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Foreword

In the latter part of the twentieth century, the topic of generalizations of
convex functions has attracted a sizable number of researchers, both in math-
ematics and in professional disciplines such as economics/management and
engineering. In 1994 during the 15th International Symposium on Mathemat-
ical Programming in Ann Arbor, Michigan, I called together some colleagues
to start an affiliation of researchers working in generalized convexity. The
international Working Group of Generalized Convexity (WGGC) was born.
Its website at www.genconv.org has been maintained by Riccardo Cambini,
University of Pisa.

Riccardo’s father, Alberto Cambini, and Alberto’s long-term colleague
Laura Martein in the Faculty of Economics, University of Pisa, are the co-
authors of this volume. My own contact with generalized convexity in Italy
dates back to my first visit to their department in 1980, at a time when the first
international conference on generalized convexity was in preparation. Thirty
years later it is now referred to as GC1, an NATO Summer School in Van-
couver, Canada. Currently WGGC is preparing GC9 which is to take place in
Kaohsiung, Taiwan. As founding chair and also current chair of WGGC, T am
delighted to see the continued interest in generalized convexity of functions,
augmented by the topic of generalized monotonicity of maps.

Eight international conferences have taken place in this research area, in
North America (2), Europe (5) and Asia (1). We thought it was now time to
return to Asia since our membership has shifted towards Asia.

As an applied mathematician I have taught mostly in management schools.
However, I am currently in the process of joining an applied mathematics
department. One of the first texts I will try out with my mathematics students
is this volume of my long-term friends from Pisa. I recommend this volume to
anyone who is trying to teach generalized convexity/generalized monotonicity
in an applied mathematics department or in a professional school. The volume
is suitable as a text for both. It contains proofs and exercises. It also provides
sufficient references for those who want to dig deeper as graduate students
and as researchers. With dedication and much love the authors have written a
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book that is useful for anyone with a limited background in basic mathematics.
At the same time, it also leads to more advanced mathematics.

The classical concepts of generalized convexity are introduced in Chaps. 2
and 3 with separate sections on non-differentiable and differentiable functions.
This has not been done in earlier presentations. Chapter 4 deals with the
relationship of optimality conditions and generalized convexity. One of the
reasons for a study of generalized convexity is that convexity usually is just a
convenient sufficient condition. In fact most of the time it is not necessary. And
it is a rather rigid assumption, often not satisfied in real-world applications.
That is the reason why economists have replaced it by weaker assumptions in
more contemporary studies. In fact, some of the progress in this research area
is due to the work of economists. I am glad that the new book emphasizes
economic applications.

In Chap. 5 the transition from generalized convexity to generalized mono-
tonicity occurs. Historically, this happened only around 1990 when I was
working with the late Stepan Karamardian after joining the University of
California at Riverside. He was a former PhD student of George Dantzig
at the University of California at Berkeley. We collaborated on the last two
papers he published, both on generalized monotonicity. (a new research area)
We had opened up together.

In 2005 Nicolas Hadjisavvas, Sandor Komlosi and I completed the first
Handbook of Generalized Convexity and Generalized Monotonicity with con-
tributions from many leading experts in the field, including Alberto Cambini
and Laura Martein, a proven team of co-authors who in their unique colorful
way have left an imprint in the field. The new book is further evidence of their
style.

Chapters 6 and 7 are devoted to specialized results for quadratic functions
and fractional functions. With this the authors follow the outline of the first
monograph in this research area, Generalized Concavity by Mordecai Avriel,
Walter E. Diewert, Siegfried Schaible and Israel Zang in 1988. Chapter 8 con-
tains algorithmic material on solving generalized convex fractional programs.
It defeats the objection sometimes raised that the area of generalized convex-
ity lacks algorithmic contributions. It is true that there could be more results
in this important direction on a topic which by nature is theoretical. Perhaps
the presentation in Chap.8 will motivate others to take up the challenge to
derive more results with a computational emphasis.

Today Generalized Concavity (1988) is available to us as the first volume on
the topic, together with the comprehensive Handbook of Generalized Convexity
and Generalized Monotonicity (2005), an edited volume of 672 pages, writ-
ten by 16 different researchers including Alberto Cambini and Laura Martein.
In addition, the published proceedings of GC1-GCS8 are available from rep-
utable publishing houses. The proceedings of GC9 will appear partially in the
prestigious Taiwanese Journal of Mathematics.

As somebody who has participated in all the conferences, GC1-GCS,
and who is co-organizing GC9 together with Jen-Chih Yao, Kaohsiung and
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who has been involved in most publications mentioned before, I congratulate
the authors for having produced such a fine volume in this growing area of
research. Like me they stumbled into it when no monographs on the topic
were available. I can see the usefulness of the book for teaching and research
for generations to come. Its technical level makes it suitable for undergraduate
and graduate students. The level is pitched wisely. The book is more accessible
than the Handbook as it assumes less background knowledge about the topic.
This is not surprising as the purpose of the Handbook is different. The new
book can serve as an up-to-date link to the Handbook. It also saves the reader
from going through the earlier proceedings with more dated results.

As someone who, like the authors, has not departed from the area of
generalized convexity in his career, I can highly recommend this excellent new
volume in our community of researchers. WGGC has been the background for
most recent publications in our field of study. It is the excitement of working
in teams which has been promoted by WGGC. A sense of community very
common in Italy is the background of this new volume. It made me happy
when I reviewed the manuscript first. I hope that many readers will come to
the same conclusion. My thanks and congratulations go to the authors for a
job well done.

I want to thank the authors for having taken the time to write Generalized
Convezity and Optimization with Economic Applications and for their diligent
effort to produce an up-to-date text and wish the book much success among
our growing community of researchers.

Riverside, California, Siegfried Schaible
June 2008 Chair of WGGC
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1

Convex Functions

1.1 Introduction

Convex and concave functions have many important properties that are useful
in Economics and Optimization. In this Chapter the basic properties of con-
vex and concave functions are explained, including some fundamental results
involving these functions. In particular, the role of convexity and concavity
in Optimization is stressed. Since a function f is concave if and only if —f is
convex, any result related to a convex function can easily be translated for a
concave function. For this reason only the proofs related to convex functions
are presented. For the sake of completeness, the corresponding results for the
concave case are summarized in Appendix B.

1.2 Convex Sets

From a geometrical point of view, a set S C R™ is convex if, for any two
points in S, the line segment connecting these two points lies entirely in S
(see Fig.1.1).

Fig. 1.1. Convex and not convex set

Formally, we have the following definition.
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Definition 1.2.1. A set S C R" is convez if
T1, X9 ES:>/\£E1+(1—/\)ZL’2 €S, Ve [0,1] (11)

The point © = Az1 + (1 — AN)z2, A € [0,1], is said to be a convex combination
of 1 and z9. By [z1,22] ={z € S:2 = Ax1 + (1 — Nz, X € [0,1]} we shall
denote the closed line segment joining x; and xs.

By convention, the empty set and the singleton set (a set consisting of a sin-
gle point) are considered convex sets. The following are simple examples of
convex sets:

e The whole set R";

e The line through zy and direction u: r = {z € R" : © = x¢ + tu, t € R};

e The hyperplane H = {z € " : a7z =3}, a € R, a # 0,8 € R;

e The closed half-spaces associated with H: H* = {z € ®" : o2 > 3},
H-={zeR": o’z <3}

Theorem 1.2.1. The intersection of an arbitrary family of convex sets is
conver.

Proof. See Exercise 1.2.

Definition 1.2.2. A convex combination of finitely many points x; € R™,
i=1,....,k, is a point x of the form

k k
i=1 i=1

The following theorem characterizes a convex set in terms of convex combi-
nations of its points.

Theorem 1.2.2. A set S C RN is convex if and only if every convex combi-
nation of finitely many points of S belongs to S.

Proof. Suppose that S is convex. The proof proceeds by induction on the
number k of points. For k = 2 the thesis is true by definition. Assuming that
every convex combination of k points of S belongs to .S, we must prove that

every convex combination of k 4+ 1 points x1, ..., zg, xx+1 € S is a point of S.
k+1 k+1

Letz—Z)\x“ ZA =1, 020, i=1,. k+1.If Ayy = 0or Agyy =1,

then z e S by assumptlon In any other case we can re-write z in the form

Z—MZ ux2+/\k+1xk+1’ W= Z)\ =1—Agg1 > 0.
The 1§d111<3t10n assumption 1mphes that the convex combination of k points
I = Z Ai x; belongs to S so that we have z = uZ + (1 — p)xgy1, that is z is
a corz;elzx combination of two points of S and so z € S.
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The sufficiency follows by noting that we can consider, in particular, every
convex combination of two points in S so that S is convex by definition.

1.2.1 Topological Properties of Convex Sets

A key theorem is the following.

Theorem 1.2.3. Let S C R™ be a convex set with intS # (). Let x1 € clS and
x2 € intS. Then, Ax1 + (1 — Nz € intS for all A € [0,1).

Proof. The assumption zo € intS implies the existence of a ball B(xs,¢€) of
radius € > 0 and center xo such that B(zg,¢) = {x :|| z —z2 |[< €} C S.
We prove that each point y = Az + (1 — Nz, A € (0,1) is an interior
point showing that the ball B(y, (1 — M\)e) C S, i.e., every point z such that
| z—vy ||< (1= A)e belongs to S. Set R = (1_/\)6;H‘Z_yu. Since x1 € ¢lS there

z—Az1

exists a point z; € S such that || z; — 1 [[< R. Let 2o = *°*. We have

22 =22 ll= 1 2= = (L= Na2 < 1) [ 2= Aar = (y = ) IS
1=Ne—|z—

< Lllz—yllerlza—a < Lz —y | 20T =

Consequently, zo € S. By definition of z3 we have z = A\z1 + (1 — )29, ie.,

z is a convex combination of two points of S and thus z € S. The proof is

complete.

Theorem 1.2.4. Let S C R" be a convex set with intS # (). Then, the fol-
lowing conditions hold:

(i) clS is convex;

(i) intS is conve;

(i) cl(intS) = clS;

(iv) int(clS) = intS.

Proof. (i) Let z1, 29 € clS and let z € intS. By Theorem 1.2.3, Ax1+(1—\)z €
intS for all A € [0,1) so that pxs + (1 — p)(Azy + (1 — N)2z) € intS for all
u € [0,1). Taking the limit as A approaches 1, we have pxzs + (1 — p)zy € ¢lS.
(ii) This follows directly from Theorem 1.2.3 by noting that the interior point
1 is obtained for A = 1.

(iil) Since intS C S, we have cl(intS) C ¢lS. Consider now z € ¢lS and let
x € intS. By Theorem 1.2.3, z + A(z — 2) € intS, VA € (0, 1]; consequently,
z+ 711(1' — z) € intS for all n so that taking the limit as n approaches +oo,
we have z € cl(intS) and thus clS C cl(intS).

(iv) Since S C ¢lS, we have intS C int(clS). Let z € int(clS); then, there
exists € > 0 such that the closed ball B(z,¢€) = {z :|| # — x2 || < €} is contained
in ¢lS. Let © € intS and put y = z + El\z:;l\ € B. By simple calculations,
setting A =\ © ., we have 2 = Az + (1 — A)y, so that z € intS by Theo-
rem 1.2.3. Consequently int(clS) C intS and thus int(clS) = intS.
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Remark 1.2.1. Property (iii) of Theorem 1.2.4 implies that every boundary
point of S is a limit point of a sequence of interior points of S.

The following theorem points out that every interior point of a convex set .S
may be expressed as a convex combination of two points of S, one of which is
arbitrary.

Theorem 1.2.5. Let S C R" be a convex set with intS # (). Then, z € intS
if and only if for every x € S there exists 1 > 1 such that x + u(z —x) € S.

Proof. See Exercise 1.5.

1.2.2 Relative Interior of Convex Sets

The properties stated in the previous theorems are established assuming that
the set of interior points of a convex set is nonempty; sometimes such an
assumption may appear to be a restrictive condition. For instance, a line on
the plane or a triangle in the ordinary space or, in general, a convex set which
lies entirely in a linear manifold, does not have interior points. In order to
extend the previous results to every convex set it is necessary to introduce
the concept of the relative interior of a convex set.

Let S be a convex set and let W be the smallest linear manifold containing S.
Then, the relative interior of S, denoted by 45, is the set of all interior points
of S with respect to the topology induced by R on W; in others words, a
point xg € riS if and only if there exists a ball B of radius € and center xg
such that BNS C W.

Obviously, 7S = intS if and only if W = R"™. In contrast to intS the relative
interior has the fundamental property that 1S # ) for every nonempty convex
set (see Exercise 1.9).

Properties stated in Theorems 1.2.3, 1.2.4 and 1.2.5 may be restated in terms
of the relative interior of a convex set.

Theorem 1.2.6. Let S C R" and let x1 € clS and x5 € riS. Then, \x1 +
(1= X)zg € riS for all X € [0,1).

Theorem 1.2.7. Let S C R™ be a nonempty convex set. Then, the following
conditions hold:

(i) 1S # 0;

(i) riS is conver;

(ii3) cl(riS) = clS;

(iv) ri(clS) = riS;

(v) z € riS if and only if for every x € S there exists p > 1 such that
x+uz—x)€S.

1.2.3 Extreme Points and Extreme Directions

A point z belonging to a convex set § C " is said to be an extreme point
of S if it is not possible to express = as a convex combination of two distinct
points of S.
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The following example points out that the set of extreme points may be empty,
finite, or infinite.

FEzxample 1.2.1.

e A line does not have extreme points while a closed half-line has only one
extreme point;

e A rectangle has four extreme points in its vertices;

e Every boundary point of a ball is an extreme point of the ball.

Regarding the existence of an extreme point, we have the following theorem
(see [234]).

Theorem 1.2.8. The set of all extreme points of a compact convex set S
is nonempty. Furthermore, every x € S may be expressed as a convex
combination of finitely many extreme points of S.

The last statement of Theorem 1.2.8 cannot be extended to an unbounded
convex set. For instance, a point of a closed half-line starting from xy cannot
be expressed as a convex combination of its only extreme point xg. This
motivates the introduction of the concepts of recession direction and extreme
direction. Consider, firstly, the following theorem.

Theorem 1.2.9. Let S C R"™ be a closed convex set. Then, S is unbounded
if and only if there exists a half-line contained in S. Furthermore, if the half-
line x = xg + td,t > 0 is contained in S then, for every y € S, the half-line
xr=y+kd, k>0 is contained in S.

Proof. Obviously, the existence of a half-line contained in S implies the

unboundedness of S. Viceversa, the unboundedness of S implies the exis-

tence of a sequence {z,} C S such that lir_JE | zn ||= +o0. Let zg € S;
n—-—+0oo

without loss of generality we can suppose that the sequence { Hi::ig\l } con-

verges to a point d € R™\{0}. In order to reach the thesis it is sufficient to
prove that the half-line zg + td,t > 0, is contained in S. The convexity of
S implies zg + Az, — zo) € S for all A € [0,1]. For any fixed ¢ > 0 choose
An = g Lagys the sequence {zo + fen Lo (T — o:o)} is contained in S so
that its limit, given by zg 4+ td, belongs to the closure of S for all ¢ > 0. The
thesis is achieved since clS = S.

The last statement of the theorem still needs to be proven. Since the half-
line © = xo + td, t > 0, is contained in S, we have x, = zg +nd € S for
all n. The convexity of S implies that, for every y € S, y + ANz, — y) =
Y+ MNzn —x0) + Mzo —y) =y + And + Mzg —y) € S for all A € [0,1]. For
any fixed ¢t > 0 choose A\, = fl; the sequence y + ind + i(aso — y) converges
to y + td so that y + td € clS = S for all ¢ > 0. The proof is complete.

A direction d € R" such that for every y € S, the half-line v =y + kd, k > 0
is contained in S, is called a recession direction.
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Theorem 1.2.9 establishes that the set of recession directions of a closed con-
vex set S is nonempty if and only if S is unbounded.

A recession direction d is said to be an extreme direction if it is not possible
to express d as a convex combination of two distinct recession directions.
Regarding the existence of an extreme point and extreme direction for an
unbounded closed convex set, we have the following theorem (see [234]).

Theorem 1.2.10. An unbounded closed convex set containing no lines has at
least one extreme point and one extreme direction.

The following fundamental representation theorem holds (see [234]).

Theorem 1.2.11. Let S C R" be a closed convex set containing no lines.
Then, x € S if and only if © can be expressed as the sum x = y + d, where
y 1s a convexr combination of extreme points of S and d is a positive linear
combination of extreme directions.

A polyhedron, defined as the intersection of finitely many closed half-spaces,
is a special convex set having a finite number of extreme points and extreme
directions. The extreme points of a polyhedron are also called vertices of the
polyhedron. A bounded polyhedron is called a polytope.

1.2.4 Supporting Hyperplanes and Separation Theorems

Theorems of separation play a fundamental role in Optimization. We will limit
ourselves to presenting some basic results which will be utilized later.

Let S be a convex subset of " and let 2y be a boundary point of S.

A supporting half-space to S at x( is a closed half-space containing S.

A supporting hyperplane to S at z¢ is the boundary of a supporting half-space
to S at x.

In other words, the hyperplane H,,, = {x € ®" : o’z = aTx(} is a supporting
hyperplane to S at g if either S C Hff = {oz € R" : o’z > oz} or else
SCH, = {reR": alx < alag}.

Without loss of generality we can assume that S C Hjo by replacing a with
—a if necessary.

Definition 1.2.3. Let S, T be two subsets of R".
A hyperplane H = {x € R" : oTx = B} is said to separate S and T if
ale>p, VeeS, anda’s <3, Ve eT.

In Fig. 1.2, a supporting hyperplane and a separating hyperplane are depicted.
Some fundamental results related to the existence of a supporting hyperplane
and to the existence of a separation hyperplane are found in the following
theorems whose proofs can be found in any text-book (see references at the
end of this Chapter).

Theorem 1.2.12. (Separation of a convez set and a point)
Let S be a closed convex subset of R"™ and let yo ¢ S. Then, there exist
a € R™\{0}, zo € S such that o’z > aTxg for all x € S and ayy < ol xy.
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Theorem 1.2.13. (Existence of a supporting hyperplane at a boundary point)
Let S be a closed convex subset of R™ and let xg be a boundary point of S.
Then, there exists o € R™\{0} such that o’z > aTxq for all x € S.

Supporting hyperplane Separating hyperplane

Fig. 1.2. Separating hyperplanes

Theorem 1.2.14. (Separation of two sets)
Let S1 and S5 be nonempty convex sets in R™. Then, there exists a hyperplane
which separates S1 and So if and only if 1iS1 NriSy = (.

The following corollary shows that every closed convex set can be represented
as the intersection of closed half-spaces.

Corollary 1.2.1. Let S be a closed convex subset of R™. Then, S is the
intersection of all its supporting half-spaces, i.e., S = (| H .

ToES
Proof. Obviously, S is contained in the intersection of all half-spaces H;; Let

ye N H;‘O and suppose that y ¢ S. Then, from Theorem 1.2.12, there exists
zo€ES
a supporting hyperplane at a point xg belonging to the boundary 95 of S such

that y ¢ H, and this is a contradiction.

1.2.5 Convex Cones and Polarity

A cone (with vertex at zero) in R” is a nonempty set C satisfying the following
property:
reC, k>0=kxeC.

A convex cone is a cone which is convex as a set.

Half-lines, lines, subspaces, and half-spaces through the origin are examples of
convex cones. The union of disjoint closed convex cones generates non-convex
cones.

A cone is convex if and only if it is closed under the operations of addition and
multiplication by a non-negative scalar as is shown in the following theorem.
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Theorem 1.2.15. A set C' C R" is a convex cone if and only if the following
properties hold:

(i)zeC, k>0=kxeC;

(ii) x,ye C = x+yeC.

Proof. If C is a convex cone, (i) follows by definition of a cone. Further-
more, if x,y € C, the convexity of C' implies éx + ;y € C and thus
2-(yo+ yy) =z +y € C, so that (ii) holds.

Assume now the validity of (i) and (ii) and let x,y € C. Then, from (i) C
is a cone so that \x € C;, X > 0, (1 — Ny € C, A < 1, and from
(i) e+ (1 =NyeC, 0<A<1, e, Cis convex.

Corollary 1.2.1 may be specified in the case where S is a closed convex cone
obtaining the following corollary.

Corollary 1.2.2. Let C' be a closed convex cone in R™. Then, C 1is the
intersection of all its supporting half-spaces at the origin.

Proof. Taking into account Corollary 1.2.1, it is sufficient to prove that a
supporting hyperplane H,, to C' at xg € OC passes through the origin.
We have aTz > aTxy,Vx € C. Since kzg € C for all k > 0 we have
kaTzg > a’xg, Yk > 0, that is (k — 1)a’zy > 0,Vk > 0 and this last inequal-
ity holds if and only if o’z = 0.

In some problems we are interested in the existence of a strict supporting
hyperplane to C' at the origin, i.e., in the existence of a supporting hyper-
plane H such that H N C' = {0}. In order to fully illustrated this important
aspect, we shall first introduce, the notion of polarity.

Definition 1.2.4. Let C' be a cone in R™. Then, the positive polar of C,
denoted by CT, is given by CT ={a € R":alc >0, ¥V cc C}.

The opposite of CT is referred to as the negative polar of C' and is denoted
by C~. Equivalently, C~ = {a € R" : aT¢ <0, Vce C}.

Remark 1.2.2. Tt follows immediately from the definition that polarity is order-
inverting, i.e., if C; C Cy then Cf > CS.

The following theorem states the structure of C* and, in addition, it charac-
terizes the elements of a closed convex cone in terms of its positive polar and
viceversa.

Theorem 1.2.16. Let C' be a closed convex cone in R"™. Then:
(i) CT is a closed convex cone;

(ii) c € C if and only if a¥c > 0 for all a € CF;

(iii) ¢ € intC if and only if a¥'c > 0 for all a € CT\{0};

(iv) C = CTT where C* is the positive polar of CT;

(v) a € intC* if and only if aTc > 0 for all c € C\{0}.
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Proof. (i) Let a1, 2 € CT. Then, we have afc > 0, ale > 0 for all ¢ € C,
so that (a1 + a2)Te > 0 and kaf'c > 0, for all k > 0. It follows, from Theo-
rem 1.2.15, that CF is a convex cone. Consider now a sequence {a,} C CT
converging to an element . By means of the continuity of the scalar product,
and by taking the limit in a,:fc > 0, we obtain a”¢ > 0 for all ¢ € C. Conse-
quently, C is a closed cone.

(i) Taking into account the definition of C*, we must prove that the con-
dition a’¢ > 0, Ya € C* implies ¢ € C. If not, by Theorem 1.2.12 and by
Corollary 1.2.2, there exist v € R"\{0}, ¢y € dC, such that 'z > yTcy =
0, Yz € C and vT¢ < 0. The former inequality implies v € CT contradicting
the latter which implies v &€ C'T.

(iii) Let ¢ € intC. From (ii) we have a’c > 0 for all « € C*. Assume, by
contradiction, the existence of o € C*, v # 0, such that ¢ = 0. Since ¢ is
an interior point, there exists ¢ > 0 such that ¢ + ¢ d € C for every direc-
tion d of unitary norm. It follows that a”(c + ¢ d) = ea’d > 0 for all d and
this is absurd since, by choosing d* = — Hgl\’ we have ea’d* < 0. Assume

now a’c > 0 for all @« € CT\{0}. We must prove that ¢ € intC. If not,
taking into account (ii), we have ¢ € 9C so that, by Theorem 1.2.13, there
exists 7 € R™\{0} such that v72 > yT¢c = 0, Vo € C, which contradicts the
assumption.

(iv) By applying (ii) to the polar cone Ct, we have o € CT if and only if
2Ta > 0 for all z € CT+. By comparing this last inequality with (ii), the
thesis is achieved.

v) This follows by applying (iii) to the polar cone CT, taking into account
that C*1 = C.

Remark 1.2.3. The proof of (i) of Theorem 1.2.16 points out that CT is a
closed convex cone even if C' is not closed and/or convex.

From (v) of Theorem 1.2.16, the existence of a strict supporting hyperplane to
C' at the origin is equivalent to the condition intC'™ # (). As we will see, this
last condition is strictly related to the non-existence of lines contained in C. A
closed cone which does not contain lines, i.e., ¢ € C' implies —c ¢ C, is called a
pointed cone. Equivalently, C' is a pointed cone if and only if CN(—C') = {0}.
The set C'N(—C) is called the lineality space of C' and it is denoted by ¢(C').
The following theorem holds, where dim CT denotes the dimension of C'T,
i.e., the maximum number of linearly independent vectors contained in CT
or, equivalently, the dimension of the smallest subspace containing C+.

Theorem 1.2.17. Let C be a closed convex cone in R"™. Then:
(i) £(C) is the largest subspace contained in C;

(i) dim £(C) + dim Ct =n;

(iii) intC™ # 0 if and only if £(C) = {0}.

Proof. (i) Let ¢ € C'N(=C); ¢ € C implies ke € C for all k& > 0, while
¢ € —C implies —kc € C for all k > 0, so that kc € C N (=C) for all k € R.
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Furthermore, Theorem 1.2.15 implies that C N (—=C) is closed with respect
to the addition. It follows that ¢(C) is a subspace. Let W C C be a sub-
space; since w € W implies —w € W, we have w, —w € C or equivalently,
w € CN(=C). Consequently W C £(C) so that ¢(C) is the largest subspace
contained in C.

(ii) Let ¢ € £(C) and o € C™. Since ¢, —c € C, we have aTc > 0, aT(—c) > 0,
so that a®'c = 0 for all ¢ € £(C). It follows that a € [¢(C)]*, i.e., CF C [((O)]*.
Let V be the smallest subspace containing C*. If V. C [((C)]*, from
CT CV C [l(O)]*F we have CT+ = C DVt = VL D ¢(C) and this contra-
dicts (i). Consequently, V = [¢(C)]* so that dim Ct = dim V = dim [¢(C)]*
Since dim £(C) + dim [£(C)]* = n, (ii) follows.

(iii) Tt follows from (ii) by noting that intCt # () if and only if dim V = dim
CT = n or, equivalently, if and only if dim ¢(C) =0, i.e., £(C) = {0}.

The following corollary, which is a direct consequence of (v) of Theorem 1.2.16
and of (iii) of Theorem 1.2.17, states a necessary and sufficient condition for
the existence of a strict supporting hyperplane to a cone at the origin.

Corollary 1.2.3. Let C be a closed convexr cone in R™. Then, there exists
a € R™ such that oTc > 0 for all c € C,c # 0, if and only if C is pointed.

By noting that Theorem 1.2.17 implies riC* = intCT with respect to the
topology induced by " on the subspace [((C)]*, we have the following
theorem which generalizes (v) of Theorem 1.2.16.

Theorem 1.2.18. Let C' be a closed convex cone in R™. Then o € riCT if
and only if

(i) aTc =0 for all c € £(C);

(ii) aTc > 0 for all c € C\L(O).

1.3 Convex Functions

From a geometrical point of view, a function f is convex provided that the
line segment connecting any two points of its graph lies on or above the graph.
The function f is strictly convex provided that the line segment connecting
any two points of its graph lies above the graph (see Fig. 1.3).

Convex function Strictly convex function

Fig. 1.3. Examples of convex functions

From an analytical point of view, we have the following definitions.
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Definition 1.3.1. Let f be a function defined on a convex set S C R™.
(i) The function f is said to be convex on S if for every x1,xs € S

FOz+ (1 = XNz2) < Af(x1) + (1= N)f(x2), YAe][0,1]. (1.2)
(ii) The function f is said to be strictly convex on S if for every x1,x9 € S
fOxr+ (1= Naz) < Af(z1) + (1= N)f(x2), VAe(0,1). (1.3)

A function f defined on a convex set S C R" is concave if and only if —f is
convex on S. It follows that all the results related to convex functions that we
are going to establish can be easily stated in terms of concave functions. For
the sake of completeness, and also taking into account that concave functions
are more common in Economics, in Appendix B we shall give a summary of
the main properties of concave functions.

Simple examples of convex and concave functions are given below.

FEzample 1.5.1.

1. An affine function f(z) = a’z+b, x € R" is both convex and concave (not
strictly);

2. The function f(z) =z + |z |, * € N is convex (not strictly);

3. The function f(z) = ax? + bx + ¢, x € R is strictly convex if a > 0 and it
is strictly concave if a < 0.

Obviously, a strictly convex function is convex, too; the converse statement is
not true as it follows from (i) or (ii) of Example 1.3.1.

The inequalities (1.2), (1.3), may be extended to any weighted average of its
values at a finite number of points as is shown in the following theorem.

Theorem 1.3.1. (Jensen’s inequality)
(i) A function f is convex on S if and only if for every x1,...,x, € S,

f (Z )\zxz> S )\1]{(3’;1)7>\z Z 07 = 17...,7’L, Z)\’ =1. (14)
i i=1 i=1

(ii) A function f is strictly convex on S if and only if for every x1,...,x, € S,

i=1 i=1 i=1

Proof. (i) Suppose that f is convex. The proof proceeds by induction on the
number n of points. For n = 2 the thesis is true by definition. By assuming that
(1.4) is verified for every convex combination of n points, we must prove that

n+1 n+1 n+1
f (Z Aa:> <Y AflE)Xi20i=1 1 Y N=1.
i=1 i=1 i=1
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If A; = 0 for some i, the thesis follows by means of the induction assumption,
otherwise we have (see the proof given in Theorem 1.2.2)

n+1 n

Z)\ x; = puZ + (1 — p)xpyr, p= Z)\Z, a:—z)\iasi.

=1 zl'u

By taking into account the convexity of f and the induction assumption, we
have

n+1
(Z Ai CL}) = f(uz + (1 = p)xns1) < pf(@) + (1= p)f(zns1) <

n+1

< (; Zwui)) # dnsa fon) = S
=1

The reverse statement follows by noting that if (1.4) is verified for every n of
points it is in particular verified for n = 2, so that by definition f is convex.
(ii) This follows analogously.

Associated with a convex function are the epigraph and the lower level sets
defined, respectively, as follows:

epif ={(z,2):x €S, 2> f(2)}; S<a={2x€S: f(x)<a}.

A convex function is characterized by the convexity of its epigraph as is shown
in the following theorem.

Theorem 1.3.2. Let f be a function defined on a convex set S C R™. Then:
(i) f is convex if and only if epif is a convex set;

(ii) f is strictly convex if and only if epif is a convex set and it does not
contain any line segment.

Proof. (i) Let f be convex. If (x1,21),(x2,22) € epif, then z1 > f(x1),
zo > f(x2), so that, for every A € [0, 1], we have A(z1,21) + (1 — ) (z2,22) =
(Az1 + (1 = Nxa, Az1 + (1 — N)za) € epif since (Az1 + (1 — N)za) > Af(z1) +
(L= N)F(2) > fOuas + (1 - Nza).

Assume now the convexity of epif and let x1, x5 € S.

Since (1, f(z1)) € epif, (z2,f(z2)) € epif, we have A(x1, f(x1)) + (1 —
M(xe, f(x2)) = A1 4+ (1 = Nag, Af(x1) + (L = N) f(x2)) € epif, YA € [0,1].
On the other hand (Az1 + (1 — Nao, Af(z1) + (1 — N)f(z2)) € epif if
AM(z1)+ (1 =N f(x2) > f(Ax1 + (1 — Naz), Le., if f is convex.

(ii) The proof is similar to the one given in (i).

Regarding the lower level sets of a convex function we have the following
theorem.

Theorem 1.3.3. Let f be a convex function defined on a convex set S C R".
Then, S<q 1is convez for every o € R.
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Proof. The thesis is true by convention if S<, = 0 or S<, is a singleton
set. The points z1,z2 belong to S<, if and only if f(z1) < «, f(z2) <
so that, by means of the convexity of f, we have f(Azy + (1 — N)za) <
A1)+ Q=N f(z2) < Aa+ (1= N)a) = a. It follows that A\x; + (1 — )z €

S<a.

Remark 1.5.1. The necessary condition for a function to be convex stated in
Theorem 1.3.3 is not generally sufficient. For instance, any increasing nonlin-
ear concave single-variable function has convex lower sets but it is not convex.
This fact has led to the introduction of a new class of functions, as we will
see in the next chapter.

1.3.1 Algebraic Structure of the Convex Functions

The class of convex functions defined on a convex set is closed with respect to
the addition and with respect to the non-negative scalar multiplication. More
precisely, we have the following theorem.

Theorem 1.3.4. Let f1, fa,..., fm be functions defined on a convex set S C
R™ and set f(x) = Zaifi(x), a; > 0. Then:
i=1

(i) If fi, i =1,..,m, are convex on S, then f is convex on S.
(i) If fi, i = 1,..,m, are strictly convex on S, then [ is strictly convex on S.

Proof. See Exercise 1.24.

1.3.2 Composite Function

Another important property is related to the composition product.

Theorem 1.3.5. Let f : S — R be a convex function defined on a convex
set S C R™ and let g : A — R be a non-decreasing convex function, with
f(S) € A. Then the composite function h(z) = g(f(x)) is conver on S.
Furthermore, if f is strictly convex and g is an increasing convex function,
then h s strictly convex.

Proof. See Exercise 1.25.

Let us note that the requirement of the convexity of g is essential to guar-
anteeing the convexity of the composite function. For instance, the function
h(x) = x is convex, the function g(x) = 2® is an increasing non-convex func-
tion and the composite function f(x) = g(h(x)) = 2® is not convex.
Theorems 1.3.4, 1.3.5 and the analogous ones for concave functions are
sometimes useful in constructing convex or concave functions.
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Ezxample 1.5.2.

1. The function f(z) = e’ 3 € R is convex since the affine function
a”x+b is convex and the exponential function is an increasing convex function.
2. The function f(z) = (a¥z +b)? is convex on S = {x € R : aTz + b > 0}
since the affine function a”x + b is convex and the square function is an
increasing convex function on the set of positive real numbers.

FEzxample 1.3.3.

1. The power f(x) = x%, x > 0, is strictly concave for 0 < o < 1 and it is
strictly convex for a < 0 and for a > 1;

2. f(z) =logz, x > 0, is strictly concave.

Ezample 1.3.4. If f is a positive concave function, then z(x) = log f(z) is
concave since the logarithm function is increasing and concave.

Ezample 1.3.5. If f is a positive concave function, then ]1c is convex. In fact,
z(z) =log f(lx) = —log f(x) is convex as the opposite of the concave function

log f(x). It follows that e*(*) = f(lw) is convex.

1.3.3 Differentiable and Twice Differentiable Convex Functions

A convex function is continuous on the interior of its domain but not necessar-
ily differentiable. For instance, the convex function f(x) = |z| is continuous
on R but it is not differentiable at x = 0.

From a geometrical point of view, a differentiable function is convex if and
only if its graph lies on or above the tangent in any point of the graph; it is
strictly convex if its graph lies above the tangent in any point of the graph.
From an analytical point of view, the convexity of a function of one variable
may be characterized by means of its first and second derivatives, according
to the following properties:

e Let I be an open interval of the real line. A differentiable function f is
convex on [ if and only if for every x¢ € I we have

f(@) = f(xo) + f'(zo)(x — o), Yz € I. (1.6)

e Let I be an open interval of the real line. A twice differentiable function f
is convex on [ if and only if

f(x) >0, Vz e L. (1.7)

The extensions of (1.6) and (1.7) to functions of more variables are given
below.

Theorem 1.3.6. Let [ be a differentiable function defined on a nonempty
open convexr set S C R™. Then, f is convex on S if and only if for every
T € S

f(x) > f(zo) + (x — 20)TV f(z0), Vzes. (1.8)
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Proof. Assume the convexity of f. Then, for every xg, x € S with = # xg, we
have f(xg+ Az —x0)) < f(zo) + A(f(x) — f(20)), YA € [0, 1] or, equivalently,

Fleo Al = 2ol = 100) o (0 — p(a).

It follows that lim f($°+/\(w_;°))_f(w°) = (2 —20)"V f(x0) < f(x) = f(0) s0

A—0
that (1.8) is verified.
Conversely, let x1, 29 € S. Setting x = x2, g = A\x1 + (1 — N)z2 in (1.8), we
obtain

f(.%‘g) > f()\.%‘l + (1 — )\)1‘2) —+ )\(1‘2 — l‘l)TVf(Al‘l + (1 — )\)3&‘2) (19)
Setting © = x1, g = Az1 + (1 — A)x2 in (1.8), we obtain
1) > fOx 4+ (1= Naz) + (1= A)(21 — 22)TV Oy + (1 = N)ag). (1.10)

By multiplying (1.9) and (1.10) by (1 — ) and A, respectively, and by adding
them up we obtain (1 — \)f(z2) + Af(z1) > f(Az1 + (1 — Nag), YA € [0,1],
i.e., the convexity of the function.

The following theorem points out that there is a strict and useful connec-
tion between the convexity of a function and the convexity of its restriction
along lines.

