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Duality and e-optimality conditions for multi-composed
optimization problems with applications to fractional and entropy
optimization

Sorin-Mihai Grad* Gert Wanka' Oleg Wilfer!

Abstract: We introduce a closedness type regularity condition that characterizes 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 necessary and sufficient e-optimality conditions
that characterize e-optimality solutions to multi-composed optimization problems. As a
byproduct, a formula of the conjugate function of a multi-composed function is provided
under a regularity condition weaker than known in the literature. We also present two
possible applications of our investigations in fractional programming and entropy opti-
mization, respectively.

Key words: convex functions, composed functions, regularity conditions, conjugate func-
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1 Introduction and preliminaries

Motivated by possible applications in fractional programming and entropy optimization, 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 optimality 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 presented,
strong duality being delivered under some interiority type regularity conditions. 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 prob-
lems may contain multi-compositions of functions. We introduce a closedness type regularity
condition that characterizes the stable strong duality for convex constrained optimization prob-
lems 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
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for delivering necessary and sufficient e-optimality conditions that characterize e-optimality so-
lutions to multi-composed optimization problems. As 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 compositions appear
alone, allowing thus a separate processing. This might prove to be of advantage when concretely
solving such problems by means of numerical algorithms, 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 x € X and z* € X*, let (x*,x) := 2*(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 “Sg”, defined by <g:= {(z,y) € X x X : y —x € K}, ie. for x,y € X it
holds z S 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 +oox, which does
not belong to X and denote X = X U {400k }. Then it holds x <y +oog for all z € X. We
write x <f y if and only if x < y and = # y. Further, we write <g, =:< and <g, =:<.

On X we consider the following operations and conventions: = + (+oog) = (+ook) + = :=
+oog Vo € X U {+oog} and X - (+ook) = +oog YA € [0,+00]. Further, K* := {a* €
X*: (z*,z) >0, Vr € K} is the dual cone of K and we take by convention (z*,+o0ok) := 400
for all z* € K*. By a slight abuse of notation we denote the extended real space R = RU {400}
and consider on it the following operations and conventions: A+ (400) = (+00)+ A := 400 VA €
[—00, +00], A+ (—00) = (—00) + A := —00 VA € [—00, +00), A-(4+00) := +00 VA € [0,400], A-
(+00) := —00 VA € [-00,0), A (—00) := —00 VA € (0,400, A (—00) := 400 VA € [—00,0),
and 0(—o0) := 0. For a subset A C X, its indicator function 64 : X — R is

5a(x) :_{ 0, ifx e A,

400, otherwise.
For a given function f : X — R we consider its effective domain dom f := {z € X : f(z) < +o0}
as well as its graph gra f := {(z, f(x)) : © € dom f}, and call it f proper if dom f # () and
f(z) > —oo for all x € X. The epigraph of f is epif = {(z,r) € X xR : f(x) < r}. The
conjugate function of f with respect to the non-empty subset S C X is defined by fg: X* —
R, fi(z*) = supyeg{(z*,2) — f(z)}. In the case S = X, fZ 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(Ax + (1 —N)y) < Af(z) + (1 = N)f(y) for all z,y € X and all X € [0,1]. A function
f: X — R is called lower semicontinuous at € X if liminf, ,z f(z) > f(Z) and when this
function is lower semicontinuous at all z € X, then we call it lower semicontinuous (l.s.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 x <k y follows f(x) < f(y) for all x,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,7) € X xR : k>0, r =
f(z) + kY = gra f + {0x} x R,

If we take for a proper function f : X — R an arbitrary € X such that f(x) € R, then
we call the set 0. f(x) = {z* € X* : f(y) — f(x) > (z*,y —2) —¢e, Vy € X} for € > 0 the
e-subdifferential of f at x. Moreover, for ¢ = 0 we write 0f(x) = 9yf(x) and we say that f is
subdifferentiable at z if 9f(x) # (0. Additionally, we make the convention that 0. f(z) := 0 if
f(z) ¢ R. It is well-known that (see [9])

f@) + f7(2%) < (2%, 2) + e & 2" € O-f(x). (1)

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 {4+o00g} is domF := {x € X : F(z) # +oog}. F is
called proper if dom F' # (). When F(Az + (1 — N)y) <o AF(z) + (1 — A\)F(y) holds for all
xz,y € X and all A € [0, 1] the function F' is said to be @-convex. The Q-epigraph of a vector
function F' is epig F' = {(z,2) € X x Z : F(z) Z¢ 2} and when Q@ is closed we say that ' is
Q-epi closed if epig F' is a closed set. For a 2* € Q* we define the function (2*F) : X — R
by (z*F)(x) := (2%, F(x)). Then dom(z*F) = dom F. Moreover, it is easy to see that if F'
is Q-convex, then (z*F) is convex for all z* € Q*. The vector function F is called positively
Q-lower semicontinuous at x € X if (2*F) is lower semicontinuous at z for all z* € Q*. The
function F' is called positively @)-lower semicontinuous if it is positively Q-lower semicontinuous
at every x € X. Note that if F 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 () = R, 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 x <k y follows
F(x) =g F(y) for all z,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, beginning with one
whose proof is straightforward.

