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DUALITY AND ¢-OPTIMALITY CONDITIONS FOR
MULTI-COMPOSED OPTIMIZATION PROBLEMS WITH
APPLICATIONS TO FRACTIONAL AND ENTROPY
OPTIMIZATION

SORIN-MIHAI GRAD, GERT WANKA, AND OLEG WILFER

ABSTRACT. We introduce a closedness type regularity condition that charac-
terizes the stable strong duality for convex constrained optimization problems
with multi-composed objective functions and guarantees a formula for the e-
subdifferential of a multi-composed function, that is employed for delivering nec-
essary and sufficient e-optimality conditions that characterize e-optimality solu-
tions to multi-composed optimization problems. As a byproduct, a formula of
the conjugate function of a multi-composed function is provided under a regular-
ity condition weaker than known in the literature. We also present two possible
applications of our investigations in fractional programming and entropy opti-
mization, respectively.

1. INTRODUCTION AND PRELIMINARIES

Motivated by possible applications in fractional programming and entropy op-
timization, that are discussed in the last section, as well as in other fields briefly
mentioned later, we present in this paper some investigations on duality and op-
timality as well as corresponding e-subdifferential formulae for convex constrained
optimization problems with multi-composed objective functions. To the best of our
knowledge such functions were considered in similar contexts only in [20], where
investigations on Lagrange duality for the mentioned class of problems were pre-
sented, strong duality being delivered under some interiority type regularity condi-
tions. However, the term “multi-composed” can be found in different research fields
in connection to (mechanical) systems, materials, substances or images, and an
eventual mathematical modelling of such problems may contain multi-compositions
of functions. We introduce a closedness type regularity condition that character-
izes the stable strong duality for convex constrained optimization problems with
multi-composed objective functions and we show that it also guarantees a formula
for the e-subdifferential of a multi-composed function, where € > 0. The latter is
then employed for delivering necessary and sufficient e-optimality conditions that
characterize e-optimality solutions to multi-composed optimization problems. As
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a byproduct, a formula of the conjugate function of a multi-composed function is
provided under a closedness type regularity condition that is weaker than the one
given in [20]. Different results involving composed functions from the literature can
be recovered as special cases of the statements we provide in this paper. In all the
new formulae we deliver, the functions involved in the original chain of composi-
tions appear alone, allowing thus a separate processing. This might prove to be
of advantage when concretely solving such problems by means of numerical algo-
rithms, for instance by employing primal-dual splitting type methods. However,
such investigations remain subject to future research.

In the following we present the framework we work in and some preliminary
notions and results needed later in our investigations.

Let X be a Hausdorff locally convex space and X* its topological dual space
endowed with the weak* topology w(X*, X). For z € X and z* € X*, let (z*,z) :=
x*(z) be the value of the linear continuous functional z* at z. A set D C X is
said to be closed regarding the subspace T'C X if DNT = cl D NT, where cl D
denotes the closure of D. Consider a convex cone K C X, which induces on X a
partial ordering relation “<g”, defined by <g:= {(z,y) € X x X 1 y—z € K},
ie. for x,y € X it holds z < y & y — x € K. Note that we assume that all
cones we consider contain the origin. Further, we attach to X a greatest element
with respect to “<g”, denoted by +o0ox, which does not belong to X and denote
X = X U{+ook}. Then it holds © < +oog for all z € X. We write x <y y if
and only if x Si y and 2 # y. Further, we write Sp, =:< and <g, =:<.

On X we consider the following operations and conventions: = + (+oog) =
(+ook) + 2 := +oog Vo € X U{4oox} and A - (+o0g) := +oog VA € [0, +o0].
Further, K* := {2 € X* : (2*,2) > 0, Vo € K} is the dual cone of K and
we take by convention (z*,+ook) := 400 for all z* € K*. By a slight abuse of
notation we denote the extended real space R = R U {40} and consider on it
the following operations and conventions: A + (+00) = (400) + A := 400 VA €
[—00, +00], A+ (—00) = (—00) + A 1= —00 VA € [—00,4+00), A- (+00) := 400 VA €
[0, 4+00], A-(400) := —00 VA € [—00,0), A-(—00) 1= —o0 VA € (0, +o0], A\-(—00) :=
+00 VA € [-00,0), and 0(—o0) := 0. For a subset A C X, its indicator function
5A X = @ is
0, ifx e A,

400, otherwise.

() := {

For a given function f : X — R we consider its effective domain dom f := {z €
X : f(x) < +oo} as well as its graph gra f := {(z, f(z)) : © € dom f}, and
call it f proper if dom f # () and f(z) > —oo for all x € X. The epigraph of
fisepif = {(z,7r) € X xR : f(x) < r}. The conjugate function of f with
respect to the non-empty subset S C X is defined by f§ : X* — R, fs(x*) =
supgesi(z*, ) — f(x)}. In the case S = X, f& turns into the classical Fenchel-
Moreau conjugate function of f denoted by f*. Recall that a function f: X — R
is called convex if f(Az 4+ (1 — N)y) < Af(x) + (1 — \)f(y) for all z,y € X and
all A € [0,1]. A function f : X — R is called lower semicontinuous at 7 € X if
liminf, .z f(z) > f(Z) and when this function is lower semicontinuous at all x € X,
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then we call it lower semicontinuous (Ls.c. for short). Let W C X be a non-empty
set, then a function f : X — R is called K-increasing on W, if from z <k y
follows f(z) < f(y) for all z,y € W. When W = X, then we call the function f

K-increasing.

Remark 1.1. Note that for a proper function f it holds epi f = {(z,r) € X xR :
E>0, r=f(z)+k} =graf+{0x} xR;.

If we take for a proper function f : X — R an arbitrary x € X such that f(x) € R,
then we call the set O:f(x) :={z* € X*: f(y)— f(z) > (x*,y—z) —¢e, Vy € X} for
e > 0 the e-subdifferential of f at x. Moreover, for ¢ = 0 we write df(x) = 0y f(x)
and we say that f is subdifferentiable at z if 9f(z) # (0. Additionally, we make the
convention that 0. f(x) := 0 if f(z) ¢ R. It is well-known that (see [10])

(1.1) F@) + f*(@") < (2%, 2) + e & 2* € 0. f(x).