Theorem 1.3.7. Let f be a function defined on a convexr set S C R™. Then,
[ is convex (strictly convex) on S if and only if the restriction of [ to each
line segment contained in S is a convex (strictly conver) function.

Proof. Let ¢(t) = f(xo + tu), t € I, be the restriction of f on a line through
2o € S. Assuming the convexity of f, we must prove that ¢(t) is convex, too,
fe, oMt 4+ (1=N)t2) < Ap(t1)+(1=N)p(tz), A € [0, 1]. Setting x1 = xo+t1u,
X2 = xo + tou, we have Azy + (1 — N)zo = x¢ + (M1 + (1 — AN)t2)u so that
f()\l‘l + (1 — )\)1‘2) = f(.%‘o + ()\tl + (1 — )\)tg)u) = (p()\tl + (1 — )\)152). The
convexity of f implies f(Az1 + (1 — AN)z2) < Af(z1) + (1 — N) f(22) or, equiv-
alently, o(M1 + (1 — AJta) < Ap(tr) + (1~ \)o(t):

Assume now that every restriction of f on a line segment is convex; we must
prove that f(Az1 + (1 — Naz) < Af(x1) + (1 — N f(z2), A € [0,1]. We have
FOz1+(1=XN)x2) = f(z2+A(x1 —22)) = @(A). The convexity of p(\) implies
WA T4+ (1T =X)-0) <Ap(1) + (1 — N)p(0), i.e., the thesis.

The previous theorem is a simpler way to obtain a characterization that is
easier to check than (1.8) when the function is continuously twice differen-
tiable.

Theorem 1.3.8. Let f be a continuously twice differentiable function on a
nonempty open convex set S C R™. Then, [ is convex on S if and only if its
Hessian matriz H(x) is positive semidefinite at each point x of S.



16 1 Convex Functions

Proof. Let xg € S, d € R and consider the restriction ¢(t) = f(zo + td) with
t such that zo+td € S. The thesis follows from Theorem 1.3.7 and from (1.7),
taking into account that ¢ (t) = d? H(xq + td)d.

1.4 Convexity and Homogeneity

In this section we will point out the connection between homogeneity and
convexity.

Definition 1.4.1. Let C C R™ be a convexr cone. A function f: C — R is
said to be homogeneous of degree ov € R if for every x € C

ftz) =t f(x), ¥Vt > 0.

In particular, a function f is homogeneous of degree zero, if for every x € C
fltz) = f(x), Yt > 0; while a function f is said to be linearly homogeneous if
it is homogeneous of degree one, i.e., for every x € C, f(tx) =tf(x), Vt > 0.
Homogeneous functions appear frequently in Economics. For instance:

e The demand function D(p, R) = 1;, where p > 0 is the price of a good
and R > 0 is the income, is homogeneous of degree zero; this means that the
demand does not change if both the income and the price double, triple, ...,
as may happen when there is a change in the monetary unit;

e The production function f(L,K) = L3K3, where L > 0 is the labour
and K > 0 is the capital, is homogeneous of degree one; this means that
the production doubles, triples, .. if both the labour and the capital double,
triple,... This kind of property is expressed in Economics by saying that f
exhibits constant returns to scale.

Some other examples will be presented in Sect. 2.4.

The following theorem states some properties of homogeneous functions.

Theorem 1.4.1.

(i) Let fi,fa,..., fm be homogeneous functions of degree a;, i = 1,..,m,
respectively, defined on a conver cone C' C R™. Then z(x) = fi(x) - fa(x) -
fm(2) is homogeneous of degree c; + ag + ... + Q.

(i) Let f1, fo, ..., fm be homogeneous functions of the same degree o defined
on a convex cone C C R™. Then z(x) = (fi(x) + fo(x) + ... + fm(x))? is
homogeneous of degree a3.

Proof. See Exercise 1.34.

The following theorem shows that linear homogeneity plus subadditivity
produces convexity.

Theorem 1.4.2. Let f be a linearly homogeneous function defined on a
convex cone C CR™. Then, f is convex if and only if for every z,y € C

fle+y) < flz)+ fy).



1.5 Minima of Convex Functions 17

Proof. Linear homogeneity and convexity imply subadditivity since f(z+y) =
F2075) =2f("FY) < 2(3f(2) + 5 f(y))-
On the other hand subadditivity and linear homogeneity imply convexity since

fOz+ (1= XNy) < Fhx) + (1= Ny) = Af(2) + (1 = ) f(y).

1.5 Minima of Convex Functions

In this section we point out the role of convexity in Optimization. Knowing
whether or not a local minimum is also global is one of the most impor-
tant questions in Optimization. The assumption of convexity gives a positive
answer to this question as is stated in the following theorem.

Theorem 1.5.1. Let S C R™ be a convex set and let f be a convex function
on S. Then:

(i) A local minimum point is also global;

(i) The set S* of all minimum points is a convex set;

(iii) S* has at most one element if [ is strictly convez.

Proof. (i) Let 29 € S be a local minimum point of f and assume, by contra-
diction, the existence of x* € S such that f(z*) < f(z¢). The convexity of S
implies z = Ax* + (1 — Nz € S, VA € [0,1] and the convexity of the function
implies f(z) < Af(a*) + (1= X)f(xo) < Af(xo) + (1 = A)f(x0) = f(z0), VA €
(0,1). In particular, when A approaches to zero, we have f(z) < f(xo) for
every point x belonging to a neighbourhood of g, contradicting the local
minimality assumption.

(ii) The thesis follows by convention if S* = (. Let 2y € S* and consider
the lower level set S<f(,,) = {x € S : f(x) < f(zo)}. Obviously we have
S<f(zo) = 5™ so that the thesis follows by Theorem 1.3.3.

(iii) Assume, to get a contradiction, the existence of two elements x1,zo € S*.
Since f(z1) = f(x2), by the strict convexity of f we have f(Az1+(1—N)xz2) <
M(x1)+ (1 =N f(x2) = f(x1) = f(x2), YA € (0,1) thereby contradicting the
global minimality assumption.

Knowing whether or not a critical point is a local minimum is another impor-
tant question. Once again, the assumption of convexity gives a positive answer
to this question.

Theorem 1.5.2. Let S C R™ be a convex set and let f be a differentiable
convez function on S. Then, a critical point xo € S is a global minimum
point.

Proof. See Exercise 1.43.
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1.6 Exercises

1.1. Let B be a ball of center zy and radius R. Verify that:

1. If z € B, then every point = x¢ +t(z — x¢), t € (0,1), is an interior point
of B;

2. If z1, 29 € B, then every point x = A\z1 + (1 — \)z2, A € (0, 1), is an interior
point of B;

3. B is a convex set;

4. Every boundary point of B is an extreme point.

1.2. Show Theorem 1.2.1.

1.3. Let S, T be convex sets. Prove that:

1. For every o, 5 € R, I' = S + [T is convex. In particular, the sum S + T
and the product for a scalar kS, k € R are convex sets.

2. The cartesian product S x T is convex.

1.4. Let S be a subset of R™. The set of all finitely many convex combinations
of points of S is called the convex hull of S and is denoted by convS. Show
that:

(a) convS is a convex set;

(b) convS is the smallest convex subset containing S.

1.5. Prove Theorem 1.2.5.

1.6. Let S € R™ be a convex set with intS # (). Show that there is at most
one boundary point on every half-line starting from an interior point of S.

1.7. The points 1, xs, ..., xx11 of R™ are said to be affinely independent if
T9 — T1, T3 — X1, ..., Tpt+1 — T1, are linearly independent. The convex hull of
S ={x1,29,...,x+1} is called a (k-dimensional) simplex. Show that:

1. The smallest linear manifold W containing 1, x3, ..., x+1 has dimension k;
2. The maximum dimension of a simplex is n.

1.8. Let S be a convex set of R and let W be the smallest linear manifold
containing S. Show that:

1. dimW = k if and only if the largest simplex contained in S has dimension k;
2. W = R™ if and only if W contains a n-dimensional simplex.

1.9. Let S be a nonempty convex set. Prove that 7iS # ().

1.10. Prove that any point of a compact convex set S may be expressed as a
convex combination of the extreme points of S.

1.11. Prove that any point of a polytope may be expressed as a convex
combination of its vertices.

1.12. Prove that the sum of two convex cones is a convex cone.
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1.13. Let C be a convex cone in R" and let af fC be the smallest subspace
containing C. Prove that:

l.affC=0C—-C;

2. intC # () if and only if af fC = R™.

1.14. Let C be a convex cone with intC # ). Prove that riC*T NriC~ = .
1.15. Consider the cones C;, Cy in R". Prove that C;f N Cy = (Cy + C2)*.

1.16. Let U, V be closed convex cones in R™ such that UNV = {0}. Prove the
existence of a € R™\{0} such that a’u >0, Vu € U, and oTv <0, Vv € V.

1.17. Let U, V be closed convex cones in ™ such that UNV = {0}. If U is
pointed, prove the existence of a € ®7\{0} such that a’u > 0, ¥ u € U\{0},
and oTv <0, Vv e V.

1.18. Let U, V be closed convex pointed cones in " such that UNV = {0}.
Prove the existence of o € R"\{0} such that aTu > 0, V u € U\{0}, and
aTv <0, VveV\{0}.

1.19. Consider the linear programming problem
inf ¢z, xeS={xeR": Ax <b, z>0}.
Show that the infimum is —oo or that it is attained at a vertex of S.

1.20. Prove that a function is of the form f(z) = a’z+b, z € R" if and only
if it is both convex and concave.

1.21. Let S € R"™ be a closed convex set. Show that the distance function

d(z) =min || z — z || is convex.
zes

1.22. (a) Let f;,i = 1,...,m, be convex functions defined on the convex set
S C R". Show that the function z(z) = max {f;(x)} is convex on S.

ie{l,..,m}
(b) Let f;,i =1, ...,m, be concave functions defined on the convex set S C R".
Show that the function z(z) = {Tin }{fz(m)} is concave on S.
1e{l,...m

1.23. Prove that the function f(x1,22) = xf‘zg, x1,x2 > 0, o, 0 € RN is
concave if and only if a € [0,1], 8 € [0,1], o+ 8 <1 and it is convex if and
only if « <0, 5 <0.

1.24. Prove Theorem 1.3.4.
1.25. Prove Theorem 1.3.5.

1.26. Prove that (i) of Theorem 1.3.4 is equivalent to the following conditions:
1. The sum of two convex functions is a convex function;

2. The product between a convex function and a non-negative real number is
a convex function.
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1.27. Give an example showing that the product of two convex (concave)
functions is not a convex (concave) function.

1.28. Let f(x) = Az + b be an affine function, where A is an m X n matrix,
b e RN™, and let g : R™ — RN be a convex function. Show that z(x) = g(Azx+0b)
is a convex function.

State and prove a similar result for concave functions.

1.29. Show that if z(z) = log f(x) is a convex function, then f(x) is convex.
Give an example showing that the reverse is not true.

1.30. Let f be a negative convex function. Show that z(z) = f(lz) is concave.
1.31. Give an example showing that the reciprocal of a positive convex
function is not concave.

1.32. Let f : R — R be a differentiable convex function and let xy be such
that f’(zo) > 0. Show that hr—? f(z) = +o0.

1.33. Let S € R™ be a nonempty open convex set and let f be a differentiable
function on S. Prove that f is strictly convex if and only if for every zg € S
we have f(z) > f(xo) + (x — 20)TVf(20), Vz €S, x# x0.

1.34. Prove Theorem 1.4.1.

1.35. Prove that a function of one variable is homogeneous of degree « if and
only if it is of the form f(z) = ka®.

1.36. Let f be a linearly homogeneous function defined on a convex cone
C' C R™. Prove that f is concave if and only if f(z +y) > f(x) + f(y) for
every x,y € C.

1.37. A relevant result regarding homogeneous functions is Euler’s Theorem:
let f be a differentiable function defined on the open convex cone C' C R™.
Then, f is homogeneous of degree « if and only if 27V f(x) = af(x), Vo € C.
By using Euler’s theorem and the first characterization of convex functions,
prove that a differentiable linearly homogeneous function is convex if and only
if 27V f(20) < f(z), Vo, zo € intR".

1.38. Use Euler’s theorem to prove that the Hessian matrix of a twice dif-
ferentiable linearly homogeneous function is singular at each point of the
domain.

1.39. Find the set of all global minimum points of the function
f(z) = (aTz +b)log(aTx +b), a¥x+b>0,a € R"\{0}.

1.40. Let S C R™ be an open convex set and let f be a non-constant differ-
entiable convex function on S. Show that f cannot have a global maximum.
Can f have a local maximum? Can f have a local strict maximum?
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1.41. Show that the quadratic form f(z) = éxTAx is convex if and only if
zo = 0 is a local minimum.

1.42. Show that the convex quadratic function f(z) = jz7 Az +a”z+ ag has
a global minimum point if and ounly if rankA = rank[A, a].

1.43. Prove Theorem 1.5.2.

1.44. Let S C R™ be a convex set and let f : S — R be a concave function.
Prove that:

1. A local maximum point is also global,

2. The set S* of all maximum points is a convex set;

3. 5" has at most one element if f is strictly concave;

4. If f is differentiable and xg € S is a critical point, then zg is a global
maximum point.

1.7 References

Avriel M. [10], Bazaraa M. S., Sherali H. D., and Shetty C. M. [18], Carter
M. [61], Ginsberg W. [124], Madden P. [191], Nikaido H. [216], Roberts A. W.
[233], Rockafellar R. T. [234], Stoer J., and Witzgall C. [270], Takayama A.
[274].
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Non-Differentiable Generalized Convex
Functions

2.1 Introduction

In several economic models convexity appears to be a restrictive condition.
For instance, classical assumptions in Economics include the convexity of the
production set in producer theory and the convexity of the upper level sets of
the utility function in consumer theory.

On the other hand, in Optimization it is important to know when a local
minimum (maximum) is also global. Such a useful property is not exclusive
to convexity (concavity).

All this has led to the introduction of new classes of functions which have con-
vex lower /upper level sets and which verify the local-global property, starting
with the pioneer work of Arrow—Enthoven [7].

In this chapter we shall introduce the class of quasiconvex, strictly quasicon-
vex, and semistrictly quasiconvex functions and the inclusion relationships
between them are studied. For functions in one variable, a complete charac-
terization of the new classes is established. Examples of the most important
generalized convex functions in Economics are given.

We shall focus our attention on generalized convexity since a function f is gen-
eralized concave if and only if —f is generalized convex, so that every result
for a generalized convex function can be easily re-stated in terms of general-
ized quasiconcave functions. For the sake of completeness in Appendix B we
shall give a summary of the main properties of generalized concave functions.

2.2 Quasiconvexity and Strict Quasiconvexity

One way to generalize the definition of a convex function is to relax the
convexity condition, and require, from a geometrical point of view, that the
restriction of the function along a line joining any two points in the domain
lies under at least one of the endpoints. A function that verifies such a con-
dition is called quasiconvex. Figure 2.1 shows some examples of quasiconvex
functions.
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Fig. 2.1. Quasiconvex functions

From an analytical point of view, we have the following definition.

Definition 2.2.1. Let f be defined on a convex set S C R™. The function f
is said to be quasiconvex on S if

fAz1+ (1= ANzz) < max{f(21), f(22)} (2.1)
for every x1, xo € S and for every A € [0,1] or, equivalently,
f(z1) = f(x2) implies that f(z1) = f(21 + A2z — 21)) (22)

for every x1,x2 € S and for every X € [0,1].

If the inequality in (2.1) is strict, the function is called strictly quasiconvex.
Formally:

Definition 2.2.2. A function [ defined on a convex set S C R™ is said to be
strictly quasiconvex if

fAz1+ (1= AN)zz) < max{f(21), f(22)} (2.3)
for every x1, xo € S, 11 # 2, and for every X € (0,1) or, equivalently,
f(z1) = f(a2) implies that f(z1) > f(21 + A2z — 21)) (2.4)

for every x1,x2 € S, x1 # x2, and for every A € (0,1).

It follows immediately, from the given definitions, that a strictly quasicon-
vex function is also quasiconvex; the converse is not true as is shown in the
following example.

Ezample 2.2.1.

||
1. The function f(x) = { 8 v 7&8 is quasiconvex but not strictly quasi-
Tr =

convex;
2. Every monotone function of one variable is quasiconvex and every increas-
ing or decreasing function of one variable is strictly quasiconvex; for instance,
the concave function f(x) =logz, = > 0 is strictly quasiconvex.
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As we have just pointed out, quasiconvexity may be viewed as a relaxation
of convexity. Unfortunately, in the new larger class of functions some proper-
ties of convex functions are lost. For instance, as we can deduce from (1) in
Example 2.2.1, a quasiconvex function may have interior discontinuity points,
a local minimum which is not global and an interior global maximum.

The relationships between convexity, strict convexity, quasiconvexity and
strict quasiconvexity are stated in the following theorem.

Theorem 2.2.1. Let S C R" be a convex set.

(i) If f is convex on S, then f is quasiconvex on S.

(i) If f is strictly convex on S, then f is strictly quasiconver on S.
(ii) If f is strictly quasiconvex on S, then f is quasiconver on S.

Proof. (i) We have:
fAz1 4+ (1= Naz) < Af(z1) + (1= A) f(z2) < Amax{f(z1), f(z2)} + (1= })
max{f(z1), f(z2)} = max{f(z1), f(z2)}.

Similarly we can prove (ii), while (iii) follows directly by definition.

Example 2.2.1 shows that the class of quasiconvex functions contains properly
the class of convex functions and the class of strictly quasiconvex functions.
Furthermore, there is not any inclusion relationship between the class of con-
vex functions and the class of strictly quasiconvex ones. In fact, a convex
function may have constant restrictions and a strictly increasing function of
one variable is strictly quasiconvex but not necessarily convex.

The relationships between convexity, strict convexity, quasiconvexity and
strict quasiconvexity are illustrated in Fig.2.2 where the arrow (—) reads
“implies”.

strictly strictly
convex quasiconvex

! b

convex —— P>| quasiconvex

Fig. 2.2. Relationships between various types of convexity

An important case where quasiconvexity reduces to convexity is related
to homogeneity. More exactly, the homogeneity assumption combined with
quasiconvexity produces convexity as is shown in the following theorem.

Theorem 2.2.2. Let [ be a homogeneous function of degree o = 1 defined on
a convex set S C R".
If f(z) > 0 for all x € S, then f is quasiconvex if and only if it is convex.
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Proof. From (i) of Theorem 2.2.1, convexity implies quasiconvexity without
any other assumption. Now we will prove, firstly, that homogeneity combined
with quasiconvexity implies subadditivity, i.e., for every 1,22 € S we have
f(@1+a2) < f(21) + f(22).

Let y1 = f(x1) > 0, y2 = f(x2) > 0. Since f is homogeneous of degree one,
Le., f(tw) = tf(x),t > 0, we have f(}') = f(}?) =1, so that the quasicon-
vexity of f implies f((1—1)j! +¢72) <1 Vt € (0,1). By choosing t = *2 .

4+ — Y1 T1 ) _ 1 .
we have 1 —t = % . and f(, % + %2 )= .  f(z1+22) <1 Conse

quently, f(z1+z2) < (y1 +y2) = f(21) + f(22).
It remains to be proven that subadditivity and homogeneity imply convexity.

We have f(Azy+(1=A)az) < 1)+ F((1=Naz) = M(a1)+(1=N) f(2):

While a convex function may be characterized by the convexity of its epi-
graph, a quasiconvex function may be characterized by the convexity of its
lower level sets, as is shown in the following theorem.

Theorem 2.2.3. A function f defined on a convex set S C R" is quasiconvex
on S if and only if the lower level set L<o={z¢€ S: f(z) < a} is convex for
every a € N.

Proof. Assume that f is quasiconvex and let z,y € L<,. Since f(z) < a,
fly) < a, we have f(Az + (1 — N)y) < max{f(z),f(y)} < «, so that
A+ (1 =Ny € L<q.

In order to prove the converse statement, assume without loss of general-
ity, that max{f(z), f(y)} = f(z) and consider the lower level set L<, with
a = f(x), that is L<y,) = {2z € S: f(2) < f(x)}; obviously y € L<y).
Since L<jf(y) is convex,  + Ay — ) € L<y,) for every A € [0,1], ie,

[+ My —x)) < f(z) = max{f(z), f(y)}.

By means of a simple application of the previous Theorem, we obtain the
following result.

Theorem 2.2.4. Let [ be a quasiconvexr function defined on a convexr set
S CR"™ and let S* be the set of all global minimum points of f. Then, S* is
conver.

Proof. If S* = () the thesis follows by convention. Taking into account that
S*={rxeS: flx)=m}={xe€S: f(xr) <m}, where m is the minimun
value of f on S, the convexity of S* follows from the convexity of the lower
level sets of a quasiconvex function.

As happens for a convex function and for a strictly convex function, (2.1)
and (2.3) may be extended to every convex combination of a finite number of
points.

Theorem 2.2.5. f is quasiconvex on a convex set S C R™ if and only if, for
€S, i=1,..,p, we have
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P
Nzl | < max f(z), N=1,)\>0 i=1,..p. 2.5
A ERTNESS b e
Furthermore, f is strictly quasiconvex on S if and only if the inequality in
(2.5) is strict.

Proof. The validity of (2.5) for p = 2 is equivalent to the definition of a
quasiconvex function.
Assume now that f is quasiconvex. We will prove that (2.5) holds by induction.
Since (2.5) is true for p = 2, we must prove that the validity of (2.5) for every
p elements implies that
FOuzt 4+ o+ 2P £ 002 < max f(af)
i€{1,..,p+1}

p+1 _
with > Ai=1, \; >0, ' €5, i=1,..,p+1.

i=1
If Apt1 = 0, the thesis follows by means of the induction assumption, oth-
erwise, by setting \g = A1 + ... + Ay, we have \g + A\p41 = 1 so that

P
s
Yy = i(l] T1+ ... + iz 2P is a convex combination of p points since Z f=1.
° 0
i=1
p+1
As a result, y € S. On the other hand Z Azt = Aoy + )\p+1xp+1; the thesis
i=1

is reached by applying quasiconvexity to the points g, xP*!.
The last statement follows similarly.

Another main difference between convex functions and quasiconvex func-
tions is related to the algebraic structure. The class of convex functions is
closed with respect to the addition while the sum of quasiconvex (strictly
quasiconvex) functions is not in general quasiconvex (strictly quasiconvex).
For instance, the functions f(z) = 2%, g(x) = —3x are quasiconvex and
strictly quasiconvex in R since they are strictly monotone, but their sum
h(z) = f(z) + g(x) = 2% — 3z is neither quasiconvex, nor strictly quasiconvex
since h(—2) = =2, h(0) =0, and h(—1) =2 > 0.

Fortunately, in contrast to the convex case, increasing functions combined
with quasiconvex functions produce quasiconvex functions, as is stated in the
following theorems.

Theorem 2.2.6. Let [ be a quasiconvexr function defined on a convexr set
S CR" and let g : A — R be a non-decreasing function, with f(S) C A.
Then:

(i) kf, k > 0 is quasiconvex on S;

(ii) g o f is quasiconvex on S.

Proof. (i) For the positivity of k and the quasiconvexity of f we have

(k) (@1 + Aw2 — 21)) = kf(z1 + A2 — 21)) < b max{f (1), f(z2)} =

= max{kf(z1), kf(z2)}.
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(z1)

(ii) Let 1,29 € S with f(x1) > f(z2). Then, f(z1 + Mz —21)) < f ,
9(f(x2))

for all A € [0,1]. Since ¢ is a non-decreasing function, g(f(z1)) >
implies g(f(x1 + Maa — x1)) < g(f(x1)),VA € [0,1].

Theorem 2.2.7. Let f be a strictly quasiconvez function defined on a convex
set S C R™ and let g : A — R be an increasing function, with f(S) C A.
Then:

(i) kf, k > 0 is strictly quasiconvex on S;

(ii) g o f is strictly quasiconvex on S.

Proof. Similar to the proof given in Theorem 2.2.6.

Another useful composition theorem is the following.

Theorem 2.2.8. Let g(x) = Ax + b where A is an m x n matriz, b € R™,
and let [ be a quasiconvex function on a conver set S C g(R™).
Then, z(x) = f(Az +b) is quasiconvex on S.

Proof. We have z(Az1 + (1 — Nxz2) = f(AM(Azy +b) + (1 — N)(Axe + b)) <
max{f(Ax; +b), f(Axa + b)} = max{z(z1), z(x2)}, VA € [0, 1].

Property (ii) of Theorem 2.2.6 leads to the following result which extends
Theorem 2.2.2.

Theorem 2.2.9. Let [ be a homogeneous function of degree o > 1 defined on
a convex set S C R".
If f(z) > 0 for all x € S, then f is quasiconvex if and only if it is convex.

Proof. Taking into account Theorem 2.2.2, case o > 1 remains to be consid-
ered. The function g(z) = [f(x)]« is linearly homogeneous and quasiconvex
since it is the composite function g = zo f, where z(y) = y« is increasing and
f is quasiconvex. It follows that f(z) = [g(x)]* is convex as the composite
function of a convex function and an increasing convex function.

Remark 2.2.1. Following the same line given in the proof of the previous the-
orem, it is easy to prove the following result.

Let f be a homogeneous function of degree o with 0 < a < 1, defined on a
convex set S C R™.

If f(z) >0 for all x € S, then [ is quasiconcave if and only if it is concave.

Ezample 2.2.2. The function f(z1, .., Z x; # is convex for 3 > é

n
In fact, fo is convex so that, from Theorem 2.2.6, f is quasiconvex; on
i=1
the other hand f is homogeneous of degree o = 23 and consequently, from
Theorem 2.2.9, f is convex for g > é
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Remark 2.2.2. Theorems 2.2.3 and 2.2.6 are sometimes useful in identify-
ing quasiconvex functions or in constructing new quasiconvex functions from
existing ones. Examples will be given in Sect. 2.3.

The given definitions of generalized convexity point out that the behaviour of
the function is strictly related to the behaviour of its restriction on every line
segment. This connection is expressed in the following theorem.

Theorem 2.2.10. Let f be a function defined on a convex set S C R™. Then,
[ is quasiconvex (strictly quasiconvex) on S if and only if the restriction of
f on each line segment contained in S is a quasiconvex (strictly quasiconver)
function.

Proof. See Exercise 2.18.

Remark 2.2.3. As we shall see, by means of Theorem 2.2.10, several results
regarding generalized convexity of functions of several variables may be
derived from the corresponding results for functions of one variable. For this
reason we shall devote Sect. 2.5 to the study of generalized convex functions
of one variable.

The non-constancy of a strictly quasiconvex function along a line allows us to
characterize strictly quasiconvexity within quasiconvexity.

Theorem 2.2.11. Let f be a function defined on a convex setS C R™. Then,
f s strictly quasiconvez on S if and only if (i) and (ii) hold:

(i) f is quasiconvex on S;

(ii) Every restriction on a line segment is not constant.

Proof. (i) This follows from (iii) of Theorem 2.2.1 while (ii) follows directly
from (2.3).

Assume now that (i) and (ii) hold. If f is not strictly quasiconvex, there exist
71, v2 € S, A € (0,1), such that f(z1) > f(22) and f(Z) = f(z1 + Ma2 —
x1)) = f(z1); since f is not constant in [z1, Z], there exists zg € (x1,Z) such
that f(xo) < f(x1) = f(Z). If f(Z) = f(z1) > f(x2), the quasiconvexity of
f on the line segment [zg, z2] is contradicted. If f(Z) = f(x1) = f(x2), there
exists * € (Z,x2) such that f(z*) < f(Z) = f(z2) and this contradicts the
quasiconvexity of f on the line segment [zq, 2*].

As we have pointed out by means of Example 2.2.1, a quasiconvex function
is not necessarily continuous. Under a continuity assumption, we have the
useful property that quasiconvexity on an open convex set S is preserved on
the closure of S. More precisely, we have the following result.

Theorem 2.2.12. Let [ be a continuous function on the closure of a convex
set S CR™ and quasiconvexr on the interior of S. Then, [ is quasiconvezr on
the closure of S.
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Proof. Let z,y € clS; we must prove that f(z+ Ay —x)) < max{f(z), f(y)},
YA € [0,1]. If 2,y € intS the inequality is true by assumption. Let {z,} C
ntS, {yn} C intS be sequences converging to x and y, respectively, with
the convention z,, = z for all n (y, = y for all n) if x € intS (y € intS).
We have f(xn, + Myn — 2)) < maz{f(zn), f[(yn)}, VA € [0,1], so that the
thesis follows by taking the limit for n — 400 and taking into account the
continuity of f.

2.3 Semistrict Quasiconvexity

In this section we shall introduce a class of generalized convex functions which
is intermediate between convex and quasiconvex ones. This class is obtained
by strengthening quasiconvexity.

Definition 2.3.1. A function [ defined on a convex set S C R™ is said to be
semistrictly quasiconvex if

FOz + (1= N)ag) < max{f(x1), f(z2)} (2.6)

for every xi,x0 € S, with f(x1) # f(xa2) and for every A € (0,1) or,
equivalently,

f(x1) > f(x2) implies that f(x1) > f(x1 + AN(z2 — 1)) (2.7)
for every x1,x0 € S, X € (0,1).

As a direct consequence of the given definition, we have the following theorem.

Theorem 2.3.1. Let f be a function defined on a convex set S C R™.
(i) If f is strictly quasiconvex on S, then f is semistrictly quasiconver on S;
(i) If f is convex on S, then f is semistrictly quasiconvex on S.

Since a constant function is semistrictly quasiconvex but not strictly quasi-
convex, the class of strictly quasiconvex functions is properly contained in the
class of semistrictly quasiconvex ones.

The following examples point out that there is not any inclusion relation-
ship between the class of semistrictly quasiconvex functions and the one of
quasiconvex functions.

1 —1<z<1, 240

2 x=0

f is not quasiconvex since we have f(0) = 2 > max{f(1), f(—1)} = 1; on
the other hand, f is semistrictly quasiconvex, since, in order to apply the
definition, we must necessarily consider the points 1 = 0, z2 # 0, so that
f(.%‘l + )\(3&‘2 — 1‘1)) = f()\l‘g) =1< f(l’l) =2.

Ezample 2.3.1. Consider the function f(x) =
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Ezample 2.3.2. Consider the function f(z) = f (1) i i E ;’

f is a non-decreasing function and hence quasiconvex, but it is not semistrictly
quasiconvex since we have f(0) =0 < f(2) =1 and f(3) =1= f(2).

Let us note that in Example 2.3.1, the function f is not lower semicontinu-
ous at g = 0. We shall prove that a sufficient condition for a semistrictly
quasiconvex function to be quasiconvex is the lower semicontinuity of the
function.

Theorem 2.3.2. If f is a lower semicontinuous and semistrictly quasiconvex
function on a convex set S, then f is quasiconver on S.

Proof. Let z, y € S such that f(x) > f(y). If f(x) > f(y), the thesis follows
from (2.7). Let f(z) = f(y) and assume the existence of A € (0,1) such that
f(@) = f(z+ My —x)) > f(x). Since f is lower semicontinuous there exist
e > 0 and a neighbourhood I of Z such that f(z) > f(z) — e, Vz € I. Since
f(z) > f(z), by choosing € < f(z) — f(z), we have f(z) > f(x), Vz € I and,
in particular, Vz € I'N|x,y]. Let z € IN[x,y]. If z € (z,Z), then the semistrict
quasiconvexity of f is contradicted on the segment [z,y] if f(2) < f(Z) or in
the segment [z, Z] if f(z) > f(Z).

If z ¢ (x,Z), the proof is analogous.

We can summarize the inclusion relationships between the various classes of
convex and generalized convex functions by means of the diagram of Fig. 2.3
which assumes lower semicontinuity. All inclusions are proper.

strictly strictly
convex quasiconvex

v v

convex e —— Seml'strlctly
quasiconvex

v

quasiconvex

Fig. 2.3. Relationships between various types of convexity under lower semiconti-
nuity

As happens in the quasiconvex case, the behaviour of a semistrictly quasicon-
vex function may be characterized by means of the behaviour of its restrictions
on every line segment. Such a property allows us to characterize semistrict
quasiconvexity within quasiconvexity and also to characterize strict quasicon-
vexity within semistrict quasiconvexity. More precisely, we have the following
results.
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Theorem 2.3.3. Let f be a function defined on a convexr set S C R™. Then,
fis semistrictly quasiconvex on S if and only if the restriction of f to each
line segment contained in S is a semistrictly quasiconvez function.

Theorem 2.3.4. Let f be a lower semicontinuous function defined on a con-
vex set S C R™. Then, f is semistrictly quasiconvez if and only if (i) and (ii)
hold:

(i) f is quasiconvex;

(ii) Every local minimum is also global for each restriction on a line segment.

Proof. Assume that (i) and (ii) hold. If f is quasiconvex but not semistrictly
quasiconvex, then there exist x1, zo € S, A € (0,1) such that f(x1) > f(x2)
and f(Z) = f(z1+ Xaz —21)) = f(z1). From (ii), f is not constant in [z, 7],
otherwise each point € (x1,%) is a local minimum which is not global for
the restriction ¢(t) = f(z1 + t(z2 — z1)),t € [0, 1]. Consequently, there exists
xo € (z1,%) such that f(xo) < f(z1) = f(Z) and this contradicts the quasi-
convexity of f on the segment [xg, x2].

With respect to the converse statement, (i) follows from Theorem 2.3.2 while
(ii) is obvious.

The following theorem, whose proof can be found in [104, 209], shows that
the class of continuous semistrictly quasiconvex functions is the wider class
for which every local minimum is also global.

Theorem 2.3.5. Let f be a continuous quasiconvexr function defined on a
conver set S C R™. Then, f is semistrictly quasiconvex if and only if every
local minimum point is also global for f on S.

Theorem 2.3.6. Let f be a lower semicontinuous quasiconver function
defined on a convex set S C R™. Then, f is strictly quasiconvex if and only if
the following conditions hold:

(i) f is semistrictly quasiconver;

(ii) Any restriction on a line segment attains its minimum at no more than
one point.

Proof. See Exercise 2.19.

The composition Theorem 2.2.6 may easily be extended to the semistrictly
quasiconvex case.

Theorem 2.3.7. Let f be a semistrictly quasiconvexr function defined on a
convez set S C R™ and let g : A — R be an increasing function, with f(S) C A.
Then:

(i) kf, k > 0 is semistrictly quasiconver on S;

(ii) g o f is semistrictly quasiconvex on S.

Composition theorems related to generalized convex functions are useful tools
in identifying or in constructing generalized quasiconvex functions. Some
examples are given below.
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Example 2.3.3. Let f be a positive and convex function defined on a convex
set S C R™ and consider the increasing functions hq(y) = logy, y > 0,
ha(y) = y*, y > 0, o > 0. From Theorem 2.3.7 and taking into account
the inclusion relationships, we deduce the semistrict quasiconvexity of the
functions z(x) = log f(x), and z(z) = (f(x))*, o> 0.

Furthermore if f is positive and strictly convex, then z(x) = log f(z), and
z(z) = (f(x))*, a > 0 are strictly quasiconvex.

Ezample 2.3.4. Let f be a quasiconcave (strictly quasiconcave, semistrictly
quasiconcave, respectively) function constant in sign defined on a convex set
S C R". Then, the reciprocal function z(z) = f(lx) is quasiconvex (strictly
quasiconvex, semistrictly quasiconvex, respectively).

In fact, since h(t) = —1! is an increasing function, the composite function

t
h(f(z)) =— f(lx) is quasiconcave (strictly quasiconcave, semistrictly quasicon-

cave, respectively), so that z(xz) = f(lw) is quasiconvex (strictly quasiconvex,
semistrictly quasiconvex, respectively).

Note that the reciprocal of a constant in sign concave function is not convex
but it is quasiconvex.

As is known, the class of convex functions is not closed with respect to the
ratio. In the following theorem generalized convexity of a ratio is investigated.

Theorem 2.3.8. Let f and g be functions defined on a conver set S C R",
and let

Then, the following properties hold:

(i) If f is non-negative and convex, and g is positive and concave, then z is
semastrictly quasiconvex;

(i) If f is non-positive and convex, and g is positive and convez, then z is
semistrictly quasiconvex;

(i) If f is convex, and g is positive and affine, then z is semistrictly
qUasiCONVer.

Proof. (i) We must prove that z(z) = gg)) < chgs; = z(xo) implies that

2((1 = Nz + Ax)) < z(x0), A€ (0,1).

Taking into account the convexity of f and the concavity of g, together

with their sign, we have f((1 — Naxog + Az) < (1 — X)f(zo) + Af(z) <

(1= A) f(wo)+A 20 g () = 1000 (1=N)g(20) +Ag(x)) < 1120 g(1=N)zo+ ).
‘(1=XN)xo+Az (x .