Lemma 1.1. Let V be a Hausdorff locally convex 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-convez.

Lemma 1.2. Let Y be a Hausdorff locally convex space, Q 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(x,y) := F(z) + G(y). Then F is Q-epi closed if and only if h is Q-epi closed.

Proof.“=": Let (za, Yo, 2a)a C epig h such that (24, Ya, 2a) = (Z,7,Z). Then F(z4)+G(ya) <
zq for any a, followed by (74, 20 — G(Ya))a C epig F and (ya, G(Ya))a C epig G. Because G is
continuous and y, — ¥, it follows that G(yo) — G(¥). Then (zq, 20 — G(Ya)) — (T,Z— G(Y)) €
epig F, because this set is closed. One has then F(7) =g Z—G(Y), i.e. (7,7,%) € epig h. As the
convergent nets (To)a, (Ya)a and (zq)a were arbitrarily chosen, it follows that epig) h is closed,
i.e. his Q-epi closed.

“«=": Let (za,2a)a C epig I such that (7q,24) = (7,%). Take also (ya)a € Y such that
Yo — Y. Because G is continuous, one has G(ya) — G (7). Then (24, Ya, 2a + G(Ya))a C epig h,
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which is closed, consequently (7,7,Z + G(Y)) € epig h, i.e. F(T)+ G(Y) =¢ Z+ G(y). Therefore
F(T) =@ 7, 1.e. (7,%) € epig I'. As the convergent nets (z4)n and (z4)a Were arbitrarily chosen,
it follows that epig F' is closed, i.e. F'is ()-epi closed. O

Remark 1.2. 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 (1.4 remains valid if one considers a proper
vector function G : Y — Z that is not necessarily continuous is still open.

Remark 1.3. If we set Y = Z and G(y) = —y, Yy € Y, then Lemma says that F is Q-epi
closed if and only if the vector function defined by (x,y) € X XY — F(x)—vy 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 Q # 0.

Let Xo,..., X, be Hausdorff locally convex spaces and consider the functions f; : X; — R,
i=0,...,nand ¢: Xo X ...x X, — R defined by ¢(3°,...,y") =S, fi(y*). It can easily be
verified that dom ¢ = [[i_ dom f;. Furthermore, letting 7¢. : X; x R — {Ox,} x ... x {0x,_, } X
Xi x {0x,4,} X ... x {0x,} X R be defined by T¢ (z,r) := (0xq, -, 0x,_;,2",0x,,,,---,0x,,7)
for all z° € 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 1.3. Let f; : X; — R be a proper function, i =0, ..., n, then it holds

epigp=> TE, (epifi).
=0

Proof. Using Remark one gets

epi¢ = {(y07 A 7yn77/.> : (b(yO’ A 7yn) S r}
= {(yo,...,y",qﬁ(yo,...,y")):(yo,...,yé)edom¢}+{0xo}x...X{Oxn}xR+
= {@ v S+ H fay™) sy €dom fi, i =0,...,n}+{0x,} x ... x {0x,} x Ry

n

= Z({(OXO,. . .,OXi_l,yi,OXi+1,. . .,OXn,fi(yi)) : yi € dornfz} + {OXO} X ... X {OXn} X R+)

=0
= Z{(OX(N"'70Xi717yi70Xi+17"‘70Xnari) : fl(yz) Srl} :ZT)’Z (epl(fl)) O
i=0 i=0

We also consider the operator ’7}‘2 X X Rx Xio1 = {0x,} x ... x {0x, .} x Xj1 x X; %
{0x,,, } x...x{0x, } xR defined by ’7}12,(3:2',7’, 271 = (0x,, . - - ,OXFWQ:Z'*l,x",OXiH, .o, 0x,,7)

for all 2 € X;,i=1,...,n, and r € R, where it is easy to see that
T)?i(l'i,?“)+(OXO,...,OXi_Q,.%i_l,OXi,...,OXn,(])
= (OXO,...,OXi72,xi*1,:c",0Xi+l,...,Oxn,r):%;i(xi,r,mifl) (2)

forall 2 € X;,i=1,...,n,and r € R.

Remark 1.4. Note that the operators T)?Z_, 1=1,...,n, are homeomorphisms. This means that
for a mon-empty subset P; C X; X R the set Ty, (Py) is compact if and only if the subset P; is

compact. The same holds also for the function ’7}?2, 1=1,...,n.
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2 Lagrange duality for multi-composed optimization problems

The starting point of our research is for a fixed * € X the following multi-composed problem
(PS)  inf{(foFlo...0 F")(z) - (z",2)},

€A

A={zeS:g(x) e -Q},
where X;, i = 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 Kg-increasing function on dom f and F'(dom F') C dom f,
F':X; — X1 = X;—1U{+o0k,_,} is a proper and (K;, K;_1)-increasing function on dom F*
and FT(dom Fi*t!) C dom F® for i = 1,...,n — 2, F" 1 : X, | — X, 2 U {+o0k, ,} is a
proper and (K,_1, K,_2)-increasing function on dom F"~! and F"(dom F" N A) C dom F"1,

F": X, = X,_1=X,_1U{+0c0k,_,} is a proper function and g : X,, — Z is a proper function
fulfilling SNg~ 1 (—Q)N((F™)to...o(F1)~1)(dom f)Ndom F™ # (). We also make the following
conventions: f(+00k,) = +o0 and F'(+o0k,) = +00k,_, , extending thus the involved functions

as follows f: Xg > Rand F': X; - X;_1,i=1,...,n— 1.
When z* = Ox: the problem (P%) collapses to
(PY)  inf{(foF'o...0cF")(2)},
z€A
A={z € S5:g(z) € -Q},
that was considered in [20]. One can notice that (P%) is a linearly perturbed problem of (P%).