Let Z be another Hausdorff locally convex space partially ordered by the convex
cone Q C Z and Z* its topological dual space endowed with the weak* topology
w(Z*,Z). The domain of a vector function F : X — Z = Z U {+ocoq} is dom F :=
{x € X : F(x) # 4+o00q}. Fis called proper if dom F' # (). When F(Az+(1-\)y) ¢
AF(z)+ (1 —A)F(y) holds for all z,y € X and all A € [0, 1] the function F is said to
be Q-convex. The Q-epigraph of a vector function F' is epip I = {(z,2) € X x Z :
F(z) = z} and when @ is closed we say that F' is Q-epi closed if epig, I is a closed
set. For a z* € Q* we define the function (2*F) : X — R by (2*F)(z) := (z*, F(z)).
Then dom(z*F) = dom F. Moreover, it is easy to see that if F' is Q-convex, then
(2*F) is convex for all z* € @Q*. The vector function F is called positively Q-
lower semicontinuous at z € X if (2*F') is lower semicontinuous at x for all z* € Q*.
The function F' is called positively Q)-lower semicontinuous if it is positively Q-lower
semicontinuous at every x € X. Note that if I is positively Q-lower semicontinuous,
then it is also Q-epi closed, while the inverse statement is not true in general (see: [4,
Proposition 2.2.19]). Let us mention that in the case Z = R and Q = Ry, the
notion of @-epi closedness falls into the classical notion of lower semicontinuity.
F: X — Z is called (K, Q)-increasing on W, if from z <j y follows F(z) <g F(y)
for all x,y € W. When W = X, we call this function (K, Q)-increasing.

Given an optimization problem (P), we denote its optimal objective value by
v(P).

We give now some statements that will be useful later in our presentation, be-
ginning with one whose proof is straightforward.

Lemma 1.2. Let V be a Hausdorff locally convexr space partially ordered by the
convex cone U, F : X — Z be a proper and Q-convex function and G : Z — V.
be an U-conver and (Q,U)-increasing function on F(dom F) C dom G with the
convention G(+o00g) = +ooy. Then the function (Go F): X — V is U-convex.

Lemma 1.3. Let Y be a Hausdorff locally convex space, @ also closed, h : X XY —
Z and F : X — Z proper vector functions and G : Y — Z a continuous vector
functions, where h is defined by h(z,y) := F(x) + G(y). Then F is Q-epi closed if
and only if h is Q-epi closed.
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Proof. “=": Let (Ta,YasZa)a € epigh such that (va,Ya,2a) — (Z,7,%). Then
F(za) + G(Ya) < 2o for any a, followed by (4,20 — G(Ya))a € epig F and
(Yo, G(Ya))a C epig G. Because G is continuous and y, — 7, it follows that
G(Ya) — G(y). Then (za,24 — G(ya)) — (T,Z — G(¥)) € epig I, because this
set is closed. One has then F(7) =g z — G(y), i.e. (T,7,%) € epigh. As the con-
vergent nets (Za)a, (Ya)o and (2a)a were arbitrarily chosen, it follows that epig) h
is closed, i.e. h is Q-epi closed.

“<": Let (Tay2a)a < epig F' such that (Tas2a) — (T,Z). Take also (Ya)a C
Y such that y, — . Because G is continuous, one has G(y,) — G(y). Then
(Tas Yo, 2a + G(Ya))a C epig h, which is closed, consequently (7,7,Z + G(¥)) €
epig h, i.e. F(Z)+G(Y) =@ z+G(Y). Therefore F(T) =q 7, i.e. (T,%) € epig F. As
the convergent nets (z4)a and (zq)o were arbitrarily chosen, it follows that epig) I/
is closed, i.e. F'is (Q-epi closed. O

Remark 1.4. Note that a continuous proper vector function G : Y — Z, where Y’
is a Hausdorff locally convex space, has a full domain, thus one can directly take
G 'Y — Z in this situation. The question whether the equivalence in Lemma
1.3 remains valid if one considers a proper vector function G : Y — Z that is not
necessarily continuous is still open.

Remark 1.5. If weset Y = Z and G(y) = —y, Vy € Y, then Lemma 1.3 says that F’
is @-epi closed if and only if the vector function defined by (z,y) € X XY — F(x)—y
is Q-epi closed. For this special case a similar statement can be found in [20, Lemma
2.1], but under the additional hypothesis int @ # (.

Let Xo,...,X, be Hausdorff locally convex spaces and consider the functions
fi:Xi =R, i=0,...,nand ¢ : Xg x --- x X,, = R defined by ¢(3°,...,y") =
S o fi(y'). It can easily be verified that dom¢ = [[I_,dom f;. Furthermore,
letting 7%, + Xi x R — {Ox,} x -+ x {0x, ,} X Xi x {Ox,,, } x--- x {0x,} xR
be defined by T)’(Li(x",r) = (0xy,..-,0x, ,,2%0x,,,, -..,0x,,r) for all " € X;,
i =0,...,n, (with the usual conventions, i.e. when i = 0 there is no X;_1) and
r € R, one gets the following statement.

Lemma 1.6. Let f; : X; — R be a proper function, i =0, ...,n, then it holds

epi¢ = ZT)Z (epi f;) .
i=0

Proof. Using Remark 1.1, one gets
epip = {(y°....y" ) 0(y° . y") <1}
= {0’y o’ y™) s (. y") € dom g}
+{0x,} x -+ x {0x,} x Ry
={° -y o)+ faly™) 1y €dom f, i =0, n}
+{0x,} x - x{0x,} x Ry

= Z({(OX07 .. 70X¢,15yi)0X7;+17 o 70Xn’ f’b(yz)) : yl € domfz}
=0
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+{0xp} x -+ x {0x, } x Ry)

Z{(OX()? ey OXZ;ina 0X¢+1) ceey OXymri) : fz(yl) S Ti}
0

~.
|

TX, (epi(/fi)) -

7

I
.M3

@
Il
=)

g

We also consider the operator ’73?1 X x Rx Xjo1 — {0x,} x -+ x {0x,_,}x
Xis1 x Xi % {0x,,,} x -+ x {0x,} x R defined by Tg(«/,r,a"") =
(Oxgs--+,0x, 275 2% 0x ..,0x,,7) forall 2 € X;,i=1,...,n, and r € R,
where it is easy to see that

T)?i(xia 7’) + (0X07 ... 70Xi727xi717 0X~;7 L 70Xn7 0)

(1.2) = (0x,,-- .,OXFQ,xi_l,:ci,OXiH, ...,0x,,7) = ﬁ,(mi,r,xi_l)

k3

417"

forall 2* € X;,i=1,...,n, and r € R.