It follows that éééi—,\))xgi/\xg < ééw2§7 fe., z((1 = XNz + Ax) < z(x0).

(ii) This can be proven similarly.

(iii) This follows from (i) and (ii) by noting that an affine function is both

convex and concave.
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2.4 Generalized Convexity of Some Homogeneous
Functions

In this section we shall characterize the quasiconcavity of some classes of
homogeneous functions which appear frequently in Economics.

2.4.1 The Cobb—Douglas Function

One of the most important production or utility functions is the Cobb—
Douglas function defined as:

flz) = AaTad?apm, A>0, 2, >0, a; >0, i=1,...,n. (2.8)
The main properties of the Cobb—Douglas function, which is homogeneous of

degree oo = Z «; (see Theorem 1.4.1), are stated in the following theorem.
i=1

Theorem 2.4.1. The Cobb-Douglas function (2.8) is quasiconcave and is

concave if and only if o = Z a; < 1.
i=1

n
Proof. Since log f(x) = log A + Zai log x; is a concave function as a pos-

i=1
itive linear combination of concave functions, the function f(z) = el°&/(®)
is quasiconcave. The last statement follows by means of the property that a
positive homogeneous function of degree o < 1 is concave if and only if it is
quasiconcave.

Remark 2.4.1. If U : R — RN is a utility function which represents the pref-
erences of the consumer and ¢ : ® — R is an increasing function, then the
monotone transformation poU is a utility function which represents the same
preferences. It follows that the Cobb—Douglas utility function

U(r) = Ax'a? ), A>0, 2; >0, v >0, i=1,..,n, Z% =1 (2.9)

represents the same preferences as the Cobb-Douglas function (2.8). In fact,
by setting 8 = a1+__1_+a , we have that p(z) = 27 is an increasing func-

tion and furthermore go(f(m)) = (Am’flmg?...xﬁ")ﬁ = ABgPpgP | ponb —
APz ad? . ) with Z% = 52041 = 1. This justifies the use of utility

=1
functions of the kind (2 9) found in consumer theory.
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2.4.2 The Constant Elasticity of Substitution (C.E.S.) Function

Another important function in Economics is the C.E.S. function defined by
flx) = (alm’f—i—agm’g—&—...—&—anxg)ll*, a; >0, 2, >0,i=1,..,n, §#0 (2.10)

The main properties of the C.E.S. function, which is linearly homogeneous,

are stated in the following theorem.

Theorem 2.4.2. The C.E.S. function (2.10) is quasiconcave if and only if

0 <1 and it is convex if and only if 7 > 1.

Proof. By setting g(z) = a12” + agx] + ... + anz?, we have f(z) = (g(;z:))ll?

no

When § < 0, g is convex as a linear combination of positive convex functions;
it follows that ; is a quasiconcave function (see Example 2.3.4) so that f

is quasiconcave as an increasing transformation of 3. When 0 < <1, ¢
is concave as a positive linear combination of concave functions, so that f is
quasiconcave as an increasing transformation of g. Finally, when 8 > 1, g is
convex as a linear combination of convex functions, so that f is quasiconvex
as an increasing transformation of g. The thesis follows from Theorem 2.2.2
since the C.E.S. function is linearly homogeneous.

2.4.3 The Leontief Production Function

Another important homogeneous function of degree « is the Leontief produc-
tion function defined by

f(:l)) = <m1n{zl }) ,x; >0, a;,>0,2=1,....n, a>0. (211)

The following theorem holds.

Theorem 2.4.3. The Leontief production function (2.11) is quasiconcave and
it 1s concave if and only if a < 1.

Proof. The function g(x) = miin{ o'} is concave as the minimum of a finite

number of concave functions, so that f is an increasing transformation of g and
thus it is quasiconcave. The last statement follows from Remark 2.2.1.

2.4.4 A Generalized Cobb—Douglas Function

k

Consider the function z(z) = H(fz(x))o‘, a; > 0, where f;i(z), i = 1,...,k,
i=1

are positive concave functions on a convex set S C R". Since logz(x) =

k
E a;log fi(x) is a concave function (as a positive linear combination of
i=1

concave functions), the function z(z) = €'°8*(*) is quasiconcave.
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2.5 Generalized Quasiconvex Functions in One Variable

Theorems 2.2.10 and 2.3.3 suggest carrying on the study of generalized con-
vexity for one real variable function with the aim of extending the obtained
results for functions of several variables.

A complete characterization of quasiconvexity is given in the following theo-
rem where the parenthesis ) or ( indicates that the corresponding end point
can or cannot belong to the interval.

Theorem 2.5.1. Let ¢ be a function defined on the interval [a,b] C R. Then
@ 1s quasiconvez if and only if one of the following conditions is verified:

(i) ¢ is non-increasing or non-decreasing in [a,bl;

(ii) ¢ is mon-increasing in [a,b) but not in [a,b] or ¢ is non-decreasing in
(a,b] but not in [a,b];

(#ii) there exists ty € (a,b) such that ¢ is non-increasing in [a,to) and non-
decreasing in (tg,b], where at least one of the two intervals is closed.

Proof. Tt is easy to verify that the validity of (i) or (ii) or (iii) implies the qua-
siconvexity of . Assume now the quasiconvexity of . Set ¢ = inf{p(t),t €
[a,b]} (note that ¢ may be —oo) and let {¢,} C [a,b] be such that ¢(t,) — ¢
when ¢,, — to. The following exhaustive cases occur: to = a, tg = b, to € (a,b).
case tg = a.

We will prove that ¢ is non-decreasing in (a, b]. If not, there exist t1, to € (a, ]
with t1 < to, such that ¢(t1) > ¢(t2) > £. Since ¢ is the infimum value of ¢,
there exists 7 such that a < t; < t; < t2 with ¢(tz) < ¢(t1) and this contra-
dicts the quasiconvexity of ¢ applied to the interval [tz ta].

If p(a) = p(to) = ¢ then ¢ is non-decreasing in [a, b], otherwise ¢ is non-
decreasing in (a, b] but not in [a, b] since ¢(a) > £.

case tg = b.

By means of similar arguments, it is easy to prove that ¢ is non-increasing in
[a,b); furthermore, ¢ is non-increasing in [a, b] if p(b) = p(to) = £.

case ty € (a,b).

We will prove that ¢ is non-increasing in [a, tp) and non-decreasing in (to, b].
If not, there exist ty,ty,%1,1o € [a,b] such that t; < to < ty < t; < 5 with
o(t1) < @(tz) and (1) > ¢(ts). Since £ is the infimum value of ¢, there exists
n such that to < tn < {1 with p(ts) < @(t2), p(ta) < @(f1) and this contra-
dicts the quasiconvexity of o in the intervals [t1,¢5], [ta, f2], respectively.

It remains to be proven that at least one of the two intervals [a, to), (to,b] is
closed.

Set {1 = inf{p(t),t € [a,t0)}, b2 = inf{p(t),t € (to,b]}. Let us note that at
least one of the two infimum is finite, otherwise there exist t1 < tg, to > to,
such that ¢(t1) < ¢(to) and ¢(t2) < ¢(to), and this contradicts the quasicon-
vexity of ¢ in the interval [tq, t2].

Now we will prove that ¢(tg) < max{¢1,¢2}; if not, taking into account that
the function is non-increasing in [a,ty) and 1 < ¢(tp), there exists t1 < tg
such that ¢(t1) < ¢(to). In a similar way, since the function is non-decreasing
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in (to,b] and o < @(to), there exists to > to such that p(t2) < ¢(to). It fol-
lows that the function ¢ is not quasiconvex on the interval [t1,¢2] and this is
absurd.

Finally, let us note that ¢ = min{¢y, 2, ¢(tg)}. If £ = £1 then ¢(ty) < f2 and
¢ is non-decreasing in [tg, b]. If £ = ¢5 then ¢(ty) < £1 and ¢ is non-increasing
in [a,to]. If £ = ¢(to), then ¢ is non-increasing in [a, tg] and non-decreasing in
[to, b].

The proof is complete.

Theorem 2.5.1 may be specified in the case where @ is a lower semicontinuous
function.

Theorem 2.5.2. Let ¢ be a lower semicontinuous function defined on the
interval [a,b] CR. Then, ¢ is quasiconvez if and only if there exists ty € [a, b]
such that ¢ is non-increasing in [a, to] and non-decreasing in [to, b], where one
of the two subintervals may be reduced to a point.

Proof. Assume that ¢ is quasiconvex. The lower semicontinuity of ¢ on [a, b]
implies the existence of its minimum value m. Set A = {t € [a,b] : p(t) = m};
A is a closed interval since ¢ is quasiconvex and lower semicontinuous. Let
to € A. The function ¢ is non-increasing in [a,ty] when ¢ty # a, since the
existence of t1,ty € [a,tp), t1 < to with p(t1) < ¢(t2) contradicts the quasi-
convexity of ¢ in [t1, to].

In the same way it can be proven that ¢ is non-decreasing in [tg,b], to # b,
so that the thesis follows when a < tg < b.

When a = tg = b, @ is constant in [a, b]; when a = tg and ¢ty < b, ¢ is constant
in [a,to] and non-decreasing in [to, b].

When a < ¢y and ty = b, ¢ is non-increasing in [a, to] and constant in [to, b].
In each case the thesis follows.

The converse statement follows immediately.

The given characterizations of quasiconvex functions can be specialized to
the subclass of strictly quasiconvex functions as is stated in Corollary 2.5.1
and in Corollary 2.5.2.

Corollary 2.5.1. Let ¢(t) be a function defined on the interval [a,b] C R.
Then, ¢(t) is strictly quasiconvez if and only if one of the following conditions
holds:

(i) ¢ is increasing or decreasing in [a, b];

(ii) ¢ is decreasing in [a,b) but not in [a,b] or increasing in (a,b] but not in
[a, bl;

(iii) there exists to € (a,b) such that ¢ is decreasing in [a,to) and increasing
in (to,b] where at least one of the two intervals is closed.

Corollary 2.5.2. Let ¢ be a lower semicontinuous function defined on the
interval [a,b] C R. Then, ¢ is strictly quasiconvex if and only if there exists
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to € [a,b] such that ¢ is decreasing in [a,to] and increasing in [to,b], where
one of the two subintervals may be reduced to a point.

Since the class of semistrictly quasiconvex functions is contained in the class of
quasiconvex ones under the lower semicontinuity assumption, Theorem 2.5.2
may be specified as follows.

Corollary 2.5.3. Let ¢(t) be a lower semicontinuous function defined on the
interval [a,b] € R. Then, p(t) is semistrictly quasiconvex if and only if there
exist o, 8 € [a,b] such that ¢ is decreasing in |a,a], constant in [a, §] and
increasing in [, 0], where one or two subintervals may be reduced to a point.

Proof. By referring to the proof given in Theorem 2.5.2, consider the closed
interval A = {t € [a,b] : p(t) =m} and let « = minA, § = maxrA. We must
prove that ¢(t) is decreasing on the interval [a, o] and increasing on [, b]. In
this regard it is sufficient to note that the existence of ¢, t3 € [a, o] such that
t1 < ta < a and ¢(t1) > @(t2), contradicts the semistrictly quasiconvexity
of ¢ on the interval [t1, a]. Similarly, it can be proven that ¢ is increasing in

5, ).

2.6 Exercises

2.1. Which of the following functions are quasiconvex, semistrictly quasicon-
vex or strictly quasiconvex?

(@) fl@)==z ]z () f@)=z|z| -2 (c) flz)=z|z]|+2?

o1 0<zr<l1
(d) f(z) = 0 r=1
wil x>1

2.2. Sketch a graph of a continuous function and the graph of a discontinuous
function of one variable which satisfies the following conditions:

decreasing in [0, 1], constant in [1,2], decreasing in [2, 3], constant in [3,4],
increasing in [4, 5], constant in [5, 6] and increasing in [6, 7).

Is this function quasiconvex, strictly quasiconvex or semistrictly quasiconvex?

2.3. Let f : [a,b] — R and let ¢ € (a,b). Assume that f(zg) = «,
lim f(x) = —o0, lim+f(:1:) = —oo. Show that f is not quasiconvex.

T—x) T—T)

2.4. Are the following functions quasiconvex, semistrictly quasiconvex or
strictly quasiconvex?

(a) f(x) = logim?; (b) f(z) = logixi, z; >0,i=1,...,n
i=1

i=1

(©) S(a) = (3o e)", B> 0.
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2.5. Let f be a function defined on the convex set S C R". Prove that:

(a) if f is positive and convex, then —} is quasiconvex;

b) if f is negative and quasiconvex (strictly quasiconvex) then L is quasicon-
g q ydq rsq
cave (strictly quasiconcave).

2.6. Let f, g be functions defined on a convex set S C R™. Using the charac-
terization of quasiconvex functions in terms of its lower level sets, prove that
the function z(x) = ﬂ; 83 is quasiconvex if f is non-negative and convex and g

is positive and concave.

2.7. Let f and g be functions defined on a convex set S C R", and let z(x) =

«
(gg;) , a > 0.If fis non-negative and convex, and g is positive and concave,

then z is semistrictly quasiconvex.

2.8. Let f and g be functions defined on a convex set S C R", and let z(x) =

]gc g)) . Prove that z is strictly quasiconvex if one of the following conditions

holds:

1. f is non-negative and strictly convex and ¢ is positive and concave;
2. f is non-negative and convex and g is positive and strictly concave;
3. [ is non-positive and strictly convex and g(z) is positive and convex.

2.9. Apply Theorem 2.2.3 to show that the linear fractional function
T
flz) = ‘Z%IZ{‘)& bTx 4+ by > 0, is both quasiconvex and quasiconcave.
2.10. Show that the following functions are quasiconvex:
1'4 .
(a) f(z,y) = log yyo ¥ >l
(b) fla,y) =log ™ ;703" —2 <y <2
(c) f(z,y) =log(z* +y?) —log(y — 1), y > 1.

2.11. Show that the following functions are convex:

n N 5 ol )2
F@r ) = O ah)d; gley) = =5 hlz) = 42"
=1

2.12. Show that the function f(z,y) = xy, =, y > 0 is quasiconcave and that
the function f(x,y) = \/xy, =, y > 0 is concave.

2.13. Show that the ratio z(z) = f; E;ﬂ)) is semistrictly quasiconcave when f is
non-negative and concave and g is positive and convex.

2.14. Show that the function z(x) = f(z) - g(x) is semistrictly quasiconcave
when f is non-negative and concave and ¢ is positive and concave.

2.15. Show that the function f(z) = (a”x+ao)(bTz +bg) is semistrictly qua-
siconcave if a’'x+ag > 0 and b 2 + by > 0 while it is semistrictly quasiconvex
if a’z +ag <0 and b7z + by > 0.
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2.16. Let [ be a quasiconvex function defined on the convex set S C R™.
Prove that f cannot have an interior strict local maximum point.

2.17. Give an example which shows that a quasiconvex function may have an
interior global maximum point which is not a local minimum.

2.18. Show Theorem 2.2.10.
2.19. Show Theorem 2.3.6.

2.20. Let f be a non-constant lower semicontinuous semistrictly quasiconvex
function on the convex set S C R™. Show that f, in contrast to the quasiconvex
case, cannot have an interior global maximum.

2.21. Give an example which shows that the assumption of lower semiconti-
nuity in Exercise 2.20 cannot be relaxed.

2.22. Show that, in contrast to the quasiconvex case, a non-constant lower
semicontinuous semistrictly quasiconvex function cannot have an interior local
maximum point which is not a local minimum.

2.23. Give a direct proof of the statement: if f is convex then f is semistrictly
quasiconvex.
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Differentiable Generalized Convex Functions

3.1 Introduction

in this chapter we shall consider, under the differentiability assumption, the
classes of generalized convex functions introduced in the previous chapter.
Furthermore, a new class is defined: that of pseudoconvex functions, which is
perhaps the most important of all.

Several first order and second order characterizations of quasiconvexity and
pseudoconvexity are also established, some of which turn out to be useful tools
in determining special classes of generalized convex functions.

By combining generalized convexity and generalized concavity, quasilinearity
and pseudolinearity are introduced and studied.

In the last section, the notion of convexity and generalized convexity at a
point is introduced. This represents a significant relaxation of the concept of
generalized convexity, since the convexity of the domain of the function is not
required.

3.2 Differentiable Quasiconvex and Pseudoconvex
Functions

3.2.1 Differentiable Quasiconvex Functions

A differentiable function is convex if and only if its graph lies on or above
the tangent at any point of the graph. Similarly, a differentiable function is
quasiconvex if and only if any of its level sets lies on or below the tangent at any
point of the level set. In order to express this geometrical property analytically,
we shall begin to characterize the quasiconvexity of a differentiable function
of one variable.
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Theorem 3.2.1. Let ¢ be a differentiable function' on an interval I C R.
Then, ¢ is quasiconvex on I if and only if the following implication holds:

ti,to € 1, (,D(tl) > (p(tg) = (,Dl(tl)(tg — tl) <0. (31)

PT‘OOf. Let t1, to € 1 such that t; < to ( t1 > tQ) and (p(tl) > (p(tg) The
quasiconvexity of ¢ implies p(t) < @(t1), Vt € [t1,t2]( Vt € [t2,t1]) so that
¢ is locally non-increasing (locally non-decreasing) at ¢; and, consequently,
(3.1) holds.

Assume now that (3.1) holds. If ¢ is not quasiconvex, there exist t1, to € I
with ¢; < tg, such that M = max{(t), t € [t1,t2]} > max{p(t1), o(t2)}. Let
t = inf{t € [t1,t2] : @(t) = M}; the continuity of ¢ implies the existence of
€ > 0 such that p(t) < M, Vt € (t —€,t) and ¢(t) > max{p(t1), o(t2)}, Vt €
(t — €,t). The Mean Value Theorem applied to the interval [t — €,#] implies
the existence of t* € (f — ¢,t) such that ¢'(¢t*) > 0. Consequently, we have
o(t*) > @(t2) with ¢'(t*) > 0 and this contradicts (3.1).

Remark 3.2.1. Theorem 3.2.1 cannot be specified for a strictly or a semistrictly
quasiconvex function in the sense that (3.1) cannot be improved. For instance,
the function ¢(t) = —t2, t € [0,1] is both strictly and semistrictly quasiconvex
and we have ¢(0) = 0 > ¢(1) = —1 with ¢'(0) = 0.

Theorem 3.2.1 allows us to obtain the following characterization of a differ-
entiable quasiconvex function in more than one variable.

Theorem 3.2.2. Let S C R"be a convex set and let f be a differentiable func-
tion on S. Then, f is quasiconvex on S if and only if the following implication
holds:

r1, T2 € S, f(l‘l) > f(l‘g) = Vf(a:l)T(asg — 931) <0. (32)

Proof. Assume f is quasiconvex and let x1, x5 € S with f(x1) > f(x2). Con-
sider the restriction ¢(t) = f(x1 +t(z2 — x1)),t € [0,1]. We have ¢(0) > (1)
so that Theorem 3.2.1 implies that ¢/(0) = (v2 — 21)TVf(z1) < 0 and (3.2)
holds.

Assume now that (3.2) holds. If f is not quasiconvex, there exists a restriction
o(t) = flx1 + t(xe — 21)), 1, x2 € S, ¢t € [0,1], which is not quasi-
convex (see Theorem 2.2.10) and consequently, from Theorem 3.2.1, there
exist tl,tg S [0, 1] such that (p(tl) > (p(tz) and (pl(tl)(tg — tl) > 0. Set
T = x1 + tl(l'g — 131), To = x1 + tQ(LEQ — 931); we have f(ﬂ_jl) > f(:fg)
and (p,(tl) = (.Z‘Q — a:l)TVf(;fl) = tzitl (9_32 — fl)TVf(ﬂ_Sl). Consequently,
' (t1)(t2 — t1) = (x2 — 1)TV f(Z1) > 0 and this contradicts (3.2).

The following theorem points out that corresponding to a strict inequality on
the left-hand side of (3.2) we also have a strict inequality on the right-hand
side when S is open and x; is not a critical point.

! The differentiability of a function g on a set X C R™ means that g is differentiable
on an open set containing X.
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Theorem 3.2.3. Let f be a differentiable quasiconvex function on an open
conver set S C R™. Then, the following implication holds:

w1, 19 €8, f(x1) > f(wa), V(1) #0= V(1) (w2 —21) <0. (3.3)

Proof. Assume the existence of z1,22 € S such that f(z1) > f(z2) and
(w2 — 21)TV f(z1) > 0. Since f is quasiconvex, we necessarily have (z2 —
21)TV f(z1) = 0. For the continuity of f, there exists ¢ > 0 such that
y=a2+€eVf(xy) € Swith f(y) < f(x1) (note that y # xo since V f(x1) # 0).
Consequently, for the quasiconvexity of f, we have (y — z1)TVf(x1) < 0. On
the other hand, y — 71 = (y — 72) + (v2 — 21), so that (y — 21)TVf(21) =
(y — 22) TV f(21) + (22 — 21)TV f(z1) = € | Vf(z1) ||*> 0, and this is a con-
tradiction.

Let us note that assumption Vf(x1) # 0 is essential for the validity of
Theorem 3.2.3. In fact, the function ¢(t) = —t2, t € [0,1], is quasiconvex,
©(0) =0> ¢(1) = —1 but ¢'(0) = 0.

Remark 3.2.2. As we have pointed out in Remark 3.2.1, it is not possible to
obtain a characterization of a strictly or a semistrictly quasiconvex function
in terms of the sign of the directional derivatives. Nevertheless, it is possible
to characterize a strictly quasiconvex function when f does not have critical
points as is stated in Theorem 3.2.4.

Theorem 3.2.4. Let f be a differentiable function on an open convex set
S CR"™ and assume that V f(x) #0, Yo € S. Then, f is strictly quasiconvex
if and only if the following condition holds:

r1, T2 € S, f(l'l) > f(l‘g) = Vf(a:l)T(asg — 931) < 0. (34)

Proof. Assume that f is strictly quasiconvex. If f(x1) > f(x2), the the-
sis follows from Theorem 3.2.3. If f(x1) = f(x2) the strict quasiconvexity
implies the existence of t* € (0,1) such that f(x1) > f(z*) with z* =
Ty + t*(x9 — 21). From Theorem 3.2.3 we have (z* — 21)TV f(z1) < 0 or,
equivalently, t*(xo — 21)TV f(21) < 0, so that (3.4) holds.

Assume now the validity of (3.4). From Theorem 3.2.2 the function is quasi-
convex . If f is not strictly quasiconvex, there exist z1,22 € S, t* € (0,1),
such that f(z1) > f(z2), f(z1) = f(z*) where 2* = z1 +t*(22 —x1). Consider
the restriction p(t) = f(x1 +t(z2 — 1)), t € (0,1). Equation (3.4) applied to
points z*, xo implies ¢'(t*) < 0. Consequently, there exists ¢; € (0,¢*) such
that p(t1) > ¢(t*) and this contradicts the quasiconvexity of ¢(t) on [0, t*].

3.2.2 Pseudoconvex Functions

It is known that a critical point for a convex function is also a global mini-
mum. This useful property does not hold for quasiconvex, strictly quasiconvex
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and semistrictly quasiconvex functions (for instance, the critical point for the
strictly quasiconvex function ¢(t) = 3 is not a global minimum). This is the
reason for introducing of the following class of pseudoconvex functions.

Definition 3.2.1. A differentiable function f, defined on an open convex set
S CR", is called pseudoconves if

z1, 29 €S, f(x1) > f(x2) = Vf(z1)T (z2 — 1) < 0. (3.5)

If the inequality on the right hand-side of (3.5) still holds when f(x1) = f(x2),
the function is called strictly pseudoconvez. Formally,

Definition 3.2.2. A differentiable function f, defined on an open conver set
S CR™, is called strictly pseudoconver if

xr1, T2 € S, xr1 # X2, f(l‘l) > f(l‘g) = Vf(a:l)T(asg — 931) < 0. (36)

It follows, immediately, from the given definitions, that a strictly pseudocon-
vex function is pseudoconvex, too. The converse statement is not true; in fact,
a constant function is pseudoconvex but it is not strictly pseudoconvex.

A function f is said to be pseudoconcave (strictly pseudoconcave) if and only
if — f is pseudoconvex (strictly pseudoconvex). Consequently, the results that
we are going to establish can be easily adapted to the pseudoconcave case.
For the sake of completeness, in Appendix B we shall summarize the main
properties of pseudoconcave functions.

Remark 3.2.3. Note that, when f(x1) = f(x2), 1,22 € S, 21 # x2, the strict
pseudoconvexity implies that f is decreasing at x1 in the direction u = xo — 21
since the directional derivative V f(z1)” (z2 — 1) is negative. In particular, if
x1 is a local minimum, it is necessarily a strict local minimum.

The following theorem shows that a critical point for a pseudoconvex function
is a global minimum as happens in the convex case.

Theorem 3.2.5. Let f be a differentiable function on an open convex set
S CR"™ and let xg € S be a critical point. If f is pseudoconvez, then g is a
global minimum for f. Furthermore, xq is unique if f is strictly pseudoconvez.

Proof. Assume that there exists y € S such that f(y) < f(xzg). Then
V f(xo) = 0 implies that V f(x¢)” (y — x¢) = 0, which contradicts (3.5). It fol-
lows that xg is a global minimum for f and, furthermore, taking into account
Remark 3.2.3, it is unique if f is strictly pseudoconvex.

Let us note that pseudoconvexity requires that (3.5) is satisfied at all points of
the domain in contrast to quasiconvexity which implies that (3.5) is satisfied
when Vf(z1) # 0 (see Theorem 3.2.3). More exactly, we have the following
theorem.
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Theorem 3.2.6. Let [ be a differentiable function on an open convexr set
S CR™

(i) If f is pseudoconvex on S, then f is quasiconver on S;

(i) If Vf(x) #0, Vo € S, then f is pseudoconvex on S if and only if it is
quasiconvezr on S.

Proof. (i) Assume that f is not quasiconvex. Then, there exist z1,22 € S
with f(z1) > f(x2) such that Vf(z1)? (z2 — 1) > 0. Consider the restriction
o(t) = f(z1 + t(xa — z1)), t € [0,1]. Since ¢'(0) = Vf (1) (2 —x1) > 0,
 attains its maximum value at an interior point ¢y € (0,1), so that ¢(tg) =
fwo) > f(z1) = ¢(0) > f(a2) = ¢(1) and ¢'(to) = V f(z0)" (z2 — 21) = 0,
where 29 = 21 + to(x2 — 21). On the other hand, the pseudoconvexity of f,
applied to points zg, =2, implies that V f(z¢)T (x2 — 21)(1 — to) < 0, and this
is a contradiction.

(ii) It remains to be proven that a quasiconvex function is pseudoconvex when
there are no critical points. This follows from Theorem 3.2.3.

As for the classes of generalized convex functions introduced in the previ-
ous chapter, a function is pseudoconvex (strictly pseudoconvex) if and only
if it is pseudoconvex (strictly pseudoconvex) over each restriction on a line
segment. This property leads us to carry on the study of pseudoconvexity
of a single-variable function with the aim of obtaining characterizations for
functions of more than one variable.

Theorem 3.2.7. Let ¢ be a differentiable function on an open interval I C R.
Then, ¢ is pseudoconvex (strictly pseudoconvez) on I if and only if for every
to € I such that ¢'(tg) = 0, to is a local minimum (strict local minimum,)

for .

Proof. Assume the pseudoconvexity of ¢. Let ¢ty € I such that ¢’(¢p) = 0 and
assume that tg is not a local minimum for ¢. Then, there exists t* € I such
that o(t*) < p(to). The pseudoconvexity of ¢ implies that ¢’ (to)(t* —to) <0
and this is absurd since ¢ is a critical point.

Assume now that every critical point is a local minimum. If ¢ is not pseu-
doconvex, there exist t1, ta € I such that ¢(t1) > ¢(t2) implies that
@' (t1)(t2 — t1) = 0.

We can assume without loss of generality that ¢ < to so that ¢/(¢1) > 0.
If ¢'(t1) = 0, ¢1 is a local minimum point and thus there exist € > 0,
(t1,t1 +¢€) such that o(t) > o(t1) > @(t2). If ¢'(t1) > 0 we can find
(t1,t2) with p(t) > @(t1) > ¢(t2). In each case the maximum value of
©(t) on [t1,ts] is reached at an interior point. The largest maximizer point tg
is such that p(to) > ¢(t) for all t € (to, t2] with ¢'(tg) = 0, and this contra-
dicts the assumption that every critical point is a local minimum. The proof
is complete, taking into account Remark 3.2.3.

t e
t e

The following theorem is a direct consequence of Theorem 3.2.7.
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Theorem 3.2.8. Let [ be a differentiable function on an open conver set
S CR™. Then, f is pseudoconvez (strictly pseudoconvex) on S if and only if
for every xo € S and u € R™ such that uT'V f(zg) = 0, the function p(t) =
f(zo + tu) attains a local minimum (strict local minimum) at t = 0.

Remark 3.2.4. We have already remarked that a quasiconvex function may
have local and also global interior maximum points, but cannot have a strict
local maximum point and also a semistrict local maximum point defined as
follows:

Let ¢ be defined on the open interval I C R.

A point ¢y € I is said to be a semistrict local maximum point for ¢ if
there exist t1,ty € I with t1 < to < to, such that p(At1 + (1 — N)t2) < ¢(to)
for every A € [0, 1] and max{p(t1), ¢(t2)} < ¢(to).

This special type of local maximum point, introduced by Dewert, Avriel, and
Zang in [94], is stronger than the concept of a local maximum, but weaker
than a strict local maximum.

By means of the non-existence of this kind of point, it is possible to charac-
terize quasiconvexity in the non-differentiable and in the differentiable case
(see Exercises 3.1, 3.4, 3.6, 3.25).

Referring to Theorem 3.2.6, we shall point out that within the class of quasi-
convex fuctions, pseudoconvexity may be specified by means of its behaviour
at a critical point. The following theorem holds.

Theorem 3.2.9. Let [ be a continuous differentiable function on an open
convex set S C R™. Then, [ is pseudoconvex (strictly pseudoconvex) on S if
and only if the following conditions hold:

(i) f is quasiconvex on S;

(it) If xg € S, Vf(xo) =0, then xg is a local minimum (strict local minimum,)

for f.

Proof. It f is pseudoconvex, then (i) follows from Theorem 3.2.6, while (ii)
follows from Theorem 3.2.5.

Assume now that (i) and (ii) hold. By applying Theorem 3.2.8 we must
prove that if 29 € S and u € R" are such that u”Vf(zg) = 0, the func-
tion ¢(t) = f(xo + tu) attains a local minimum at ¢t = 0. If Vf(xg) = 0,
the thesis follows from (ii); if Vf(zo) # 0, the continuity of the gradient
map implies the existence of an open neighbourhood U(zg) of xo such that
Vf(xo) # 0, Vo € U(xg). Theorem 3.2.6 implies that f is pseudoconvex on
U(zo) and Theorem 3.2.7 implies that the function ¢(t) = f(x¢ + tu) attains
a local minimum at ¢t = 0. The proof is complete, taking into account Remark
3.2.3.

Remark 3.2.5. In [82, 89] a more elaborate proof of Theorem 3.2.9 is given
without the assumption of continuity of the gradient map.
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Remark 3.2.6. Let us note that Theorems 3.2.6 and 3.2.9 cannot be extended
to the closure of S. More exactly, a pseudoconvex function on an open set is
not necessarily pseudoconvex on the closure of S. Consider for instance the
quasiconvex function f(z,y) = —ay, (z,y) € intR3. Such a function is also
pseudoconvex since its gradient does not vanish in int?Ri. On the other hand,
f is quasiconvex on 3‘31 (see Theorem 2.2.12) but it is not pseudoconvex on
%i since the gradient vanishes at the origin which is not a global minimum.

Theorems 3.2.6 and 3.2.9 are sometimes useful in verifying the pseudoconvex-
ity of a function.

Ezample 3.2.1. Consider the Cobb-Douglas function f(z) = 7' ....-a%", © =

(21, .y Tn), 3 >0, a; <0, 4= 1,...,n. Since f is quasiconvex and V f(z) # 0,
f is also pseudoconvex.

Ezample 3.2.2. An affine function f(z) = a”x + b is pseudoconvex since it is
constant if a = 0 and it is quasiconvex if a = V f(z) # 0.

Theorem 3.2.10. Consider the ratio z(x) = J;Eg where f and g are differ-
entiable functions defined on an open convex set S C R™.

(i) If f is convex and g is positive and affine, then z is pseudoconvez;

(i) If f is non-negative and convex, and g is positive and concave, then z is
pseudoconver;

(iii) If f is positive and strictly convex, and g is positive and concave, then z
is strictly pseudoconver;

(i) If f is non-negative and convex, and g is positive and strictly concave,

then z is strictly pseudoconvex.

Proof. By Theorem 2.3.8 z is quasiconvex, so that, taking into account The-
orem 3.2.9, it is sufficient to prove that a critical point zo (if one exists)

is a local (strict local) minimum. We have Vz(z) = Vf(x)'g((i)(;ﬁgz)'vg(x)

so that Vz(zg) = 0 if and only if Vf(zo) = 2(z0)Vg(xo). Consequently,
Vf(z0)T (z — 20) = 2(20)Vg(x0)T (z — 70) and we have:

2(30) V(o) (z — 20) = 2(z0)(9(x) — 9(o) if g is affine;

2(x0)Vg(wo)T (x — 20) > 2(20)(g(x) — g(x0) if 2(z0) > 0, where the inequality
is strict if g is strictly concave. In each case we have:

f@) > flzo) + Vf(zo) (x — x0) = flwo) + 2(z0)Vg(zo)" (z — x9) >
f(zo) + z(x0)(g(x) — g(x0)) = 2(x0)g(x), where the first (second) inequality
is strict if f (g) is strictly convex (strictly concave) and thus ; g; > z(xg) =

f; Eig)) , Vo € S, where the inequality is strict if f (g) is strictly convex (strictly
concave).

Another useful theorem in constructing new pseudoconvex functions from
existing ones is the following.
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Theorem 3.2.11. Let f : S C R" — R be a pseudoconvex (strictly pseudo-
convex) function on an open convez set S and let ¢ : R — R be a differentiable
function such that ¢'(z) > 0,Vz € R. Then, the composite function ¢ o f is
pseudoconvex (strictly pseudoconver).

Proof. ¢ is an increasing function so that ¢o f is quasiconvex. Since Vo (f(x)) =
&' (f(x))Vf(z), we have Vo(f(z)) = 0 if and only if Vf(z) = 0. It follows
that z is a local (strict local) minimum point for f and, consequently, it is a
local (strict local) minimum for ¢o f. The thesis follows from Theorem 3.2.9.

Ezample 3.2.3. Let [ be a pseudoconvex (strictly pseudoconvex) function on
an open convex set S C ™. Taking into account that the derivative of the
exponential function ¢(z) = e* is positive, g(z) = ef(®) is pseudoconvex
(strictly pseudoconvex) on S.

Furthermore, when f is positive on S, the functions g(x) = log f(x), g(x) =
V@), g(x) = (f(z))*, a > 0, are pseudoconvex on S.

Remark 3.2.7. With the aim of extending the concept of pseudoconvexity to
the non-differentiable case, in [217] and in [275] the following class of func-
tions has been introduced. This reduces to a pseudoconvex function under the
differentiability assumption:

For every x1,x9 € S, there exists a positive number b(x1, z3), depending on
x1, T2, such that

f(.%‘l) > f(l‘g) = f(l’l —+ )\(3&‘2 — .%‘1)) < f(.%‘l) — (1 — )\))\b(l‘hl‘g), Ve (O, 1)

3.2.3 Relationships

In this subsection we shall complete the inclusion relationships between the
various classes of convex and generalized convex functions.

The following theorem shows that the class of pseudoconvex functions is
intermediate between the quasiconvex and semistrictly quasiconvex functions.

Theorem 3.2.12. Let f be a differentiable function defined on an open convex
set S C R".

(i) If f is pseudoconvex on S, then f is semistrictly quasiconvex on S;

(i) If f is strictly pseudoconvexr on S, then f is strictly quasiconvex on S.

Proof. (1) Let 1,22 € S with f(x1) > f(z2) and set o(t) = f(x1 + t(ze —
x1)), t € [0,1]. If f is not semistrictly quasiconvex, then there exists ¢ € (0, 1)
such that f(z1 + t(xe — x1)) > f(z1) > f(x2). Consequently, ¢ attains its
maximum value at a point ¢ty € (0,1) with ¢(tg) = f(z1 + to(x2 — x1)) >
f(z2) and ¢'(t9) = 0. By applying pseudoconvexity to points xg = x1 +
to(ry — x1) and z2, we have V f(z0)T (v2 — x0) = (1 —to)V f(x0)T (22 — 1) =
(1 —t0)¢'(to) <0, i.e., ¢'(to) < 0, and this is a contradiction.