In order to approach (PIC*), for fixed z* € X, by means of Lagrange duality consider the
following optimization problem

(ﬁxc*) inf N{f(y()’?yn) - <$*7yn>}
(¥0,-...ym)EA

z:{(yo,...,y”_l,y”) €EXgX...xXp_1 xS
g(y") € —Q, h(y'.y'™) € ~Ki—1, i=1,...,n},
where f: Xox...x X, —>Rand h': X; x X;_1 — X,;_1 are defined as
F@°, . y™) = f(3°) and K (y',y" ") = Fi(y)) —y L fori=1,...,n.

Its Lagrange dual problem is

(fo) sup inf f(yo,.-.,yn) i <x*7yn> + Z(Z(z_l)*vhz(yz,yz_l»
2N*eQ*, zi*eK;‘ yT'LEOS’ yzi)fz =1

t=0,...,n—1 T 7

+(=", 9(y™)) }

As v(PS%) = v(P%) (cf. [20, Theorem 2]), we use (ZNDQ?*L) to assign the following Lagrange dual
C

T

problem to (P)

(D)3 el {f(yo) g 0 ) gy
2ZN*eQ*, Zi*EK; yTLGOS, yze)l(i
1=0,..., n—1 1=0,..., n—



that can be equivalently written as

(DS*L) sup { — sup {(z*, y") — (VR Fr(yn)) — (2™, g(y™)) }—

2R eQ*, zi*EKf, ynesS
1=0,...,n—1
0x 0 0 n—1 ) . - o
sup {(z%,9%) — (")} — X sup  {(z",y") — (207D Fi(y))}
yOGXo =1 yleX;,
i=1,..., n—
and even simplified to
n—1

(DCr) sup { ) = S (DY () — (D) ¢ <z”*g>>z~<m*>}.
2R QX Z’L*GKZ i—1
i=0,...n—1

Remark 2.1. For z* =0 (DS*L) turns out to be the Lagrange dual problem to (P¢) which was
introduced in [20] and will be denoted further by (DCL). Additionally, note that the weak duality
for (]sx(”:) and (Dg}) is always fulfilled, i.e. v(ﬁg) > v(f)g}) Thus one has v(P%) = v(ﬁﬁ) >
v(lN)g*L) = v(D?}) and, hence, for any x* € X, it holds

n’

zse%? {(z*,2) = (foFlo...0o F")(z) — d4(z)} <

n—1
e {f*<Z°*> + Y GEDE ) (R + <z”*g>>g<x*>},
i=0,"..,n—1 e =1

i.e. for all 2™ € Q* and 2™ € K}, i =0,...,n— 1, one has the inequality

n—1
(FoF ..o F")() < F1(2%) + S0 F) (27) 4 (D F™) + (" g)5(). (3)

=1

In order to achieve strong duality for the primal-dual pair (ch*)-(Df*L), that is actually stable
strong duality for (PY)-(D®?) and also corresponds to the equality case in , one needs addi-
tional hypotheses. To this end we employ the following regularity condition, considered in [16]
for guaranteeing stable strong Lagrange duality,

(RC,) | M= U epi((f+ (Z*h) + dz)*) is closed regarding the subspace U,
ZreK*

where U := {0x;} x ... x {Ox: } x X} xR, 7 := (3°,...,y") €eX =Xox..x X, K =
Kox...xKn_le,g::Xox...xXn_le,Z::Xox...xXn_le,)z* = X5 x ..o x X,

7= (0%, (0D vy e KF o= Kj x...x K} | x Q" and h:X > Z=2U {+oog}
defined as

(R (yt, y0), ... R (y™, y™ ), g(y™)), if (v',y*') € domh?, i=1,...,n, y" € domg,
+00z, otherwise.

i) = {

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



Lemma 2.1. The set M’ can equivalently be expressed as

M = Tg.(epi(f*)) + U ( 2 T"* (epi((zU~1*F)*) x {—2(71})
2FeQ*, K}, \ 1=

+T (epi(((z"D*F™) + (279))5) x {—2(""11}) )

Proof. For fixed 2™ € Q*, 2* € K, i=0,...,n—1, and §* = (y**,...,y™) € X{ x ... x X},
we have

