BuLL. AuUsTRAL. MATH. Soc. 90c26, 54c60
VoLr. 71 (2005) [215-224]

PROXIMAL PROPER EFFICIENCY FOR
MINIMISATION WITH RESPECT TO NORMAL CONES

C.S. LALITHA AND RUCHI ARORA

This paper is devoted to the study of a new kind of proper efficiency in terms of
proximal normal cones for vector minimisation. This new notion called proximal
proper efficiency is used to obtain a scalar characterisation when a set related to
the criterion set is a nonconvex set. Proximal proper efficiency is related with the
well known notions of Benson and Borwein proper efficiency which are defined in the
literature in terms of tangent cones. The study is further extended to characterise
Benson and Borwein proper efficiency in terms of normal cones assuming convexity
of a related set.

1. INTRODUCTION

The presence of an objective function with more than one criterion is a very com-
mon feature in many decision making problems. The concept of optimal solutions to
such a multiobjective optimisation problem is not as trivial as in the case of a single
objective optimisation problem. It is usually related to the preference attitudes of the
decision makers. One of the most fundamental concepts is that of efficient solution or
nondominated solution.

Kuhn-Tucker [9] observed that not every efficient point can be characterised by a
scalar optimisation problem even if the decision set is convex. In order to avoid such un-
desirable efficient solutions Kuhn~Tucker [9] introduced the notion of proper efficiency.
Later Geoffrion [7] defined proper efficiency by eliminating unbounded tradeoffs between
the objectives and related it to Kuhn-Tucker proper efficiency. This concept was further
generalised by Borwein (2] and Benson [1] with respect to domination sets which are
closed convex cones. Borwein’s proper efficiency is given in terms of contingent cone
whereas Benson’s proper efficiency is given in terms of projecting cone. According to
Henig [8] a point is properly efficient if the decision set can be separated from the dom-
ination cone with origin in the point. Henig (8] considered the notion of global and
local properness and established the equivalence of global (local) properness and Ben-
son’s {Borwein’s) properness. In the same paper it is also shown that whenever the set of
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global proper efficient points is nonempty it is identical with the set of local proper effi-
cient points. In one of the recent papers by Miettinen and Mikeld [10], a characterisation
of Henig’s proper efficiency, with the nonnegative orthant as the domination set, is given
in terms of normal cones of the feasible criterion set of a multiobjective optimisation
problem.

The paper is organised as follows. Section 2 presents various notions of tangent and
normal cones. In Section 3 we introduce a new notion of proper efficiency involving a
proximal normal cone [5] and relate it with both Benson and Borwein proper efficiency.
It is shown that proximal proper efficiency refines Borwein’s proper efficiency and is inde-
pendent of Benson’s proper efficiency. In Section 4 we scalarise proximal proper efficiency
for the case where the translation of the criterion set by the underlying cone is assumed
to be locally star shaped; thus relaxing the convexity assumptions usually required to
provide such characterisation (see [14]). It is also observed that scalar characterisation is
not valid in the case of Benson proper efficiency under local star shapedness assumption.
Section 5 deals with characterisation of Benson and Borwein proper efficiency in terms
of normal cones assuming the convexity of a set related to the criterion set. It is also
observed that a complete characterisation is not possible for the Benson proper efficiency
for the nonconvex case.

2. PRELIMINARIES

A set C C RPissaid to beaconeif \ceCforanyce C, A >0and A € R. A cone
C is said to be pointed if C N (—C) = {0}, and convex if C + C C C. The positive dual
cone of a set A C RP is defined as

A*={deRP|(d,a) 20, Va€ A}
and the strict positive dual cone of A is defined as
A*={de RF|(d,a) >0, VaeA\{O}}.
The cone generated by A, denoted by coneA, is defined as
coneA={A|A20, A€R, ac A}.

For further details refer to the book by Rockafellar [11]). The following implications follow
immediately from the above definitions.
LEMMA 2.1. IfC is a pointed convex cone in RP then
@ (-Cy=-C
(i) C*+C*cC*.
LEMMA 2.2. If A and B are subsets of RP such that A C B then B* C A*.
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Several kinds of tangent cones have been considered by various authors in the liter-
ature. We now give the definition of two types of tangent cones.