3.2 Differentiable Quasiconvex and Pseudoconvex Functions 49

(ii) From (i), f is semistrictly quasiconvex on S so that, taking into account
Theorem 2.3.6, it remains to be proven that every restriction on a line segment
attains its minimum at no more than one point. If not, there exist at least
two minimum points, x1, xo € S with f(z1) = f(x2). Strict pseudoconvexity
implies that V f(x1)? (z2 — 1) < 0, and this is a contradiction.

Let us note that there is a strict inclusion relationship between the class
of pseudoconvex (strictly pseudoconvex) functions and the semistrictly quasi-
convex (strictly quasiconvex) ones. Consider, for instance, function f(x) = x*
which is increasing and hence strictly quasiconvex; on the other hand, f is
not pseudoconvex since f/(0) = 0 but 29 = 0 is not a global minimum.
Nevertheless, the classes of quasiconvex, semistricly quasiconvex and pseu-
doconvex functions collapse when there are no critical points as is stated in
Theorem 3.2.6.

Remark 3.2.8. Let us note that there is not any inclusion relationships between
the class of pseudoconvex functions and the strictly quasiconvex ones. In fact,
a constant function is pseudoconvex but not strictly quasiconvex, while f(x) =
22 is strictly quasiconvex but not pseudoconvex.

We can summarize the inclusion relationships between the various classes of
convex and generalized convex functions by means of the diagram in Fig. 3.1,
assuming differentiability.

strictly i strictly N strictly

convex pseudoconvex quasiconvex
semistrictly

convex —> pseudoconvex [P .
quasiconvex
quasiconvex

Fig. 3.1. Relationships between various types of convexity under differentiability

Examples in two variables showing that the inclusions are proper are given
below.

Ezxample 3.2.4.

1. f(z,y) =z +vy, (v,y) € R? is convex, strictly quasiconvex but not strictly
convex.

2. f(z,y) = (z +y)* +x+vy, (z,y) € R? is pseudoconvex but not convex.
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3. f(w,y) = (x+y)3, (z,y) € R? is semistrictly quasiconvex but neither pseu-
doconvex, nor strictly quasiconvex.

[ —(+y? z+y<0 . . -
4. f(x,y) = { 0 z+y>0 is quasiconvex but not semistrictly

quasiconvex.

Finally, we shall prove that the class of strictly pseudoconvex functions is the
intersection between the class of the pseudoconvex functions and the class of
the strictly quasiconvex ones.

Theorem 3.2.13. Let f be a continuous differentiable function defined on an
open convex set S C R™. Then, f is strictly pseudoconvex on S if and only if
f s both pseudoconvex and stricly quasiconvex on S.

Proof. Assume that f is both pseudoconvex and stricly quasiconvex on S.
Taking into account Theorem 3.2.9, it remains to be proven that a local min-
imum point g € S is strict. If not, there exist a neighbourhood I of zy and
x1 € I NS such that f(z1) = f(zo). The strict quasiconvexity of f implies
flxo+t(x1 —x0)) < f(xo), ¥t € (0,1), and this contradicts the local optimal-
lty of xo-

The converse statement is obvious.

Remark 3.2.9. When V f(z) # 0, Va € S, since pseudoconvexity collapses to
quasiconvexity, strict quasiconvexity implies pseudoconvexity. The converse is
not true since, for instance, the function f(x1,zs) = 1 + 22 is pseudoconvex
with V f(z1,z2) # 0, but it is not strictly quasiconvex since it is constant on
any level set.

Furthermore, taking into account Theorem 3.2.13, strict quasiconvexity col-
lapses to strict pseudoconvexity.

3.3 Quasilinearity and Pseudolinearity

By requiring that a function is both convex and concave we obtain an affine
function which verifies all properties of a convex and concave function. Simi-
larly, we can require that a function is both quasiconvex and quasiconcave (or
both semistrictly quasiconvex and semistrictly quasiconcave or both pseudo-
convex and pseudoconcave) in order to obtain classes of functions for which all
properties of a generalized convex function and generalized concave function

hold.

3.3.1 Quasilinearity and Semistrict Quasilinearity

A function f is said to be quasilinear (semistrictly quasilinear) if it is both
quasiconvex and quasiconcave (semistrictly quasiconvex and semistrictly qua-
siconcave).
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Taking into account the various characterizations of a quasiconvex (semistrictly
quasiconvex) and quasiconcave (semistrictly quasiconcave) function, we have
the following theorems.

Theorem 3.3.1. Let f be a function defined on a convexr set S C R™. Then,
f s quasilinear on S if and only if one of the following conditions holds:

(i) x1,22 € S, min{f(z1), f(x2)} < fz1+ Maz — 21)) < max{f(z1), f(z2)},
for all X € ]0,1];

(ii) The lower level sets and the upper level sets of f are convex;

(i1i) Any restriction of f on a line segment is a non-increasing or a non-
decreasing function.

Theorem 3.3.2. Let f be a function defined on a convex set S C R™. Then,
[ is semistrictly quasilinear on S if and only if one of the following conditions
holds:

(i) x1,22 € S, f(z1) # f(z2), min{f(21), f(z2)} < fla1 + A(z2 — 21)) <
max{f(x1)7 f(l‘g)}, Ae [07 1]7'

(i) Any restriction of f on a line segment is an increasing function or a
decreasing function or a constant function.

Similarly to the quasiconvex case, a semistrictly quasilinear function is not
necessarily a quasilinear function (see Example 2.3.2; the function is quasi-
linear but not semistrictly quasilinear). In order to mantain the inclusion
relationships between the class of semistrictly quasilinear functions and the
class of quasilinear functions, we must require continuity (see Theorem 2.3.2
and its analogous theorem for the quasiconcave case).

Theorem 3.3.3. A continuous semistrictly quasilinear function is a quasilin-
ear function.

The converse statement of the above theorem is not true; for instance, the
function of one variable f(x) = z|z| — 22 is continuous and quasilinear but it
is not semistrictly quasilinear.

Let us note that a continuous non-constant semistrictly quasilinear function is
both strictly quasiconvex and strictly quasiconcave, so that there is no reason
to introduce the class of the “strictly quasilinear functions”.

Property (ii) of Theorem 3.3.1 implies that every level set I} of a quasilinear
function is convex since it is the intersection of the two convex sets Ip,
I'<j.. Let us note that I is not necessarily the boundary of I or I'<j. For
instance, consider the continuous quasilinear function

—x? <0
0 0<x<2
(-2 x>2

f(x)

We have I—¢ = [0,2], >0 =[0,400), I'<og = (—00,2], so that the sets I'>o,
I'<y have different boundary points; note also that intIy—o # 0.

This kind of situation does not happen for a continuous semistrictly quasilin-
ear function as is shown in the following theorem.
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Theorem 3.3.4. Let f be a non-constant continuous semistrictly quasilinear
function on an open convezr set S C R™. Then, the following conditions hold:
(i) intIy, = 0 for every nonempty level set [;

(i1) A point of the level set I, is a boundary point of upper level set I'>) and
a boundary point of lower level set I'<y,.

Proof. (i) By contradiction, assume that intIy # (0 and let o € intl}). For
every © € S, consider the line segment [z, x]; since x¢ € intl}, there exists
Z € (xo,x) such that [zg, Z] C I;. Consequently, the restriction of the function
f along the line segment [z, ] is constant in [z, Z] so that it is also constant
(see (ii) of Theorem 3.3.2) in [xo,z]. Then, we have f(z¢) = f(x) for every
x € S, i.e., fis a constant function and this contradicts the assumption.

(ii) Let zg € I}. Since intlx—9 = (), for every neighbourhood I of z
there exists & € I such that f(Z) # f(x0). Consider the restriction ¢(t) =
f(zo +t(T — x0)), t € (—€,€). From (ii) of Theorem 3.3.2, ¢ is increasing or
decreasing so that (ii) holds.

The following theorem shows that the level sets of a continuous semistrictly
quasilinear function are the intersections of its domain with hyperplanes.

Theorem 3.3.5. Let f be a non-constant continuous function defined on an
open convex set S C R™. Then, f is semistrictly quasilinear if and only if
every nonempty level set I', can be expressed in the form I, = S N Hy, where
Hy, is a hyperplane.

Proof. Assume that f is a semistrictly quasilinear function. From Theo-
rem 3.3.4 we have intl}, = intI'>, Nintl<, = 0 so that the convexity
of I'c; and I'>j implies the existence of a hyperplane Hj which separates
I'<y and I'>y, that is the existence of oy, € R™\{0} such that H, = {z €
R : al(x —x0) = 0}, 29 € Iy, af(x —x9) > 0, Vo € I>y and
af(m—xo) <0, Vo € I'<y,. It follows that I}, is contained in the hyperplane Hy,
and thus Iy, € SN Hy. On the other hand, af (z—z¢) > 0, Vo € I = intl>y
and of (z — x9) < 0, Vo € I'<, = intl<y, so that x € SN Hy, implies x € I}.
Consider now the converse statement and assume, by contradiction, that f
is not semistrictly quasilinear. Then, from (i) of Theorem 3.3.2 there exists
a restriction ¢ of f on a line segment with end-points zg,x1 € S, such that
either tg[l(i)nl]@(t) < min{ f(zo), f(x1)}, or tren[éa)i]@(t) > max{ f(zo), f(x1)}, or

both. 7
Consider the first case (the second case is similar). Let t* be such that

n%(i)nl]ga(t) = @(t*) < min{f(zo), f(x1)}, and let 2* = xo + t* (21 — ). Con-
te(o,

sider level set I'f(,«) and let H be a hyperplane such that Iy« = SN H.
Since wg,z1 € IS f(y+), we have 29,71 ¢ H. On the other hand, z* € H
implies that z,z1 are in opposite halfspaces and this is a contradiction.
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Corollary 3.3.1. Let f be a non-constant continuous function defined on R™.
Then, f is semistrictly quasilinear if and only if each of its nonempty level
sets is a hyperplane.

The characterization of quasilinearity in terms of its level sets is more com-
plicated (for details see [211]). Nevertheless, in the differentiable case the
convexity of the level sets suggests a characterization of quasilinearity based
on the behaviour of the function at points belonging to the same level set. In
this regard, the following theorem holds.

Theorem 3.3.6. Let f be a differentiable function on an open conver set
S CR™. Then, f is quasilinear on S if and only if the following implication
holds:

vy €S, flz)=f(y)= Vf2)(y—-2)=0 (3.7)

Proof. Let f be quasilinear. If f(z) = f(y), then the convexity of the level set
I' ={z€ S: f(z) = f(x)} implies that [x,y] C ' so that the restric-
tion ¢(t) = f(x + t(y — x)),t € [0,1] is constant. Consequently, we have
2(0) = V()T (y — ) =0.

Assume now that (3.7) holds. If f is not quasiconvex, taking into account
(3.7), there exist z,y € S such that f(x) > f(y) and Vf(z)(y — z) > 0; it
follows that the restriction ¢(t) = f(x + t(y — x)), ¢ € [0,1] has a maximum
point t* with ¢(t*) > ¢(0) > ¢(1). The continuity of the function implies the
existence of a point ¢ € (0,1) such that ¢(t) = ¢(0). Setting z = z + t(y — z)
we have f(z) = f(x) so that (z — 2)TV f(xz) = 0 and this is absurd since
(z —2)T'Vf(z) =ty — )TV f(z) > 0. The quasiconvexity of f follows.
Similarly, it can be proven that f is quasiconcave and thus the thesis follows.

Remark 3.3.1. Consider the quasilinear function f(z) = z3; setting = = 0,
y = 1, we have f'(z)(y —x) = 0 with f(z) # f(y). This means that the
implication in (3.7) cannot be reversed. As we shall see in the next subsection,
such a property characterizes the functions which are both pseudoconvex and
pseudoconcave.

3.3.2 Pseudolinearity

A differentiable function f defined on an open convex set S C R™ is said to
be pseudolinear if it is both pseudoconvex and pseudoconcave.

Taking into account the results given for a pseudoconvex function and the
analogous results for a pseudoconcave function, we have the following theorem.

Theorem 3.3.7. Let f be a differentiable function on an open conver set
S CR™. Then, the following properties hold:

(i) If f is pseudolinear on S, then V f(x) # 0 for all x € S or f is a constant
function;

(i) If f is pseudolinear on S, then f is also semistrictly quasilinear on S;
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(iii) f is pseudolinear on S if and only if the derivative of any of its non-
constant restrictions on a line is constant in sign.

Proof. (i) Since for a pseudolinear function, a critical point is both a global
minimum and a global maximum, the gradient of a non-constant pseudolinear
function does not vanish on its domain.

(i) This follows from Theorem 3.2.12 and from its analogous theorem in the
pseudoconcave case.

(iii) This follows from Theorem 3.2.7 respectively and from its analogous the-
orem in the pseudoconcave case.

Let us note that the converse statement of (i) of Theorem 3.3.7 is not true.
For instance, the semistricly quasilinear function f(x) = 2% is not pseudolin-
ear.

A pseudolinear function can be characterized by means of its behaviour at
points belonging to the same level set strengthening condition (3.7) as is
shown in the following theorem.

Theorem 3.3.8. Let f be a differentiable function defined on an open convex
set S CR™. Then, f is pseudolinear on S if and only if the following double
implication holds:

z,yeS, f(z)=[f(y) <= Vi) (y—=z) =0 (3.8)

Proof. Since a pseudolinear function is also quasilinear, taking into account
(3.7), it remains to be proven that (y — )"V f(z) = 0 implies f(z) = f(y).
Setting p(t) = f(x +t(y — x)),t € [0, 1], we have ¢'(0) = (y — 2)TV f(z) = 0,
so that, for (i) of Theorem 3.3.7, ¢ is constant in [0,1] and this implies
F() = F():

Assume now that (3.8) holds. From Theorem 3.3.6 the function f is quasi-
linear. If Vf(z) # 0, Va € S, quasilinearity implies pseudolinearity; if there
exists a critical point z¢ € S, from (3.8) f is constant and hence pseudolin-
ear.

Properties (i) and (ii) of Theorem 3.3.7, together with Theorem 3.2.6 and the
analogous theorem for the pseudoconcave case, imply that the study of pseu-
dolinearity is equivalent to the study of the subclass of semistrictly quasilinear
functions having no stationary points.

Theorem 3.3.9. Let f be a non-constant differentiable function on an open
conver set S C R™. Then, f is pseudolinear on S if and only if the following
properties hold:

(i) Each of the level sets of f is the intersection of S with a hyperplane;

(i) Vf(x) #0 forallz € S.

Let us note that when a level set of a function f is contained in a hyper-

plane, the gradient of f is orthogonal at each point of the level set. From

Theorem 3.3.9 it follows that the normalized gradient map, r — ng:g;W is
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constant on each level set of a pseudolinear function. A direct proof of this
last statement is given in the following theorem.

Theorem 3.3.10. Let f be a function defined on an open conver set S C R"
and assume V f(x) # 0 for all x € S. Then, f is pseudolinear on S if and

only if its normalized gradient map is constant on each level set.

Proof. Let f be pseudolinear. We must prove that the normalized gradient
map is constant on each level set, i.e.,

B Vi) | Vi)
F@ =10 = Gr) | = 1 V1) | 3.9)

Set I ={deR" :d"Vf(x) =0}, [y ={d e R" : dTVf(y) = 0}.
We have It = I5. Indeed, if d € I, from (3.8) it results that f(z + td) =
f(z) = f(y) for every ¢ such that x + td € S. From (3.8), it also follows that
(z+td—y)TVf(y) =0 and (z — y)TVf(y) = 0; consequently, d'Vf(y) =0
and thus d € I;. In an analogous way we can prove that I, C I7.

; _ ; Vi) _ Vi(y)
Since I'y = I3, it results that Vi) = + HVf(y)H Set u = V7l and assume
that Hgﬁgl\ = —u; for a suitable t € (0,¢) points z1 = x +tu, 2o = y-+tu are

such that f(z1) < f(x), f(z2) > f(y). The continuity of f implies the existence
of A € (0,1) such that f(z) = f(z) = f(y) with z = Az; 4+ (1—X)z2. From (3.8)
we have (z —y)Tu = 0; on the other hand, (z — y)Tu = (MNz —y) + tu)Tu =
t]ul?>0sothat f(y) # f(z) and this is a contradiction.

Vi) _ Vi)
Consequently, we have IV = IV

Assume now that (3.9) holds. Let z,y € S and set p(t) = f(x +t(y —x)),t €
[0,1]. If ¢'(t) is constant in sign, then ¢(t) is quasilinear on the line seg-
ment [0, 1]. Otherwise, from elementary Analysis, there exist t1,t2 € (0,1)
such that ¢(t1) = p(t2) with ¢ (t1)¢’(t2) < 0. Set z1 = z + t1(y — ), 22 =
x + ta(y — x). Since f(z1) = @(t1) = @(t2) = f(z2), we have ¢'(t2) =
(1—ta) (y=2)7Vf () = (L=t2)y—2)" VS e0) [T = 122w () 312
Since ¢'(t1)¢’(t2) < 0, we get a contradiction.

It follows that the restriction of the function over every line segment con-
tained in S is quasilinear, so that f is quasilinear and also pseudolinear, since

Vf(x)#0,VeeS.

Theorem 3.3.10 can be strengthened when f is defined on the whole space
R in the sense stated in the following theorem.

Theorem 3.3.11. A non-constant function [ is pseudolinear on the whole
space R™ if and only if its normalized gradient map is constant on R™.

Proof. Let f be pseudolinear on 1™ and assume that its normalized gradi-
ent map is not constant on R™. Then, there exist x1,252 € RN™ such that

Hgﬁg e va z2) - From Theorem 3.3.10, we have f(z1) # f(x2). Set

IN={deR": dTVf(xl) =0} and Iy = {d € R" : 'V f(22) = 0}. By not-
ing that € @ + I implies (z — x1) € Iy, we have (z — 21)TVf(z1) = 0
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so that, from (3.8), f(z) = f(x1). Analogously, we have f(x) = f(x2) for all

x € wo + I. On the other hand, HVf(;BH + Hg}cgz;\l implies the existence
of # € (x1 + 1) N (x2 + I3), so that f(x1) = f(Z) = f(x2), and this is a
contradiction.

The converse statement follows from Theorem 3.3.10.

From a geometrical point of view, the previous theorem states that the level
sets of a non-constant pseudolinear function, defined on the whole space R",
are parallel hyperplanes; viceversa if the level sets of a differentiable function,
with no critical points, are hyperplanes, then the function is pseudolinear.

In the following examples we shall use Theorem 3.3.9 for constructing pseu-
dolinear functions and for verifying the pseudolinearity of given functions.

Ezample 3.3.1. The linear fractional function (b # 0)

alz + ag

ble+by >0
bTz 4+ by’ T+ bg >

flz) =
is pseudolinear.
It is easy to verify that the feasible level sets are open semi-hyperplanes.

Furthermore, we have V f(z) = (bTI+E’£%2:_(ba£f+a°)b so that Vf(z) # 0 if a,b
ao—kbo

are not proportional. If a = kb, f reduces to f(x) =k+ bt by In both cases
(i) and (ii) of Theorem 3.3.9 hold and thus the linear fractional function is
pseudolinear.

Example 3.3.2. Theorem 3.3.9 suggests constructing pseudolinear functions
starting from a family of lines or hyperplanes.

Consider, for instance, the family of lines y = \k/fcj_ll We have (VE+1 y)? =

2
(ke +1)%, K22 + (2 — 2k + 1 — g2 = 0, k = “22F HlVyi—doraa® g
the given family of hnes may be interpreted as the level sets of function

2z 4+ %+ |y | Vo2 —dz+ 422
212

f(x,y) =

From Theorem 3.3.9, the function is pseudolinear on each convex set S such
that Vf(x,y) # 0, for all (x,y) € S. For instance, f is pseudolinear on
S ={(z,y) : x> 1,y > 0}.

Another way to construct a pseudolinear function from known functions is to
apply the following theorem whose proof follows from Theorem 3.2.11 and its
analogous theorem for pseudoconcave functions.

Theorem 3.3.12. Let f : S C R" — R be a pseudolinear function on an
open convexr set S and let ¢ : R — RN be a differentiable function such that
@' (z) > 0,Vz € R, or ¢'(2) < 0,Vz € R. Then, the composite function ¢o [ is
pseudolinear on S.
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Ezample 3.3.3. If g(x) is a pseudolinear function on a convex set S C R™,
then the function f(z) = e?*) is pseudolinear on S.

3.4 Twice Differentiable Generalized Convex Functions

In this section we shall present some characterizations of a twice differentiable
generalized convex function.

3.4.1 Quasiconvex Functions

The Hessian matrix of a twice differentiable convex function is positive
semidefinite or, equivalently, it has non-negative eigenvalues. As a result, the
Hessian of a quasiconvex function which is not convex necessarily has some
negative eigenvalue. The following theorem states that the Hessian cannot
have two or more negative eigenvalues.

Theorem 3.4.1. Let f be a twice continuously differentiable quasiconvex
function defined on an open convex set S C R™. Then, for every x € S,
the Hessian matriz V2 f(x) has at most one negative eigenvalue.

Proof. Let w9 € S and suppose that V2 f(z0) has two (or more) negative eigen-
values. Denote with v!,v?,...,v™ a set of n orthogonal eigenvectors of V2 f(z¢)
and assume, without loss of generality, that the eigenvalues associated with
vl and v? are negative. Let E be the subspace spanned by v! and v? and set
E* = E\{0}. We have uTV?2 f(z¢)u < 0 for every u € E*. If V f(x0) = 0, then
ul'Vf(zo) =0, uT'V?f(zo)u < 0 imply that zg is a strict local maximum for
the restriction of f on the line through x¢ and direction u, and this contradicts
the quasiconvexity of f. If Vf(xg) # 0, the intersection between E and the
orthogonal subspace to V f(zp) has dimension equal to 1 or 2, so that there
exists u € E* such that ul'Vf(z¢) = 0, uT'V2f(x¢)u < 0 and, once again, we
get a contradiction.

Theorem 3.4.1 establishes a necessary condition for a twice differentiable func-
tion to be quasiconvex. The following example shows that such a condition is
not sufficient.

Example 3.4.1. Consider the function f(z1,22) = 23 — 23, z1, x5 > 0. It is
easy to verify that the Hessian matrix has one negative eigenvalue and one
positive eigenvalue. The restriction of f on the half-line zo = 221 —3, 1 > 3,
is given by ¢(z1) = 23 — (221 — 3)> = =327 + 1221 — 9; such a function has
a critical point at 1 = 2 which is a strict local maximum, so that f is not
quasiconvex.

Another necessary condition for a twice continuously differentiable function
to be quasiconvex is stated in the following theorem.
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Theorem 3.4.2. Let [ be a twice continuously differentiable quasiconvex
function defined on an open convex set S C R™. Then, the following property
holds:

20 €S, ueR", u'Vf(xg)=0= u"'V?f(xo)u > 0. (3.10)

Proof. Tt sufficient to note that the condition zg € S, u € R", uT'V f(x) = 0,
uTV2f(zo)u < 0 implies that zq is a strict local maximum point for the
restriction of f on the line through xy and direction u, and this contradicts
the quasiconvexity of f.

Condition (3.10) does not guarantee the quasiconvexity of f. In fact, in Exam-
ple 3.4.1, condition (3.10) is verified for 29 = (2,1)7 and u = (1,2)T but f is
not quasiconvex. Nevertheless, requiring the non-existence of critical points,
condition (3.10) becomes sufficient too, as is shown in the following theorem
(see also [219, 79, 82]).

Theorem 3.4.3. Let f be a twice continuously differentiable function defined
on an open convex set S C R™ such that V f(x) #0 for all x € S. Then, f is
quasiconvezr on S if and only if (3.10) holds.

Proof. Taking into account Theorem 3.4.2, it remains to be proven that
the condition (3.10) implies the quasiconvexity of f. Let zp,z1 € S such
that f(xz1) < f(zo) and let x(t) = tz1 + (1 — t)zo, t € [0,1]. By contra-
diction, assume that f is not quasiconvex; the continuity of f implies the
existence of ¢y € (0,1) such that ty = max{t € [0,1] : p(t) = M} where

M= tren[éaﬁ]{w(t)}. Setting ¢(t) = f(z(t)) we have f(x(t)) < f(z(to)), Yt > to

and ¢ (tg) = (z1 — 20)TV f(x(tg)) = 0.

Consider the function ¥(3,a) = f(BV f(x(to)) + a(z1 — xo) + z(to)).

It results ¥(0,0) = f(z(tp)) and gg (0,0) =|| V£(z(to)) ||*. Since V£ (z(to)) #
0, we have gjé’ (0,0) > 0, so that, by means of the Implicit Function Theo-

rem, there exists a differentiable function S(«) with « belonging to a suitable
neighbourhood I of 0 such that 3(0) = 0 and

f(z(a)) = f(x(to)), Ya el (3.11)

where z(a) = B(a)Vf(z(to)) + a(z1 — x0) + (to).
From (3.11), through differentiation, we have

V(=) B () V f(x(to)) + (w1 — x0)] = 0 (3.12)
and
(B'()V f(x(to)) + (21 = 20)) "V f(2())(B' () V f (2(t0)) + (1 — 20)) +
+ VI(2()" 8" () V f(x(to)) = 0 (3.13)

Set a = 0 in (3.12); since Vf(2(0))TVf(z(to)) =|| Vf(z(to)) ||?, we obtain
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B(0) | V£(2(to) I* +(z1 — 20) V£ (2(to)) = 8(0) || V(z(t)) [I*= 0,

so that 8/(0) = 0.
Taking into account (3.12), (3.10) applied to the vectors z(a) and u =
B'(a)V f(x(to)) + (x1 — x¢) becomes

(B (@)V f(x(to)) + (1 = 20) V2 [ (2(0)) (8 (@) V [ (2(to)) + (1 — x0)) > 0,

so that, from (3.13), we have 8" (a)V f(z(a))TVf(x(ty)) <0, Va € I.

Since V£(2(0))TV f(x(tg)) > 0, the continuity of the gradient map implies
the existence of a* such that Vf(z(a))TVf(z(ty)) > 0, Va € (—a*, a*);
consequently, we have 3”(a) < 0, Va € (—a*, a*), i.e., the function [(«)
is concave in (—a*,a*). Since S(0) = F'(0) = 0, the concavity implies
Bla) <0, YVa € (—a*,a*). Setting o = t — ¢ the last inequality reduces to
B(t—tog) <0, YVt € (to—a™, to+a™). Since f(x(t)) < f(z(to)),t > to, and taking
into account (3.11), where now a(z1 —x0) +2(to) = (t —to)(x1 — o) + x(to) =
x(t), we necessarily have G3(t — tg) # 0, Vi € (to — a*,t9 + a*) so that
B(t—tg) <0, Vt e (to—a*, to+ ™). By means of Taylor’s expansion we have
Fa(to)) = F(B(E—to)V F(alto)) +2(t)) = F(a(t) +VF((2) T f (x(t0)) Bt —
to) + o(t — to) and thus, for t > to sufficiently close to tp, taking into account
that Vf(z(t))T'Vf(z(to)) > 0 and B(t — to) < 0, we have f(z(t)) > f(z(to))
and this is a contradiction.

The following theorem states another second order characterization for qua-
siconvexity without any assumption on the gradient map.

Theorem 3.4.4. Let f be a twice continuously differentiable function defined
on an open convex set S C R™. Then, [ is quasiconver on S if and only if the
following conditions hold:

(i) zo € S, u € R™, uTVf(xo) =0 imply uTV?f(xo)u > 0;

(ii) zo € S, x1 € S, f(x1) < f(xo), Vf(zo) = 0, ul'V2f(x0)u = 0 with
u = xo—x1, imply that for all € > 0 there exists k € (0, €) such that xo+ku € S
and f(xzo) < f(zo + ku).

Proof. Obviously, the quasiconvexity of f implies (i) and (ii). With respect
to the converse statement, referring to the proof given in Theorem 3.4.3, the
case V f(z(tp)) = 0 remains to be considered. By setting v = z(tg) — xo, we
have uT'V f(x(tg)) = 0 so that, from (i) and taking into account that z(to) is
a maximum point on the segment [z¢, 1], it results that uT V2 f(z(tg))u = 0.
Since f(xo) < f(xz(to)), (ii) implies the existence of k& > 0 such that
f(z(to)) < f(x(to) + ku) and this is a contradiction since for k£ > 0, i.e.,
for ¢ > to, function f is decreasing on the segment [z(to), x1].
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3.4.2 Pseudoconvex Functions

For a twice continuously differentiable (strictly) pseudoconvex function both
Theorems 3.2.7 and 3.2.8 may be stated in terms of the first and second
derivatives as follows.

Theorem 3.4.5. Let ¢ be a twice continuously differentiable function defined
on an open interval I C R. Then, ¢ is (strictly) pseudoconvex on I if and
only if for every to € I such that ¢'(to) = 0 either ¢ (to) > 0 or ¢"(ty) =0
and ty is a (strict) local minimum for ¢.

Theorem 3.4.6. Let f be a twice continuously differentiable function defined
on an open conver set S C R™. Then, f is (strictly) pseudoconvex on S if
and only if for every xo € S and u € R™ such that TV f(xg) = 0, either
uT'V2 f(zo)u > 0 or uT'V2f(zo)u = 0 and function p(t) = f(xo + tu) attains
a (strict) local minimum at t = 0.

The following theorem specifies Theorem 3.2.9; the given characterization is
more suitable for establishing the pseudoconvexity of a function.

Theorem 3.4.7. Let [ be a twice continuously differentiable function defined
on an open convex set S C R".
Then, f is (strictly) pseudoconvex on S if and only if the following conditions
hold:
(1)

zeS, ueR", u'V(ro) =0 = u'Vif(zo)u >0 (3.14)

(i) If xo € S is a critical point for f, then xg is a (strict) local minimum for

fonS.

Proof. It f is (strictly) pseudoconvex, then (i) and (ii) follow directly from
Theorems 3.2.9 and 3.4.2.

For the converse statement, taking into account Theorem 3.2.8, we must prove
that uT'V f(z¢) = 0 implies that (t) = f(x¢+tu) attains a (strict) local min-
imum at ¢t = 0.

If Vf(xo) = 0, then the thesis follows from condition (ii). If V f(z() # 0 the
continuity of the gradient map implies that V f(x) # 0 for all x belonging to
a suitable neighbourhood I(z) of o so that, from Theorem 3.4.3, (i) implies
that f is quasiconvex on I(xp). The thesis follows from Theorem 3.2.6 and
Theorem 3.2.8.

Corollary 3.4.1. Let f be a twice continuously differentiable function defined
on an open conver set S CR™. If Vf(x) #0 for all z € S, then f is pseudo-
convez on S if and only if condition (3.14) holds.
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3.4.3 Characterizations in Terms of the Bordered Hessian

Let us note that condition (3.14) is equivalent to studying the positive semidef-
initeness of a quadratic form on a linear subspace; this kind of study has been
carried out for a long time (see for instance [91, 112]).

As regards our aim, let us recall the following notations and results [82].

Let a € R, a # 0 and A be a real symmetric matrix of order n.
T

Let B = [2 (TA] the so-called bordered matrix. For all nonempty subset
0 ag
aRr AR
the bordered principal minor of order |R| of B, where Ag is obtained from A
by deleting rows and columns whose indices are not in R and apr is obtained
analogously from a.

R C{1,2,..,n}, denote with | R| the cardinality of R and with Br =

0 al
a, A,
of order r, » =1,..,n, of B, where A, is obtained from A by keeping the first
r rows and the first r» columns and a, is obtained analogously from a.

Furthermore denote with B, = the bordered leading principal minor

Theorem 3.4.8. Let a € R", a # 0 and let A be a real symmetric matriz of
order n. The following conditions are equivalent:

(i) aTh = 0 implies KT Ah > 0;

(i) For all nonempty subset R C {1,2,..,n} we have Br < 0.

Theorem 3.4.9. Let a € R", a # 0 and let A be a real symmetric matriz of
order n. The following conditions are equivalent:

(i) a™h =0, h # 0 implies hT Ah > 0;

(i) B, <0, r=1,..,n.

Theorem 3.4.8 allows a restatement of Theorems 3.4.2, 3.4.7, and Corollary
3.4.1, in terms of the so-called bordered Hessian defined as

D@ = w0y vero))

By denoting with Dg(z), R C {1,2,..,n}, the bordered principal minors of
D(z) and with D,(z), » = 1,..,n, the bordered leading principal minors of
D(x), we have the following theorems.

Theorem 3.4.10. Let f be a twice continuously differentiable function defined
on an open convex set S C R"™. If f is quasiconver on S, then the following
condition holds:

Dpr(z) <0, Vze S, VRC{1,2,..n}, R#0 (3.15)

The following example points out that condition (3.15) is not sufficient for
quasiconvexity or pseudoconvexity.
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Ezample 3.4.2. Consider the function f(x1,22) = —(z1 — 22)%.

0 —2(261 - 932) 2(931 — 932)
The bordered Hessian is D(x) = | —2(z1 — x2) -2 2
2(3&‘1 - .%‘2) 2 —2
For R = {1} and R = {2}, we have respectively
0 72(1‘1 — .Z‘Q) o 2
’ —2(131 — 932) —2 - —4(371 N $2) S 0

0 2(1‘1 - 1‘2)
2(1‘1 - 1‘2) —2
For R = {1,2}, it results that Dg(x1,z2) = |D(21,22)| = 0.

Consequently, condition (3.15) is verified, but f is not pseudoconvex (in par-
ticular, not quasiconvex) since its critical points are global maximum points.

= 74(131 - 132)2 S 0.

Theorem 3.4.11. Let f be a twice continuously differentiable function defined
on an open convez set S C R™. Then, [ is (strictly) pseudoconvex on S if and
only if conditions (i) and (i) hold:
(i)

Dpr(z) <0, Vz e S, VRC{1,2,..,n}, R#0 (3.16)

(i) If x € S is a critical point for f, then x is a (strict) local minimum for f
on S.

Theorem 3.4.12. Let f be a twice continuously differentiable function defined
on an open convex set S C R™, with Vf(x) # 0 for all x € S. Then, f is
pseudoconvex on S if and only if (3.16) holds.

Theorem 3.4.9 allows us to state a sufficient condition for pseudoconvexity.

Theorem 3.4.13. Let f be a twice continuously differentiable function defined
on an open convexr set S C R™. Then, a sufficient condition for f to be
pseudoconvex on S is

D,(z) <0, Vx e85, Vr=1,2,..,n (3.17)

Proof. (3.17) is equivalent to stating that for every u # 0 such that TV f(z) =
0 we have u”' V2 f(x)u > 0. The thesis follows from Theorem 3.4.6.

The sufficient condition expressed in Theorem 3.4.13 still holds for a strictly
quasiconvex function.

Theorem 3.4.14. Let f be a twice differentiable function defined on an open
convex set S C R™. If condition (3.17) holds, then f is strictly quasiconvex
on S.

Proof. 1t is sufficient to note that f cannot have a constant restriction. In fact,
if p(t) = f(xo + tu) is constant, then uT'V f(xg) = 0, uTV2f(xo)u = 0, while
(3.17) implies uT V2 f(x¢)u > 0.
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Remark 3.4.1. Let us note that the sufficient condition (3.17) is sometimes
very restrictive. In fact it cannot be verified by any function that has level sur-
faces containing line segments (for instance, affine functions or, more generally,
pseudolinear functions).

The following examples show some applications of the given results in terms
of the bordered Hessian.

Example 3.4.3. Consider the function

flz1,22) = 229 + (x1,22) € S = {(x1,22) € R? 1 25 +1 > 0}.

$2+1’

It results that Vf(x1,z2) = ( T'£0, V(z1,72) €8.

1 _ €1
w2+1’2 ($2+1)2)
0 1 2 _ T
xo+1 (I2+1)2

The bordered Hessian is D(x1,x9) = w21+1 0 (I2;11)2
—1 2$1

27 (@at1)? (@ot1)? (mat1)?
In order to study the pseudoconvexity of f, we shall begin to calculate the
bordered leading principal minors of D(x1,x2).
It 1"esults1 that
e 126-1 — _(x2—1&-1)2 <0, ‘D(l‘hl‘g)‘ = — (1211)3 < 0.
From Theorem 3.4.13, f is pseudoconvex on S.

Ezample 3.4.4. Consider the function f(x1,2) = —2% — 22174,

Since Vf(z1,22) = (=271 — 272, —271)7, the function does not have critical
points on int?Ri so that, in order to study the pseudoconvexity of the function,
we can refer to Theorem 3.4.12.

0 —21‘1 - 2932 —21‘1
The bordered Hessian is D(x1,x2) = | —2x1 — 222 —2 -2
—2131 —2 0
We have
_2$10_ . 2961_2 219 — (=21 —212)2 < 0, _gxl %:131 — 422 <0,
|D(21,72)| = —82% — 162122 < 0.