(f + (Z°h) + 65)" (") = suwp{ (7", 7) — f(3) — (Z",h(@))}

yES
= swp { W'y = F°) =D I Py -y ) - <z”*,g(y”)>}
y’EX,L-, 1=0,..., n—1 i=0 i=1
ynes
= sup {(% +2%,0%) — FO)} + sup {(™ ") — (D E (M) — (2 g(y™)} +
y9eXo ynes
n—1
| sup {<yz* + Zi*,yi> <Z(l_1)*,FZ(yz)>}
i=1Y eX;, i=1,..., n—1
n—1
= L% 42"+ (EOTVFT) 4 () s + YTV (" + 2) (5)
=1
Moreover, one has
@.r) e |J epi(f+(Fh)+d5)"
TreK*
e 3%, ) e KE X K x .. x KX X Q such that

f*(yo* + ZO*) + ((z(n—l)*Fn) + (zn*g))g(yn*) + Z(z(z—l)*Fz)*<yz* + Zl*) <7 (6)

Employing Lemma, and , this is further equivalent to
320, 2T o) e K x K x ... x K| x Q* such that

n—1
(", y™ 7)€ T (epi(f9) + ) ﬁ?; <epi((z<“>*Fi)*) X {_Z@l)*})
=1

T (ep1<<<z<”-1>*F"> L (9)3) X {—z<”-1>*}),

which actually means that

z”*eQ P eKY,

(v, ...,y r) € Tn{; (epi(f*)) + U ( Z Tn* <ep1( (i— 1)*Fi)*) % {_2(11)*}>

TR <epi<<<z<nl>*Fn> + (2 g))) x {—z<“>*})) -
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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;_j-convex and K;_i-epi closed vector function for i = 1,...,n and g is a
Q-convex and Q-epi closed vector function.

Theorem 2.1. The regularity condition (RCY) is fulfilled if and only if

(foFlo...o FM)y(a*) =

min {f*(zo*) 5 (O iy () 4 (D) 4 <zn*g>>g<x*>} Vo' € X},

2MFEQ*, ZIFEK, i=1

i.e. there is stable strong duality for (P¢) and (D).

Proof. According to the previous considerations, it holds
v(PS) = (PC) > v(DCL) = o(DSE).

The convexity and topological hypotheses imposed above guarantee, via Lemma [[.J]and Lemma

2. that f is convex and lower semicontinuous and A, i = 1,...,n, are K;_q-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 z™* € Q* and z* € K}, i =0,...,n — 1 such that
(PS) = inf  {f(s° ") = (@t y")}
v( Py in Yooy Yy ",y
Y0, ym)€A

= sup inf FOO oy = @y + DR ) + (2 g(0™)

ZMreQ*, Zi*eK} yneos yle}f i=1

1=0,..., n—1 K o -

= inf {f(yo, oy =@yt + Y ET Ry ) + <Z”*7g(y")>} = v(DSF).
ynes, yteX; i—1
Consequently, v(PS) = v(DSE). O

Remark 2.2. Since one has via (4, Theorem 3.5.9] stable strong duality for (JSC) and its La-
grange dual problem if and only if M’ is closed in the topology w(X*, X) x R, the reqularity
condition

(RCT) ‘ M s closed in the topology w(X*, X) x R
is a sufficient condition to have stable strong duality for (PC) and (Dr).

Remark 2.3. Alternatively to the Lagrange duality approach, one can consider the Fenchel-
Lagrange type dual problem for (PC), by employing the following perturbation function

O(r1. .. ) FEN N E @ +y") +y" ) ) +y0), if g(z) €y - Q,
I ' 400, otherwise,



where (y°,...,y" y" 1) € Xo x ... x X, x Z are the dual variables. By simple calculations one
derives the following conjugate function of ®,

@*(x*, yo*’ o ,y(n+1)*) —
A y) + ji):(yi*F”l)*(y(””*) + (—y g 5 (@ — y™) + S (—y " TY),
and hence, the following Fenchel-Lagrange type dual problem is assigned to (PC),
(DCrr) sup {—CD* (0X;’ WOy y(n+1)*) }

(yO% .y y( D e X x .. x XA X Z*

— sup { Z Z*F’L+1 z+1)*) _ (y(n+1)*g)*s(_yn*)} )
y*EXF,i=0,...,n, i—0
YD con
Notice that different to (DCL), in (DCFL) all the involved functions appear separately. 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 (DCFL). For this purpose, we have to ensure that Pry: g (epi®*) is closed
in the topology w(X}, X)) X R (see [2,4]). It is an easy exercise to observe that

Prx:xr(epi®) = U  epi(y™*g)5+
y("‘H)*EQ*
n—2 . . .
U <epi(y(”‘1)*F”)* + <0x;;,f*(y°*) + 3 (yr ) (yitD )>> :
i =0

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
(PC) and (DCFr).

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

Corollary 2.1. It holds
n—1
(foFlo. .oF")'(e") = min {f*<z°*>+Z<z<i—”*Fi>*<zi*>+<z<"—1>*F">*<x*>} 7

2N eQ*, z""‘GI(;‘7 c
=1

for all x* € X} if and only if

n—1
Mo =T (i) + U (Z’f;s; (epi((s-7F)7) x {—2607})
=1

zn*EQ* Z"*GK*

T3 (epi((="D7F™)") x {z<”—1>*})>

is closed regarding U .