Remark 1.7. Note that the operators T)?w 1 = 1,...,n, are homeomorphisms.
This means that for a non-empty subset P; C X; x R the set ’7}?2(]31) is compact

if and only if the subset P; is compact. The same holds also for the function ’7~'”Z_,
1=1,...,n.

2. LAGRANGE DUALITY FOR MULTI-COMPOSED OPTIMIZATION PROBLEMS

The starting point of our research is for a fixed z* € X the following multi-
composed problem

(PE) it {(foFlo-w 0 F)@) ~ (a",2)),
A={zeSig) e Q).

where X;, ¢ = 0,...,n, are Hausdorff locally convex spaces such that X is partially
ordered by the convex cone K; C X, for j = 0,...,n — 1. Moreover, S C X, is
a non-empty set, f : Xo — R is a proper and Ky-increasing function on dom f
and Fl(domF') C domf, F' : X; — X;-1 = X;_1 U {+o0k, ,} is a proper
and (K;, K;_1)-increasing function on dom F? and F*!(dom F**!) C dom F’ for
i=1,...,n—2 F" 1 X, 1 — X, oU{+cok,_,} is a proper and (K,_1, K,_2)-
increasing function on dom F"~! and F"(dom F" N A) C dom F" ! F" : X,, —
X1 = X1 U{+ook,_,} is a proper function and g : X,, — Z is a proper
function fulfilling SN g1 (—=Q) N ((F*)"Lo--- o (F)~!)(dom f) Ndom F™ # (). We
also make the following conventions: f(+o00k,) = +00 and F'(+ook,) = +0k; ,,
extending thus the involved functions as follows f : Xo — R and F' : X; — X,_1,
i1=1,...,n—1.
When z* = Ox; the problem (P&) collapses to

(PC)  inf{(foFlow o FY)(a)},
A={reS:glx) € —Q},
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that was considered in [20]. One can notice that (P%) is a linearly perturbed
problem of (P®). In order to approach (P%), for fixed #* € X}, by means of
Lagrange duality consider the following optlmlzamon problem

(PF) inf  {f(. .y — (2" yM)

@0, ym)eA
j:{(yo,...,y”_l,y”) €eXogx- - xXp1 xS
g(y") € =Q, h'(y',y'™) € —Kin, i=1,...,n},
where f: Xox--x X, = Rand ht: X; x X;_1 — X,;_1 are defined as
f(yo, oyt = f(3°) and Ri(y', YY) = FU(y) —y L for i =1,...,n.
Its Lagrange dual problem is

~c _
(DI*L) Sup lnf f(yo’ e yn) _ <1‘*’ yn>
ZN*eQ*, z“‘EK* Y EOS y e)l(
1=0,..., n—1 i PR 3

+ 3 (0 Ry y ) + <Z"*,g(y")>}-

As v(PS) = v(PS) (cf. [20, Theorem 2]), we use (DS%) to assign the following
Lagrange dual problem to (Pmc*)

(DgF) sup inf {f(yo) = (a*, ") + (2D Fr (Y
2NFEQ*, zZ*EK* ynes, yZEX
i=0,..., n—1 1=0,...,n—1
—y" )+ (2", g(y™) + Zl<z(z‘ UFY) —y ) o,
1=
that can be equivalently written as
C * — * *
(Dz+) sup {— sup {(z*,y") — (207D Fr(y") — (2", g(y")}
2M*eQ*, Z*eKy, ynes
i=0,...,n—1

— sup {(z",4%) — f(4°)} —nf sup  {(z",y") — (z("‘”*,F"(y"))}}

yOGXO =1 ] yiEXi,
and even simplified to

n—1
(Dg;L) sup { Z (i—1) *Fz 5% )

n* * 1% *
Z*eQ*, z €K i=1

Remark 2.1. For z* = 0 (D) turns out to be the Lagrange dual problem to (PY)
which was introduced in [20] and will be denoted further by (D*). Additionally,
note that the weak duality for (PS) and (DSF) is always fulfilled, i.c. v(PS) >

x*
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v(f?f}) Thus one has v(P%) = v(P%) > v(f?f}) = U(Df}) and, hence, for any
x* € X, it holds

sup {{a"2) = (fo Flow o ") () — da@)} <

n—1
inf {f*(ZO*) + Z(Z(ifl)*Fi)*(zi*) + ((Z(nfl)*Fn) + (z"*g))*s(a:*)},
i=1

2NxEQ*, Zix EKZ‘,

1=0,...,n—1
i.e. for all 2™ € Q* and 2™ € K7, i =0,...,n — 1, one has the inequality
(f o Fl 6---0 Fn):k4() < f*(ZO*) + Z(z(z—l)*Fz>*(zz*>
i=1
(2.1) H((E) 4 (27 9))5 ()

In order to achieve strong duality for the primal-dual pair (PIC*)—(DgL), that is
actually stable strong duality for (P¢)-(D®%) and also corresponds to the equality
case in (2.1), one needs additional hypotheses. To this end we employ the follow-
ing regularity condition, considered in [16] for guaranteeing stable strong Lagrange
duality,

(RCT) | M= U epi((f + (3*h) + dg)*) is closed regarding U,
Z*eK*

vzhereu = {OXS}X'”X{OX£71}XX;;XR’ Y= (yo,...,Ny”) € X :=Xox - xX,,
IS::KOX‘--xKn_l><Q,S::Xox-~xXn_leSLZ::XoxmxXn_le,
X* = X5 x - x Xy, 2= (20 L2 ey € K= K x - x K x Q¥
and h: X = Z=2U {+o0z} defined as

- (hY (" °) - ™y ), 9(y™), i (v Y € dom B,

h(y) = i=1,...,n, y" € domg,

+00, otherwise.

In order to formulate the regularity condition only by means of the originally con-
sidered functions and sets we have the following statement.

