequence {w*'} of {w*} also converges weakly
to u € Ho. This together with (3.22) implies that F,u € C; for all j =
0,1,..., N, that is & € Q. Since u* = P§(2°), by applying (2.4) with (3.28),
one finds that

(3.29) limsup(z® — u*, Vg(z°) — Vg(u*)) = (@ — u*, Vg(z°) — Vg(u*)) < 0.

k—o0

It follows from (3.27) and (3.29) that
limsup(z"™ —u*,Vg(2") — Vg(u*)) < limsup(z"! — 2% Vg(2°) — Vg(u*))

k—o0 k— o0

(3.30) + limsup(z® — u*, Vg(2°) — Vg(u*)).

k—o00
By using Lemma 2.1, (C3), (3.20), and (3.29), one has that klim Dy(u*,z*) = 0.
— 00
This together with (2.6) gives that lim ||z* — u*|| = 0.
k—o00
Case 2. There exists a subsequence {D,(u*,z*)} of {Dy(u*,2z*)} such that

Dy(u*,z*) < Dy(u*,z¥11) for all I € N. By applying Lemma 2.2, we see that
there exists an increasing sequence {¢(1)} C N such that llim (1) = oo and
—00

the following inequalities hold, for any [ € N
(3.31)  Dg(u*,z40y) < Dy(u”, z41)+1) and Dy(u™,x;) < Dg(u*, 2g0y41)-

In view of (3.19), we obtain that
N
(1= ap)[(1 = 7)Dg (2D, w?D) 4750y >~ (Dy, (F32°, B Fju?®)
§=0

+ Dy, (P Fyw?, i) < 0Dy ,2°) + Dy, %)
(3.32)
— Dy(u, 2?1y — ) (Dy(u, 2%V — Dy (u, 2?D1)).
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It follows from (3.32) that

(3.33) Jim Dy, (ngfjw¢<l>,fjw¢<l>), Vj=0,1,...,N.

By repeating the same arguments as in the proof of Case 1, we conclude that
there exists a subsequensce of {x?()} converges weakly to some @ € Q and

(3.34) lim sup(z?W+1 — * Vg(2°) — Vg(u*)) < 0.

k—o0

It follows from (3.20) and (3.31) that
(3.35) D,(u*,x?D+1)
< (1= ag) Dy (u*, 2O + agqy (@O —u®, Vg(a?) — Vg(u?)).
By combining (3.35) with (3.31), we find that
(3.36) Dy(u*,2') < Dy(u*, 2?D) < (22O+ —y* Vg(20) — Vg(u")).
It follows from (3.34) and (3.36) that liﬁsoljp Dy(u*,z') = 0. Thus, ll_lglo |zt —

u*|| =0. ]

Remark 3.2. 1. If N =1, then Algorithm 3.1 can be reduced to the more
general form of solving the SFP: given parameters 6 € (0,00), u € (0, 00),
€ (0,1), v € (0,1), oy, satisfying (C1), n satisfying (C2), and 2%, 2t €

Ho, the iterative sequence {z*} is generated by the following:

wh = Vg* [Vg(z*) + 9k (Vg(a"=1) = Vg(aM)],

where 0, {m e ) i Vo) £ Vo(a* ),
0, otherwise.

vh = Vg* [F (Vg(Fow®) — Vg(PE Fow®))],

fz gr | {‘(V (Frwh) Vgl(Pgll]-'lwk))] )

2 = Vg (Vg(w*) = 1 Vg(ys) — 1 Vai(yr)) , where yj, = '™,

K bemg the smallest non-negative integer k satisfying
uv® [Dg(}'ozk,}'owk) + Dy, (flzk,flwk)] < 1D, (2F, w").
If w* = 2*, then stop; w* is a solution of SFP-MOS.
1 =Vg* [, Vg(2%) + (1 — ar)Vg(z")] .

2. By setting g;(z) = Z|lz[|* for all z € H;, j = 0,...,N, we obtain a
special case of Algorithm 3.1., given parameters 6 € (0,00), u € (0,00),
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€ (0,1), v € (0,1), ay, satisfying (C1), n; satisfying (C2), and 2°, 2! €
Ho, the iterative sequence {z*} is generated by the following:

wh = ¥+ Oy (F1 — 2P,

ind —_me e k=1 k
where 0 = min { gy, 0 iF 41 #
0, otherwise.
= F; (Fju* — Pe,(Fjwk)) ,¥j =0,...,N.
N
2= wh =y, ny,where Vi = pr
§=0

ki being the smallest non-negative integer x satisfying

N
Y | Fizk = Fuwk|? < 7l|2* — w”)?.
§=0
If w* = 2z, then stop; w¥is a solution of SFP-MOS.