Remark 2.4. The reqularity condition My closed regarding U is equivalent to the formula ,
thus a natural sufficient condition in order to guarantee 1s to ask My to be closed. The
formula can be found also in [20], but under a regularity condition of interiority type that is
stronger than the ones just mentioned.



3 e-subdifferential formulae and c-optimality conditions

In this section we give a formula for the e-subdifferential of the function fo Flo...o F™ + §4,
to the best of our knowledge the first one in the literature for such a multi-composed function,
that is subsequently employed for deriving necessary and sufficient e-optimality conditions for
characterizing the e-optimal solutions to the problem (PC), where ¢ > 0. As a special case, a
formula for the e-subdifferential of the multi-composed function fo Flo...o 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 [2-4,9]) as
special cases of our approach.

Theorem 3.1. The reqularity condition (RCr) is fulfilled if and only if for all x € X™ and for
all e >0 it holds

O:((foFlo...oF") +d4)(x) =
U {35n((z<n—1)*pn) +(2"g) +0s)(x) : 2% € K5 N O f((F(-.. F(2)))),

2 € KN O, (20 D*FY)(FH(...F™(2))), i=1,...,n—1,

2" e @Q* and 0 < (2™, g(x)) + £n+1}.

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

“C”: For a* € O-(f o Flo...0 F" +64)(x) by (1) it holds

(foF'o...o F") 4+ 64)" (") + (foFlo...o F")(x) +da(z) < (z*,2) + . 8)

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

O* _|_Z —(i— I*Fz z) (( (n— 1)*Fn) (z”*g))fg(x*)

H(foFlo...o F")(2) + (27, g(2) (x) — (", g(x)) < (a7, 2) + <. (9)
Further, the inequality in @ can be written as

FE) + F(Fo.. 0o F™(z)) — (3%, (Flo...0 F")(x))] +

n—1

SUIED Y (E) + GV F(F T oL o FM)(x)) — (2, (FT oo F™)(x))]
=1

H(EVE) + (279)s(a") + TV (@) + (27g) (@) — (2", @)

(2", g(x)) <e. (10)
Now, we define &y := f*(z%*)+f ((F%O...OF”)(:U))—(EO*,(Fl OF”)( )) ( (=1 piys (77%) 4-
(D F)(F o, 0 F)(2) - (5, (F* 0. .o )@} i = L. yn 1, B, o= (200D ) 4
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(2" 9))5(z*) + GV F") (2) + (2g)(z) — (¢*,2) and e,41 = —(z",g(2)). By the Young-
Fenchel inequality it is clear that 50 > 0 andg; > 0,7 = 1 ,nand as z"* € Q* and g( )€ —Q
it follows that ,4.1 > 0. Moreover, (|10]) yields €0+EZ 1 Ei < €. Setting g 1= e — Zl 1 & > €o,
it holds 2% € 0=, f(F*(... F"(x))), E’L* € 0,V FY(FH(.. FY(x))), i =1,...,n — 1 and
z* € 0, (Z"V*F™) + (2" g) + 65)(z). Therefore, we have

e é%n((z(n—l)*pn) + (2" g) + ds)(x)
c U {85n<<z<n—1>*pn> +(779) +95)(2) : 27 € Ky N0k f(FI (.. F"(@))),

E:L+015 =e, €;>0,

1=0, m,n+1

7% e K N8, FY(FHY (FT2( ), i=1,...,n—1, ¥ € Q*

and 0 < (2", g(z)) + €n+1}.

“D”: Let us take an arbitrary

= U {8,3”((,2("1)*17”) + (2™g) + 0s5)(z) : 2% € K; N o, f(FL(... F*(z))),

1
E?;O g;=¢, £;20,

2 e Ko, UV Y (FHYF (), i=1,...,n— 1,

2" e and 0 < (2", g(x)) + €n+1}.

Therefore, there exist ¢, > 0,7 = 0,...,n+ 1, 2% € 0., (2" V*F™) + (2™g) + ds)(x), 2
KiNo,(f(Flo...0 F™)(z)), 2 € Kf N, (2 (-1) *F’)(F’“( L F(x),i=1,...,n—1, and
2" € Q* such that Z?Jrol g =¢, f*(z 0*) —|—f(( oF”)( ) < (2%, (Flo...o F™)(x)) + eo,
(2D Py (20) + (LU Fo) (FH o, an)(g;)) _( ,(Ff o, oF™)(2))+e;,i=1,...,n—1,
((z("fl)*F”)—i—(z”*g))g(x*)—&-(z("*l)*F”) (2)+(2"g)(x) < (z*,2)+e, and 0 < (2™, g(x)) +Ent1-
By taking the sum we obtain