Lemma 2.2. The set M’ can equivalently be expressed as
n—1
M=TEenilf )+ | (Z T3 (epi«z(“)*F@)*)
i=1

ZN*eQ*, zi*GK;‘,
i=0,...,n—1

{20 ) 4 T (i) £ () x (-2 )) )

Proof. For fixed 2™ € Q*, 2* € K}, i=0,...,n—1, and g* = (y**,...,y"™) €
X3 x -+ x X», we have

(f + E"h) +0)"(F) = swpd (7", ) — f(7) — (Z",h(§))} = sup

ges yteX;, i=0,...,n—1
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{ (' y') = F@0) =D I Py -y - <Z"*,g(y”)>}

=0 =1

= sup {(y + 22,40 — F(u°)} + sup {(y"™, y") — (D Fr(ym) — (2,
yOEXo ynes

n—1

gy NI+Y .,  sup {<yi* +2%,y") — <Z(i_1)*,F"(yi)>} = (>

i—1 YiE€X;, i=1,...,n—1

n—1

+Z0*) + ((Z(n—l)*Fn) + (zn*g))*s(yn*) + Z(Z(z—l)*Fz)*(yz* + Zi*).
i=1
Moreover, one has
@, r) e | epi(f+ (Fh) +05)" < 3", ..., 207V 2") e K§ < Kf x ...
ZreK*

XK x Q7 fR (% + 2% 4+ ((F0TVRE) + (2 9)5(y™)
n—1
+Z(Z(Z_1)*FZ)*(ZJZ* +ZZ*) <r.
=1

Employing Lemma 1.6 and (1.2), this is further equivalent to
0, 2T Y e KE K x x KX < QY (y%, .y ) €

n—1
TR; (epi(f) + D TR (epi<<z<i-1>*Fi>*> x {—z“-”*})
=1

T (eniC( ) + (7)) x (=<1 )

which actually means that

n—1
0% o (F* T (o (i=1 )% iy
ZN*eqQ, zi*eKZ’.", =1
1=0,..., n—1

x{—z<“>*}) TR (epi«(z(“”*F") L (9)5) X {—z<“>*}>>. 0

The regularity condition (RC?) introduced above can be thus reformulated as
(RCL) | M is closed regarding the subspace U.

In order to show the stable strong duality statement for (P¢) and (D), we also
need to impose some convexity and topological hypotheses on the sets and functions.
We assume for the rest of this paper that S C X, is a closed and convex set, f
is a convex and lower semicontinuous function, F? is a K;_i-convex and K;_i-epi
closed vector function for ¢ = 1,...,n and g is a Q-convex and @Q-epi closed vector
function.
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Theorem 2.3. The regularity condition (RCL) is fulfilled if and only if there is
stable strong duality for (PY) and (D), i.e. for all z* € X one has

(foFlo---an)i‘(x*)z

2MFEQ*, ZIFeKX, ¢
) o i=1
1=0,..., n—1

n—1
min {f*(z°*> + ) ET R ) 4 (TR <z”*g>>z<az*>}.

Proof. According to the previous considerations, it holds
v(Py) = v(Py) = v(Dgk) = v(DFE).

The convexity and topological hypotheses imposed above guarantee, via Lemma 1.2
and Lemma 1.3, that f is convex and lower semicontinuous and h?, i = 1,...,n, are
K;_1-convex and K;_1-epi closed. Then, by [16, Theorem 2.7 and Corollary 2.3] one
obtains for any z* € X the existence of 2" € Q* and z** € K}, i =0,...,n — 1
such that

v(Fa) = (y° ir;;fn)eA{f(yo’ S yt) =y}
— sup inf {f(y07 ) — (@)
2N* e Q*, 2i*CK* ymES, yiex;
i=0,..., n—1 H 1=0,..., n—1

+ ) EE Ry ) + <Z"*,g(y”)>}
=1

= inf {f(y°7.--,y”)—(fv*7y">
y"eSs, yreX;
i=0,...n—1

= o(DSE).

T*
Consequently, v(PS) = v(DSF). O

Remark 2.4. Since one has via [4, Theorem 3.5.9] stable strong duality for (Ec)
and its Lagrange dual problem if and only if M’ is closed in the topology w(X*, X) x
R, the regularity condition

(RCT) ‘ M is closed in the topology w(X*, X) x R
is a sufficient condition to have stable strong duality for (P¢) and (D®%).

Remark 2.5. Alternatively to the Lagrange duality approach, one can consider
the Fenchel-Lagrange type dual problem for (P¢), by employing the following per-
turbation function

FEY P F @+ y™) +ym ) ) + 90, f

M) = g(z) € y™*' - Q,
400, otherwise,

CI)(x,yO,...,y
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where (y°,...,y", y"t1) € Xox---x X, x Z are the dual variables. By simple calcu-
lations one derives the following conjugate function of ®, ®*(z*, 3%, ..., y("+1)*) =
P + 2050 (" FAE (y D) 4 (g (e — y™) + dge (—y" D7), and
hence, the following Fenchel-Lagrange type dual problem is assigned to (P%),

(DCFL) sup {—(I)* (OxmyO*’ o yn*’ y(n+1)*> }
(YO oy y (D) EXE X X X X Z*

n—1
_ sup Z Z*F1+1 (i+1)*) . (y(nJrl)*g)*S(_yn*) )
yi*eX;,i:O ..... n, 1=0

y(n+l)*eQ*

Notice that different to (D), in (DFL) all the involved functions appear sepa-
rately. This might be useful for computational reasons, for instance when employing
splitting type methods. Moreover, we can formulate an associated closedness type
condition ensuring strong duality between (PY) and (D®Fr). For this purpose,
we have to ensure that Prx:.r(epi®*) is closed in the topology w(Xj, X,) x R
(see [2,4]). It is an easy exercise to observe that

Pry:xr(epi®) = |  epi(y™Vg)i+
y(n+1)*eQ*
n‘_2 . . *
U (epi<y<"1>*F">* " <0x;z7f*(y0*) 5 iy () >)) |
yi*GX* =0
1=0,..., n—1

Recall that when Prx g (epi ®*) is closed, there is actually strong duality for (PS)
and its corresponding Fenchel-Lgrange type dual problem for all x* € X, i.e. stable
strong duality for (P¢) and (DCFr).

From Theorem 2.3 one can also derive a formula for the conjugate function of a
multi-composed function and a characterization via epigraph inclusions for it.