2P = apx® + (1 — ay) 2.

4. Numerical illustrations

In this section, an illustrative example is provided to show that choosing
a suitable Bregman distance can significantly improve the performance of the
algorithm for the SFP MOS problem. In the following experiment, we define

2 >
TOL(k) := NHZfo — P, (Fjz*)|? for all k > 1.

We use the stopping criterion TOL(k) < e for the iterative process, where €
is the predetermined error. If TOL(k) = 0, then w* € Q. The source code
was developed in MATLAB R2023a and executed on a laptop with an Intel(R)
Core(TM) i7-13620H CPU @ 2.4GHz and 16 GB of RAM.

We consider an example in finite dimensional spaces.

Example 4.1. Let H; = R2. The closed convex set C; C H; is defined as
follows

1
Ci={x=(x1,22)" €R? [1<ane <14 =7} j=01...N.
j
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The operator F; : R? — R? is defined by Fjz = (z1 + ]+1£U27£C2)T for

all z = (z1,22)" € R2. This is a bounded linear operator. Moreover, we set
gj(x) =g(x) for all j =0,1,...,5.

In this example, Algorithm 3.1 is employed for three specific cases of the
Bregman distance as follows:

(1) Using the squared Euclidean distance is defined as
SE 1 2
Dy (,y) = 9 Z(zi —¥i)%

which is generated by ¢5F(z) := %Z?Zl 2? with dom ¢5® = R2. There-

fore

Vi (z) = (z1,22) T = 13
(Vo*®) () = (V&™) " (1) = (i, 0) T =5

T
1 1

P!z =max{1l,min{z;,1+—— ,max< 1,min< z9,1 + —— .

e e O ) e (L CR

(2) Using the Kullback-Leibler divergence is defined as
DKny :Zx7(1og( ) ) Zyl,
i=1

generated by function g¥%(z) := 22 1 %3 log x; with its domain
dom g¥l = {z = (z1,20) T € R, 2, >0, i =1,2}.

Therefore

Vg¥l(z) = (1 +logxy, 1 +logzs) ' ;
(V&™) (1) = (Vo) ™" () = (exp(yn — 1), exp(ys — 1)) T

T
1 1

Plx= 1, mi 1+ —— 1, mi 1+ —— .

;% <max{7m1n{x17 +j+1}}7max{,m1n{x2, + +1}}>

(3) Using the squared Mahalanobis divergence is defined as

DM (a,y) = (o ) Qla ),
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generated by ¢°M(z) = %xTQx with its domain dom ¢5M = R2, where

. 1 0
Q is defined as Q = [0 0'2] . Therefore

Vg™M(z) = Qu;
(Vo™ (1) = (Vo*™M) ' (v) = Q" 'ws

T
1 1

Pl r=maxq1l,minqz, 1+ —— ,max< 1,min< x9,1 + —— .

e e e e B G e

For the numerical assessment of our approach, we employ the following
parameters:

N:5,0ék:

1 1
) = y W= 03, = 05, = 0.6.
Gr) " T kL2 ! T v

The numerical results are reported in Tables 1 and Figures 1 for ¢ = 1076,
where Iter. denotes the number of iterations and CPU Time denotes the com-
puting time.

Table 1: Numerical results with different choices of Bregman projections

Iter. (k) CPU Time (s)

Squared Euclidean 13117 0.3968
Kullback—Leibler 11755 0.5269
Squared Mahalanobis 6167 0.2876

—e— Squared Euclide (SE)
—4— Kullback-Leibler (KL)
e —=— Squared Mahalanobis (SM) |

TOL(

0 3000 6000 9000 12000 0 0.1 0.2 03 04 0.5 06
Iterations (k) Times (s)

Figure 1: Performance of the algorithm with different choices of Bregman pro-
jections

The numerical results in Table 1 and Figure 1 reveal that the squared Maha-
lanobis (SM) divergence significantly outperforms the SE and KL divergences.
From a geometric perspective, this is attributed to the SM divergence’s ability
to reshape the metric via the matrix @ to better align with the specific scaling
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of the operators F}; and sets C';. This adaptation allows the algorithm to take
more effective steps toward the solution set (2.

5. Conclusion

Utilizing Bregman projections, we have proposed a new CQ inertial algo-
rithm for solving the split feasibility problem with multiple output sets in a real
Hilbert space. We have proven a theorem to show that the generated iterates
by our scheme are strongly convergent. To show the efficiency of our algorithm,
we have presented a comparative numerical example between some Bregman
projections.
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