) + f(Fro... o F™)(x +Z =D iy (25%) + OV FOY ((F* oL o F) ()] +

((2(”’1)*F”)+(Z"*g))*s(x*)+(z(” 1)*F”)(JC) + (") (@) = (2", g(2))

n—1
< (Flo. o FY) (@) +e0+ Y _[(2" (F™ o o F")(x)) + &i] + (&",2) + £ + Ent1
=1
n—1 n+1
=Y L (FET oo FM) (@) + ) e
=0 %

which is equivalent to

FE) A+ F((Fr oo F) (@) + ) U F) () 4 (2 F) 4 (7)) 5 (") < (2%, 7) +e.
i=1

By using we get
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(foFto...o F")(z)+ ((foF'o...0o F™) + )" (z*) < (z*,2) +¢

ie. ¥ €0.((foFlo...0o F?) +d4)(x).
“<”: For the tr1v1al case (f o F'o...o F")% = 400 the statement is obviously fulfilled. Let us
now assume that x € ANdom f an denote

€= (foF1 o..0 F™")%(z") + (foF1 o..oF")(x)— (z*,z) >0, (11)
which in turn implies that 2* € 9.(foF'o...oF"+§4)(z) and so, there exist ¢; > 0,4 = 0, ..., n+1,
2* e Kf i=0,..,n—1, and 2™ € Q* such that

( (n— I*Fn+zn*g+6s) ( )+(Z(n—1)*Fn+Zn*g)($) < <$*’x>+5n7

(z (i-1) *Fl) (z i )+ (= (i~ 1)"‘FZ)(FZH((F”(x)))) < <zl*,F’+1((F"(x)))> +e&,1=1,...n—1,
0 < (2"9)(®) + en+1,

SIFNL(F™M@))) + f5(27) < (%, FHF?(L.(F™(2))))) + <o

Summing up these inequalities leads to

(Z(n—l)*Fn + Zn*g + 55)*($*) + (Z(n—l)*Fn +Zn*g)(1:) + Z(z(z—l)*FZ)*(Zz*)

+ i(z(i_l)*Fi)(Fi“(---(F”(fc)))) + FEN M) (@) + (")
n+1

< (2% x +Zsz+z D FD (FEF L (F (@) + (7g) (@)

and by using € = Z"ﬁ)l g; and (| ) this is equivalent to
n_l . . .
(Z(n—l)*Fn +Zn*g+5s)*($*) +Z(z(z—1)*F2)*(zz*) -I-f(Fl((Fn)))(l‘) + f*(ZO*)
i=1

< (a*,z) + (foFlo..o F")h(x *) +(foFlo.. 0 F")(z) — (2" )
o ( (n— 1)*Fn+zn*g+5s +Z (i— 1*Fz l*)—Ff*(ZO*)S(fOFlOOF”)Z(.%'*)

Finally, Theorem [2.1] provides the desired statement. O

Remark 3.1. Note that no regqularity condition is needed for proving the inclusion “2” in the
Theorem [3.11

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

Corollary 3.1. Let My be closed regarding U. Then for all x € X™ it holds
IfoFlo...o F")(x) = U (=D ().
2 eKGNOf((F!(..F"™(2)))),

2 eKFna(z0— D FHy(Fit1(LLF(2))),
i=1,...,n—1
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We employ now the result of Theorem for giving necessary and sufficient e-optimality con-
ditions for (P). Recall that € A is an e-optimal solution of problem (P®) if

(foFlo...oF”)(f)§Eé&{(foFlo...oF”)(x)}—ke,

which happens if and only if Oxx € 8:(f o Flo...0F, +04)(T).

Theorem 3.2. (a) Assume that the regularity condition (RCL) is fulfilled and let € > 0. If
Z € A is an e-optimal solution to (PC), then there exist & > 0,1 = 0,...,n+1, 2* € K},
i=0,...,n—1, and 2 € Q* such that (2°*,...,Z™) is an e-optimal solution to (DT fulfilling

(i) 0 < f(F(...F™(@)) + [*(Z) — (&%, F'(... F™(2))) < e,

(i) 0 < EEDFOY(FHL( L FYT))) + D)%) — (7%, FiFY( L F™(T))) < &
Vi=1,...,n—1,

(iii) 0 < (Z=DF7)(F) + (279)(F) + (ZDF") + (27°9))5(0x;) < e,

(iv) 0 < —(z",9(T)) < enta,

n+1

(v) > ei=c¢.
=0
b) If there exist e, > 0,31 =0,...,n+1, 2" € K*, i =0,...,n—1 and 2 € Q* such that
(2
(i)-(v) are fulfilled for some T € A, then T is an e-optimal solution to (P°), (2,...,2™) an

e-optimal solution to (D) and v(P®) < v(DE) + .

Proof. Since 7 is an e-optimal solution of the problem (P¢), it holds Oxx € O-(foFlo...oF"+
d4)(T) and by Theoremthat there exist ; > 0,i=0,...,n+1,z2* € K}, i=0,...,n—1
and 2% € Q* such that 2% € K Nd., f(F'...F™(T)), 2* € K;No., 0 V*F")(Fi*1 .. F"(7)),
i=1,...,n—1,0xs €0, (E""V*F")+(2"*g)+65)(T), 0 < (z*, 9(F)) +&pnt1 and Z?:Jrol g; = €.
Using (1) one obtains (7)-(73i).