Corollary 2.6. It holds

(2.2) (foFlo---oF™)*(z*)
n—1
_ IIllIl {f*(ZO*) + Z(Z(z—l)*Fz)*(Zz*) + (Z(n_l)*Fn)*(SC*)}
Zn*gQ*, ZZ*GK;, i1
for all x* € X} if and only if

n—1
My = 7}?5 (epi(f*)) + U <Z 73?1 <epi((z(i—1)*Fi)*)

2M*EQ*, Zi*EK,77 =1

x {260 }) + 72 (epi(( 7)) {—z<“-1>*})>

is closed regarding U.
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Remark 2.7. The regularity condition My closed regarding U is equivalent to the
formula (2.2), thus a natural sufficient condition in order to guarantee (2.2) is to ask
My to be closed. The formula (2.2) can be found also in [20], but under a regularity
condition of interiority type that is stronger than the ones just mentioned.

3. £-SUBDIFFERENTIAL FORMULAE AND £-OPTIMALITY CONDITIONS

In this section we give a formula for the e-subdifferential of the function
foFlo...0F"™ 4 §4, to the best of our knowledge the first one in the litera-
ture for such a multi-composed function, that is subsequently employed for deriving
necessary and sufficient e-optimality conditions for characterizing the e-optimal so-
lutions to the problem (P®), where ¢ > 0. As a special case, a formula for the
e-subdifferential of the multi-composed function f o F'o ... 0 F™" is derived, too.
Moreover, we briefly discuss how can one obtain different duality and optimality
statements concerning composed optimization problems from the literature (see for
example [2-4,10]) as special cases of our approach.

Theorem 3.1. The regularity condition (RCL) is fulfilled if and only if for all
x € X" and for all ¢ > 0 it holds

O-((fo Flo- 0 F") 4 d.4)(x)

SR R e R PR AR

N0 f((F (... F(2)))), 2" € K N0, (U F)(FH (... F™(2))),

i=1,...,n—1, 2™ € Q" and 0 < (2", g(x)) —|—5n+1}.

Proof. “=": Ifx ¢ SNg~ 1 (—=Q)N((F™)~ (... (FY)~1))(dom f)Ndom F" then both
sides of the equality we have to prove are empty sets, so we take further an arbitrary
reSNg Q)N ((F™)~I(...(FY)~1)(dom f)) Ndom F™ and an € > 0.

“C”: For 2* € 0-(fo Fto---0 F" +64)(x) by (1.1) it holds
(3.1) ((foFlo--~an)+5A)*(m*)+(foFlo---an)(x)+5A(x) < (z*,x) +e.

Following Theorem 2.3, (RCY,) implies the existence of 2"* € Q* and z** € K}, i =
0,...,n—1, such that

n—1
FE + S EEEYE) + () + (7))
=1

(3.2) +H(foFlo o F)(z) + (2", g(2))(x) — (2", g(x)) < (2", 2) +e.
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Further, the inequality in (3.2) can be written as

[f*(*o*) +f((Fro- o F")(x)) = (2%, (Fl o0 F")(z))]

+Z =(i— 1*FZ i ) (3(171)*F2)((F2+1OOFn)(x))
(3.3)
- (Z (F' o0 F™)())]
+(ETE) 4 (779)5(7) + EUTVT ) (@) + (27g) (2) — (2%, 7))
—(z",g(x)) <e.

Now, we define g9 := f*(Z%)+ f((F'o- oF")(m))—( J(Flo---oF™)(2)), & =
EFED R () + (0D ) ((Fi o0 F?) () — (2 ,(FZ“ o (), i =
L...,n—1,&, = ((5(”’1)*F")+(7”*9))s( )+ EDE) () + (2" g) (@) - (2%, )
and g,11 := — (2™, g(x)). By the Young-Fenchel inequality it is clear that £y > 0
and g >0,7=1,...,n and as z”* € Q" and g(z) € —Q it follows that €,11 > 0.
Moreover, (3.3) yields £y + 1 g; < e. Setting g9 := ¢ — Z;Hl g; > €0, it holds
7" € aéof(Fl( Fr()), = € O, ZO D F ) (F (L F™ (@), i = 1,0 — 1
and z* € 9z, ((Z"V*F™) 4 (2"*g) + 65)(z). Therefore, we have

o € 0z, (E"VTF) + (2™ g) + d5) (x)

c U {o@mrmserng s
ZzH_OlE =g, £;20,

2% e KEN o, f(F'(...F"(2))),z" € K}

N o, Z VP (FHY P2 FY())), i=1,...,n —

0< (2, g(a)) + +}

“D”: Let us take an arbitrary

x* e U {(%n((z("l)*F") + (2™g) + 65)(z) : 2% € K}

Z:H'Ols =e, £;>0,
1=0,..., n+1

NOzy f(FY(... F™(2))), 2% € K} N8, (20" V*FY)(FHY(FF2(... F™(x)))),
i=1,...,n—1, 2" € Q" and 0 < (", g(z)) +5n+1}.

Therefore, there exist £>0,i=0,...,n+1,z* € 0. (z" "V F") (2" ¢)+05)(x),
20 ¢ KO N, (f(Flo---0F™)(x)), 2™* € K No., (20" F)(FiH1(... F*(2))),

1,.. 1, and 2™ € Q* such that Z?Jrol gi=¢, ")+ f(Flo---0 F™)
<ZO* ( an)(x» + &0, (Z(ifl)*Fz) ( % )+ (z(zfl)*Fz)((FH& o.-. an)

(2 ( FHl o FM)(x)) +egy io= 1,...,n — 1, ((20TVRFM) + (27 g))5(a%) +

(

s

1, z" e,

2Dy () + (2™ g) () < (2%, 2) + &, and 0 < (2, g(x)) + €p41. By taking the
um we obtain

FrE") + f((Fh om0 F™)(x))
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n—1
+ Z[( (1—1)*Fz)*(zz*) + (Z(i—l)*Fi)((Fi-‘rl 0.--0 Fn)(.%'))]
=1
+ (V) 4+ (279)5 () + TV (@) + (2™ g) ()
— (2", g(2)) < (2%, (F o0 F")(@)) + 0
n—1
+ ) [ (F o0 F™)(2)) + &
=1
+ (", x) + en + ent1
n—1 n+l
_ <Zi*, (Fi+1 .o Fn Z g+
=0
which is equivalent to
n—1
FEE) + F(F om0 F) (@) + ) (200 P (%)
=1