Let A be a set in R? and @ € A. The contingent cone or Bouligand tangent cone to
A at @, (see [12]), denoted by T'(A, @), is defined as

T(A,a)={de€ RP|3t; |0,d; = d with d; € A such that @+ t;d; € A}.
The Clarke tangent cone to A at @, (Clarke {4]) denoted by Tc(A,@) is defined as

Tc(A,a)={d€Rp IV t; 10, a; — a with a; €A, 3 dj —d
such that a; +t;d; € A}.
Both contingent and Clarke tangent cones are closed and
(1) Tc(A,a) C T(A,8) C clcone(A —a).

The tangent cone Tc(A, @) is a convex cone whereas T'(A4,@) is not necessarily convex.
However if A is a convex set then (see Borwein and Lewis 3, Corollary 6.3.7])

(2) Tc(A,a) = T(A,a) =clcone(A —a).

The notion of tangential regularity has been considered by Miettinen and Makelad
[10] and Borwein and Lewis [3]. According to them a set A is said to be tangentially
regular at @ if T(A, @) = T¢(A,a). It is obvious that a convex set A is tangentially regular
at each of its points.

Normal cones play an important role in the field of optimisation, and have been
introduced in various ways. One way of defining a normal cone is as the negative dual of
the tangent cone. Accordingly the contingent normal cone to A at @, denoted by N(A, @)
is the negative dual of T'(A4, @), that is

N(A, @) ={de R*| (d,h) <0,V heT(A,3)}

and the Clarke normal cone to A at @, denoted by N¢(A, @) is the negative dual of
Tc(A,d), that is

Nc(A,@)={de R°|{(d,h) <0,V heTc(Anq)}.
From Lemma 2.1(i) it follows that
(3) N(Aa) = -T(A3)

and
Nc(A,a) = -T¢(A,Q)".
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By Lemma 2.2 and relation (1) it follows that N(A,@) C N¢(A4,8).

Proximal normals are direction vectors pointing outward from a set obtained by
taking the projection of a point onto the set. The collection of all such perpendicular
vectors at a point generates the prozimal normal cone to the set at that point. We now
give some notations and definitions from Clarke, Ledyaev, Stern and Wolenski [5]

Let Y be a closed set in RP and z be a point not lying in Y. Let 7 be projection of
z onto Y, that is,

Iz — gll = min|jz - uf .

The vector z — 7 is a proximal normal direction to Y at ¥ and any nonnegative multiple
of such vector is called a proximal normal to Y at 3. The set of all such vectors form the
proximal normal cone to Y at 7 and is denoted by Np(Y, 7).

If Y is a closed convex set then N(Y,7), No(Y,y) and Np(Y,7) coincide. Every
proximal normal cone is a contingent normal cone, however the converse may not be
necessarily true. For details and examples refer to Rockafellar and Wets [13]. Also we
have Nc(Y,%) =0 {lim&; | & € Np(Y, i), y; — §} where T A denotes the closed convex
hull of A (see [5, Theorem 6.1]).

The following result gives a characterisation for the proximal normal vector in the
form of an inequality.

LEMMA 2.3. ([5]) A vector £ belongs to Np(Y,¥) if and only if there exists
o =o0(§,7) 2 0 such that

Ey-<olly-3i* Vyey.
In particular if Y is a convex set then

(&y-9 <0 VyeY.

3. PROXIMAL PROPER EFFICIENCY

Let Y be a set in RPand C be a closed convex pointed cone in RP. A point €Y is
said to be an efficient point of Y if (Y — F) N (—C) = {0}. A point 7 € Y is said to be
a Borwein proper efficient point (see (2]) of Y if T(Y + C,7) N (—C) = {0} and Benson
proper efficient point (see [11]) of Y if clcone(Y + C — ) N (-C) = {0}.

We denote the set of efficient, Borwein proper efficient, Benson proper efficient so-
lutions of Y by Eff[Y, C], Bor[Y, C], Ben[Y, C|, respectively. It can be seen that

(4) Ben[Y, C] C Bor[Y,C] C Eff[Y,C].
If Y + C is a convex set then by (2) we have

Ben[Y, C] = Bor[Y,C].

https://doi.org/10.1017/50004972700038193 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700038193

(5] Proximal proper efficiency for minimisation 219

We now introduce the notion of proper efficiency in terms of the proximal normal
cone and study its relation with Borwein and Benson proper efficiency