It follows from Theorem 3.4.12 that f is pseudoconvex on int?Ri. Since the
gradient of f vanishes at the origin which is a global maximum point, f is not
pseudoconvex on 3 .

Note that, from Theorem 2.2.12, f is quasiconvex on ?Ri

3.5 Generalized Convexity at a Point

In this section we shall introduce the notion of convexity and generalized
convexity at a point which will allow us to state, in the next chapter and
in a more general form, local-global property, first-order sufficient optimality
conditions and constraint qualifications.
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The notion of convexity and generalized convexity at a point represents a sig-
nificant relaxation of the concept of generalized convexity since it does not
necessarily require the convexity of the domain of the function. For a bet-
ter understanding, consider Definition 2.1; quasiconvexity is introduced by
requiring that (2.2) holds for each point of the line segment [z1,25]; such
an assumption can be relaxed in different ways. The more general one is
that for a fixed point xo and for any = € S, (2.2) holds for each point of
the intersection of the line segment [xg,z] with S. In what follows we con-
sider the case of such an intersection (in general it may also be a finite set)
which coincides with the line segment [z, x], i.e., the case of the domain of
the function is star-shaped at a point. More precisely, we have the following
definition.

Definition 3.5.1. Let S be a subset of R™ and let xg be a point of S. S is said
to be star-shaped at xo if x € S implies g + t(x — xo) € S for all t € ]0,1].

From the given definition is follows that a convex set is star-shaped at each
of its points. The following Fig. 3.2 shows some examples of non-convex star-
shaped sets.

LAA

Fig. 3.2. Non-convex star-shaped sets

By considering a star-shaped set as a domain, we shall introduce the following
definitions of generalized convex functions at a point.

Definition 3.5.2. Let f be a function defined on a set S C R™ which is star-
shaped at xg € S.
(i) f is said to be quasiconvex at xog € S if

ze S, f(x) < flxo) = flao+t(z —x0)) < f(20) (3.18)

for every t € [0, 1].
(i) f is said to be strictly quasiconver at xo € S if

x €S, v#x0, flx)<flxo)= flzo+tlx—u1x0)) < f(zo) (3.19)

for every t € (0,1).
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(iii) f is said to be semistrictly quasiconver at xo € S if
€8, x#xo, f(x)<flwo)= flao+tlx—20)) < f(xo) (3.20)

for every t € (0,1].

In an analogous way the definitions of convexity and strict convexity at a
point can be given.

Definition 3.5.3. Let f be a function defined on a set S C R™ which is star-
shaped at xg € S.
(i) f is said to be convex at xo € S if

f(zo +t(x — o)) < f(z0) +t(f(2) — f(20)) (3.21)

for every x € S and for every t € [0, 1].
(i) f is said to be strictly convexr at xo € S if

fzo +t(z — x0)) < flzo) +1(f(x) — f(20)) (3:22)
for every x € S, x # xy and for every t € (0,1).

Some graphs of convex and generalized convex functions at a point but not
on the whole domain are depicted in Fig.3.3. More precisely, in case a) the
function is convex at xzo = (0,0), in case b) the function is quasiconvex (nei-
ther semistrictly quasiconvex nor strictly quasiconvex) at xp, and in case
¢) the function is strictly and semistrictly quasiconvex (not convex) at xg.

A A A
Xp Xo Xo
/ NN\
0 X1 0 XK 0 x?

(@) (b) (©

Fig. 3.3. Convex and generalized convex functions at a point

Convexity and generalized convexity at a point represent, as we have pointed
out before, a significant relaxation of convexity. For this reason, as we shall
see, not all the results developed so far throughout this chapter and the pre-
vious ones, hold true.

With respect to the relationships between the introduced classes of convex
and generalized convex functions at a point, we have the following theorem
whose proof follows directly from the given definitions.
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Theorem 3.5.1. Let [ be a function defined on a set S C R™ which is star-
shaped at xg € S.

(i) If [ is convex at xg € S, then [ is both quasiconver and semistrictly
quasiconvez at xo;

(i) If f is strictly convex at xg € S, then f is strictly quasiconvez at xo;
(iii) If f is strictly quasiconvex at xg € S, then f is both quasiconver and
semastrictly quasiconvex at xg.

The inclusion relationship between the class of quasiconvex functions and the
class of lower semicontinuous semistrictly quasiconvex functions (see Theo-
rem 2.3.2) does not hold for generalized convexity at a point even if S is a
convex set and f is a continuous function, as is pointed out in the following
examples.

Ezxample 3.5.1. Consider the function

flz) = —z2 -1<x<1
Tl =22 462—-6 1<z <3+V3"

It can be verified that f is continuous and semistrictly quasiconvex at o = 0
but it is not quasiconvex at xg since f(0) = f(3++/3) = 0 with f(3) =3 > 0.

Example 3.5.2. Consider the function

0 —-1<z<1
f(m)_{—x+1 l<z<2 -

It is easy to verify that f is quasiconvex at xyp = 0 but it is not semistrictly
quasiconvex at xo since, for instance, we have f(xo) = 0 > f(2) = —1, but

F(1) = 0.

The reason for which there is no any inclusion relationship between quasi-
convexity and semistrictly quasiconvexity at a point, is related to the given
definitions where nothing is said about the behaviour of the function when
f(x) > f(xo). In Exercise 3.34 we shall present alternative definitions for
which the inclusion relationship still holds.

Due to the generality of the given definitions, also the first-order characteri-
zations of convexity and quasiconvexity do not hold. More precisely, (1.8) and
(3.2) are necessary but not sufficient conditions for a function to be convex
or quasiconvex, respectively, as is stated in Theorem 3.5.2 and in Example
3.5.3.

Theorem 3.5.2. Let S C R" be a star-shaped set at xg € S, and let f be a
function defined on an open set containing S and differentiable at xg.
(i) If f is convex at xg, then

f(x) > f(zo) + (x — 20) TV f(x0), Vo € S; (3.23)
(i) If f is quasiconver at g, then

f(x) < f(xo) = (x —x0)TVf(xo) <0, Vz € 8S. (3.24)
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Proof. (i) From (3.21) we have /(“0T(== “30)) F@o) < f(2) = f(w0), Vt € (0,1].
By taking the limit when ¢ approaches to 07T, (3.23) is obtained.

(i) From (3.18) we have (®0Ft(® tz")) F@) <0, vt € (0,1]. By taking the
limit for ¢ — 07, (3.24) is obtained.

The following example shows that (3.23) and (3.24) are not sufficient con-
ditions for convexity and quasiconvexity at zq, respectively.

Ezample 3.5.3. Consider S = {z € R: x <3}, zg =0 € S, and the function
fl@)=2(1—2)(x —2).

Since f'(zg)(x — x9) = —2x, it is easy to verify that (3.23) and (3.24) hold.
By applying (3.21) for z = 2, we have f(2t) < 0, V¢ € [0,1]. Since f(2t) > 0,
vVt € (; 1), the function is not convex at xo.

Furthermore, f is not quasiconvex at xq since we have f(2) = 0 = f(0) with
f(z) >0, Vo € (1,2).

Peseudoconvexity at a point of a star-shaped set can be defined by relaxing
relations (3.5) and (3.6).

Definition 3.5.4. Let [ be a function defined on a set S C R™ which is star-
shaped at xg € S.
(i) f is said to be pseudoconvexr at xog € S if f is differentiable at xo and

r €S, f(x) < f(zo) = (x —x0)TVf(x0) < 0; (3.25)

(i) f is said to be strictly pseudoconvex at xog € S if [ is differentiable at xg
and
z €S, f(z) < fzo) = (z —w0)"Vf(z0) <O0. (3.26)

It easy to prove that the class of differentiable and convex functions at a
point xy is properly contained in the class of pseudoconvex functions at
xp. Unfortunately, there are not any inclusion relationships among quasi-
convexity, semistrictly quasiconvexity and pseudoconvexity at a point. For
instance, the function given in Example 3.5.3 is pseudoconvex at zg but it
is neither quasiconvex or semistrictly quasiconvex at xg, while the function
0 z=0 . . o .

f(z) = {mQ log || 0<z<l1 is quasiconvex and semistrictly quasiconvex
at zo = 0 but not pseudoconvex at xg.

As is shown in Theorem 3.2.6, quasiconvexity implies pseudoconvexity when
the gradient does not vanish on the feasible convex set. In order to extend
this property to a star-shaped set in addition to differentiability at a point we
need the continuity of the function on its domain, as is stated in the following
theorem.

Theorem 3.5.3. Let f be a continuous function defined on an open set S C
R™ which is star-shaped at o € S. If f is differentiable and quasiconvex at
xg € S with Vf(xo) # 0, then [ is pseudoconvez at xg.
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Proof. The proof is analogous to the one given in Theorem 3.2.3 (it is sufficient
to replace x; with ).

Let us note that the converse statement of Theorem 3.5.3 is not true (see
Example 3.5.3).

The following example points out that the assumption of continuity on the
whole set is essential in the proof of Theorem 3.5.3.

Ezample 3.5.4. Consider S = {(z1,z2) € R?: z1 > —1}, 29 = (0,0) € S and
) xixe + 22 (1‘171‘2) 75 (—1,0)

Flan @) =24 (1, 22) = (=1.0)

Since S* = {(z1,22) € S f(z1,22) < f(0,0)} = {(x1,22) € S : 22 <0}

is a convex set and zp is the maximum point for f on S*, the function

is quasiconvex at zg. On the other hand, f(—1,0) = —1 < f(0,0) and

Vf(0,0)7(—1,0) = 0, so that f is not pseudoconvex at z.

3.6 Exercises

3.1. Show that an upper semicontinuous function ¢, defined on an open
interval I, is quasiconvex if and only if it does not attain a semistrict local
maximum point at any interior point ¢ € I (see Remark 3.2.4).

3.2. Show that a strict local maximum is a semistrict local maximum and
give an example which shows that the converse statement is not true.

3.3. Give an example which shows that the assumption of upper semiconti-
nuity in Exercise 3.1 cannot be relaxed.

3.4. Let ¢ be a differentiable function on the open interval I C R. Show that
¢ is quasiconvex on [ if and only if every point ¢y € I such that ¢'(t9) = 0
cannot be a semistrict local maximum point.

3.5. A differentiable convex function f : ® — 3 that has a positive derivative
at a point x( verifies the following limit: 111}_1 f(z) = 4o0. Is this result still
T—T00

valid for a quasiconvex function?

3.6. Let f be a differentiable function on the open convex set S C R". Show

that f is quasiconvex on S if and only if for every z¢p € S and u € R™ such that
T _ . . . . .

u' Vf(xog) =0, p(t) = f(xo+tu) does not attain a semistrict local maximum

point at ¢ = 0.

3.7. Which of the following functions is pseudoconvex?
(@) f@)=a|z|—2% D) fla)=z]|z]|+ 2%

3.8. Let f be a differentiable function on an open convex set S C R™. Show
that f is pseudoconvex on S if and only if the following conditions hold:

1. f is semistrictly quasiconvex on S

2. If z¢p € S is a critical point for f, then z¢ is a local minimum point for f.
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3.9. Let f be a positive or negative pseudoconcave (strictly pseudoconcave)
function on a convex set S C R”. Show that the reciprocal function z(x) =
f(lx) is pseudoconvex on S (strictly pseudoconvex).

3.10. Verify that the following functions are pseudoconvex:

(a) f(z) = logZzi, z; >0,i=1,..,m

i=1

(b)f(x) =log» af, 2 >0, i=1,.,m
i=1
(c) f(z,y) =log(a" +y?) —log(y — 1), y > L.
3.11. Show that the function f(x,y) =y + w}rl, x > —1 is pseudoconvex.

3.12. Show that the following functions are pseudoconvex:

2
flay) =770 2+1>0 gla,y)="1%7° 2+3>0.

3.13. Show that the Cobb-Douglas function f(z) = Az{*z3%...2%", A > 0,
x; >0, a; >0, 1 =1,..,n, is pseudoconcave.

3.14. Show that the C.E.S. function f(z) = (a1z” +aozh +..+a,zP) 5 ,a; >0,
x; >0, i=1,..,n, B #0 is pseudoconcave if and only if § < 1.
k
3.15. Show that the generalized Cobb-Douglas function z(z) = H(fi(x))‘”,
i=1
a; >0, 1 =1,.., k, is pseudoconcave if f;(x), i = 1,.., k, are positive concave
functions.

3.16. Let f, g be two differentiable functions on an open convex set S C ™.
Show that the function z(z) = f(z) - g(x) is:

(a) pseudoconcave if both functions are positive and concave;

(b) pseudoconvex if one function is negative and convex and the other one is
positive and concave;

(c) strictly pseudoconvex if one function is negative and strictly convex and
the other one is positive and concave.

3.17. Show that the function z(x) = ]gc g)) , where f and g are differentiable
functions defined on an open convex set S C ", is strictly pseudoconvex if f
is negative and strictly convex, g is positive and convex, or f is negative and
convex, g is positive and strictly convex.

3.18. Let f be a continuous function defined on a convex set S C R™. Show
that f is quasilinear on S if and only if each of its level sets is convex.

3.19. Show that pseudolinearity is equivalent to requiring that the logical
implication in the definition of pseudoconvexity and pseudoconcavity can be
reversed, i.e., f is pseudolinear if and only if (i) and (ii) hold:

l.z1,20 € S7 f(l‘g) < f(l‘l) <~ (1‘2 — l‘l)TVf(l'l) < 0;

2. 21,29 € S7 f(l‘g) > f(l‘l) <~ (1‘2 — l‘l)TVf(l'l) > 0.
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T4+2-y/(z+2)2+y2 -1

3.20. Verify that the function f(z,y) = (+2)2 + 2 , sug-
€ Y

gested in [211], is pseudolinear on intR%.

3.21. Verify that f(z,y,2) =2z +y — 2z — 21+y1_z+4 is pseudolinear on S =

{(z,y,2) : 2 +y—2z+4>0}.

3.22. Find a pseudolinear function whose level sets are the following family
of planes:
1. k2 — 20k — (ax + by + cz) = 0; 2. k?z — 2(x + y)k + 2 = 0.

3.23. Show that the following functions are pseudolinear on intR?%:
(a) f(z,y) = —x—l—i—\/xQ +2z+4y+1; (b) f(z,y) = x—y—i—\/(m —y)? +4y;
(©) floy) = V(@) floy) = VST s a1

y2—a2

3.24. Show that the following functions are pseudolinear in their domain:

(a) f(z) =log(a®x + ag); (b) f(x) = logiﬂci7 x>0, i=1,..,n;
i=1

(€) Flw) = log Gt (d) fla) = bt >0, i=1,..n.

3.25. Let f be a twice continuously differentiable function defined on an open
convex set S C R". Show that f is quasiconvex on S if and only if for
every rg € S, u € R" such that uT'Vf(z9) = 0, either uT'V2f(zo)u > 0
or uTV2f(zo)u = 0 and ¢(t) = f(x¢ + tu) does not attain a semistrict local
maximum point at ¢t = 0.

3.26. By means of Theorems 3.4.6 and 2.2.12, verify that the function
f(z1,22) = —23 — x122 is pseudoconvex on intR% and quasiconvex on R?.

3.27. By means of the bordered Hessian, verify the pseudoconvexity of the

function f(x1,x2) = 3xe + “7;2:_9711, ro > —1.

3.28. Which of the following functions is pseudoconvex on int%f_?
(a) f(xla 1’2) = _-T% - l’% — 6x129;
() f(z1,29,23) = —T122 — 25 + 3.

3.29. Which of the following functions is pseudoconvex?

1‘2
(a) f(xlazQ) = _zlj-17 T > _1;
(b) f(x1,22) = 221 + 3wg + 2217, @9 > —1.
3.30. Is f(x1,72) = — (21 — 22)? pseudoconvex on each of the two open half-

planes associated with the line x1 = 257

3.31. Find conditions on the parameters a,b,c € R for which the quadratic
function f(z1,w2) = (az? + 2bzixs + ca3) is pseudoconvex on intR% and
quasiconvex on §R3_
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3.32. Let f be a twice continuously differentiable function defined on an open
convex set S C R" and assume that Vf(x) # 0, Vo € S. Show that f is
pseudolinear on S if and only if (i) and (ii) hold:

1. Dp(z) < 0if | R | is odd;

2. Dr(z) =0if | R| is even.

3.33. Verify that the following functions are pseudolinear on S:
(a) f(z1,29) = (w1 + 222)° + 21 + 229, S = R?;

(b) f(z1,22) =221 + 22+ 4221112522j63, S = {(z1,72) € R? : 221 + 22 + 6 > 0}.

3.34. The reason for which there are not any inclusion relationships between
quasiconvexity and semistrictly quasiconvexity at a point, is related to the
given definitions where nothing is said about the behaviour of the function
when f(z) > f(zo). One way to avoid such a situation is to give a different
definition of quasiconvexity and semistrictly quasiconvexity at a point. Con-
sider a star-shaped set at a point xg and define quasiconvexity and semistrictly
quasi convexity at a point requiring that (3.27) and (3.28) hold respectively:

f(@o +t(z — o)) < max{f(x), f(x0)}, t €10,1] (3.27)

f(xo + t(x — o)) < max{f(z), f(zo0)}, t €[0,1] (3.28)

Prove the following proposition: let f be a continuous function defined on a
star-shaped S C R™ at x. If f is semistrictly quasiconvex at x( according to
(3.28) then f is quasiconvex at zy according to (3.27).

3.35. Give an example showing that the lower semicontinuity of the function
is not enough to guarantee the proposition given in Exercise 3.34.

3.7 References

Arrow K. J., and Enthoven A. C. [7], Avriel M. [10], Avriel M., Diewert W. E.,
Schaible S., and Ziemba W. T. eds. [12], Avriel M., Diewert W. E., Schaible
S., and Zang I. [13], Avriel M., and Schaible S. [11], Bazaraa M. S., Sherali
H. D., and Shetty C. M. [18], Cambini A., and Martein L. [47, 45], Chew K.
L., and Choo E. U. [62], Chabrillac Y., and Crouzeix J. P. [63], Cottle R. W,
and Ferland J. A. [72, 73], Crouzeix J. P. [79, 80, 81], Crouzeix J. P., and
Ferland J. A. [82], Carter M. [61], Debreu G. [91], Diewert W. E., Avriel M.,
and Zang I. [94], Ferland J. A. [109], Giorgi G., and Molho E. [118], Giorgi G.,
and Guerraggio A. [120], Giorgi G., and Thielfelder J. [122], Jeyakumar V.,
and Yang X. Q. [147], Karamardian S. [154], Katzner D. W. [160], Komlosi
S. [168, 169, 170, 171], Mangasarian O. L. [192, 193, 194], Madden P. [191],
Martos B. [209, 211], Ortega J. M., and Rheinboldt W. C. [217], Otani K.
[219], Ponstein J. [223], Rapcsak T. [229], Schaible S., and Ziemba W. T.
editors [248], Takayama A. [274], Thompson W. A., and Parke D. W. [275].



4

Optimality and Generalized Convexity

4.1 Introduction

In this chapter, the role of generalized convexity in Optimization is stressed.
After presenting the Fritz John and Karush—Kuhn—Tucker necessary opti-
mality conditions, which are proven by means of separation theorems, some
constraint qualifications involving generalized convexity are illustrated.

One of the main reasons for introducing generalized convexity is the need to
extend the fundamental properties of convex functions related to Optimiza-
tion. In this regard, we shall see that semistrict quasiconvexity guarantees the
local-global property and that this property, together with the minimality of
a critical point and the sufficiency of the Karush-Kuhn—Tucker conditions, is
guaranteed by pseudoconvexity.

In deriving sufficient optimality conditions and in investigating constraint
qualifications, it will be clear that only generalized convexity at a point is
needed, so that the given results are presented in a general form.

Under generalized convexity assumption, it will be proven that a maximum
point is always located at the boundary of the domain; by requiring gener-
alized convexity and generalized concavity, we have the important property
that a minimum and a maximum point (if they exist) are attained at the
boundary of the feasible set.

Finally, some classical applications in Economics will be presented.

4.2 Necessary Optimality Conditions Via Separation
Theorems

In the differentiable case, when the domain of the function is described by
constraint functions, the classical and well-known necessary optimality condi-
tions are the Fritz John conditions and the Karush-Kuhn-Tucker conditions.
Usually, the approach in deriving the Fritz John conditions is based on a sep-
aration theorem between a suitable subspace V' and the non-positive orthant,
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while the Karush-Kuhn—Tucker conditions are derived by using a theorem of
the alternative such as Farkas’ Lemma. In this section, by studying the inter-
section between a subspace V' and the non-positive orthant, we shall suggest
a different proof of the Karush—Kuhn—Tucker conditions.

With this aim in mind, some preliminary results are needed.

Let us recall that a face F of R° is defined as

F={z=) v(=¢), 7 >0}

jeJ

where ¢/ is the unit vector having the j-th component equal to one and all
others equal to zero and J is a proper subset of the set of indices {1, ..., s}.
We shall use the convention F = {0} when J = 0.

The following lemma holds.

Lemma 4.2.1. Let V be a linear subspace of RS such that V N intRS = ().
Then, there exists a hyperplane which separates V' and intR? | i.e., there exists
a € R® such that

a>0, a#0, af2=0, VzeV. (4.1)

Proof. Since V' and intR® are convex sets, by Theorem 1.2.14 there exists
a €N, a#0suchthat a’2>0, Vz €V and o’z <0, Vz € R This last
inequality implies a® (—e’) = —a; <0, i.e., a; > 0,i = 1,.., s. By noting that
z € V implies —z € V, we have aTz > 0 and aT(—z) > 0, so that ofz=0
for each z € V.

Let us note that, in general, the vector « in (4.1) is not unique. It may hap-
pen that one or more components of « is zero whatever o may be. In order to
look more closely at this aspect, we shall investigate the intersection between
V' and the boundary of the non-positive orthant by means of the so-called
conical extension V* =V + 9 which is a convex and closed cone.

The following lemma points out that a subspace V and its conical extension
have the same behaviour with respect to the intersection with intR? .

Lemma 4.2.2. The following properties hold:
(i) VNintRE = 0 if and only if V* NintRE = 0;
(ii) A hyperplane I' separates V' and R°_ if and only if I" separates V* and R°_.

Proof. (i) Since V' C V*, obviously V* NintR* = () implies V NintRs = (.
Assume now that V NintR* = () and suppose, by contradiction, that there
exists z € V* NintR®. We have z = v +w, v € V, w € R}, so that
v=2z—w € ntR® since z € intR® ; consequently, V N intR® £ (), which
contradicts the assumption.

(ii) Let I" be a hyperplane which separates V and R* of equation o’z = 0,
a > 0. From Lemma 4.2.1 we have a2 =0, Vz € V. Let v* = v +w € V*,
veV, we RN, We have aTv = aTv+ a™w = oTw > 0, i.e., I' separates
V* and R° . The converse statement is obvious.
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When V NintR® = 0, we shall see that the intersection between the conical
extension of V' and the non-positive orthant is a face. The relevance of this
result is due to the fact that it is possible to determine a set of indices J, which
corresponds to multipliers which are zero in all separating hyperplanes, and
also establish the existence of a separating hyperplane with positive multipliers
associated with the indices which are not in J.

More precisely, we have the following theorem.

Theorem 4.2.1. Let V be a linear subspace of RS such that V NintRs = (.

Then the following conditions hold:

(i) V*NRE is a face F = {z = Z*yj(—ej), v; > 0}, where J is a proper
jeJ

subset of the set of indices {1, ..., s};

(ii) If J # 0, for each hyperplane of equation o’z = 0, o > 0 which separates

V and X2, we have o; = 0, Vj € J. Furthermore, there exists a separating

hyperplane such that «; > 0, Vi ¢ J;

(i) If J =0, i.e., VNRE = {0}, there exists a separating hyperplane such

that c; > 0, Vi € {1, ..., s}.

Proof. (i) If V. N RS = {0}, the thesis follows by convention. Let z €
VAR ,z # 0. Since VN intR® = 0, z is a boundary point of R
and thus there exists a proper subset of indices J, C {1,..,s} such that
z= z 7vj(—€?), v; > 0. Taking into account that V* =V + R% is a convex
Jj€Jz
1 j k * :
cone, we have (2 + Z v;e’) = —e” € V*, for every k € J.. Repeating
T jerik
this process for every element of V' N R* . we obtain a subset J = UJ,. Since
V NnintR® =0, J is properly contained in {1, ..., s}. Consequently, the inter-
section V*NR2 is given by {2z = nyj(—ej), v; > 0}, ie., it is a face of 7 .
jeJ
(i) Let aTz = 0, a > 0 be the equation of a hyperplane which separates V'
and R* ; from (ii) of Lemma 4.2.2, we have o’z > 0, Vv € V*. Since j € J
implies —e/ € V*, it results that o (—e’) = —a; > 0, i.e., a; < 0, so that
necessarily we have o; = 0 for every j € J. Consider now the case i ¢ J,
so that —e® ¢ V*. Since V* is the intersection of its supporting hyperplanes
passing through the origin, there exists a hyperplane which separates V* and
R* and which does not contain —e’; the equation of such a hyperplane is of
the kind (a*)Tz = 0, o > 0 where, necessarily, a! > 0. Let 3 = Zai. We
i¢J

have 3; = 0, j € J, 3 > 0, i ¢ J. Furthermore 7z = 0, Vz € V, since
(@2 =0, Vz € V, so that (ii) follows.

(iii) This follows by noting that J = @) implies 3; > 0, i =1, .., s.
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Corollary 4.2.1. Let V be a linear subspace of R° such that V NintRS = (.
Then, there exists o > 0 such that oTv =0 for all v € V* with o; > 0 if and

only if (—e*) ¢ V*.

Proof. The thesis follows from (ii) of Theorem 4.2.1 by noting that j € J if
and only if (—e’) € V*.

Remark 4.2.1. By means of Corollary 4.2.1 it is possible to derive some the-
orems of the alternative. For instance, by setting V' = {Bx, x € R"}, where
B is an s X n matrix, we have that system Bx < 0 (i.e., Bx € R*\{0})
has no solutions if and only if there exists o € intRs such that a’B =0
(Stiemke’s Theorem of the Alternative). In Exercises 4.1, 4.2, and 4.3, we
shall see some extensions of Corollary 4.2.1 and their equivalence with some
classical theorems of the alternatives.

Now we shall see how the previous results allow us to derive the Karush—
Kuhn—-Tucker conditions from the Fritz John conditions. To this end consider
the following problem

P: minf(z), ze S={reX :1¢i(z) <0, i=1,..,m}

where f, g;,4 = 1,...,m are functions defined on an open set X C R™.
Corresponding to a feasible point zg, let I(xo) be the set of indices associated
with the constraints binding at zo, i.e., I(zg) = {i € {1,...,m} : g;(x0) = 0},
and let k& € [1,m] be its cardinality. We can assume, without loss of generality,
that I(zg) = {1,...,k}.

The following theorem holds.

Theorem 4.2.2. Let xg be a feasible point for problem P. Suppose that f,
gi, 1 € I(xg), are differentiable at xo € S and that g;, @ ¢ I(xo), are continu-
ous at xo. If zo is a local minimum point, then (i) and (ii) hold:

(i) There exist multipliers No, Ai, @ € I(xg), not all zero, such that:

AoV f(zo) + Z AiVgi(zo) = 0
i€l(xo) (4.2)
X >0, \; >0, iEI(l‘o)

(ii) There exist multipliers that verify (4.2) with Ao > 0 if and only if
W N (intR_ x R*) = 0. (4.3)
where W = {z = (Vf(z0)Td, Vgi(z0)'d, ..., Vgr(zo)Td)T, d € R"}.

Proof. The continuity of the constraint functions not binding at xy implies
that zp is also a local minimum point for the problem minf(z),z € S* =
{reX:gi(x) <0, i€ I(x)}.

(i) We have W N intR*™! = (), otherwise there exists a direction d € R"
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such that d*'Vg;(z¢) < 0, i € I(xg), and d'V f(x0) < 0, i.e., d is a decreasing
feasible direction!, and this contradicts the local optimality of . By applying
Lemma 4.2.1 to the convex sets W and intR*!, there exist non-negative
multipliers Ao, \;, 7 € I(x0), not all zero, such that

Az = Aozo+ A1z1 4+ ..+ Apzp =0, Vz = (ZO,Zl, ..,Zk)T ew (4.4)

ie., MoVf(zo) + Y. AiVgi(w)) d=0,VdeR"

i€l(xo)
By choosing d = AV f(xo) + z AiVgi(xp), the thesis follows.

i€l(xo)

(ii) (4.3) implies —e' ¢ W* = W +intRET! so that, from (i) of Theorem 4.2.1,
it is possible to choose a separating hyperplane (4.4) with A\g > 0. Conversely,
if A\o > 0 in (4.4), then (4.3) holds. In fact, if z = (20,2) € W N (intR_ x R*),
we have ATz =0 = \pzg + ATz < 0 and this is absurd.

Remark 4.2.2. The necessary optimality conditions (4.2) are known as the
Fritz John conditions, while (4.2) together with Ay > 0 are known as the
Karush-Kuhn—Tucker conditions.

As regards to (4.2), it may happen that the multiplier associated with the
objective function vanishes even if convexity is required, as is shown in the
following example.

Ezample 4.2.1. Consider problem P where f(x1,72) = z1, g1(71,72) = 23 —
X2, g2(x1,x2) = x2. The feasible set is S = {(0,0)} so that zy = (0,0) is a
global minimum point for the problem. On the other hand, V f(zo) = (1,0)7,
Vgi(zo) = (0,—1)T, Vga(xg) = (0,1)7 and consequently, (4.2) is verified if
and only if \g =0, A\; = Ay > 0, even if all the functions are convex.

Note that W = {z = (d1, —da,d1)", d1,da € R}N(intR_ xR2) # O according
to (ii) of Theorem 4.2.2.

When A\g = 0 in (4.2), it is not possible to deduce the behaviour of the objec-
tive function at xg; for this reason, the problem of finding conditions which
imply Ao # 0 assumes a relevant aspect. Any condition which ensures \g # 0
in (4.2) is called a constraint qualification.

In the next section we shall point out the role played by convexity and gen-
eralized convexity in establishing some constraint qualifications.

When a constraint qualification holds, the Karush-Kuhn-Tucker conditions
may be stated as follows.

Theorem 4.2.3. (The Karush—Kuhn—Tucker conditions)
Consider problem P and let xo be a feasible point. Suppose that f, g;, i €
I(xg), are differentiable at xo € S and that g;, i ¢ I(xo), are continuous at

L A vector d € R™, d # 0 is a feasible direction at xo € S if there exists € > 0 such
that z = zo +td € S, Vt € [0, €].



78 4 Optimality and Generalized Convexity

xo. If o is a local minimum point and a constraint qualification holds, then
there exist non-negative multipliers A;, i € I(xg), such that:

Vi@o)+ Y AiVgi(zo) =0 (4.5)

i€l(xo)

Remark 4.2.3. By assuming the differentiability at xy of all the constraint
functions, the Fritz John conditions and the Karush-Kuhn—Tucker conditions
may be restated, respectively, as follows.

AoV f(xzo) + Y AiVgi(zo) =0

i=1
)\0 207 )\z ZO, izl,...,m
/\igi(l'o) = 0, 1= 1, e, .

V(zo) + Y AiVgi(wg) =0
=1

NS0 i=1,..m

)\igi(l‘o) = 07 1= 1, ey M.

In Sect. 4.4 we shall see that the necessary Karush—Kuhn—Tucker conditions
become sufficient under suitable generalized convexity assumptions.

4.3 Generalized Convexity and Constraint Qualifications

As we have already remarked, a constraint qualification is a condition which
ensures Ao > 0 in the Fritz John conditions. Since W N (intR_ x R™) = 0 is
a necessary and sufficient condition for the existence of such a positive multi-
plier, any condition which implies (4.3) is a constraint qualification.

Several constraint qualifications are suggested in the literature and their inter-
relationships are studied. In this section we shall limit ourselves to stressing
the role of convexity and generalized convexity in establishing some constraint
qualifications.

To this end, let z¢ be a local minimum point for problem P, where f and
gis 1 € I(xo) = {i: gi(xo) = 0}, are differentiable at zy and X is star-shaped
at xo. Consider the following subsets of I(xg):

J ={i € I(xg) : gi(x) is pseudoconcave at xg};

J1 = {i € I(x0) : gi(x) is concave at xzp};

I, = {i e I(xo) : gi() is linear}.

We shall prove that each of the following statements is a constraint qualifica-
tion.

1. The weak-reverse constraint qualification
Functions g;(z), i € I(xzg), are pseudoconcave at x.
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The reverse constraint qualification
Functions g;(z), i € I(zg), are concave at xg.

The weak Arrow-Hurwicz—Uzawa constraint qualification
3d e R" :dTVgi(xo) <0, Vi€ J, d" V(o) <0, Vi € I(xo)\J.
The Arrow-Hurwicz—Uzawa constraint qualification
3d € R" : d¥'Vgi(x0) <0, Vi € Jy, d"Vgi(xo) <0, Vi € I(xo)\J;.

Slater’s weak constraint qualification
Functions g;(x), i € I(xo), are pseudoconvex at z and there exists z* € S
such that g;(z*) <0, Vi € I(x).

Slater’s constraint qualification
Functions g;(z), i € I(xg), are convex at x¢ and there exists z* € S such
that g;(z*) <0, Vi € I(x).

Slater’s second constraint qualification
Functions g;(x), i € I(zg), are convex on the convex set X and for each
i € I(xo) there exists #* € S such that g;(z") < 0.

The modified Slater—Uzawa constraint qualification
Functions g¢;(z), i € I(xo)\IL, are pseudoconvex at xo and there exists
x* € S such that g;(z*) < 0, Vi € I(xo)\I and g;(z*) <0, Vi € Ir.

Martos’ constraint qualification

Functions g;(z), ¢ € I(xo), are pseudoconvex at zp and quasiconvex
at zog for each i € J. Furthermore, there exists z* € S such that
gi(x*) <0, Vi€ I(x)\J.

Arrow—Enthoven’s constraint qualification

Functions g;(x), i € I(xg), are continuous on X and quasiconvex at
with Vg;(xo) # 0. Furthermore, there exists z* € S such that, for all
i€ I(xo), gi(x*) < 0.

The following theorem holds.

Theorem 4.3.1. W N (intR_ xR™) = () if one of the conditions (1-10) holds,
i.e., every condition (1-10) is a constraint qualification.

Proof. The proof is given by assuming, by contradiction, the existence of a
direction d* € R™ such that V f(x)Td* < 0,Vg;(z0)Td* <0, i€ I(xo).

1.

Since g;, i € I(xg), is pseudoconcave at xq, by setting x = z¢ + td*, the
inequality Vg;(z0)T (r—0) = tVg;(z9)Td* < 0 implies that g;(zo + td*) <
gi(zo) for every t such that z¢ + td* € X. Consequently, d* is a feasible
direction, so that V f(zg)Td* < 0 contradicts the optimality of xq.
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This is a particular case of 1.

By setting d = d* + ! d, we have Vg;(20)"d = Vgi(z0)Td* + 1 Vg;(z0)7d.
Consequently, Vgl(xo)Td <0, Vi e J, and Vgi(z0)Td < 0, Vi € I(x0)\J.
The pseudoconcavity of g; at xg, ¢ € J, together with the condition
Vgi(x0)Td < 0, i € I(xo)\J, implies that d is a feasible direction. Fur-
thermore, for a large enough n, V f(20)7d = V f (x0)Td* + IV f(z0)Td <0
and this contradicts the optimality of zg.

This is a particular case of 3.

The pseudoconvexity of g; at g, i € I(xg), implies Vg;(z¢)T (z* —z0) < 0,
so that d = x* — x¢ is a feasible direction. By setting d=d + id, we have
Vgi(20)Td < 0, and, for a large enough n, Vf(x¢)Td < 0, so that d is a
feasible decreasing direction which contradicts the optimality of zg.

This is a particular case of 5.

Let 2* be a convex combination of the vectors z?, i.e., z* = Z ;i
i€1(xo)
a; > 0, Z a; = 1. By means of Jensen’s Inequality, we have that
i€l(z0)
gi(z¥) = Z a;gi(z") < 0, and 6) holds.
i€l (xo)

The assumptions imply that d = " — g is a feasible direction. By setting
d=d +! ,,d, for a large enough n, d is a feasible decreasing direction which
contradlcts the optimality of zq.

Since g;(z*) < gi(wo), Vi € I(xo), the quasiconvexity of g; implies
Vgi(z0)T (z* — z0) < 0, Vi € I(x). In particular, from the pseudocon-
vexity of g; we have ng(aso)T(as —x9) <0, Vi € I(xg)\J. Set d = z* —x9
and consider d = d* + Ld. We have Vg;(zo) Td < 0, Vi € I(zo)\J
and Vgi(aso)T(f < 0, Vi € J. Taking into account the pseudoconcavity
of gi, © € J, d is a feasible direction and since, for a large enough n,
Vf(xo)Td < 0, the optimality of x¢ is contradicted.