(V) 4 (27 9))5(2%) < (% 2) 4 e
By using (2.1) we get

(foFto---o F")(z)+ ((foFlo-- o F™") 4+ 64)"(z*) < (z*,2) + ¢

ie. 2 €0.(foFto---0F™) +d4)(x).
“<”: For the trivial case (f o F!o.. o F™")% = +oo the statement is obviously
fulfilled. Let us now assume that x € AN dom f and denote

(3.4) gi=(foFto. .o F")(z*)+ (foFlo..0 F™)(z) — (z*,2) >0,
which in turn implies that z* € 8€(f oFlo..oF"+§4)(x) and so, there exist
€2>0,i=0,...,n+1,2"€ K,i=0,..,n—1, and 2™ € Q" such that

((zD*F™) + (2™ g) + 65)"(2") + (( (D) + (27 g)) (x) < (27, @) + €,
DY ) (O @) < (@)

+ei, i=1,...,n—1, 0 < (2"g)(z) + ent1,

FEN(F™M@)))) + f(27) < (2%, FHF? (. (F™(2))))) + €o-

Summing up these inequalities leads to
n—1
(D7 E™) + (279) + 85)" (@) + (D7) + (2" g)) (@) + 3 (26D F)*
i=1
n—1
(=) + )V EYEF(F (@) + FE L (FM) () + f(27)
i=1
n+1

< (a*,x) +Zez+Z GO (P (P () + (2" 9) (),
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and by using ¢ = Z?jol g; and (3.4) this is equivalent to

n—1
(07D (27g) + 65" (@) 4+ (V) () F(FH () @)
i=1

") < (x¥x) + (foFlo.o F")5 (") + (fo Flo...o F™)(z) — (z*, z)
and further to

n—1
((Z(nfl)*Fn) + (Zn*g) + 55)*(1,*) + Z(Z(zfl)*Fz)*(zz*)
i=1

+f* (") < (foFlo..o F™y5(x®).
Finally, Theorem 2.3 provides the desired statement. O

Remark 3.2. Note that no regularity condition is needed for proving the inclusion
“2>” in the Theorem 3.1.

When ¢ =0, § = X,, and g is identical zero, the previous statement delivers the
formula for the subdifferential of a multi-composed function.

Corollary 3.3. Let My be closed regarding U. Then for all x € X™ it holds

A(foFlo- oF)(z)= U Az F) ().
2 EKGNOf((FH (... F™ (@),
S K INA(- D Y (Fit1(F(2))),
i=1,...,n—1

We employ now the result of Theorem 3.1 for giving necessary and sufficient
e-optimality conditions for (P¢). Recall that Z € A is an e-optimal solution of
problem (P¢) if

(foFlo---oF")(T)Sgﬁigg{(foFlo---oF")(w)}+6,

which happens if and only if Oxx € 0:(f o F' o0 F, + 04)(T).

Theorem 3.4. (a) Assume that the regularity condition (RCYL) is fulfilled and let
e>0. IfT € A is an e-optimal solution to (P%), then there exist e; > 0, i =
0,...,n+1,z2* € K}, i=0,...,n—1, and 2" € Q* such that (2°*,...,2™) is an
e-optimal solution to (D) fulfilling

(i) 0< f(F(... F*(@))) + f*(Z%) = (2", FI(...F"(%))) < eo,

(i) 0 < ZO-VFO(FHL( . FYE)))+EED RO () — (7, FHY( . FM(T))) <

i=1,...,n—1,
< EFDREM) (@) + (2M9)(T) + (EDF) + (29))5(0x;) < e,
< —(z",9(T)) < ent1,

(b) If there exist ; > 0,i=0,...,n+1,z2* € K}, i=0,...,n—1 and 2" € Q*
such that (i)-(v) are fulfilled for some T € A, then T is an e-optimal solution to
(PC), (z%,...,2") an e-optimal solution to (Dt) and v(PY) < v(DL) + .
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Proof Since 7 is an e-optimal solution of the problem (P®), it holds 0 xx € 0:(f o
Flo...0F"+64)(%) and by Theorem 3.1 that there exist ¢; > 0,7 =0,...,n+ 1,
" e K*, i=0,...,n—1and 2™ € Q" such that zo* € KMo, f(F.. F”(*))
Zi* ¢ K* No.. ( (z 1)*F1)(F1+1 Fn(f)), i=1,. -1, OX* € 0. (( (n— 1)*Fn)
(Z"g) + 05)(T), 0 < (", 9(T)) + ept1 and z+01 e; = €. Using (1.1) one obtains

(4)- (i)
(b) The sum of relations (i)-(iv) yields

(fOFlo"'Oanf)—i-f*(Eo*)—<§0*,(F1 OFn +Z —(i— 1)*F1

((Fi+1 6.--0 Fn)(f)) + (3(171)*F1)*(Ez*) o <§i>k7 (FiJrl 6.---0 Fn)(f»] + (E(nfl)*Fn)

n+1
(@) + Z"9)(@) + (E" V" F") 4+ (279)5(0x;) — ™, 9@) <Y e &
i=0
(f o Fl 6---0 Fn)(f) + f*(EO*) + Z(E(zfl)*}m)*(zz*)
i=1
n+1
_|_((2(n71)*Fn) + (En*g))g(OX;) < Zgi-
i=0
Employing relation (v), the last inequality yields the conclusion. d

When ¢ = 0, the previous statement delivers the following necessary and sufficient
optimality conditions for characterizing the optimal solution to (P), providing thus
weaker hypotheses for the similar statement [20, Theorem 4.2].

Corollary 3.5. (a) Assume that the reqularity condition (RCYp) is fulfilled. If T € A
is an optimal solution to (PY), then there exist Z* € K i=0,....,n—1 and
2V € Q* such that (Z°%,...,2™) is an optimal solution to (D) fulfilling

() FFU(. Fr@) + [*(2) = (20, F'(... (),

(ii) (z(i—l)*Fi)(Fi—&-l(. ) Fn(f))) + ( (i— 1)*Fz) (ﬂ*) _ <?*,Fi+1(. __Fn

(@))y=0Vi=1,...,n—1,

(i) ("D F")(@) + (279) (@) + (E" DV F") + (279))5(0x;) = 0,

(iv) (", 9(@)) = 0.
(b) If there exist * € K, i = 0,...,n — 1 and 2" € Q* such that (i)-(iv) are
fulfilled for some T € A, then T is an optimal solution to (P®), (2°*,...,2™) one to
(DCr) and there is strong duality for the primal-dual pair of problems (P¢)—(DCr).