DEFINITION 3.1: Let Y be a closed set in RP. A point § € Y is called a prorimal
proper efficient point of Y if
(i) 7€ Eff[Y,C]
(i) Ne(Y +Ch)N(-C*) #¢.
The set of all proximal proper efficient points of Y is denoted by Pr[Y, C].
The following theorem establishes that every proximal proper efficient point of a
closed set Y is a Borwein proper efficient point of Y.
THEOREM 3.1. For a closed subset Y of RP, Pr[Y,C] C Bor[Y, C].
PRrOOF: Let ¥ € Pr[Y,C)]. By definition (Y — ) N (~C) = {0} and Np(Y +C,%)
N(—-C*®) # ¢. Let h € Np(Y +C,5) N (=C*%). Since h € Np(Y + C,7), by Lemma 2.3,
there exists o 2 0 such that

(5) (hy-9) <olly-7I° V yeY+C.

If 7 ¢ Bor[Y,C] then there exists d # 0 such that d € T(Y + C,7) N (-C). As
deTY +C,7), thereexist t; | 0, y; € Y, ¢; € C with y; + ¢; — d such that
¥ +t;(y; +¢j) € Y + C. Hence from (5) it follows that

(h,ti(y; + ¢)) < a”t,-(y,- + c,-)“2 )
Assuming t; > 0, we have
(h,yj + ;) < otjlly; + 1%,
which on taking limit j — oo implies (h,d) < 0. Also since d € —C \ {0} and h € —C*°
we have (h,d) > 0 which is a contradiction. Hence it follows that § € Bor[Y, C]. 0

We now give examples to illustrate that a Benson proper efficient point is not nec-
essarily a proximal proper efficient point and vice versa.
ExaMPLE 3.1. LetC=R%andletY = {(v1,%2) | 2v2 = -1 }U{(y1, %2) | yz > 2y1}
It can be seen that 7 = (0,0) € Ben[Y,C) as clcone(Y +C ~3) = Y and Y N(-C) = {0}.
However 7 ¢ Pr[Y,C] as Np(Y + C,7) = {0}.
REMARK 3.1. As Ben[Y,C] C Bor[Y,C| we have in the above example 7 = (0,0)
€ Bor[Y, C] and § ¢ Pr[Y, C] establishing that Bor[Y, C] ¢ Pr[Y,C].
ExaMPLE 3.2. Let C =RZ and let Y = {(y1,%2) | 11 <0, 3o > 1} U R%. Since for
7 = (0,0), clcone(Y + C — %) = {(y1,42) | ¥2 > 0} and clcone(Y + C — 3) N (-C)
= {(v1,%2) | 11 < 0,32 = 0} # {0} the point 7 ¢ Ben[Y,C). Clearly —C** = {(y,32) |
%1 <0,y < 0} and Np(Y + C,7) = —C, hence 5 € Pr[Y,C].

Figure 1 summarises the result so far.
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Figure 1: Relation among Benson, Borwein and proximal proper efficient points

4. SCALARISATION

We now scalarise proximal proper efficient points by vectors in the strict dual cone
of C. For this purpose we require the following notations as given in Sawaragi, Nakayama
and Tanino [14, Section 3.4]. Let

Y = {71 =nf{(uy) lyev}}.

Geometrically 5,Y is the set of supporting points of Y with the inner normal vector p.
It can be seen that S;,Y = S,Y for a > 0. Let

Dly,Cl= |J Su¥.
pHeCo
We now investigate the relation between D[Y,C] and Pr[Y, C].
THEOREM 4.1. For aclosed set Y in RP, D[Y,C] C P1[Y, C].
PROOF: Let 7 € D[Y,C]. Then there exists u € C*° such that j € S,Y, that is,

(6) (7 <(wy) Vyey.

Let if possible, 7 ¢ Eff[Y, C]. Then there exists d # 0 such that d € (Y —g7)N(—C), that
is, there exists y € Y such that d =y — gy andd € —C. As p € C*® we have (u,d) <0,
that is (u,y — ¥) < 0 which contradicts (6). Hence § € Eff[Y,C]. We shall now show
that —u € Np(Y + C,7). For any c € C we have (—u,c) < 0 which together with (6)
yields

(-py+c-7)<0 V yeY.

Hence —p € Np(Y + C,%). Thus, § € Pr]Y,C| as —u € Np(Y + C,5) N (-C*%). 0
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REMARK 4.1. In [14] it has been established that if C is a closed convex cone in RP
then D[Y, C] C Benl[Y,C]. By (4) it is also obvious that DY, C] C Bor[Y,C).