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

(foFlo...0o F")(®@) + f*(Z") — &”,(Flo...0c F")(@))+
n—1
ST FY(F oo FY) (@) + FU VT F) (EF) - (F, (F oo FM)(@))+

i=1

EDFN (@) + (7)) + (Z0 V) + (2779))5(0xz) — (™, 9@) < 3 e 0
=0

n—1 n+1
(f o Fl o.. .0 Fn)(f) + f*(z()*) + Z(E(Z_l)*FZ)*(EZ*) 4 ((z(n—l)*Fn) + (fn*g))fg(ox;;) S Zgi'
i=1 i=0
Employing relation (v), the last inequality yields the conclusion. O
When ¢ = 0, the previous statement delivers the following necessary and sufficient optimality

conditions for characterizing the optimal solution to (PC), providing thus weaker hypotheses for
the similar statement |20, Theorem 4.2].
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Corollary 3.2. (a) Assume that the regularity condition (RCL) is fulfilled. If T € A is an
optimal solution to (P%), then there exist Z* € K, i=0,...,n—1 and 2" € Q* such that
(Z%,...,2™) is an optimal solution to (D) fulfilling

(i) J(F(...F*(@))) + [*(F") = &, F'(...F"(3)),
(i) (ZUDFY)(FHY( . FY(T)) 4 E0 DR (%) — &, P (L FY(E) =0VYi=1,...,n—
17
(i) (201" F) () + (276)() + (200" F") + (27°9)3(0x;) = 0,
(i) (2, 9(z)) = 0.
(b) If there exist 7* € 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¢), (z2°,...,2™) one to (DL) and there is strong
duality for the primal-dual pair of problems (PC) — (DCr).

Remark 3.2. The classical composed optimization problem

(P) inf {V(@)+ (G o H)(@)},

where Y is a Hausdorff locally convex space partially ordered by the convex cone C, V : X — R
is a proper and convex function, G 1Y — R is a proper, convex and C-increasing function on
dom G and H(dom H) C domG and H : X — Y is a proper and C-convex function, can be
obtained as a special case of (PC) by taking Xo = R x Y partially ordered by Ko = Ry x C,
X=X,

FiRXY =R, f(y,95) = y) + G(y3) with (y7,45) ER XY

and

FliX S RXY, Flyl,yb) = { (V(z),H(x)), if = domV Ndom H,
+0oor, xc, otherwise.

Moreover, different results on stable strong Lagrange duality, e-subdifferential and e-optimality
conditions involving (P€) from [5,9,(15,/16] can be recovered then as special cases of our state-
ments. 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.
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4.1 e-optimality conditions for convex fractional problems
Consider the following convex fractional optimization problem

(PT)  inf {@ <01 [hl(x)]Q,...,an> } :

zeA l1(x) ln(x)
A={z e S:g(x) € -Q},

where ¢; are positive numbers for ¢ = 1,...,n. In order to deal with the problem (PF ) by
means of duality, let us in the following assume that X, = R" is partially ordered by Ko = R’},
X1 = R" x R" is partially ordered by K7 = 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 {400} be a proper, concave and
upper semicontinuous function fulfilling /;(x) > 0 for all x € 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{y?,..., 30}, ®(°) = S0, Y or ®(y°) = ||y° — a|, where || - || is
the Euclidean norm and a € R™ a suitably chosen point (see, for instance, [18,/19]).

To write the problem (P) as a special case of the problem (P¢) we introduce the following
functions:

o f:R" = R defined by f(y°) := ®(y°), v° = (37,...,y0)" € R,
e F1:R7" x R" — R defined by
T
(—cl[gﬂz,...,—cn[%P) ,ifyl >0, gh<0Vi=1,...,n,
1

1
n

F'(y', ") =
+o0oRn , otherwise,

and
e F2: X — R" x R" defined by
(hi(x), ..., hn(x),=li(x),...,—lp(2)), if z € [ (dom h; N dom(—1I;)),

2
F (IL’) = =1
+OOR:L_ xR 5 otherwise.

The problem (P¥) can be written as

(P") ggﬁl{(fOFl o F?)(x)},
A={x e S:g(x) € -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(—R7?) = F?(dom F?) and R7-epi closed. Note that the convexity of F! follows as
—[y}1?/9} is convex for all y} > 0 and y} < 0 and moreover, as —[y}]?/y} is R? -increasing for
all y! > 0and 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
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and yil <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 (2%*F!) and (((z'*,z*)F?) +
(2%*9))%, where 2% € R7, (21*,21*) € R? x R? and z** € Q*. The one of (2%*F1) is (cf. [11])

4z,?* c; —

s Ly Lk 1« 0, lfgl*—[zzlﬂ2 >07’i:17-..,n7
(7 F) (21, 27) = '

400, otherwise.

and for the last one we obtain

(=1, 2)F?) + (2*g))5(z") = sup {@f’l z) =y 2 hi(e) + Y () — (22*9)(93)}
i=1

zeS i—1

B (Z(zil*hi—zil*lz‘)ﬂL(ZQ*g)) )

i=1

To give a formula for the closedness type regularity condition one also needs the epigraph of
(z0*F1)* for 2%* € R, that can be expressed as epi((z"*F')*) = N x Ry, where

[z

4z?*ci

N;—{(zl*,zl*)emxmzz}*— ZO,i—l,...,n}.