Remark 3.6. The classical composed optimization problem (cf. [2,3,6,9,10,15])
(P) inf {V(:L‘) + (G o H)(z)},

where Y is a Hausdorff locally convex space partially ordered by the convex cone
C,V : X — Ris a proper and convex function, G : Y — R is a proper, convex
and C-increasing function on dom G and H(dom H) C domG and H : X =Y is a
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proper and C-convex function, can be obtained as a special case of (P®) by taking
Xo =R x Y partially ordered by Kg =Ry x C, X; = X,

fRXY =R, f(41,99) == oi + G(y9) with (47,93) e R x Y

and

(V(z),H(z)),if x € domV Ndom H,

1 v ol o1y .
F': X S RXY, Fiyy,yp) = { +00R, xC, otherwise.

Moreover, different results on stable strong Lagrange duality, e-subdifferential and
e-optimality conditions involving (PY) from [3,10,15,16] can be recovered then as
special cases of our statements. This shows that the introduced concept of multi-
composed optimization problems combines several approaches to give formulae for
the characterization of strong and total Lagrange duality. Moreover, since the
formulae for the conjugate functions of (V + (G o H)) can also be received by using
the perturbation theory (see [2,4]), the introduced concept can also be interpreted
as an umbrella for several perturbations.

4. APPLICATIONS

In this section we discuss two possible directions where our main results can be
applied, fractional programming and entropy optimization.

4.1. e-optimality conditions for convex fractional problems. Consider the
following convex fractional optimization problem

A={z e S:g(x) e -Q}, :

where ¢; are positive numbers for ¢ = 1,...,n. In order to deal with the problem
(PY) by means of duality, let us in the following assume that X, = R” is partially
ordered by Ko = R, X; = R" x R" is partially ordered by K; = R x R,
Xo = X and Z is partially ordered by the convex cone (), where X and Z are
locally convex Hausdorff spaces. In addition we assume that S is a non-empty,
closed and convex subset of X, g : X — Z is a proper, Q-convex and @Q-epi closed
function and ® : R® — R is a proper, convex, R’ -increasing on R’} and lower
semicontinuous function. Further, let h; : X — R be a proper, convex and lower
semicontinuous function fulfilling h;(x) > 0 for all x € X and [; : X — RU {+o0}
be a proper, concave and upper semicontinuous function fulfilling {;(z) > 0 for all
r € X,i=1,...,n. As the function ® is defined in a general way, this fractional
problem covers a broad class of optimization problems, with applications in many
areas such as finance, economics and engineering. Examples for the function ® are
(y°) = max{yl,..., 50} B(0) = X0, 0 or D(y°) = [y — all, where | - || is the
Euclidean norm and a € R™ a suitably chosen point (see, for instance, [18,19]).
To write the problem (PF) as a special case of the problem (P®) we introduce

the following functions:

e f:R" — R defined by f(y°) := ®(y"), ¥° = (1?,...,99)7T e R,

o ' :R" x R" — R” defined by
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2 12\ T ~ .
F(yl @’1) ( l[ygI%] 7'--7_071%) 71fy7,1207 yz’1<071:17"'7n7 and
+ooRr, otherwise,
o [2: X — R" x R" defined by
(hi(x), ..., hp(x), —li(x),...,—l(x)), ifze€ ﬂ (dom h;
20, —

Fo(x) = A dom(—1)),

+O0R" xR 5 otherwise.

The problem (PF) can be rewritten as
(PF)  int{(foF' o F¥)(a)},
re

A={z e S:g(x) e -Q}.

It is worth noting that the functions f, F'! and F? fulfill the conditions considered
in the previous sections, namely f is proper, convex, lower semicontinuous and
R" -increasing on R”, and F!(dom F'') = R, F! is proper, R"-convex and (R" x
R",R" )-increasing on dom F' = R} x int(— R") F?(dom F 2) and R’} -epi closed.
Note that the convexity of F* follows as —[y}]?/ ﬂll is convex for all y} > O and y! <0
and moreover, as —[y}]?/y} is R?-increasing for all y} >0 and y} <0,i=1,...,n,
we can guarantee that F'! is (R x R, R" )-increasing on R". x int(—R"). The R":-
epi closedness of F'! follows by the continuity of —[y}]?/y} for all y} > 0 and y! < 0,
i=1,...,n. Further, it is not hard to see that F? is proper, R? x R’ -convex and
R? x R’ -epi closed.

In the next step we want to determine the conjugate functions of (:%*F') and
(((z1*,21*)F%) 4 (2%*g))%, where 2% € R7, (2!*,21*) € R? x R? and 22* € Q*. The
one of (z*F1') is (cf. [11])

(0 Py (2" 31*)—{0’ 2 = g 20 =L

400, otherwise.

and for the last one we obtain

(2, 3)F?) + (29))5(c") = sup { Z il

€S

+Y F i) - (22*9)(96)} = (Z(Zil*hi —Z") + (22*9)> (7).
i=1

i=1
To give a formula for the closedness type regularity condition one also needs the
epigraph of (z%*F1)* for 20* € R" | that can be expressed as epi((z%*F1)*) = N xRy,
where

N := (1*~1*)eIR<"><IR<"-~1*_[Zi1*]2>o1:1 n
: A g 20 ey

The corresponding closedness type regularity condition for the problem (PF) is
then
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(RCp) | T3 (epi(®*)) + U 7~'2{ (N x Ry x {=2"})
zO*GRZ}_, (zl*,Zl*)Te]Rixn
ZQ*EQ*

+7~”22* (epi << i(zil*hi —Z* ) + (22*9)> ) x {=(z", 31*)}>>
=1
R.

is closed regarding the subspace {Ox;} x {Ox;} x X* x

Theorem 2.3 implies the following stable strong duality statement for problem
(PF).