We now have the notion of local star shapedness introduced by Ewing [6]. A set 4
in RP is said to be locally star shaped at z* € A if for any = € A, there exists a(z,z*)
where 0 < a(z,z*) < 1 such that (1 - A)z* + Az € A for0 < A < a(z,z*). Ais
said to be locally star shaped if it is locally star shaped at each of its points. From the
definition it is obvious that if a(z,z*) = 1 for every z, 2* € A then the set A is a convex
set. Thus every convex set is locally star shaped but the converse may not necessarily
be true. A simple example of a locally star shaped set which is not convex is the set of
union of two disjoint open intervals in R.

A set A is said to be a C-convex set (see [14, Definition 2.1.9]) if A + C is a convex
set. Clearly, as observed above, if A is a C-convex set then A + C is a locally star shaped
set.

THEOREM 4.2. Foraclosed setY in RP ifj € Pr[Y,C] and Y +C is locally star
shaped at ¥, then § € DY, C].

PROOF: Since § € Pr{Y, C], there exists h € —C*? such that h € Np(Y + C,7). By
proximal normal inequality there exists o > 0 such that

(7) hT-D<ollF-7lI*° V jeY+C.

As Y + C is locally star shaped at g, for any y € Y, there exists a(y,7) where
0 < a(y,y) < lsuch that 7+ Ay —7) € Y+ C for 0 < X < a(y,7). Hence from
(7) it is obvious that )

(MAy-9) <oNlly-7lI° VyeY.
As A > 0, we get
(hy-9<oMy-7l° V yev.

On taking limit A — 0+, we have for every y € Y, (h,y — 7) < 0. Let p = —h, then
p € C?and (4,9 < (u,y), Vy €Y, thatisy € S,Y. Since p € C* it follows that
g € DY, C]. 0

The following example illustrates that the above theorem does not hold in the ab-
sence of local star shapedness.
EXAMPLE 4.1. Let C = R2 and Y = {(yl,yz) | y2 = —11,0 € »1 < 2}U {(yl,yg) |
y2 = 2,-2 <y < 0}. It can be seen that Y +C is not locally star shaped at § = (0,0) as
(1-Ng+Ay¢Y+Cfor0< A <1wherey=(-1,2). As Np(Y +C,7) = —C it follows
that 7 € Pr(Y,C]. Now C*® = {(u1, p2) | g1 > 0, 2 > 0} and for p = (1, p2) € C*°

S”Y — {(—21 2)} if uy 2 pe
{@-2} ifm<m.
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Thus D[Y, C] = {(-2,2),(2,—-2)} and hence § ¢ D[Y,C].
REMARK 4.2. In Sawaragi, Nakayama and Tanino [14] it has been shown that if C is
a closed convex pointed cone and Y is a C-convex set, then Ben[Y,C] C D[Y,C]. As
Ben(Y, C] = Bor[Y,C], if Y + C is a convex set, it follows that Bor[Y,C] C D[Y,C] if C
is a closed convex pointed cone in Y and Y is a C-convex set.

We now give an example to illustrate C-convexity cannot be replaced by local star
shapedness for Benson proper efficient points.

EXAMPLE 4.2. Let C =R} andY = {(y1,12) | 12 = -11,-2 < y1 < 0}U {(v1,%2) |
y2 = —2y1,0 < 1 < 2}. Note that Y + C is a locally star shaped at § = (0,0) but Y is
not a C-convex set. Also

cleone(Y +C —-3) =T(Y +C,7) = {(y1,12) | v2 2 —y1, -2 < y1 < 0}
U{(yLy2) |42 = —25,0 < 3 < 2}

Hence 3 € Ben[Y,C](Bor([Y,C]) as clcone(Y + C —5) N (=C) = {0}. For p = (u1, p2)
c CtO .

yo {22} i 2 2 0r 20 > > (3/2)2
g {(2, —4)} if (3/2)[12 > py 2 g OT m < g .

so we have D[Y,C] = {(-2,2),(2,-4)} and hence § ¢ D[Y,C]. In this example it may
also be seen that 7 ¢ Pr[Y,C] as Np(Y + C,7) = {0}.