The corresponding closedness type regularity condition for the problem (PF) is then

(RCr) | T2

*
0

(epi(®*)) + U T2 (N x Ry x {=2%})
zO*ERi, (zl*,El*)TEJRiX"
22% eQ*

+T%: <epi << > (2 hi = Z*l) + (22*9)> ) x {—(Zl*,gl*)}>>
i=1
is closed regarding the subspace {0x;} x {Ox;} x X* x R.

Theorem implies the following stable strong duality statement for problem (P%").

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

z)]? n(2)]?
sup{(ac*,w) - (Cl%v“wcn[hln((x))} ) }

€A

— min, @)+
(20*72’1*,21,22*)€B i

for all x* € X*, where

n

1

(zi"hi — Z*li) + (z2*9)> (96*)}

112
~ ~ Z; .
B:.= {(zo*,zl*,zl*,ZQ*)emxmxmx@*:z}*— 7] >0 z:l,...,n}.

4z29%¢; =

One can also provide necessary and sufficient optimality conditions for the e-optimal solutions
of the problem (P) via Theorem
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Theorem 4.2. (a) Assume that the regularity condition (RCF) is fulfilled and let € > 0. If
Z € X is an e-optimal solution of the problem (PT), then there exist ¢; > 0,1 = 0,...,3 and

=1x*

(z0,z* 2, 2%) € B such that

() o=2 (Cl [hlll((?)}z’“"cn%) T ‘I)*(zo*) o ;Eg*cz% < ¢o,

(i) 0< Y. (e liBE — 2hni(@) + 570@)) <o

(v) €0 +e1+e2+e3=¢.

(b) If there existe; > 0,i=0,...,3, and (?0*,21*,51*,22*) € B such that (i)-(v) are fulfilled for

some T € X, then T is an e-optimal solution of the problem (PT).

Remark 4.1. Like in the previous section, we are also able to give in this case a closedness
type reqularity condition, which provides a new stable strong duality statement and e-optimality
conditions where h;, l; and g are separated fori =1,...,n. This can be achieved from the main
results, for example, by introducing the following functions

o [:R" = R defined by f(y°) :== 2(y°), = (11,....y0)" €R",
o F1:R" x R" — R" defined by
T
<—cl%¥,...,—cn[y@%}2) Cifyl >0, gl <0Vi=1,...,n,
1 n

+o0oRn , otherwise,

Fliyt,g') =

o [2: X" x X7 — R x R" defined by
F2( 2 ~2) = (hl(y%)y . .,hn(ygz%_ll(g%)v s '7_ln(g721))7 ny? € domhi7 ?712 S dOm(—li), 1= 1,7’1
Yy +00R? xRY 5 otherwise

and

(z,...,z), ifx € A,
+oognwKn, otherwise.

e F3:X — X" x X" defined by F3(z) = {

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 entropy functions, as well as other papers
like |1/13], we consider the following optimization problem

EY in Y i(x)D; L)
o xeﬁ‘{;m( " (hxx))}’
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where A is defined as in the beginning of this section, ®; : R, — R is a proper, convex, lower
semicontinuous and increasing function fulfilling ®;(¢) > 0 for all t > 0, h; : X — R is a proper,
convex and lower semicontinuous function fulfilling h;(xz) > 0 for all z € X and [; : X - R is a
proper, concave and upper semicontinuous function fulfilling l;(z) > Oforallz € X,i=1,...,n.
As @, is a convex function, i = 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, X; = X" x X" be partially ordered by K; = K" x K" and
X9 = X be partially ordered by the closed, convex cone K as well as the following functions

n ~0 ]
2y9¢¢ (—z—o) ,if (°,7°) € R x (—R%),
1=

400, otherwise,

e f:R" x R" — R defined by f(3°,7°) :=

o F1:Xn x Xn 5 R" x R" defined by
H dom(_hl)7

Fl(yl gl) _ (hl(y%)’ R hn(y}t)’ _ll(g%)v teny _ZN(g'rlL))v if @1@1) € il;ll dom ll X Ea
+ooRiva+L, otherwise,

and

S — e if
e« F2: X — X7 X X7 defined by F2(z) = { (D o®) e e A
+o0ognxgn, otherwise.
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 4.2. Other duality schemes may be employed for approaching the proposed applications,
too, however, the separation of the conjugates of the involved functions in the corresponding dual
problems may fail to happen. However, by introducing 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 4.3. For different hypotheses imposed on the involved functions, that can be written as
multi-composed functions, too, by carefully choosing the corresponding functions and cones, the
problem (PF) 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 0ln0 = 0.

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

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

3. When ®; is increasing and nonpositive on the set {l;(z)/hi(z) :x € A,i=1,...,n}, l; is
convex and h; concave, for all i =1,...,n, one obtains a problem that, when ®;(x) = —1
for all x € Ry and gi(x) = Inz;, where x = (x1,...,2,) € R" collapses, for an adequate

choice of the other involved functions and sets to the Burg entropy optimization problem
treated in [12].
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4.

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