Theorem 4.1. The regularity condition (RCF) is fulfilled if and only if

T 2
ap i) -0 (el i) |

zeA

= oM {‘I>*<ZO*> + (Zgz%*hi -2 + (z?*g>> <x*>}

for all x* € X*, where

0 1x ~1 2
B::{(Z*,Z*,Z*,Z*)ER?FXR?#XR?FXQ*:

1*]2

One can also provide necessary and sufficient optimality conditions for the e-
optimal solutions of the problem (PF ) via Theorem 3.4.

Theorem 4.2. (a) Assume that the regularity condition (RCF) is fulfilled and let

e>0. IfT € X is an e-optimal solution of the problem (PF), then there exist

€>0,9=0,...,3 and (70*,71*,?* z2*) € B such that

(i) 0< <1>( B e L) 4 @ (30) zz% L@l < g,
(i) 0 < Z (z czlif))]2 -z (T) —I—Zl*lz(f)>

(i) 0 < i<<z3*m><x>—zi*zi<x>>+<z2*g><x>+(

IN

€1

<z3*hi—23*zi>+<22*g>) (0x-)

-

=1

(iv) 0 < —(z",g(7) < e,

(V) e0+e1+e2+e3=c¢.
(b) If there exist &; > 0, i = 0,...,3, and (2%, 1*,51* z%) € B such that (i)-(v)
are fulfilled for some T € X, then T is an e- optzmal solution of the problem (PF).

Remark 4.3. Like in the previous section, we are also able to give in this case
a closedness type regularity condition, which provides a new stable strong duality
statement and e-optimality conditions where h;, [; and g are separated for ¢ =
1,...,n. This can be achieved from the main results, for example, by introducing
the following functions
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e f:R" — R defined by f(y°) := (1), ° = (4,...,90)T € R",
o F1:R" x R* — R” defined by

F (yl gl) ( Cl[yN%]z,...,—Cn[y;:lLP) s lfyzl > O, :{721 < O,Z = ]_,...,TL,
+00R? otherwise,
o [2: X" x X7 — R" x R" defined by
(hl(y%)a ceey hn(yr%)v _ll(@%% SRR _ln<@%))7 if yi2 € dom hi?
F2(y%,9%) = y? € dom(—1;),i =1,...,n,

+00R: xR 5 otherwise

« F%: X — X7 X X7 defined by F3(z) — { (@, @), if 2 €A,
4+0ognwKn, otherwise.
4.2. Optimization problems with entropy-like objective functions. Other
potential interesting applications of our main results from this paper are in entropy
optimization. Inspired by our contribution [5], where we have presented duality
investigations on optimization problems with entropy-like objective functions that
encompassed as special cases the classical Kullback-Leibler, Shannon and Burg en-
tropy functions, as well as other papers like [1,13], we consider the following opti-

mization problem
) { S (5}

where A is defined as in the beginning of this section, ®; : R, — R is a proper,
convex, lower semicontinuous and increasing function fulfilling ®;(¢t) > 0 for all
t >0, h; : X — R is a proper, convex and lower semicontinuous function fulfilling
hi(z) > 0 for all z € X and [; : X — R is a proper, concave and upper semicon-
tinuous function fulfilling I;(x) > 0 for all x € X, i = 1,...,n. As ¥, is a convex
function, ¢ = 1,...,n, we know by [1, Lemma 2.1] that the objective function of
(PF) is convex and hence, (P¥) is a convex optimization problem.

To consider it in the framework of the approach in the previous sections, take
Xo = R" x R" be partially ordered by Ko =R’} x R}, X1 = X" x X" be partially
ordered by K1 = K™ x K™ and X9 = X be partially ordered by the closed, convex
cone K as well as the following functions

e f:R? x R"* — R defined by
zyE@ (%), if 4°.3°) e Ry x (-RY),
+oo otherwise,

o F1: X" x X7 — R" x R” defined by

(ha(yi),- -, fin(y n); —11(~1) ooy = a(Tn)), i (4 7)
Fliyhgt) = € Hldornl X 1:[1dom( hi),

+O00R™ xR7 5 , otherwise,
and
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o F2:X = X" x X" defined by F2(z) = { fOOK ”3[){ 1f0”ih€e ;jv’ise
7L>< 7L’ .

In order to keep the length of the paper reasonable, we leave the derivation of the

corresponding duality, optimality and subdifferential statements to the interested
reader.

Remark 4.4. Other duality schemes may be employed for approaching the pro-
posed applications, too, however, the separation of the conjugates of the involved
functions in the corresponding dual problems may fail to happen. However, by in-
troducing the function F? it is possible to separate the conjugates of the functions
g, l; and h;, 1 =1,...,n, in the objective function of the conjugate dual problem of
(P¥). This also underlines the benefit of the concept introduced in this paper.

Remark 4.5. For different hypotheses imposed on the involved functions, that can
be written as multi-composed functions, too, by carefully choosing the correspond-
ing functions and cones, the problem (P¥) turns out to encompass as special cases
different important (entropy) optimization problems. In the following we present
some of these situations, noting that as usual in entropy optimization we consider
the convention 01n0 = 0.

(1) When ®; is decreasing, I; is concave and h; affine, for all i = 1,...,n, one
obtains a problem that, when ®; = —1In, ¢ = 1,...,n, collapses to the one
treated in [5].

(2) When ®; is increasing, I; is convex and h; affine, for all i = 1,...,n, one
obtains a problem that, when ®; is the identity function, h;(z) = 1 for all
x € X and l;j(x) = ki(x — y;), where k; € Rand y; € X, i = 1,...,n,
collapses to the Steiner-Fermat problem considered in [14].

(3) When ®; is increasing and nonpositive on the set {l;(z)/h;(z) : x € A,i =

1,...,n}, l; is convex and h; concave, for all ¢ = 1,...,n, one obtains a
problem that, when ®;(x) = —1 for all x € Ry and g¢;(x) = Inz;, where x =
(z1,...,2,)" € R” collapses, for an adequate choice of the other involved

functions and sets to the Burg entropy optimization problem treated in [12].

(4) When ®; is decreasing and nonnegative on the set {l;(z)/h;(x) : z € A,i =
1,...,n}, l; is concave and h; convex, for all i = 1,...,n, one obtains a
problem that, when ®;(x) := ¢;(1/z) whenz > 0 and for¢; >0i=1,...,n,
turns out to be a special case of (PF) (see also [11,19]).
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