5. CHARACTERISATION OF BENSON AND BORWEIN PROPER EFFICIENCY IN TERMS
OF NORMAL CONES

Recently Miettinen and Mikeld [10] characterised proper efficiency in the sense of
" Henig [8], for a multiobjective optimisation problem with the help of normal cones for
both the cases when the feasible criterion set is convex as well as nonconvex (see |8,
Theorem 4 and Theorem 9]). Motivated by this result, in this section, we give similar
characterisation for Benson and Borwein proper efficient points in terms of normal cones.
We first discuss the case when Y + C is a convex set where Y C RP and C is a convex
pointed cone in RP. We require the following lemma which follows from [11, Corollary
16.4.2] where the result is given for negative dual cone.

LEMMA 5.1. LetC),Cs,...,Cy,, be nonempty convex cones in RP. Then
(cdCinclCon...Ncl Cp) =c(C}+C5+...+C).

THEOREM 5.1. LetY +C be a convex set in RP. Then g € Bor[Y, C](Ben[Y, C])
if and only if N(Y + C,3) N (=C*) # 6.
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ProoF: If § € Bor[Y,C] then by definition we have T(Y + C,7) N (-C) = {0}
which implies (T(Y + C,3) N (=C))" = ({0})". Using Lemma 5.1 and (3) we have
-N(Y + C,%) + (-C)* = R?. Now by Lemma 2.1 (i) it follows that

(8) ~_N(Y+C,5)-C* =R".

Let € C*® C RP then by (8) there exists h € N(Y +C, %), c € C* such that ~h—c = z.
Using Lemma 2.1 (ii) we have —h =z +c € C** + C* C C*°. Hence h € N(Y + C,7)
N (—C*%) that is N(Y + C,7) N (—=C*°) # ¢.

Conversely, let N(Y + C,7) N (—=C*®) # ¢. Let h € N(Y + C,7) N (—=C"*°). Let us
suppose that § ¢ Bor[Y, C|, that is there exists d # 0 such that d € T(Y + C,5) N (-C).
Ash e N(Y +C,y) and d € T(Y + C,7) we have (h,d) < 0." Also since d € —C \ {0}
and h € —C"? it follows that (h,d) > 0 which is a contradiction. Hence it follows that
7 € Bor[Y, C]. The proof is complete since Ben[Y, C] = Bor[Y, C] when Y + C is a convex
set. 0

We now generalise the above result when Y + C is no longer a convex set.
THEOREM 5.2. Ify € Bor[Y,C](Ben[Y,C]) then Nc(Y + C,7) N (—C*°) # ¢.
PRrOOF: If § € Bor[Y,C](Ben[Y,C]) then T(Y + C,3) N (-C) = {0} (clcone
(Y + C - %) N(~C) = {0}). Using the relation (2) we have Tc(Y + C,5) N (-C) = {0}.
0

Proceeding as in Theorem 5.1 we get the required result.

THEOREM 5.3. If Y +C is tangentially regular at § and Nc(Y +C,3) N (-C*?)
# ¢ then § € Bor[Y, C]. :

PROOF: IfY +C is tangentially regular at 3, then (T(Y +C,7))" = (Te(Y +C,m)°
that is, N(Y + C,7) = Nc(Y + C,7). By the given hypothesis we have N(Y + C,7)
N(—=C*%) # ¢. Rest of the proof follows as in the converse part of Theorem 5.1. 0

The following example illustrates that the above theorem may not necessarily hold

for Benson proper efficient point even if Y + C is tangentially regular.
EXAMPLE 5.1. Consider the set C and Y considered in Example 3.2. It was ob-
served that 7 = (0,0) ¢ Ben[Y,C]. AlsoY is tangentially regular at § as T(Y + C,7)
=Tc(Y +C,5) = R%. As N(Y + C,5) = —C we have that N(Y + C,7) N (=C*°) # ¢.
Since T(Y + C,3) N (—C) = {0} it follows that 7 € Borl[Y, C].

We thus observe that a complete characterisation is not available for Benson proper
efficiency when Y + C is a nonconvex set.

6. CONCLUSIONS

One of the major advantages of proximal proper efficiency is that a scalar charac-
terisation is possible even when the criterion set is not necessarily convex. Unlike the
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case with Benson and Borwein proper efficiency we only require the translation of the
criterion set by the underlying cone to be locally star shaped. The geometric nature of
proximal normal cone facilitates the identification of the improper solutions. However
the only limitation with proximal proper efficiency in comparison with the other similar
notions, is that, the underlying set to has to be a closed set.
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