10. This is a particular case of 9.

Remark 4.3.1. Condition (9) is given in a different form with respect to the
original constraint qualification suggested by Martos [211] since he introduced
pseudoconvexity at a point in a more restrictive form than Definition 3.5.4.
More precisely:

A function h is pseudoconvex at xq if (i) and (ii) hold:

(i) h(z) < h(xg) = Vh(zo)T (z — z0) <0

(ii) h(z) < h(zo) = Vh(z0)T (z — 20) < 0.
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4.4 Sufficiency of the Karush—Kuhn—Tucker Conditions

Consider problem P again. As we shall see, the validity of the Karush-Kuhn—
Tucker conditions does not guarantee the optimality of xy (see Example
4.4.1 below); nevertheless, these conditions become sufficient under a suit-
able generalized convexity assumption on the objective function and on the
constraints.

Example 4.4.1. Consider problem P where f(z1,22) = —2% — 23 + 221 +
dxo, g(x1,22) = —2x9. With respect to the feasible point z¢g = (1,0), we have
Vf(xo)+4Vg(zg) = 0, so that the Karush-Kuhn-Tucker conditions hold but
xo is not a local minimum point for the problem since f(x1,0) < f(1,0) for
every x1 # 1.

Theorem 4.4.1. Consider problem P and let x¢ be a feasible point. Suppose
that f is pseudoconvex at xy € S and that g;, i = 1,..,m, are differentiable
and quasiconver at xo. If there exist \; € R, i = 1,..,m, such that

i=1 (4.6)
>\i > O, 1= 1,...,m

)\lgl(’ro) = 07 1= 17 <y TN
then xo is a global minimum point for P.

Proof. Assume, by contradiction, the existence of a feasible point T such that
f(Z) < f(xg). From the pseudoconvexity of f we have V f(z0)”(Z — 20) < 0.
Since ¢;(Z) < 0 = gi(zg), @ € I(xo), the quasiconvexity of g; implies
Vgi(x0)" (& — 20) <0, i € I(xo).

From the complementarity condition \;g;(xzo) = 1 = 1,...,m, we have

N =0, Vi ¢ I(xg), so that Vf(xo)" (z — x0 +Z Vgi(z0)T (Z — x0) <0,

and this contradicts (4.6).

Remark 4.4.1. Let us note that the pseudoconvexity assumption in Theo-
rem 4.4.1 cannot be substituted with quasiconvexity or semistrict quasicon-
vexity. Consider, for instance, the problem

min (z1+22)%, (z1,22) € S = {(x1,22) € R? : —29 < 0},

The objective function is semistrictly quasiconvex (in particular quasiconvex)
and g(z1,x2) = —x2 is quasiconvex. It is easy to verify that the point (0,0)
verifies conditions (4.6) with A = 0, but it is not a local minimum point for
the problem.

By requiring a generalized convexity assumption on the whole set X, we have
the following corollaries.



82 4 Optimality and Generalized Convexity

Corollary 4.4.1. Consider problem P where f is pseudoconvex on an open
conver set X and g;,1 = 1,2,...,m, are differentiable and quasiconver on X.
If o € S werifies (4.6), then xy is a global minimum point for P.

Corollary 4.4.2. Consider problem P where f, g;,i = 1,2,...,m, are differ-
entiable and quasiconver on an open convexr set X, with V f(xz) # 0, for all
x € S. If zg € S verifies (4.6), then xq is a global minimum point for P.

Some applications of the sufficiency of the Karush-Kuhn-Tucker conditions
in Economics shall be given in Sect. 4.8.

4.5 Local-Global Property

One of the most important questions in Optimization is knowing whether a
local minimum is also global and a critical point is a global minimum. These
important properties are not exclusive of convex functions but they hold under
suitable generalized convexity assumptions. In this section, we shall point out
the role of generalized convexity in establishing a local-global property for
a minimum point. Since such a property involves only the behaviour of the
function at a point, we can relax generalized convexity assumptions together
with the convexity of the domain by requiring only generalized convexity at a
point and the star-shapedness of the domain. By following this approach, all
the results will be given in a more general form.

Theorem 4.5.1. Let [ be a function defined on a set S C R™ which is star-
shaped at xo € S. Then, the following properties hold:

(i) If xo is a strict local minimum point and f is quasiconvex at xq, then xg
s a strict global minimum point for f on S;

(i) If xo is a local minimum point and f is semistrictly quasiconvex at xg,
then xq is a global minimum point for f on S;

(i) If xo is a local minimum point and f is strictly quasiconvex at xq, then
xo 1s the unique global minimum point for f on S.

Proof. (i) Suppose that 2 € S is a strict local minimum point, i.e., there exists
a neighbourhood I of x¢ such that f(z) > f(zo), Va € INS.If zg is not a
strict global minimum point, there exists € S such that f(z) < f(xo). By
the quasiconvexity of f at zg we have f(zg + AT — x¢)) < f(x0), YA € [0,1],
so that zg + A(Z — x9) € I N S for a small enough A and thus zy cannot be a
strict local minimum.

(ii) The proof is similar to the one given in (i).

(iil) Since a strictly quasiconvex function at xq is also semistrictly quasiconvex
at xp, then a local minimum point is also global.

Assume now that there exists another global minimum point x; € S. The
strict quasiconvexity at zo implies that f(zo+A(z1—x0)) < f(z0), YA € (0,1)
and this contradicts the optimality of xg.
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The following examples point out that a non-strict local minimum point
is not necessarily global for a quasiconvex function and that the semistrict
quasiconvexity does not guarantee the uniqueness of a global minimum point.

—r2 —1<z<0

0 0<x<2
The function is quasiconvex at o = 1 which is a local but not global minimum
point.

Ezample 4.5.1. Counsider f(z) = {

0 0<x <2
(r—2)2 2<x<3
The function is semistrictly quasiconvex at o = 0; on the other hand, any
point of the interval [0, 2] is a global minimum.

Ezample 4.5.2. Consider f(x) = {

In the differentiable case, unlike the pseudoconvex case (see Theorem 3.2.5),
strict quasiconvexity is not sufficient for the optimality of a critical point. For
instance, the strictly quasiconvex function f(x) = 3 has a critical point at
xo = 0, which is not a minimum point.

The following theorem shows that the class of pseudoconvex functions is the
only one, among the classes of generalized convex functions, which maintains
all the properties of convex functions related to minimum points.

Theorem 4.5.2. Let f be a function defined on a set S C R™ which is star-
shaped at vy € S. If xg 1s a local minimum point and f is pseudoconvexr at
xg, then xg is a global minimum point.

Proof. Assume the existence of & € S such that f(Z) < f(xo). Since f is pseu-
doconvex at zg, we have V f(x)? (Z — x) < 0 so that f is locally decreasing
along the feasible direction d =  — x, and the local optimality of z( is con-
tradicted.

Within the class of pseudoconvex functions, the strictly pseudoconvex func-
tions guarantee the uniqueness of the global minimum point. More precisely,
as a direct consequence of the previous Theorem and of Remark 3.2.3, we have
the following result.

Theorem 4.5.3. Let f be a function defined on a set S C R™ which is star-
shaped at o € S. If xg is a local minimum point and f is strictly pseudoconvex
at xg, then xq is the unique global minimum point.

Let us note that a point is not necessarily a local minimum for a function f
even if it is a local minimum for the restriction of f on every line segment.
Consider, for instance, f(z1,22) = (22 — 21)(z2 — 23), 21,22 > 0. It can
be verified that zo = (0,0) is a local minimum for f on every line segment
starting from zy. On the other hand, with respect to the restriction of f
on the curve 3 = 23, x1 > 0, we have ¢(x1) = —z}(z1 — 1)?, so that
o(x1) <0 =¢(0) = f(0,0), Va1 > 0. Consequently, = is not a local minimum
for f.
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As we have remarked several times, for a generalized convex function f there
is a strict connection between the behaviour of f and the behaviour of its
restrictions on a line segment. This connection allows us to obtain the following
result, as a direct consequence of Theorems 4.5.1 and 4.5.2.

Theorem 4.5.4. Let [ be a function defined on a set S C R™ which is star-
shaped at xg € S.

(i) If f is quasiconvezr at xo € S and xq is a strict local minimum point with
respect to every line segment [xo,x] C S, then xg is a strict global minimum
point for f on S.

(i) If f is semistrictly quasiconvex at o € S and g is a local minimum point
with respect to every line segment [xo,x] C S, then xg is a global minimum
point for f on S.

(iii) If f is differentiable and pseudoconvex at xog € S and xq is a local mini-
mum point with respect to every line segment [xg,x] C S, then xg is a global
minimum point for f on S.

Let us note that all the previous results hold in the more restrictive assumption
of generalized convexity on a convex set.

4.6 Maxima and Generalized Convexity

In this section we shall study the property of a maximum point, if one exists,
related to generalized convexity. We shall see that a maximum point is always
located on the boundary of the domain or, equivalently, is attained at an inte-
rior point if and only if the function is constant on the whole domain. This
important property does not hold in general for a minimum point which can
be located anywhere.

We shall begin to prove that if the maximum value of a semistrictly quasicon-
vex function is reached at a relative interior point of S, then the function is
constant on S.

Lemma 4.6.1. Let f be a continuous and semistrictly quasiconvex function
on a convex set S CR™. If xg € riS is such that f(xo) = masmf(:v), then f is
e

constant on S.

Proof. Assume that there exists Z € S such that f(Z) < f(zo). From (v)
of Theorem 1.2.7, there exists z* € S such that z¢ is an interior point of
the line segment [x*,Z]. Since f is a continuous function, without loss of
generality, we can assume that f(x*) > f(Z). The semistrictly quasicon-
vexity of f implies f(z) < f(z*), Yo € ri[z*,Z] and this is absurd, since
xo € rifz*, T

From Lemma 4.6.1, we directly have the following result.
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Theorem 4.6.1. Let [ be a continuous and semistrictly quasiconvex function
on a convexr and closed set S C R™. If f attains its mazimum value on S,
then it is reached at some boundary point.

The previous theorem can be strengthened when the convex set S does not
contain lines.

Theorem 4.6.2. Let f be a continuous and semistrictly quasiconvex func-
tion on a convex and closed set S C R™ containing no lines. If f attains its
mazimum value on S, then it is reached at an extreme point.

Proof. If f is constant, then the thesis is obvious. Let xy be such that
f(zo) = masspf(:z:). From Theorem 4.6.1, xy belongs to the boundary of S.
TE

Let C be the minimal face of S containing xq; if zy is not an extreme point,
then zoy € riC. It follows from Lemma 4.6.1 that f is constant on C. On
the other hand, C is a convex closed set containing no lines (see [234]), so
that C' has at least one extreme point T (see Theorem 1.2.10) which is also
an extreme point of S. Consequently, f attains its maximum value at the
extreme point .

Let us note that a quasiconvex function may have a global maximum point
which is not a boundary point. For instance, the function

—2242 0<z<1
f(x)_{ 1 z>1

is quasiconvex, since it is non-decreasing; on the other hand, f attains its
maximum value at any point x > 1 which is not a boundary point of the
domain S = [0, 4+00).

In order to extend Theorem 4.6.2 to the class of quasiconvex functions,
additional assumptions on the convex set S are required.

Theorem 4.6.3. Let f be a continuous and quasiconvex function on a convex
and compact set S C R™. Then, there exists some extreme point on which f
assumes its mazimum value.

Proof. From Weierstrass” Theorem, there exists Z € S with f(z) = maz f(z).
e

Since S is convex and compact, it is also the convex hull of its extreme points

(see Theorem 1.2.8), so that there exists a finite number z!, ..., 2" of extreme
h h

points such that z = Z)\ixi, Z)\Z— =1, \; > 0. Since f is quasiconvex,
i=1 i=1

we have f(Z) < maz{f(z'),..., f(z")} (see Theorem 2.2.5) and the thesis fol-

lows.

Taking into account the inclusion relationships between the classes of general-
ized convex functions, we have the following results related to a pseudoconvex
function.
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Corollary 4.6.1. Let [ be a pseudoconver function on a convexr and closed
set S C R™. If f assumes mazximum value on S, then it is reached alt some
boundary point.

Corollary 4.6.2. Let f be a pseudoconvez function on a convexr and closed
set S C R™ containing no lines. If f assumes mazimum value on S, then it
is reached at an extreme point.

From a computational point of view, the previous results are very important
since they establish the need to investigate the boundary of the feasible set
in order to find a global maximum. Nevertheless, for a generalized convex
function, a local maximum is not necessarily global, so that the problem of
maximizing a quasiconvex or a pseudoconvex function is a very difficult one.
In the next section we shall see that this kind of difficulty vanishes if f is
pseudolinear.

4.7 Minima, Maxima and Pseudolinearity

In this section we shall stress how suitable the behaviour of pseudolinear func-
tions is, with respect to optimality.

As we have already remarked, a minimum point for a pseudoconvex function
f can be located anywhere but, when f is also pseudoconcave, Corollary 4.6.1,
applied to —f, allows us to state that the minimum value (if one exists) is
attained at a boundary point. Consequently, for a pseudolinear function, both
the minimum and the maximum are reached at a boundary point.

The following theorem gives a necessary and sufficient condition for a bound-
ary point to be a global minimum (maximum) under the pseudoconvexity
(pseudoconcavity) assumption.

Theorem 4.7.1. Let f be a function defined on a convex set S C R™ and let
o be a boundary point of S.

(i) If f is pseudoconvex, then xo is a global minimum point for f if and only
if the following inequality holds:

Vi(zo)t(x —20) >0, VxS (4.7)

(i) If f is pseudoconcave, then xq is a global mazimum point for f if and only
if the following inequality holds:

Vf(xo)' (x —20) <0, Vz € 8 (4.8)

Proof. (i) Assume that o is a minimum point for f and suppose, by contra-
diction, the existence of z € S such that Vf(z¢)? (z — z) < 0. Taking into
account the convexity of S, d = x — xg is a decreasing feasible direction and
this contradicts the optimality of xo. With respect to the converse statement,
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assume the existence of 2* such that f(2*) < f(zo). From the pseudoconvex-
ity of f we have Vf(z0)T (2* — z0) < 0 and this contradicts (4.7).
(ii) It is sufficient to note that — f is pseudoconvex.

With respect to an optimization problem which has a pseudolinear objec-
tive function defined on a polyhedral set .S, we have the useful property that
when the maximum and/or the minimum value exist, they are attained at a
vertex of S (see Corollary 4.6.2).

By denoting with d?, ..., d" the edges starting from a vertex xo € S, the nec-
essary and sufficient optimality conditions stated in Theorem 4.7.1 may be
specified by means of the following theorem.

Theorem 4.7.2. Let f be a pseudolinear function defined on a polyhedral set
S CR™. Then:

(i) A vertex o € S is a minimum point for f if and only if V f(z¢)Td* > 0,
i=1,... .k

(ii) A vertex xo € S is a maximum point for fif and only if V f(xo)Td' <0,
i=1,... k.

When S is a polyhedral compact set, the previous results may be extended to
a quasilinear function.

Theorem 4.7.3. Let [ be a quasilinear function defined on a polyhedral com-
pact set S C R™. Then:

(i) A vertex zg € S is a minimum point for f if and only if V f(x¢)Td" > 0,
i=1,... k.

(ii) A vertex xo € S is a maximum point for fif and only if V f(xe)Td' <0,
i=1,...,k.

The optimality conditions stated in the previous theorems have suggested
some simplex-like procedures for optimization problems having pseudolinear
function as objective. These problems include linear programs and linear frac-
tional programs which arise in many practical applications. Some sequential
methods will be presented in Chapter 8.

4.8 Economic Applications

Assumptions of generalized convexity /concavity are found in several branches
of Economics. For instance, a fundamental result in game theory regarding
the existence of a Nash equilibrium involves generalized concavity:

“a game in strategic form has at least one Nash equilibrium if the strategy
set is a compact and convex subset of an Euclidean space and if any payoff
function is continuous and quasiconcave” (see for instance [99], [113], [115]).
Another useful application is the following generalization of the well-known
Von Neumann min-max theorem:

“f X C R™ Y C R” are two compact and convex sets, F' : X XY — R is
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a function which is upper semicontinuous and quasiconcave with respect to

the first argument and lower semicontinuous and quasiconvex with respect to

the second one, then F has a saddle point (z0,y0), i.e., min mazF(x,y) =
yeY zeX

inF =F 7 for inst 24]).
mag min (x,y) (x0,90)” (see for instance [24])

Applications of the Theory of Measurement and the Theory of Aggregation
in Economics are found in [100] and characterizations of merely quasiconcave
trader’s utility functions are given in [278].

In this section we shall focus on some parametric constrained problems which
are of great interest in Utility Theory and in the Theory of Firm.

In such problems, the optimal attainable value of the objective function
depends, for a fixed vector of parameters (exogeneous variables), on the values
of the choice variables. Consequently, the solutions’ values and the optimal
value of the objective function become functions of the parameters. A central
part of the economic analysis is to show the properties of these functions.

In what follows we shall utilize two useful results regarding the following
optimization problems.

Pa): max f(z), € S={z e X CR": g(z,a) <0}, a € AC R’
P(3): min f(z,0), r€S={x e X CR": g(x) <0}, € BC R’

where X, A, B are open convex sets, and f, g are functions defined on X.

For the sake of simplicity, we shall assume the existence of optimal solutions
for problem P(«) and P(8) for every fixed o, (. By setting z(«), ¥ (5) the
optimal value of P(«) and P(f3), respectively, we have the following theorems.

Theorem 4.8.1. Consider problem P(«). If g(x, «) is concave in the param-
eter «, then z(a) is quasiconver.

Proof. Let a1, a5 € A and let 25, A € [0,1] be an optimal solution of problem
P(Aag + (1—XN)asg). By means of the concavity of g with respect to a, we have
0> g(xx, dar+(1—=XN)az) > Ag(xx, a1)+(1—N)g(xx, az). Consequently, since
both A and 1 — A are non-negative, at least one of g(zx,a1) and g(zx, ag) is
non-positive. Assume, without loss of generality, that g(zx, 1) < 0. Then, x)
is feasible for problem P(a1) so that z(aq) > f(z)). It follows that, for every
A € [0,1], max{z(a1), 2(a2)} > z(a1) > f(xa) = 2(Aa1 + (1 — A)az) and the
thesis is achieved.

Theorem 4.8.2. Consider problem P((3). If f(x,3) is concave in the param-
eter 3, then ¥ (0) is concave.

Proof. Let 31,32 € B and let x5, A € [0, 1] be an optimal solution of problem
P(AB1+(1=X)32). Since g(zy) < 0, zy is feasible for both problems P(3;) and

P(f2) and this implies f(zx,51) > ¥(61) and f(zx, B2) = ¥(B2). By means
of the concavity of f with respect to 3, we have f(xzx,\31 + (1 — \)B2) =

PABL+ (1= A)B2) = Af(xx, B1) + (1 = A)f(xx, B2) = Ap(Br) + (1 = A)¢p(B2)

and the thesis is achieved.
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4.8.1 The Utility Maximization Problem

In this subsection we shall discuss the role of convexity/concavity and gener-
alized convexity/concavity in consumer theory.

A consumer is an economic entity who gains satisfaction from the consump-
tion of commodities and who uses the resources available (income) to buy
commodities.

The consumer’s problem consists of choosing the consumption bundle in order
to maximize the satisfaction gained from its consumption, subject to the con-
straint that the total cost is not greater than the consumer’s income.

To formalize this constraint let p = (pi, ..., pn)” the price vector, where p; > 0
is the price of one unit of commodity i and let = (1, ...,2,)” the consump-
tion bundle, where x; > 0 is the amount of commodity ¢, i = 1,...,n. If the
total cost p”'x is not greater than the consumer’s income m, we must have the
constraint p”x < m which is referred to as the consumer’s budget constraint.
The set of all feasible consumption bundles S = {z € R7 : p’z < m}, m > 0,
is called the budget set.

The consumer’s behaviour is summarized in a preference relation which is
described by means of a utility function U : 7} — ¥ which assigns a non-
negative numerical value to each consumption bundle z € R7}.

U(x) > U(y) means that x is preferred to y;

U(x) = U(y) means that z is indifferent to y;

U(z) > U(y) means that z is preferred or indifferent to y.

The consumer’s problem may now be stated as the following utility maximiza-
tion problem:

Pyy: max Ulz), z€ S={z e R :p'z<m}, p>0, m>0.

Regarding the utility function U, we shall consider the following basic assump-
tions:

Ay U is continuous on R™ which means that the consumer’s preferences can-
not exhibit “jumps”;

A5 The upper level sets of U are convex or, equivalently, U is a quasiconcave
function. The convexity of the upper level sets means that if the consumer
is indifferent between x and y, then any weighted average of the bundles
x and y cannot be worse than either x or y.

A3 U is differentiable on an open set containing R and VU (z) > 0 for all
x € intR’}. This means that the consumer prefers more goods to fewer
goods.

Assumption A; implies that the problem Py, has at least one solution for all
positive prices and non-negative levels of income since a continuous function
on a compact set achieves a maximum (Weierstrass’ Theorem). For given p
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and m, the set x(p, m) of solutions is known as the consumer’s demand cor-
respondence; when x(p,m) is single-valued for all (p,m), it is known as the
consumer’s demand function.

Assumption As implies that z(p,m) is a convex set. Furthermore, if U is
strictly quasiconvex, then z(p, m) consists of a single element or, equivalently,
x(p,m) is a demand function.

Assumption Az implies Walras’ law: p’z = m, Vo € 2(p,m). In fact, an opti-
mal solution for Pyjps cannot be an interior point since the gradient does not
vanish in intR? and furthermore, p’z > 0 for all z € R, x # 0.

Let us note that if z(p,m) is a solution for Py for given (p,m), then it
is also a solution for (Ap, Am), for any positive scalar A, since the budget
set is unchanged if prices and income are scaled up or down proportionally
(ApTx = dm < pTz = m). It follows that z(\p, Am) = z(p,m), A > 0, i.e.,
the demand function is homogeneous of degree zero.

For each p > 0 and m > 0, the utility value U(z(p,m)) of the problem
Py is denoted by v(p,m) and is called the indirect utility function. The
basic properties of this function are given in the following theorem (for details
see [93]).

Theorem 4.8.3. The indirect utility function v(p,m) is:

(i) Homogeneous of degree zero in (p,m);

(ii) Quasiconvex in (p,m);

(111) Strictly increasing in m and non-increasing in p;, for any j =1,...,n.

Proof. (i) This follows by noting that z:(Ap, Am) = x(p, m) so that v(Ap, A\m) =
U(z(Ap, Am)) = U(xz(p,m)) = v(p,m).

(ii) This follows from Theorem 4.8.1, taking into account that function
g(p,m) = pTx — m is linear (in particular, concave) in (p,m).

(iii) m1 < mo implies that S; = {z € R} : pTaz < my} C Sy = {z € R} :
pTx < ma} so that v(p,m1) < v(p,mz). The strict inequality follows from

Walras’ law. Similarly, if p; < pj, the feasible set S; associated with p; con-
tains the feasible set S; associated with p;, so that v is non-increasing in p;.

Another class of generalized concave functions which is useful in Economics
is the class of strongly pseudoconcave functions which is a subclass of the one
of the strictly pseudoconcave functions.

Definition 4.8.1. A differentiable function f defined on an open convex set
S CR™ is said to be strongly pseudoconcave if it is strictly pseudoconcave and
for every xg € S and v € R" such that V f(x¢) v = 0, there exist e > 0, a > 0
such that zg £ ev € S and @(t) = f(zo + tv) < @(0) — Jat?, for 0 <t <e.

It can be proven (see [93]) that a sufficient condition for the local continuous
differentiability of a consumer’s system of demand functions is obtained by
assuming that the direct utility function is continuously twice differentiable
and strongly pseudoconcave locally.
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4.8.2 The Expenditure Minimization Problem

The expenditure minimization problem consists of choosing a consumption
bundle in order to minimize the amount that the consumer must spend at
prices p to get utility (expressed by a function U) not lower than a fixed level
u. Formally, we have:

P.: min pa, z€ S={z e R} :U(x) >u}, p>0, u>0.

The problem is well-posed since it has at least one solution. In fact, let & be
a feasible solution and let S; = {z € R} : p’a < p”z}. Obviously, problem
P, is equivalent to problem minp”z, z € S, where S = SN S;. Since S
is compact (S is compact and S is closed from the continuity of U), from
Weierstrass’ Theorem the minimum is achieved.

Property As of the utility function implies that every optimal solution is
binding to constraint U(xz) > w, while property A, implies that the set of
optimal solutions is convex and it consists of one single element if U is strictly
quasiconvex.

For each p > 0 and u > 0, the optimal value of problem P, is denoted by e(p, u)
and is called the consumer’s expenditure function. The basic properties of this
function are given in the following theorem (for details see [93]).

Theorem 4.8.4. The expenditure function e(p,u) is:

(i) Homogeneous of degree one in p;

(i) Concave in p;

(i11) Strictly increasing in uw and non-increasing in p;, for any j =1,...,n;
(iv) Convex in w if U is concave.

Proof. (i) For every A > 0 we have e(Ap,u) = mig(ApT)x = A mingz =
re rE

Ae(p,u).

(ii) This follows from Theorem 4.8.2, taking into account that the function
f(x,p) = pTx is linear (in particular, concave) in p.

(iii) The proof is analogous to the one given in (iii) of Theorem 4.8.3.

(iv) Let e(p,u1) = pTay1 and e(p,uz) = pay. Since U(x1) > uy, U(xa) > ua,
from the concavity of U we have U(Ax1+ (1—=N)x2) > AU (21)+(1—=N)U(z2) >
Aug + (1 — A)uz. Consequently, Az + (1 — X)xg is feasible for problem P, with
u = Mg +(1—A)ua. It follows that e(p, AMui+(1—N)uz) > pT (Az1+(1—-N)xa) =
ApTay + (1= NpTae = Xe(p,ur) + (1 — Ne(p, us).

4.8.3 The Profit Maximization Problem and the Cost
Minimization Problem

A firm is an economic entity which transforms inputs of goods into outputs
of goods by some production process. We assume that only one output y
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is produced by using n inputs z1,...,x, and that the producer’s technol-
ogy can be summarized by a production function F(z), where F(z) is the
maximal amount of output that can be produced from the input vector
r= (21,0 zn)T

A standard assumption in Economics is the convexity of the firm’s production
set Y = {(z,y) € R : F(z) > y}, a set which represents the production
plans that are technologically feasible for the firm. This assumption is equiv-
alent to requiring that U is quasiconcave.

The producer’s profit maximization problem consists of choosing the input
levels x that the Firm buys and uses and the output level y that it produces
and sells in order to maximize its profit, given prices pg of output and p1, ..., pp
of inputs.

Taking into account that the profit of the firm is poy — p’x, the profit
maximization problem may be formulated as follows:

IT : max(poy—p'z), (z,y) €Y ={(z,y) e RT™" : F(z) >y}, po >0, p > 0.

Assume that problem IT is well-defined for given (po,p), and let 7(pg,p) be
its maximum value. The function 7(pg,p) is called the profit function. The
basic properties of this function are given in the following theorem.

Theorem 4.8.5. The profit function m(py,p) is:

(i) Homogeneous of degree one;

(i) Convex;

(i11) Non-decreasing in py and non-increasing in p;, for any j =1, ...,n.

Proof. (i) For every A\ > 0 we have

7(Apo, Ap) = max A(poy — p'z) = A max (poy — p’ x) = A (po,p)-
(z.y)eYy (zy)ey

(ii) This follows from Theorem 4.8.2, taking into account that the function

—poy + pTa is linear (in particular concave) in (pg,p) and that 7(po,p) =

T : T
max — r)=— min (— + x).
(Juax (poy —pre) = = min (=poy +p"2)

(iii) The proof is obvious.

The cost minimization problem consists of choosing a vector input x in order
to minimize the amount that the producer must spend at prices p to get a
pre-assigned output level yo. Formally, we have:

C: min pla, reS={zeR}:F(x) >y}, p>0,y>0.

From a mathematical point of view, the cost minimization problem and the
expenditure minimization problem are the same problem. It follows that C' is
a well-posed problem and every optimal solution is binding to the constraint
F(2z) > y. The value of the problem C for fixed (p,y) is denoted C(p,y) and
it is called the cost function for which we have the following basic properties.
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Theorem 4.8.6. The cost function C(p,y) is:

(i) Homogeneous of degree one in p and non-decreasing in y;
(i) Concave in p;

(iii) Convex in y if F is concave.

4.9 Invex Functions

We shall conclude this chapter by presenting the main properties of a new class
of generalized convex functions, the so-called invex functions, introduced by
Hanson [135] with the aim of extending the validity of the sufficiency of the
Karush-Kuhn-Tucker conditions. The term invex was created by Craven [75]
and it stands for invariant convex.

Since the papers by Hanson and Craven, a great number of contributions
related to invex functions and their generalizations, especially with regard to
optimization problems, have been made (see for instance [21, 76, 77, 120, 137,
138, 146, 206, 221, 231, 235]; further references may be found at the end of
the book).

Definition 4.9.1. The differentiable function f defined on an open set X C
R™ is invex if there exists a vector function n(x,y) defined on X x X such
that

f@) = f) =n" (2, y)Vf(y), Yo,y X (4.9)

Obviously, a differentiable convex function (on an open convex set X) is also
invex (it is sufficient to choose n(z,y) = (x — y)).

A meaningful property characterizing invex functions is stated in the following
theorem.

Theorem 4.9.1. A function is invex (with respect to some n) if and only if
every stationary point is a global minimum point.

Proof. Let f be invex with respect to some 7(z,y). If ¢ is a stationary point
for f, from (4.9), we have f(z) — f(zo) > 0% (2, 20)Vf(x0) = 0, Vz € X, so
that xo is a global minimum point. Now we shall prove that (4.9) holds for
the function n(z,y) defined as

o zf Vi(y) =0
n(@,y) =4 (@) -fw) Vi )if Vf(y)#0

IV £I?

If y is a stationary point and also a global minimum for f, we have f(z) —

fly) > 0 =n"(z,y)Vf(y); otherwise, n” (x,y)Vf(y) = f(z) — f(y), so that
(4.9) holds.

It immediately follows from Theorem 4.9.1 that every function without sta-
tionary points is invex.
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Moreover, since a stationary point is a global minimum point for a pseudo-
convex function, the class of pseudoconvex functions is contained in the class
of invex functions. Instead, there is not any inclusion relationships between
the other classes of generalized convex functions and the class of invex func-
tions; in fact, the function f(z) = 2® is strictly quasiconvex but not invex,
since x = 0 is a stationary point but it is not a minimum point; the following
example shows that there exist invex functions which are not quasiconvex.

Ezample 4.9.1. Consider the function f(z,y) = 22y? on R2.

All the stationary points of f, given by (z,0),(0,y), z, y € R, are global
minimum points, so that f is invex. On the other hand, by setting A =
(0,—4), B = (3,-1), we have f(A) =0< f(B) =9 and (A - B)TVf(B) =
(—3,-3)(6,—18)" = 36 > 0, so that f is not quasiconvex.

Some useful properties of generalized convex functions are lost in the invex
case. For instance, the previous example shows that the set of all minimum
points is not a convex set.

Now, we shall prove the sufficiency of the Karush-Kuhn—Tucker conditions
under suitable invex assumptions.

Theorem 4.9.2. Consider problem P and let x¢ be a feasible point. Suppose
that f, gi,i € I(xg), are invex functions with respect to the same n(x,y). If
there exist A; € R, i =1,..,m, such that

V(zo)+ Y AiVgi(wg) =0
i=1 (4.10)
A >0 i=1,..m

)\igi(l‘o) = 07 1= 17 ey M
then xq is a global minimum point for P.
Proof. For any feasible point z, we have f(x) — f(zo) > n” (x,20)Vf(x0) =
— D A" (@ w0)Vgilwo) > — > Nilgi() — gi(wo)) > 0.

i€I(xzo) i€l(zo)
Consequently, z¢ is a global minimum point.

The invex functions also play a role in stating constraint qualifications. We
shall present two conditions. The first one can be viewed as a generalization
of Slater’s constraint qualification, while, unlike the first one, the second one
cannot be embedded in the general separation approach suggested in Sect. 4.3.

Theorem 4.9.3. Conditions (i) and (ii) are constraint qualifications.

(i) The functions g;(x),i € I(xo), are invex at xo with respect to the same

n(x, o) and there exists x* € S such that g;(x*) < 0,7 € I(xg).

(i1) Generalized Karlin constraint qualification:

The functions g;, i € I(xg), are invex with respect to the same n and there

exists no vector p € R®, p >0, p # 0, such that Z pigi(x) >0, Vo € X.
i€l (xo)
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Proof. (i) From Theorem 4.2.2, we must prove that W N (intR_ x R™) = 0.
Assume, by contradiction, the existence of a direction d* € R™ such that
Vf(zo)Td* <0,Vgi(zo)Td* <0, i€ I(x).

Since g;(x*) < gi(xo) = 0, i € I(xp), from the invexity of g;, i € I(zg), we
have n(z*,20)"Vgi(zo) < 0, i € I(xg), so that d = n(z*,z¢) is a feasible
direction. By setting d=d + id, we have Vgi(aso)T(f < 0, and, for a large
enough n, Vf(z¢)Td < 0, so that d is a feasible decreasing direction which
contradicts the optimality of zg.

(ii) The optimality of xo implies the following Fritz John conditions: there
exist A\g >0, A\; >0, (Ao, A1,...,As) #0, i€ I(xg), such that

AoVf(zo)+ > AiVgi(ao) =0

i€l(xo)

Assume that \g = 0, i.e., z AiVgi(xg) = 0. For the invexity assumption,

i€l(xo)
we have g;(x)—gi(xo0) > 1T (z,20)Vgi(z0),Vi € I(xg), so that Z Aigi(x) >
i€l(xo)
0" (x,x0) Z AiVygi(xo) = 0, and this contradicts the generalized Karlin

i€l(zo)
constraint qualification.

Remark 4.9.1. Invexity also plays an important role in duality theory, since
it is possible to establish duality results involving Wolfe dual or alternative
duals by weakening the classical convexity requirements (see for instance [19,
20, 75, 77, 98, 135, 137, 161, 162, 163, 164, 165]).

4.10 Exercises

4.1. Show that Corollary 4.2.1 is equivalent to Farkas’ Lemma which follows:
Let A be an m x n matrix and ¢ € R". Then, exactly one of the following two
systems has a solution:

system 1 Az <0, c¢T'e > 0 for some x € R

system 2 yTA=cT, y >0 for somey € R™

where Az < 0 means Az € R™\{0}.

4.2. Let A and B be matrices of dimension m X n, s X n, respectively. Prove
that exactly one of the following two systems has a solution:

system 1 Ax <0, Bx <0

system 2 oTA+ pT'B =0, o€ R7T\{0}, B € RS

where Az < 0, Bz < 0 mean Az € intR™, Bx € 1%, respectively.

4.3. Let A and B be matrices of dimension m x n, s X n, respectively. Prove

that exactly one of the following two systems has a solution:
system 1  Ax <0, Bx <0
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system 2 o A+ BTB =0, with a € R7\{0}, B € R or @ € R, 3 € intR.
where Az < 0, Bx < 0 mean Az € intR™, Bx € R \{0}, respectively.

4.4. Referring to minimization problem P, consider the following cones:
CO={deR":Vg(x°)Td <0, iclI(xo)};

C={deR":Vgi(x°)Td <0, i€ I(x0)};
F={deR®R"\{0}:3e>0:20+tde S, Vte (¢}

T={deR":Hx,} CS, x, — x0, T, = +00: ap(xy —x9) — d}.

Prove, by means of (4.3), that each of the following conditions is a constraint
qualification:

(i) C° # 0 (Cottle’s constraint qualification);

(ii) el F = C (Zangwill’s constraint qualification);

(iii) T = C (Abadie’s constraint qualification).

4.5. Consider problem P* : nling(oc)7 where S = {x € X : g;(x) <0, h;(x) =
re

0,i=1,....m, j=1,..,p}. Assume that f is pseudoconvex, g;, i = 1,..,m, are
quasiconvex, hj, j = 1,..,p, are pseudolinear and that there exists a feasible
point zq verifying the following conditions

m P

V@) + > AiVgi(wo) + Y 1 Vhi(zo) =0
i=1 j=1

)\igi(l‘o) :O, 1= 1,..7m

)\izoaizlw'ama M]€%7J:17ap

Prove that x( is a global minimum point for P*.

4.6. Let .S be a compact convex set and let f be a continuous convex function
over S. By applying Jensen’s Inequality, prove that a global maximum of f is
attained at an extreme point of S.

4.7. Consider the utility maximization problem and the expenditure mini-

623
7

n
mization problem corresponding to utility function U(x) = Hz x; > 0,
=1

n
a;>0,1=1,.,n, Zai = 1. Show that:
i=1
(a) the consumer’s demand function of commodity ¢ is x;(p, m) = m

Qi
pi’

n
(b) the consumer’s expenditure function is e(p, u) = u H(al )T
1 Pi
i=1

4.8. Consider the profit maximization problem corresponding to the Cobb—
n

(027
7

Douglas production function F(z) = Hm z; > 0,a; > 0,0 = 1,..,n,
i=1

> ;< 1. Show that:

i=1
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n

(a) The output supply function is y(po,p) = ng(aJ Vi, where v =
i 21
Jj=1

n
PRLY
i=1

— aj
n and 0]' =

A
B o
i=1 i=1
O 5T,
(b) The demand function for input i is z;(po,p) = Py H( 70 where
pi Dy
Jj=1

o= ! .
Y
i=1
4.9. Consider the following parametric problem
Pla): minf(z), € S={z € XCR": g(z)<a}, ac ACR’

where X, A are open convex sets and f, ¢ are functions defined on X. By
assuming the existence of optimal solutions for every fixed «, prove that the
optimal value function z(«) of P(«) is a convex function.

4.10. Consider the standard linear parametric problem
PO): minc'z, r€S={xcR": Ar=0b+0u,x >0}

Prove that the optimal value function z(6) of P() is a convex function.
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5

Generalized Convexity and Generalized
Monotonicity

5.1 Introduction

As convexity plays an important role in solving mathematical programming
problems, so, too, does monotonicity in solving variational inequality and
nonlinear complementarity problems. Pioneering work was done by Cot-
tle, Dantzig, Karamardian, Stampacchia, and many others (see for instance
[71, 74, 134, 154, 155]).

Convexity and generalized convexity, which are central properties in many
branches of Operational Research, gave rise to gradient maps with certain
generalized monotonicity properties which are inherited from the generalized
convexity of the underlying function. Subsequently, generalized monotonicity
properties have been extended to general maps; various concepts were intro-
duced in the literature (see for instance [87, 157, 158, 286]).

In this chapter we shall present the main concepts of generalized monotonic-
ity and their relationships with the corresponding concepts of generalized
convexity. The main references are Chaps.2 and 9 of the recent Handbook
of Generalized Convexity and Generalized Monotonicity [132] together with
[49, 253, 254].

Economic Applications in Economics of generalized monotonicity can be found
in [27, 148, 149, 151, 152, 184, 287].

5.2 Concepts of Generalized Monotonicity

In this section we shall introduce some classes of generalized monotone maps
which are related, as we shall see in the next section, to the classes of gener-
alized convex functions studied in the previous chapters.

Let S be a subset of ®" and F' : S — R™ be a map. The definitions of a
monotone and a strictly monotone map are a natural generalization of the
classical notions of non-decreasing and increasing functions of one variable.
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Definition 5.2.1.
(i) F is monotone on S, if for all x1,24 € S,

(332 — xl)T(F(mg) — F(l‘l)) Z 0. (51)
(i) F is strictly monotone on S, if for all x1,29 € S, x1 # X2,
(1'2 — xl)T(F(SEQ) — F(:l?l)) > 0. (52)

Obviously, a strictly monotone map is monotone, too, but the converse state-
ment is not true.

As regards the classes of generalized monotone maps that we are going
to introduce, let us point out that pseudomonotonicity was introduced by
Karamardian in [156], while quasimonotonicity was introduced by Hassouni
in [139] and, independently, by Karamardian and Schaible in [157].

Definition 5.2.2. F is pseudomonotone on S, if for all x1,z5 € 5,

(22 —x1)TF(x1) > 0= (23 —21)  F(22) > 0 (5.3)
or, equivalently,

(o — 1) F(21) > 0= (22 — 21) F(z2) > 0. (5.4)
Definition 5.2.3. F is quasimonotone on S, if for all x1,x2 € S,

(o — 1) F(x1) > 0= (29 — 1) F(z2) > 0. (5.5)

In [130], strict quasimonotonicity and semistrict quasimonotonicity were
introduced.

Definition 5.2.4. Let S be convex.
(i) F is strictly quasimonotone on S, if F' is quasimonotone on S and for all
x1,x9 € S, there exists T € rixy, xs] such that

(ii) F is semistrictly quasimonotone on S, if F is quasimonotone on S and
for all x1,29 € S, with x1 # x2, the following implication holds:

(xo—x1) ' F(z1) >0=3Z € ri {1‘1 _;1:2 , 1:2] , such that (zo—z1)T F(z) > 0.
(5.7)

The inclusion relationships between the classes of generalized monotone
functions that have been introduced are stated in the following theorem.
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Theorem 5.2.1. Let S C R" be a convex set and let F: S — R™ be a map.
(i) If F is monotone on S, then F is pseudomonotone on S;

(ii) If F is pseudomonotone on S, then F is semistrictly quasimonotone on
S

(i) If F' is semistrictly quasimonotone on S, then F is quasimonotone on S;
() If F is strictly monotone on S, then F' is strictly quasimonotone on S;
(v) If F is strictly quasimonotone on S, then F is semistrictly quasimonotone
on S.

Proof. (i) and (iii) follow directly from the definitions.

(ii) Since pseudomonotonicity implies quasimonotonicity, (5.7) remains to
be proven. Let x1,22 € S be such that (w2 —21)TF(x1) > 0 and con-
sider the point & = z1 +t(z — 1), t € (3,1). We have (Z—z1)"F(z1) =
t(wy —21)T F(x1) > 0; the pseudomonotonicity of F implies (z—z1)T F(z) > 0
or, equivalently, (zo — x1)7 F(z) > 0. Consequently, (5.7) holds.

(iv) Since strict monotonicity implies quasimonotonicity, (5.6) remains to be
proven. Assume, by contradiction, the existence of zi,zo € S such that
(rg — 21)TF(z) = 0 for all € ri[zy,z2). Let 1 = o1 + t1(z2 — 21),
ZTo = x1 + ta(w2 — x1), with 0 < t; < t2 < 1. From the strict monotonicity we
have (fg—fl)T(F(ﬂ_Sg)—F(fl)) > O7 i.e., (tQ—tl)($2—$1)T(F(Q_L'2)—F(f1)) > 0.
Consequently, 0 = (22 —21)T F(22) > (2 — 21)T F(z1) = 0, and this is a con-
tradiction.

(v) Let 1,22 € S such that (z2 — 21)T F(x1) > 0. The quasimonotonicity of
F implies that (zo —x1)T F(2) > 0 for all z € ri[zy, x2]. By applying the strict
quasimonotonicity to points 11‘5“72 and xo, the thesis is achieved.

The diagram of Fig.5.1 summarizes the inclusion relationships between the
various classes of monotone and generalized monotone maps.

strictly 3 strictly |
monotone quasimonotone

!

monotone ~ [——>| pseudomonotone

Y

senpstnctly o
quasimonotone

!

quasimonotone

Fig. 5.1. Relationships between various types of monotonicity
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All inclusions are proper as is shown in the following example.

FEzxample 5.2.1.

0, 0<z<1
(a) The map F(z) = -1 1<z<2
pseudomonotone but not strictly quasimonotone.

_ —xz+1, 0<x<1
(b) The map F(z) = { 0, l<z<2

is semistrictly quasimonotone and

is quasimonotone but not

semistrictly quasimonotone.
(¢) The map F(z) = —| = | is strictly quasimonotone but not pseudomono-

tone.
0, 0<z<1

(d) The map F(x) = ¢ —1+2, 1 <z <2 is semistrictly quasimonotone
—r+3, 2<z<3
but not pseudomonotone.

An important case where quasimonotonicity reduces to pseudomonotonicity
is stated in the following theorem.

Theorem 5.2.2. Let S C R™ be an open convex set and let F': S — R™ be a
continuous map such that F(x) #0 for allz € S. Then, F is pseudomonotone
on S if and only if F is quasimonotone on S.

Proof. Since pseudomonotonicity implies quasimonotonicity, the converse
statement remains to be proven. Assume, by contradiction, the existence of
x1,m2 € S such that (xo — x1)TF(x1) > 0 and (z2 — 21)7 F(z2) < 0. From
the quasimonotonicity assumption, we necessarily have (z2 — z1)T F(z1) = 0.
Since F(z1) # 0, there exists u € R" such that u’ F(z;) > 0. From the
continuity of F' and the continuity of the scalar product, there exists € > 0
such that (22 + eu — x1)T F(z2 + eu) < 0. Since F is quasimonotone, we have
(2 +eu—a1)TF(x1) <0, ie., eul F(x1) <0, and this is a contradiction.

Let us note that a quasimonotone map is not necessarily continuous. Under
a continuity assumption, we have the useful property that quasimonotonicity
on an open convex set S is preserved on the closure of S, as is shown in the
following theorem.

Theorem 5.2.3. Let S C R™ be a convex set with a nonempty interior, and
let F:clS — R"™ be a continuous map. If F' is quasimonotone on intS, then
F is quasimonotone on clS.

Proof. We must prove that if z,y € clS are such that (y — z)T F(z) > 0,
then (y — )T F(y) > 0. If z,y € intS, this is true by assumption. Let
{z,} C intS, {yn} C intS, be sequences converging to x and y, respec-
tively. For a large enough n, it results that (y, — z,)? F(z,,) > 0 so that, for
the quasimonotonicity of F on intS, we have (y, — z,)T F(y,) > 0. Conse-
quently, the continuity of F' and the continuity of the scalar product imply
Jm (g —20)TF(yn) = (y — )" F(y) 2 0.

The proof is complete.
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5.2.1 Differentiable Generalized Monotone Maps

The defining inequalities of various kinds of generalized monotonicity are, in
general, hard to verify, so many studies have been devoted to deriving some
characterization results.

Some necessary and/or sufficient conditions for quasimonotone and pseu-
domonotone differentiable maps are stated below. All proofs are omitted and
can be found in [89].

Theorem 5.2.4. Let S C R™ be a convex set and let F' be a differentiable
map on S. If F is quasimonotone on S, then

zeintS, veR", vIF(z) =0= vl Jp(x)v >0 (5.8)
where Jp(x) denotes the Jacobian matriz of F evaluated at x.

Theorem 5.2.5. Let S C R™ be an open convex set and let F' be a continu-
ously differentiable map on S. Then:
(i) F is quasimonotone on S if and only if (5.8) and (5.9) hold

r, xt—vES _ _
F(z) =0, Jp(z)v =0 {Vt >f% ﬂfff 21’5};% that (5.9)
vIF(x —v) >0 -
(ii) F is pseudomonotone on S if and only if (5.8) and (5.10) hold
xeS, F(x)=0, Vit >0, 3t € (0,t] so that
Jr(z)v =0 } = { vIF(z +tv) >0 (5.10)

5.3 Generalized Monotonicity of Maps of One Variable

The following theorem characterizes the generalized monotonicity of maps of
one variable.

Theorem 5.3.1. A function f: R — R is:

(i) Monotone if and only if it is non-decreasing;

(i) Strictly monotone if and only if it is increasing;

(iii) Pseudomonotone if and only if there exist disjoint consecutive intervals
(possibly empty) I, I and I3 such that Iy U, UIs =R and f is negative on
I, zero on Is and positive on Is;

(iv) Quasimonotone if and only if there exist disjoint intervals I; and I2, one
of which may be empty, such that Iy Uls = R and f is non-positive on Iy and
non-negative on Ia;
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(v) Strictly quasimonotone if and only if there exist disjoint intervals Iy and
Iy (one of which may be empty) with I; U Iy = R, such that f is non-positive
on I, non-negative on Is and there does not exist an open interval I in which
f(x) =0 forallx € I;

(vi) Semistrictly quasimonotone if and only if there exist disjoint intervals I
and Iy (one of which may be empty) with Iy U Iy = R, such that f is non-
positive on Iy and non-negative on Iy; furthermore, if f(x) > 0 (f(z) < 0),
then there does not exist an open interval I C (x,400) (I C (—o0,x)) such
that f(z) =0 for all z € I.

Proof. (i) and (ii) follow directly from the definitions.

(i) Let 1 = {x € R : f(z) < 0}, b, = {& € R : f(z) = 0}, and
Is = {x € R : f(x) > 0}. The pseudomonotonicity of f implies that if there
exists x1 € Iy (x5 € I3) ,theny € I (y € I3) for all y < a1 (y > x3). It follows
that I, I, if nonempty, are intervals such that infl; = —oo, supls = +oc.
Consequently, Ir = R\ ([; U I3), if nonempty, is an interval, too, of end points
l1,lo with I3 = supl; or Iy = —o0 if [y = (), and Iy = infI3 or Iy = +oo if
I3 =10.

As regards the converse statement, it is sufficient to note that the inequality
f(@)(y — ) > 0 implies that x,y € Is or x,y € I.

(iv) This follows similarly to (iii).

(v) This follows directly from the definition, taking into account (iv).

(vi) Assume that f is semistrictly quasimonotone and let z € R such that
f(z) > 0. By contradiction, let I = [a,b] C (z,+00) such that f(z) = 0 for
all z € I. Set a = inf{z: f(y) =0, Vy € [z,b]}. Obviously, x < @ < a and,
for a small enough € > 0, there exists T € [a — €, al, such that f(z) > 0. By
applying (5.7) with 21 = T and a2 = b we get a contradiction.

Conversely, the existence of I, Is which verify the assumptions, implies the
quasimonotonicity of f so that (5.7) remains to be proven. If not, there exist
x1, 22 € R such that f(z1)(w2—21) > 0and f(z) =0 for all Z € ri["3*, z2],
and this is a contradiction.

The results given in the previous theorem allow us to recognize the gener-
alized monotonicity of a function of one variable by means of its graph. In
Fig.5.2(a) a quasimonotone function is depicted which is not semistrictly,
strictly quasimonotone, or pseudomonotone; Fig.5.2(b) depicts the graph of
a function which is strictly quasimonotone but neither strictly monotone, nor
pseudomonotone.

As happens for generalized convex functions, characterizations of generalized
monotonicity may be derived from the characterizations for maps of one vari-
able. More precisely, let S C R"™ be a convex set and let I’ be a map defined
on S. For all z € S and u € R", consider the set:

L,={teR: z+tue S}

and the map of one variable
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Fig. 5.2. Graphs of generalized monotone maps

E, u(t) = u" F(z + tu).
The following theorem holds.

Theorem 5.3.2. F' is monotone, strictly monotone, pseudomonotone, quasi-
monotone, strictly quasimonotone, and semistrictly quasimonotone on S if
and only if, for all z € S and uw € R™, F,, is monotone, strictly monotone,
pseudomonotone, quasimonotone, strictly quasimonotone, and semistrictly
quasimonotone on I ,,, respectively.

Proof. Tt is sufficient to note that, by setting 1 = z+tiu, x2 = 2+ tou, we
have (t2 — tl)FZ7u(t1) = (1‘2 — l‘l)TF(l‘l) and (tQ - tl)FZ7u(t2) = (1‘2 —
x1)T F(x5), so that to any assumption of generalized monotonicity on F there
corresponds the same kind of generalized monotonicity on F, ,,.

For the converse statement, set z = x1, u = r9 — 1.

5.4 Generalized Monotonicity of Affine Maps

One of the most important problems in studying generalized monotonicity is
how to find characterizations of generalized monotone maps. In Sect. 5.2.1 we
presented some results related to the differentiable case; now we shall present
the main results related to the affine case.

The following theorem points out that, for an affine map, quasimonotonicity
reduces to pseudomonotonicity even if the map assumes zero value in some
points.

Theorem 5.4.1. Let S C R" be an open convex set and let F(x) = Mz + q.
Then, F is pseudomonotone on S if and only if F' is quasimonotone on S.

Proof. Since pseudomonotonicity implies quasimonotonicity, the converse
statement remains to be proven. If F(x) # 0 for all = € S, the thesis follows
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from Theorem 5.2.2. If Mx 4+ ¢ = 0, assume, by contradiction, the existence
of z,y € S such that (y — 2)T(Mz +q) = 0 and (y — 2)T(My + q) < 0.
Consider 1 = = + t1(y — ) where t; < 0 is such that x; € S. Since
y—x = ‘3", we have (y — 71)TF(y) < 0 so that, from the quasimono-
tonicity of F, (y — z1)T F(z1) < 0. On the other hand, (y — z1)T F(z1) =
A—t)(y—2)" (Mz+q+tM(y—=)) = (1-t:)(y—2)" (1 —t21)(Mz+q)+
t1(My +q)) = t1i(1 = t1)(y — )" (My +¢q) <0, ie., (y — 2)" (My +q) > 0,
and this is a contradiction.

For an affine map, the characterizations given in Theorem 5.2.5 reduce to
condition (5.8). More precisely, we have the following theorem for which, for
the sake of completeness, we shall propose a direct proof.

Theorem 5.4.2. Let S C R™ be an open convex set and let F(z) = Mx + q.
Then, F' is pseudomonotone on S if and only if

reS, veR", vI(Mz+q) =0= v Mv>o0. (5.11)

Proof. Assume that F' is pseudomonotone on S and let x € S, v € R™, such
that v (Mx + ¢) = 0. Consider the point y = x + tv where t € R\ {0} is such
that y € S. We have (y—x)T (Mz+q) = 0, so that from the pseudomonotonic-
ity of the map, (y — )" (My+q) > 0, i.e., toT (Mz+q+tMv) = >0 Mv > 0
and (5.11) holds.

Conversely, assume by contradiction that F' is not pseudomonotone, i.e.,
assume the existence of x,y € S such that (y — 2)T(Mz + ¢) > 0 and
(y — 2)T(My + q) < 0. From the continuity of the affine map, there exists
T =uxz+tly—=z), t€l01),such that (y — )T (Mz + ¢q) = 0. We have

- Mty—a) = =021 (477 ) = | =ty - Mo-g) =

1 {(y —2)T(My + q) < 0. By setting v =y — z, (5.11) is contradicted.

Remark 5.4.1. Theorem 5.4.1 implies that (5.11) is also a characterization of
quasimonotonicity of an affine map on an open convex set. Furthermore, note
that the proof of pseudomonotonicity given in Theorem 5.4.1 does not require
the openess of the domain S, so that (5.11) is a sufficient condition for pseu-
domonotonicity and quasimonotonicity even if S is not open.

The following example points out that a quasimonotone affine map on a convex
set with a nonempty interior does not necessarily verify (5.11).

0 —1
-2 0
By setting = (21,72)7, y = (y1,v2)7, we have that (5.12) implies (5.13),

Ezample 5.4.1. Consider the map F(z) = Mz on ®%, where M =

(y— )" Mz = —2o(y1 — 1) — 221 (y2 — 22) > 0 (5.12)
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(y — )" My = —ya(y1 — 21) — 21 (y2 — x2) > 0 (5.13)

This is true, if y; —x1 and ya— 2 are both negative. If y; —z1 > 0 (y1—x1 < 0)
and yo — x2 < 0 (y2 — w2 > 0), then —yo(y1 — 1) > —xa2(y1 — x1) and
—2y1 > (y2 — x2) > —221(y2 — x2), so that (5.12) implies (5.13). Since the
case y1 —x1 > 0, yo —x2 > 0 cannot occur, the map is quasimonotone on 3‘%3_
Now, we shall show that (5.11) does not hold at the boundary point z =
(0,0)T. In fact, we have Mz = 0, so that v" Mz = 0 for all v € R?, but
v Mv = —3v1vs < 0 if viv9 > 0.

Finally, note that the map is pseudomonotone on intﬂ?i but is not pseu-
domonotone on 8%3_ since, by choosing z = (0,0)7, y = (1,1)T, we have
(y—2)TF(z) =0, and (y —2)TF(y) = =3 < 0.

Example 5.4.1 shows that (5.11) does not necessarily hold at a boundary point
z for which Mx + ¢ = 0. In general, we have the following theorem whose
proof can be found in [133].

Theorem 5.4.3. Let S C R™ be a convex set with a nonempty interior, and
let F(z) = Mx + q be quasimonotone on S.

(i) If there exist x € S, v € R™, such that (5.11) does not hold, then x belongs
to the boundary of S and F(x) = 0.

(i) If F has no zeros on the boundary of S, then F is pseudomonotone on S.

The link between the generalized monotonicity of F(z) = Mz + ¢ and the
intrinsic properties of the matrix M has been studied by several authors (see,
for instance, [84, 88]). Results related to the case S = R}, which is of par-
ticular interest because of its relevance to complementarity problems, can be
found in [50, 84, 126, 127, 128].

Now, we shall point out how generalized monotonicity is preserved under an
affine transformation.

Consider the variable transformation z = Ax + b, where A is an m x n matrix
and b € N™. Let Z C N™ be a convex set and S ={z e R": Az +be Z}.

Theorem 5.4.4. Let G : Z — R™ and let F(z) = ATG(Ax +b). If G
is quasimonotone, pseudomonotone, strictly quasimonotone, and semistrictly
quasimonotone on Z, then F is quasimonotone, pseudomonotone, strictly
quasimonotone, and semistrictly quasimonotone on S, respectively.

Proof. 1t is sufficient to note that, for every z1, xo € S, by setting 2; =
Axq1+b, 2o = Az +b, we have (2 —21)T F(21) = (A(z2 —21))T G(Ax1 +b) =
(22— 21)TG(21), (w2 — 21)T F(22) = (22 — 21)TG(22), so that to any assump-
tion of generalized monotonicity on G there corresponds the same kind of
generalized monotonicity on F.



108 5 Generalized Convexity and Generalized Monotonicity

5.5 Relationships Between Generalized Monotonicity
and Generalized Convexity

In this section we shall point out the connection between the generalized
convexity of a function f and the generalized monotonicity of its gradient
map Vf.

We shall begin with the classical result related to convexity and monotonicity.

Theorem 5.5.1. Let S C R™ be a convex set and let f be a differentiable
function on S.

(i) f is convex on S if and only if Vf is monotone on S;

(i) f is strictly convex on S if and only if V[ is strictly monotone on S.

Proof. (i) Assume that f is convex on S and let x1,z2 € S. We have:
fxa) = f(21) + (w2 — 1)V f (1) (5.14)

f(@1) > fwe) + (21 — 22) "V f(22) (5.15)

By adding (5.14) and (5.15), we obtain (z2 — 21)7 (Vf(z2) — Vf(z1)) > 0,
i.e., Vf is monotone on S.

Conversely, assume, by contradiction, the existence of x1,x5 € S such that
f(xa) < f(xy)+(xo—21)TV f(21). From the Mean Value Theorem, there exists
T =x +t(za — 1), T € (0,1), such that f(z2) = f(z1) + (22 — 21)TV f(2),
so that we have (xg — 21)TV f(Z) = f(x2) — f(z1) < (x2 — 21)TV f(21), i-e.,

(xo — x1)T (Vf(Z) — Vf(x1)) = 11?(5: —2)" (Vf(z) — Vf(21)) < 0, and this

contradicts the monotonicity assumption.
Similarly, (ii) can be proven.

The following lemma is useful in establishing the connection between the
pseudoconvexity (quasiconvexity) of a function and the pseudomonotonicity
(quasimonotonicity) of its gradient map.

Lemma 5.5.1. Let S C R™ be a convex set and let [ be a differentiable func-
tion on S.

(i) Assume that ¥V f is pseudomonotone on S.

If 1,5 € S are such that (xo — x1)TV f(x1) > 0, then the restriction of f
on [x1,x2] is non-decreasing.

If x1,m3 € S are such that (xvo — x1)TV f(x1) > 0, then the restriction of f
on [x1,x2] is increasing.

(i) Assume that V f is quasimonotone on S.

If 1,5 € S are such that (xo — x1)TV f(x1) > 0, then the restriction of f
on [r1,x2] is non-decreasing and f(x1) < f(x2).

Proof. (i) Let o(t) = f(z1+t(x2 — 1)), t € [0,1], and set y = a1 +t(x2 — x1).
If (o —21)TVf(21) > 0, then (y — 21)TVf(z1) > 0 for all y € [z1, 22], so
that the pseudomonotonicity of V f(x) implies that (y — z1)TV f(y) > 0 for
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all y € [z1, z2]. It follows that (y —z1)TVf(y) = t(za —21)TV f(y) = to'(t) >
0, Vt € [0,1]. Consequently, ¢(t) is non-decreasing on [0, 1].

Similarly, the condition (xo—x1)%V f(21) > 0, together with the pseudomono-
tonicity of V f(x), implies that ¢(t) is increasing on [0, 1]. Consequently, (i)
holds.

(ii) The condition (w3 — x1)TVf(z1) > 0, together with the quasimono-
tonicity of V f(z), implies that ¢(t) is non-decreasing on [0, 1]; furthermore,
©'(0) = (z2 — 21)TV f(21) > 0 implies that ¢(¢) is locally increasing at t = 0.
Consequently, (ii) holds.

Theorem 5.5.2. Let S C R" be a convexr set and let f be a differentiable
function on S.

(i) f is pseudoconvex on S if and only if V f is pseudomonotone on S;

(i) f is quasiconvex on S if and only if V [ is quasimonotone on S.

Proof. (i) Assume that f is pseudoconvex on S and let z1, x2 € S such that
(rg —21)TV f(21) > 0. Consequently, f(z1) < f(z2). Since f is quasiconvex,
too, we have (21 —x2)TV f(z2) <0, i.e., (z2—21)TV f(22) > 0, so that V f(x)
is pseudomonotone on S.

Conversely, assume by contradiction the existence of z1,z2 € S such that
f(z1) > f(z2) and (22 — 21)TVf(21) > 0. This last inequality implies, from
(i) of Lemma 5.5.1, that f is non-decreasing on [x1, z3], so that f(x1) < f(x2),
and this is a contradiction.

(ii) Assume that f is quasiconvex on S and let z1, zo € S such that
(w2 —21)TV f(21) > 0. Consequently, f(z1) < f(z2) and (z1 —22)TV f(22) <
0, i.e., (va —21)TVf(z2) > 0, so that Vf(x) is quasimonotone on S.
Conversely, assume by contradiction the existence of z1,z2 € S such that
f(z1) > f(x2) and (w2 — 21)TV f(21) > 0. From (ii) of Lemma 5.5.1, we get
a contradiction.

Theorem 5.5.3. Let S C R™ be a convex set and let f be a differentiable
function on S.

(i) f is strictly quasiconvez on S if and only if Vf is strictly quasimonotone
on S;

(i) [ is semistrictly quasiconvexr on S if and only if V[ is semistrictly
quasimonotone on S.

Proof. (i) If f is strictly quasiconvex on S, then f is quasiconvex, t00, so
that, from (ii) of Theorem 5.5.2, V f(x) is quasimonotone on S. If (5.6) does
not hold, then there exist z1, 22 € S such that (xg — 21)TVf(Z) = 0 for all
T € [x1,22], and this implies the constancy of f on [z, z2], contradicting the
strict quasiconvexity of f (see Theorem 2.2.11).

Conversely, if V f(z) is strictly quasimonotone, it is quasimonotone, too, so
that f is quasiconvex. Furthermore, condition (5.6) with F' = V[, implies
that f is not constant on each interval [z1,22] C S, and thus f is strictly
quasiconvex.
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(ii) If f is semistrictly quasiconvex on S, then f is quasiconvex, too, so
that, from (ii) of Theorem 5.5.2, V f(z) is quasimonotone on S. If Vf(x)
is not semistrictly quasimonotone, then there exist x;,x9 € S such that
(z2 — 21)TV f(z1) > 0 and (22 — 21)TVf(2) < 0 for all & € ri["'$%2, zy).
The quasimonotonicity of Vf(z) implies that (zo — 21)TVf(Z) = 0 for all
T € ri["3%2 x5], so that f is constant on [*13%2 25]. On the other hand,
from (ii) of Lemma 5.5.1, f(z1) < f(x2) and this contradicts the semistrict
quasiconvexity of f on [x1, z3].

Conversely, the semistrict quasimonotonicity of V f(z) implies the quasicon-
vexity of f.

Assume now, by contradiction, the existence of x1,x2,T € ri[x;,z2] C S such
that f(z1) > f(z2) and f(Z) = f(x1). Let t = max{t € [0,1] : p(t) = f(z1 +
t(wa—x1)) = f(z1) = ©(0)}; obviously, £ € (0,1). Let € > 0 be such that € < }
and t + ¢ < 1. Then, there exist € (£, + ¢€) such that ¢'(#) < 0. By setting

§ = x1+1t(xe—11), we have ¢'(f) = (v2—21)  Vf(§) = {(g—ml)TVf(ﬂ) <0,
ie., (21 —9)TVf(y) > 0. From (5.7), there exists & € ri[z1, “/7] such that

(x1 — 9)TV (%) > 0. Since & € ri[z1, 7] with # = 21 + t(22 — x1), we have
(r1 — )TV f(2) =0, and this is a contradiction.

5.6 The Generalized Charnes—Cooper Transformation

As we have remarked several times, it is often difficult to test the pseudocon-
vexity of a function as well as the pseudomonotonicity of a map.

In this section we shall introduce a nonlinear variable transformation, a gener-
alized Charnes—Cooper transformation. We shall see that this transformation
preserves the pseudomonotonicity of the gradient map of a differentiable func-
tion f, or, equivalently, the pseudoconvexity of f. This property will be utilized
in the next chapter in order to obtain pseudoconvexity results for particular
classes of functions.

Consider the following transformation

Az

= 1
bTx + b (5.16)

Y
defined on the set I' = {z € R" : bTx + by > 0}, where A is a nonsingular
matrix of order n, b € R™ and by # 0.

We refer to (5.16) as the generalized Charnes—Cooper transformation since,
when A = I, it reduces to the variable transformation originally suggested by
Charnes A. and Cooper W. W. in [64] (see also Sect. 7.4).

Theorem 5.6.1. The inverse of the transformation (5.16) is given by

. boA_ly
T = 1= b7 A1y (5.17)
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defined on the set I = {y e R : |, 2o, 1, >0}
T

Proof. From (5.16), WTe hzive A7y = BT ot bo bwafbo =1- sz(—]Hm’

_1-b A

so that sz+b = .

The thesis is achleved taking into account that b”x + by > 0 implies that
> 0 and that z = (bTz + by) A~ 1y.

bTA—ly —

1—bTA*1y

Let f be a differentiable function defined on an open convex set S C R™ and
consider the function ¥ (y) obtained by applying the generalized Charnes—
Cooper transformation to f(x), hereby, assuming that S C I

The following theorem, whose proof can be found in [49], shows that the gen-
eralized Charnes—Cooper transformation preserves the pseudomonotonicity of
the gradient of a function.

Theorem 5.6.2. Let [ be a differentiable function defined on an open con-
vex set S C I'. Then, Vf(xz) is pseudomonotone if and only if Vi(y) is
pseudomonotone.

Taking into account that a function is pseudoconvex if and only if its gradient
map is pseudomonotone, we have the following result.

Corollary 5.6.1. The generalized Charnes—Cooper transformation (5.16) pre-
serves pseudoconvexity of an arbitrary differentiable function f, i.e., f(x) is
pseudoconvex if and only if ¥(y) is pseudoconve.

Unfortunately, both the generalized Charnes—Cooper transformation and
the classic Charnes—Cooper transformation do not preserve, in general, the
pseudomonotonicity of a map, as is shown in the following example.

Example 5.6.1. The map F(z) = 23, € R is pseudomonotone (see (iii) of

Theorem 5.3.1). Consider the transformation y = — %, (z > —1). We have
z=—-Y% (y>—1). Then F(z ( )) = (=,%,)° is not pseudomonotone for

y > —1. To see this, let N=-—yy2 = 1. Then (y2 —y1)F(x(y1)) = 5 > 0,
but (y2 - yl)F(m(yQ)) 16 < 0

The following results establish conditions under which the Charnes—Cooper
transformation (A = I) preserves the pseudomonotonicity of a map.

Theorem 5.6.3. If the map F(y) is homogeneous of degree one and pseu-
domonotone on a cone C C R", then the transformed map $(x) = F(

is pseudomonotone on C = CN{x € R : bTx + by > 0}.

Proof. We must prove that if 2, z € C are such that (z — )T ®(z) > 0, then
(z—2)Td(2) > 0.

We have (z —2)"®(z) = (2 = 2) " F(,r 20y ) = yrag, (2 —2) T Fz) > 0, e,
(z —2)TF(z) > 0. Since z,x € C, taking into account the pseudomonotonic-
ity and the homogeneity of F, we have (z — 2)7 F/(z) > 0, which implies that
(z—2)TF( ) > 0.

bvT ‘Tw-'r bo )

z
bTZ+b0
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Corollary 5.6.2. If My is a pseudomonotone map on a cone C'C R", then
the map bTAzl—fbo is pseudomonotone on C = C N{x € R" : bTz + by > 0}.

Remark 5.6.1. Theorem 5.6.3 cannot be extended to the generalized Charnes—
Cooper transformation when A # I. Consider for instance the map ®(y) =

My, where M = {_(1) (2)} , which is pseudomonotone on the interior of 9%3_ By
applying the generalized Charnes—Cooper transformation y = bT??f-bo’ A=

30 1 . ; o
[0 1}, b = (1>7 by = 1, we obtain the map ®(x) = MbT?:-s-bO which is

not pseudomonotone on intR% since for 27 = (1,2), z¥ = (},1) we have

(z—JL‘)TM Az :%>O7while(2—$)TM A _112<0'

bTJZ-'rbo bTZ-‘rbo

Finally, we shall present conditions under which the generalized Charnes—
Cooper transformation taken as a map, not as a variable transformation,
is pseudomonotone. With this aim in mind, consider, firstly, the following
theorem.

Theorem 5.6.4. Let G : R — R, g : R — R, and consider the map
F(z) = g((:)) defined on H = {x € R" : g(z) > 0}. If G is pseudomonotone
on S CR", then F is pseudomonotone on S=SnNnH.

Proof. We must prove that if #, z € S are such that (z — 2)TF(z) > 0,
then (z — )T F(z) > 0. We have (z — 2)TF(z) = (2 — :c)Tf;((f)) > 0, ie.,
(z—2)TG(z) > 0. The pseudomonotonicity of G implies that (z—x)TG(z) > 0,

ie., (z —x)T 2((;)) =(z—-2)TF(z) > 0.

Corollary 5.6.3. If the affine map Ax is pseudomonotone on S C R"™, then

the map y = 77, is pseudomonotone on S=Sn{zeR" : bTox+by > 0}.

The following corollary gives a sufficient condition for the pseudomonotonicity
of the generalized Charnes—Cooper transformation.

Corollary 5.6.4. The map y = ngibo is pseudomonotone on the half-space

I'={xeR" : bTax+by > 0} if the matriz A is positive semidefinite.

Corollary 5.6.4 shows that the classic Charnes—Cooper transformation (A = I)
is a pseudomonotone map.
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6

Generalized Convexity of Quadratic Functions

6.1 Introduction

Generalized convexity of quadratic functions has been widely studied; the
main historical references are Martos [209, 210, 211], Ferland [108], Cottle
and Ferland [73], Schaible [236, 243, 242, 248].

In this Chapter we shall put together some results related to generalized
convex quadratic functions. After noting that quasiconvexity can differ from
convexity only on a proper subset S of " and that quasiconvexity reduces to
pseudoconvexity on an open set, in Sect. 6.3 we shall characterize the maximal
domains of quasiconvexity and pseudoconvexity of a quadratic function in the
general form suggested by Schaible in [251]. All the results that we are going
to develop are obtained by means of a different approach based on the second
order characterization of pseudoconvexity given in Corollary 3.4.1 and on the
properties established in Sect. 6.2.

The results will be specified in Sect. 6.4 in order to obtain the criteria estab-
lished by Martos [209, 210, 211] related to generalized convexity over the
non-negative orthant '} .

6.2 Preliminary Results

Since the symmetric matrix @) associated with a quasiconvex (not convex)
quadratic form has one and only one negative eigenvalue (see Theorem 3.4.1),
in this section we shall establish, for these matrices, some properties which
will play a fundamental role in characterizing the generalized convexity of a
quadratic function.

To this end we shall introduce the following notations:

e )\, ...\, are the eigenvalues of the n x n symmetric matrix Q;
e {v!,..,v"} is an orthonormal basis of eigenvectors associated with Aq,. ..,
An. In order to define each of the eigenvectors uniquely, we shall assume
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that the first component of any eigenvector is positive (this can be obtained
by multiplying it by (—1) if necessary).
ker@ is the kernel of Q, i.e., ker@Q = {x € " : Qz = 0};
rank(@ is the rank of @), i.e., the maximum number of linearly independent
columns (or rows) of Q;

e v_(Q) is the number of the negative eigenvalues of @) (according to their
multiplicity).

Regarding the number of the negative eigenvalues of () we have the following
useful lemma.

Lemma 6.2.1. Let QQ be an n xn symmelric matriz and assume the existence
of two vectors u,w such that

uT'Qu <0, wl'Quw<0, v'Quw=0.

Then, Q has at least two negative eigenvalues.

Proof. Let u = Zaivi, w = Zﬁivi, a;, B3, €R,i=1,...,n. We have

i=1 i=1

uT'Qu = iaf)\i, wlQu = iﬁ?)‘“ uI'Quw = iaiﬁi)\i.

i=1 i=1 i=1

n n

The assumptions imply that Zag)\i < 0 and Z ﬁf)\i < 0, so that at least
one eigenvalue is negative. Wi‘éh(l')ut loss of generzﬂilty assume Ay < 0. Ifa; =0
or 41 = 0, then obviously we have a second negative eigenvalue. If o101 # 0,
we have

n n n n
D (Brai —anBi)* X = B> aidi+ai Y BN — 20161 > il =

i=1 i=1 i=1

i=1

n n
=B> aixi+ald BN
=1 =1

n

Consequently, Z(ﬁlai - ﬂi)Q)\i < 0 so that a second negative eigenvalue
i=1

exists and the thesis is achieved.

6.2.1 Some Properties of a Quadratic form Associated with a
Symmetric Matrix Having One Simple Negative Eigenvalue

Now we shall establish some fundamental properties which will be used in
the next sections in characterizing the quasiconvexity and pseudoconvexity of
quadratic functions.
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From now on we shall assume A\; < 0, A\; > 0,72 = 2,..,p, and \; = O,
i=p+1,..,n.
The following lemma holds.

Lemma 6.2.2. Let QQ be an n X n symmetric matriz and assume v—(Q) = 1.
Then, the following conditions hold:

(i) If u € R™ is such that uTv' = 0, then either u € kerQ or u Qu > 0;

(ii) u € kerQ if and only if uT Qu =0 and uTv! = 0.

Proof. (i) Let u = Zaivi. We have 0 = uTv! = oy, so that © = Zaivi.
i=1 1=2

If w ¢ ker@, there exists i € {2,..,p} such that «; # 0. It follows that

uT'Qu=>" ,(a;)*\; > 0.

(i) If u € ker@Q, obviously we have u"Qu = 0 and u”v' = 0. The converse

statement follows directly from (i).

Now we shall introduce the following opposite cones associated with the
matrix Q:

T=A{xz: zT'Qx <0, 2ot > 0}, —-T={x: zT'Qx <0, 2Tt < 0}

We shall see in the next section that cones T"and —7 will play a fundamental
role in characterizing the maximal domains of the quasiconvexity and pseu-
doconvexity of a quadratic function.

The following theorems hold, where 0T denotes the boundary of T'. Note that
since T and —T are opposite cones, the properties of —7" can be easily derived
from the ones which will be established for T

Theorem 6.2.1. Let Q be an n xn symmetric matriz and assume v—(Q) = 1.
Then, the following conditions hold:

(i) kerQ =T N (-T);

(i) T is a pointed cone if and only if ker@ = {0}.

Proof. (i) From (ii) of Lemma 6.2.2 we have ker@ C TN(=T).If x € TN(-T)
we necessarily have 27 Qz < 0, 27v! = 0; consequently, (i) of Lemma 6.2.2
implies that = € ker@.

(ii) Since T is pointed if and only if TN (=7) = {0}, the thesis follows
from (i).

Theorem 6.2.2. Let Q be an nxn symmetric matriz and assume v—(Q) = 1.
Then, the following conditions hold:

(i) zo € intT if and only if ¥ Qo < 0 and xLvt > 0;

(ii) xo € T \kerQ if and only if ¥ Qzo = 0 and x¥v* > 0;

(iii) intT Nint(=T) = (;

(iv) TU(=T)={z e R":27Qx < 0};

(v) int(T'U (=T)) = intT Uint(=T).
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Proof. (i) This is obvious.

(ii) This follows by noting that 22 Qzg = 0 if and only if zo € 9T U (=T
and that zo & ker@Q if and only if zlv! # 0.

(iii) It follows from (i) and from its analogous result for cone —T.

(iv) This follows directly from the definitions of 7" and —T'.

(v) Since int(T U (=T)) = {x € R" : 27Qx < 0} D intT Uint(-T), we
must prove that intT U int(—T) 2 {x € R" : 27Qx < 0}. Let z such that
2T Qx < 0. From Lemma 6.2.2 we necessarily have z7v! # 0 and the thesis
follows.

The following theorem points out the convexity of cones T and —T.

Theorem 6.2.3. Let QQ be an n X n symmetric matriz. If v_(Q) = 1, then
T is a closed convex cone.

Proof. Let P be the orthonormal matrix which has the eigenvectors v!, ..., v"

as columns, and let H be the diagonal matrix with the first p diagonal entries

given by (=A1)"2, (A2)"2,..., ()\p)_é7 and all the others equal to 1. It is well

known that the linear transformation x = PHy reduces the quadratic form
p

27 Qx to the canonical form ny —yi =7 |* -3, where § = (y2, .., yp)T
i=2

Let C={(y1, ) : | 91> =¥ <0, y1 =20} = {(y1,9) : | ¥ I< y1, 1 > 0}

It is easy to verify that C is a closed cone; we shall prove that C' is convex.

Let z = (21,2) € C,w = (wy,w) € C. Since || Z || <z, || @ || <wi, we have

ltz+(1—-t)yo || <t]z| +(Q—=1¢) || @| <tz1+ (1 —t)w; for all ¢t € [0, 1].

Consequently, tz + (1 — t)w € C for all t € [0,1] so that C' is convex.

Taking into account that 27v! = y? HT PTv! and that v! = Pe!, where e! is

the unit vector e! = (1,0,..,0)7, we have 270! = yTHe! = (=);)"2yTe! =

(—/\1)_5y1. Consequently, y; > 0 if and only if 270! > 0 and this implies
PH(C) = T. The thesis follows from the linearity of the transfor-
mation PH.

Remark 6.2.1. Given a convex set C' and a linear map A, one has A(riC) =
ri(AC), but, in general, the image of a closed convex set is not closed. When
C is a closed convex cone such that CN(—C) = kerA, then A(clC) = cl(AC).
Consequently, from (i) of Theorem 6.2.1 and from Theorem 6.2.3, we have the
following corollary.

Corollary 6.2.1. Let Q be an nxn symmetric matriz and assume v_(Q) = 1.
Then, the following conditions hold:

(1) Q(intT) = ri(Q(T)), Qint(=T)) = ri(Q(=T));
(i) Q(T) and Q(—T) are closed convex cones.

Consider now the set

Z ={z € R"\{0} : Jw € intT such that 2w = 0}
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and denote with 7" and T~ the positive polar and the negative polar of T,
respectively. The following theorem characterizes Z in terms of the two polar
cones.

Theorem 6.2.4. Let Q@ be an n X n symmetric matriz. If v_(Q) = 1, then
Z =(TTuT~)e.

Proof. Since w € intT if and only if either 27w > 0 for all z € T+ or zTw < 0
for all z € T, we necessarily have ZNTT = ) and ZNT~ = (). Consequently,
Z C(TTUT™) Consider now an element z € (TH UT~)¢ and assume by
contradiction that 27w # 0, ¥V w € intT. The convexity of intT implies that
2Tw >0V weintT or 27w <0, Vw € intT, ie., z € (TTUT), and this is
a contradiction. It follows that (7T UT~)¢ C Z and the thesis is achieved.

The following lemma characterizes the image of the cones T' and —7 under the
linear transformation z = Qx. The obtained results will play a fundamental
role in characterizing the maximal domains of quasiconvexity of a quadratic
function.

Lemma 6.2.3. Let Q be an n x n symmetric matriz and assume v_(Q) = 1.
Then: Q(intT) = riT~, Q(T) = T, Q(int(=T)) = riTT, Q(-T) = T,
QUTU(-T))%) = Z N (kerQ)™.

Proof. First of all we shall prove that Q(intT) C riT~, Q(int(—T)) C riT™,
QUTU(=T))°) C (riT~ UriTT)e.

Let 79 € intT. Since 2l Qxo < 0, Qrg ¢ TT and, taking into account
Lemma 6.2.1, Qxg ¢ Z. Consequently, Qzg € T~ and, from Corollary 6.2.1,
Q(intT) C riT~. Similarly we have Q(int(—T)) C riT™.

Now we shall prove that Q((T'U (=T))¢) NriT~ = 0.

Let 29 € (TU(=T))¢, i.e., 20 Q20 > 0, and let zg € intT, so that Qxg € riT~.
If Qzo € riT~, then Q([z0,x0]) C T~ because of the convexity of riT~. On
the other hand, xg € intT, 2o ¢ T imply the existence of T € [zg, xg] N OT for
which Qx € 9T ~. Since Qz( € riT~, we get a contradiction.

In a similar way it can be proven that Q((T'U (=T))¢) NriT™ = (), so that
QUTU(=T))°) C (riT~ UriTT)e.

Since kerQ = T U (=T) implies that T+ NT~ C (kerQ)* = ImQ = {w =
Qx, © € R"}, from Corollary 6.2.1 the thesis is achieved.

6.3 Quadratic Functions

Consider the quadratic function

Qx) = ; 2T Qr + ¢ (6.1)

where @) is an n X n symmetric matrix, ¢ € R™ and let
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1 T
Qo(x) = 5T Qx (6.2)

be the quadratic form associated with (6.1).

In this section we shall characterize quadratic functions which are generalized
convex.

The following theorem shows that quasiconvexity reduces to convexity if the
domain is the whole space R"™.

Theorem 6.3.1. The quadratic function Q(z) is quasiconver on R™ if and
only if Q(x) is convex on N".

Proof. Since convexity implies quasiconvexity, the converse statement remains
to be proven. By contradiction, assume that Q(z) is not convex. Then, @ has
at least one negative eigenvalue A;. Let w be a normalized eigenvector asso-
ciated with A; and let ¢(t) = Q(tw) = 5 \t? +t ¢ w,t € R. The restriction
©(t) has a strict local maximum point at ¢ = —quw and consequently, (),
and in turn Q(x), is not quasiconvex which contradicts the assumption.

Theorem 6.3.1 implies that quasiconvexity can differ from convexity only on
a proper subset S of R™. From now on, following Martos [211], we shall insert
the word “merely” to distinguish quadratic quasiconvex (pseudoconvex, etc.)
functions that are not convex.

Remark 6.53.1. From Theorem 3.4.1, a necessary condition for a quadratic
function to be merely quasiconvex is that the matrix Q has one simple negative
eigenvalue, i.e., v_(Q) = 1.

Remark 6.53.2. Note that for quadratic functions, quasiconvexity reduces to
semistrict quasiconvexity since Q(z1) > Q(x2), 1, x2 € S, implies that the
restriction of Q(x) on the line through 27 and x2 is a decreasing or a strictly
convex quadratic function.

The following theorem shows that quasiconvexity reduces to pseudoconvexity
on every open convex set of R".

Theorem 6.3.2. The quadratic function Q(x) is quasiconvexr on an open
convex set S CR™ if and only if it is pseudoconvex on S.

Proof. Since pseudoconvexity implies quasiconvexity, the converse statement
remains to be proven. The thesis follows from Theorem 6.3.1 if Q(x) is con-
vex, otherwise @ has one simple negative eigenvalue \;. Let w be a normalized
eigenvector associated with A;. From Theorem 3.2.6, it is sufficient to prove
that the gradient of Q(z) cannot vanish. By contradiction, assume the exis-
tence of zp € S such that VQ(z¢) = Qxo+¢ = 0, and consider the restriction
o(t) = Q(zo + tw). Since p(t) = 5 At? + Q(wo), this restriction has a strict
local maximum point at ¢ = 0, so that ¢(¢) and in turn Q(z), is not quasi-
convex, which contradicts the assumption.
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convexity —|————>| pseudoconvexity

!

semistrict
quasiconvexity

!

quasiconvexity

Fig. 6.1. Relationships between various types of convexity for quadratic functions

For quadratic functions on open convex sets, the diagram in Sect. 3.2.3 is sim-
plified as is shown in Fig.6.1.
Note that Theorem 6.3.2 implies:

e A quadratic function which is merely pseudoconvex on an open convex set
S has no critical points;

e A quadratic function which is merely quasiconvex on a convex set S is
merely pseudoconvex at least on int.S;

e A quadratic function which is merely pseudoconvex on an open convex set
S is merely quasiconvex (not necessarily pseudoconvex) on the closure of
S (see Theorem 2.2.12).

Remark 6.3.3. Tt is important to point out that any characterization of pseu-
doconvexity of a quadratic function @ (z) on an open convex set S allows us to
simultaneously obtain criteria for the quasiconvexity of Q(z) on the closure of
S. This fact simplifies the analysis in the sense that, in order to characterize
the quasiconvexity of Q(x) on S, it is sufficient to study the pseudoconvexity
on the interior of S.

The following corollary points out that the second order characterization of
pseudoconvexity (see Corollary 3.4.1) becomes easy to handle for quadratic
functions.

Corollary 6.3.1.
(i) The quadratic function Q(z) = 3 x7 Qx+ q"x is pseudoconvez on an open
conver set S if and only if (6.3) holds

zeS weR, w(Qr+q) =0=w"Quw>0. (6.3)

(i) The quadratic form Qo(x) = % T Qx is pseudoconver on an open conver

set S if and only if (6.4) holds

zeS, weR, w'Qr=0=w Quw>0. (6.4)
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Now we are able to find the maximal domains of quasiconvexity (pseudocon-
vexity) of a quadratic form and of a quadratic function.

Theorem 6.3.3. Let QQ be an n X n symmetric matriz. If v_(Q) = 1, then
the quadratic form Qo(z) = ) ' Qz is merely quasiconvez on the closed
conver cones T,—T. Furthermore, T and —T are the mazximal domains of

quasiconvezity of Qo(x).

Proof. Taking into account Remark 6.3.3, we shall prove that Qo(x) is pseu-
doconvex on intT. If not, from (ii) of Corollary 6.3.1, there exist 2o € intT,
w € R such that w'Qzy = 0 and w'Quw < 0. Since 2zl Qzy < 0, from
Lemma 6.2.1 @ has at least two negative eigenvalues, which contradicts the
assumptions. Similarly, we obtain that Qo(x) is pseudoconvex on int(—T).
By means of Theorem 2.2.12, Qo(z) is quasiconvex on T' and on —T'.

The maximality of the domains remains to be proven. To see this, assume that
Qo(z) is pseudoconvex on an open set S such that SN (T U (=T)) # 0 and
let y €S,y ¢ TU(=T). Then y"Qy > 0 and, from Lemma 6.2.3, Qy € Z.
Consequently, there exists zo € intT such that 2 Qy = 0, 1'Qz¢ < 0, which
contradicts (6.4). The thesis is achieved.

Taking into account Remark 6.3.1, Theorem 6.3.3 may be re-stated as follows.

Theorem 6.3.4. A quadratic form Qo(z) is merely quasiconvex on a convex
set S, with intS # 0, if and only if

(i) v-(Q)=1;

(ii) SCT, or SC —T.

We shall prove that the maximal domains of quasiconvexity of a quadratic
function are obtained by the ones (£7') associated with the quadratic form
by means of a suitable translation. To this end, firstly we shall state the
following theorem which gives a necessary condition for a quadratic function
to be quasiconvex and which points out that, unlike the convex case, the sum
of a quasiconvex function with a linear function is not, in general, quasiconvex.

Theorem 6.3.5. Assume that the quadratic function Q(x) = % 2TQx+¢'x

is merely quasiconvex on an open set S C R". Then, rank@ = rank|Q, q.

Proof. The thesis is trivial if ¢ = 0. Consider Im@Q = {Qz, = € R"} and
assume by contradiction that ¢ ¢ Im@. Then, for every fixed z € R",
Qz + q ¢ ImQ and, in particular, Qz + ¢ ¢ TT UT~ C ImQ. From
Lemma 6.2.3, we have Qx + ¢ € Z so that, from Theorem 6.2.4, there
exists w € intT such that w? (Qz + ¢q) = 0. Let zp € S and consider the
restriction ¢(t) = Q(zo + tw). By means of simple calculations we have
©'(0) = wT(Qzo +q) = 0, ¢"(0) = w'Qw < 0, so that t = 0 is a strict
local maximum for ¢(¢) and this implies that Q(z) is not quasiconvex on S,
which contradicts the assumption. It follows that ¢ € Im(Q@ or, equivalently,
rank@ = rank|Q, q|.
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Remark 6.3.4. Note that w € ImQ if and only if w € (kerQ)=. In particular,
rank@Q = rank|Q, q| implies that ¢ € (kerQ)=.

Theorem 6.3.6. Consider the quadratic function Q(x) = % 2T Qx+qx, and
assume the existence of s € R™ such that Qs + q¢ = 0.

(i) Q(x) is merely quasiconvezr on the closed convex cones s+ T,s—T if and
only if Qo(x) = é 2T Qx is merely quasiconvex on T, =T, respectively.

(i) If v—(Q) = 1, then s + T and s — T are the mazimal domains of
quasiconvezity of Q(x) and we have

s+T={zeR": (x— s)TQ(m —5) <0, (vl)T(ﬂc —s5) >0} (6.5)
s—T={zcR":(x—s5)TQx—s) <0, (v)'(x—s) <0} (6.6)

Proof. (i) From (i) of Corollary 6.3.1, Q(x) is pseudoconvex on s + intT if
and only if (6.3) holds with S = s £ intT. Since = € s + intT if and only if
x—s=u € tintT, we have Qz + ¢ = Q(x — s) = Qu so that (6.3) is equiva-
lent to (6.4) with S = +intT. Consequently, Q(x) is merely pseudoconvex on
s+intT if and only if Qo(x) is merely pseudoconvex on +intT and the thesis
follows.

(ii) Theorem 6.3.3 implies that +7" are the maximal domains of quasiconvex-
ity of Qo(z) so that, taking into account (i), s + T are the maximal domains
of quasiconvexity of Q(z).

Finally, x € s = T if and only if x — s € £T, so that (6.5), (6.6) hold.

The proof is complete.

Remark 6.3.5. If Q) is a singular matrix, then a stationary point of Q(z) is not
unique. However, the characterization of the maximal domains of quasicon-
vexity is independent of the particular stationary point used. To see this, let
s1, 82 be two distinct stationary points, i.e., @s1 + ¢ = @s2 + ¢ = 0. We have
s1 = 824w, u€ kerQ C TU(-T). It follows that $1+T = so +u+T =
S92 +T.

The previous results allow us to characterize the merely quasiconvexity of a
quadratic function.

Theorem 6.3.7. The quadratic function Q(x) = é 2T Qx + qTx is merely
quasiconver on a convexr set S with nonempty interior if and only if the fol-
lowing conditions hold:

(i) v—(Q) = 1;

(ii) There exists s € R™ such that Qs+ q = 0;

(iii) S C s+ T.

Proof. Assume that Q(z) is merely quasiconvex on S. We necessarily have
v_(Q) = 1 and, from Theorem 6.3.5, (ii) follows; (iii) is a direct consequence

of Theorem 6.3.6.
Conversely, the thesis follows from Theorem 6.3.3 and from Theorem 6.3.6.
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Corollary 6.3.2. If Q(x) = é 2T Qx+q" x is merely quasiconvex on a convex
set S with nonempty interior, then Qo(x) is merely quasiconver on S — s,
where s is such that Qs + q = 0.

Proof. The thesis follows from Theorem 6.3.7, taking into account Theorem
6.3.3.

From Theorem 6.3.2, all the characterizations obtained so far for a quadratic
quasiconvex function hold for a quadratic pseudoconvex function if the convex
domain S is contained in s £ intT.

The following theorem characterizes the strict pseudoconvexity of a quadratic
function.

Theorem 6.3.8. The quadratic function Q(x) = % 2T Qx + ¢"x is strictly
pseudoconver on a conver set S C s+ intT with nonempty interior if and
only if the following conditions hold:

(i) Q(z) is pseudoconvex;

(i) Q is nonsingular.

Proof. Assume that Q(x) is strictly pseudoconvex. Since Q(x) is pseudoconvex,
too, we must prove that @ is nonsingular. If not, let zo € .S and u # 0 such that
Qu = 0. Taking into account that ¢ = —Qs, we have p(t) = Q(zo+tu) = ¢(0)
for all ¢t and this contradicts the strict pseudoconvexity of ¢ and, in turn, the
strictly pseudoconvexity of Q(z).

Assume now that (i) and (ii) hold. If Q(z) is not strictly pseudoconvex,
then there exist 1, z2 € S, @1 # 1z, such that Q(x1) = Q(z2) and
VQ(z1)T (22 — 1) = (Qz1 + ¢)T (22 — 21) = 0. Set u = x5 — 21 and consider
the restriction p(t) = Q(z1 + tu). We have ¢'(t) = v Qu t + (z1 — 5)TQu.
Since ¢ is pseudoconvex and ¢’(0) = 0, ¢ = 0 is a minimum point and thus
we necessarily have u” Qu = 0. This last equality implies that u € £T so that
Qu € TT or Qu € T~. The nonsingularity of Q implies that Qu # 0 and,
since 71 —s € +intT, we have (z1 —s)TQu # 0, and this is a contradiction.

The following examples clarify the results given in Theorem 6.3.4 and in
Theorem 6.3.7.

Example 6.3.1. Consider the quadratic form Qo(z) = 223 — 23 — x122.

We have Q = {_41 :H M=1-V10<0, X =14++10>0, v = joy With
v=(1,3+v10)T.

Theorem 6.3.4 implies that Qo(z) is quasiconvex on the maximal domains 7,
—T. It is easy to verify that T = {x = o(1,1)T + 3(-1,2)T, «a, 8 > 0}, so
that the positive and negative polars of T are respectively,

Tt ={r=a(-1,1)" + (2, )", au, 51 >0},

T~ ={z=oa(-1,1)" + (2, )", au, B <0}.

Now we shall verify that the image of T' under the linear transformation @ is
T .
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In fact, Q(T) = {y = aQ(L, )" + BQ(-1,2)", a, B > 0} = {y =
=3a(-1,1)" =382, )", a, 20} ={y=a1(-1, )" +51(2,1)", a1, i <
0} =T".

By means of similar calculations we can verify that Q(—=T) = T+.

The cones T, —T and the supporting hyperplane (v')?2z = 0 are drawn in
Fig.6.2.

Fig. 6.2. Maximal cones

Let us note that the nonsingularity of @) implies that the quadratic function
Q(7) = Qo(z) + ¢%x is quasiconvex for every ¢ € R on the maximal domains
s+ T and s — T, where s = —Q " !q.

Ezample 6.3.2. Consider the quadratic function Q(z) = —2% — 23 — 2z129 +

2x1+2x5. We have (Q = {_2 _2], qg=(2,2)T, A\ = -4<0,X=0,0" = ”Z

-2 -2
with v = (1,1)7.
Note that Q(z) is a concave function; nevertheless, since rank Q = rank [Q, ¢,
Q(x) is also merely quasiconvex on s+ 7 and on s—T', where s is any vector of
the kind s = (s1, —s1+1)7, s; € R. Taking into account that 27 Qz < 0, Vz €
R2, wehave s+ T = {z € R?: (W) (z—5) >0} ={z e R2: 21 +22—1 > 0}.

The following theorem characterizes the merely quasiconvexity of a quadratic
function over a half-space.

Theorem 6.3.9. The quadratic function Q(z) = éo:TQx + ¢"x is merely
quasiconvex on the half-space H = {x € R" : hTx + hy > 0} if and only if
(6.7) holds:

(s

v (Q)=1, kerQ=h", IFER: q=Ph, ho < By r0

(6.7)

Proof. Assume that Q(z) is merely quasiconvex on H. From Theorem 6.3.7,
wehave H Cs+T C I ={zeR": (v)T(x—s)>0},or HCs—T C I} =
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{xeR: ()T (x —s) <0}.Since H C I'" or H C I'y, 9H and OI" are nec-
essarily parallel hyperplanes so that h = kv', k # 0, i.e., h is an eigenvector
associated with the negative eigenvalue A\;. Obviously, £ > 0 implies H C I',
while k£ < 0 implies H C I';. We shall limit ourselves to considering the case
k > 0 since the other one is perfectly analogous.

Note that H C I' if and only if hg < —hTs; when hy = —h’s we have
H=s+T=TandT={zecR":27Qxr <0,hTz > 0}.

Since the quadratic form 27 Qz is merely quasiconvex on T and on —T,
by means of continuity, we have j27Qz < 0, V 2 € R" and, because
v_(Q) = 1, this implies that ker@Q = ht and ImQ = {kh, k € R}. Since
rank@ = rank [Q,q], there exists f € R such that ¢ = gh. If § = 0,
we have s € kerQQ = h* so that hg < —hTs = 0 and (6.7) holds. If
B # 0, we can choose any s € sg + h', where Qsy = —¢. In particular,
s = (sp + ht) N ImQ is an eigenvector of Q and thus Qs = A;s. It follows

Te_ _h"Qs _ h"ph _ glnl* _ g lIn|*
thathog—h § = — )\ls_ A —ﬁ A1 _ﬁhTQh'
Conversely, by choosing s = — )’\81 h, it is easy to verify that (6.7) implies (i),

(ii), and (iii) of Theorem 6.3.7.

Corollary 6.3.3. The quadratic function Q(x) = ézTQz + q"x is merely
quasiconvex on the half-space H = {x € R" : hTx + hg > 0} if and only if
Q = phh™, g = Bh, with u <0 and ho < 5

6.4 Quadratic Functions of Non-negative Variables

By specifying the results given in the previous section, it is possible to establish
criteria for generalized convex quadratic functions on f’}. These results were
obtained for the first time by Martos in [209, 210], by introducing of the
concept of positive subdefinite matrices.

Now we shall characterize the quasiconvexity of a quadratic form on the non-
negative orthant. The first result points out the relationships between the
non-negative orthant and maximal cone T'.

Theorem 6.4.1. The quadratic form Qo(x) is merely quasiconver on R if
and only if the following conditions hold:

(l) V—(Q) =1

(ii) R C T

Proof. From Theorem 6.3.4, Qo(x) is merely quasiconvex on R, if and only
if (i) holds and either RY C T or R C —T. This last inclusion cannot hold;
in fact (v')7z <0, Vo € R7 implies that v' € R™ and this is a contradiction
since the first non-zero component of v' is positive. The thesis follows.

The following theorem characterizes a quadratic form on the non-negative
orthant in terms of the sign of the elements of matrix Q.
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Theorem 6.4.2. The quadratic form Qo(x) is merely quasiconver on R if
and only if

(i) v (@) = 1;

(i) Q<0 .

Proof. Assume that (i) and (ii) hold and let I" be the subspace spanned by
the normalized eigenvectors associated with the non-negative eigenvalues of
Q; we have I' = {z € ®" : (v})Tz = 0}. Since z7Qx > 0 for all x € I', and
2TQx <0 for all z € R%, I' is a supporting hyperplane to R’ at the origin,
so that v! € R7 . Consequently, the elements of R satisfy the inequalities
2TQxr <0, (v1)T2 > 0 so that R C T and the thesis follows from Theorem
6.4.1.

Assume now that Qo(z) is merely quasiconvex on R’ .

From Theorem 6.4.1, (i) holds and furthermore R? C T so that zTQx <0
for all x € RY; in particular (e)TQe’ = qi; < 0,4 = 1,...,n. Consider
Gii 4ij

now the submatrix of @, Q;; = [
dij dj;5

} and the restriction ¢(x;,x;) =

2 (@} + 2qijwiw; + ¢j;23)-

Since p(z;, ;) <0, V(z;,z;) € R2, we have ¢;; < 0 when g;;¢;; = 0. Consider
the case ¢;; < 0, ¢;; < 0. The quasiconvexity of ¢ implies that ();; has at
most one negative eigenvalue, so that ¢;;q;; — ql‘Qj <0. If giiqjj — qu < 0, the
equation g;;x? + 2q;;z;x; + qjjx? = 0 has, for every fixed x; (or x;), two roots
which cannot be positive since p(z;,z;) < 0, V(z;,z;) € R3; consequently,
qij < 0.

If giiq;; — qu =0, we have ¢(z;,x;) = 2;“_ (qiizi + gijxj)*. This function has
a line r of critical points which are global maximum points; since the quasi-
convexity of ¢ implies that r N intﬁ?i = (), we necessarily have qi; <0.

It follows that ¢;; <0, Vi,j =1,..,n, ie., @ <0 and the proof is complete.

Theorem 6.4.3. Let Q(x) be merely quasiconver on R'. Then, Qo(x) is
merely quasiconvex on R’}

Proof. From (ii) of Theorem 6.3.6, either R C s+ T or N} C s —T'. Let
vjl- > 0 be the first non-zero component of v'; since tel € Ry, vt >0,
we have (v!)"(te/ —s) = tvj — (v')"s > 0, for a large enough ¢. It fol-
lows that % C s+ T. Consequently, we must prove that R C T, i.e.,
2TQr < 0, (wW)Tx > 0, Vo € R}, Assume the existence of Z such that
z7Qz > 0 ((v')Tz < 0). Since tz € R7, Vt > 0, for a large enough ¢ we have
(tz — 5)TQ(tz — s) > 0 ((v})T(tz — s) < 0) and this is a contradiction.
Consequently, R’} C T', so that )y is merely quasiconvex on .

The following example shows that the converse statement of Theorem 6.4.3
does not hold; we need some additional assumptions on the vector ¢ which
will be given in Theorem 6.4.4.

' Q <0 means ¢;; <0, Vi, j.
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Ezample 6.4.1. Consider the quadratic function Q(x1, x2) = —z122 + 21 — 2.
0 -1 1
1 _
We have @ = {_1 0 ],q— (_1>.
Qo(x1,x2) = —x1 29 is merely quasiconvex on 8%3_ according to Theorem 6.4.2.

On the other hand, Q(z1,x2) is not quasiconvex on %37 since its restriction
on the line zo = 1 + 2 has a strict local maximum point at (1, 3).

Theorem 6.4.4. The quadratic function Q(x) = % 2T Qx + ¢Tx is merely
quasiconvex on R} if and only if the following conditions hold:

(i) v (Q) = 1;

(i) Q < 0;

(iii) There exists s € R"™ such that Qs +q =0, ¢*'s > 0;

(iv) ¢ <O0.

Proof. Assume that (i-iv) hold. From Theorem 6.3.6 we must prove that
R Cs+T={zeR": (z—5)7"Qx—s) <0, (v})(z—s) >0}

We have (z — 5)TQ(z — s) = 27Qx + 2¢Tx — ¢%'s, so that (ii), (iii) and
(iv) imply that (z — s)"Q(z —s) < 0, V 2 € R"}. From Theorem 6.4.2
and Theorem 6.4.1 we have % C T and this implies that vl o€ RT.
On the other hand, sTv! = )\11 sTQut = —)\11 ¢Tv! < 0, and, consequently,
(V)T (z—s) >0, VaeR:,so that R CT.

Assume now that Q(z) is merely quasiconvex on R’. From Theorem 6.3.7
we have v_(Q) = 1, Qs+¢q = 0 for some s € R*, and R} C s+ 7T, while
from Theorem 6.4.3 and from Theorem 6.4.2, we have Q < 0 and 7} C T It
remains to be proven that ¢ < 0 and ¢”'s > 0. The inclusion R C s+T implies
that 0 € s+T, i.e., s € —T. Consequently, s” Qs < 0 and since ¢*'s = —s7Qs,
we have ¢”'s > 0. Furthermore, from Lemma 6.2.3, Qs € T+, i.e., ¢ € T7; it
follows that ¢"2 < 0, V 2 € T and, in particular, ¢"z <0, V z € R so that
q<0.

The proof is complete.

6.5 Pseudoconvexity on a Closed Set

The aim of this section is to characterize the maximal domains of pseudo-
convexity of a non-convex quadratic function. In particular, we are interested
in analyzing pseudoconvexity on the non-negative orthant R’} since many
extremum quadratic problems have a feasible region contained in R’ and not
just in intR7 . Since N7} is a closed set, we shall refer to the notion of pseu-
doconvexity at a point given in Sect. 3.5.

Since a non-convex quadratic function is quasiconvex on a convex set S if
only if it is pseudoconvex on intS, we must further investigate the study of
the pseudoconvexity on the boundary of S, starting from the maximal domains
of quasiconvexity of a quadratic form.

Regarding this, the following lemma holds.
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Lemma 6.5.1. Consider the quadratic form Qo(z) = éxTQx, and assume

v (Q)=1.
Then, Qo(x) is pseudoconvex at xo € £T if and only if VQo(xo) # 0.

Proof. Since Qo () is merely pseudoconvex on +intT (see Theorem 6.3.3 and
Theorem 6.3.2), we must investigate the boundary of cones 7" and —T. We
shall consider 9T since the other case is analogous.

Qo(z) is pseudoconvex at xo € 9T if and only if (6.8) holds:

xo € 0T, x €T, Qo(r) < Qo(wo) = (v — z0)" Qo < 0. (6.8)

Obviously, (6.8) implies that VQo(zo) = Qzo # 0.

Conversely, let g € 9T'; we necessarily have Qo(zo) = 0, so that Qo(z) <
Qo(xo) = 0 implies that © € intT. On the other hand, Qz¢ # 0 implies that
Qzo € T~\{0} so that 27 Qzy < 0, Vz € intT. Since (z —z0)T Qzo = 2T Quo,
the thesis is achieved.

The following theorems, which are a direct consequence of Lemma 6.5.1, char-
acterize the maximal domains of pseudoconvexity of a non-convex quadratic
form.

Theorem 6.5.1. Consider the quadratic form Qo(z) and assume that
v_(Q) = 1. Then the following properties hold:

(i) Qo(z) is merely pseudoconvex on the mazimal domains T\kerQ, —T\kerQ;
(i) Qo(x) is merely pseudoconvexr on T\{0}, —T\{0} if and only if Q is
non-singular.

Theorem 6.5.1 may be re-stated as follows.

Theorem 6.5.2. A quadratic form Qo(x) is merely pseudoconver on a convex
set S with nonempty interior if and only if

(i) v-(Q) = 1;

(i) S C T\kerQ, or S C —T\kerQ.

Taking into account (i) of Theorem 6.2.1, the maximal domains T\ ker@ and
—T\kerQ@ can be characterized by means of the inequalities (v')Tz > 0,
(v} T2 < 0, respectively. More exactly, we have the following theorem.

Theorem 6.5.3. Consider the quadratic form Qo(x) = é 2T Qx and assume
v_(Q) = 1. Then, the mazimal domains of pseudoconvezity of Qo(z) are given

by
T\kerQ ={z € R": 27Qz <0, (v")T2 >0}

~T\kerQ = {z € R" : 27Qz <0, (v")Tz < 0}.

The relation between the pseudoconvexity of a quadratic function and the
pseudoconvexity of the corresponding quadratic form is specified in the
following theorem.
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Theorem 6.5.4. Consider the quadratic function Q(x) = éxTQx +q'x,
and assume the existence of s € R™ such that Qs + ¢ = 0. Then, Q(z) is
pseudoconvex on s + T if and only if Qo(x) = ézTQz s pseudoconver on
+T.

Proof. Q(x) is pseudoconvex at xg € s + T if and only if
res+T, Q) < Q(xo) = VQ(x0)T (x — z0) <0. (6.9)

Set yo = 29 —s € T,y = z—s € T. We have Q(z) = 3(z — )T
Qx —s) — ésTQs = Qoly) — ésTQ& Q(z0) = Qo(yo) — ésTQs. It follows
that Q(z) < Q(zo) if and only if Qo(y) < Qo(yo). Furthermore, VQ(xo) =
Qo+ q = Q(z0 — 5) = Qyo = VQo(yo), so that VQ(xo)" (z — zp) < 0 if and

only if VQo(yo)T (y — yo) < 0. Consequently, (6.9) is equivalent to

weT, yeT, Qoy) < Qolyo) = VQo(yo)" (y —yo) <0

i.e., the pseudoconvexity of Q(z) on s+T is equivalent to the pseudoconvexity
of Qo(y) on T.

Analogously, the pseudoconvexity of Q(z) on s — T is equivalent to the pseu-
doconvexity of Qo(y) on —T.

The following lemma extends Lemma 6.5.1 to a quadratic function.

Lemma 6.5.2. Consider the quadratic function Q(x) = ;xTQx + qTx with
v_(Q) =1, and assume the existence of s € R™ such that Qs + q = 0. Then,
Q(x) is merely pseudoconvez at xg € s £ T if and only if VQ(xo) # 0.

Proof. From Theorem 6.5.4, Q(z) is merely pseudoconvex at zp € s+ 7" if and
only if Q¢ is merely pseudoconvex at yg = x9 — s € £7T.

Since Qyo = Q(zo — s) = Qxo + ¢ = VQ(xp), the thesis follows from Lemma
6.5.1.

As a direct consequence of the previous results, we have the following
characterization of the maximal domains of pseudoconvexity of a quadratic
function.

Theorem 6.5.5. The quadratic function Q(xz) = éa:TQx + q"x is merely
pseudoconver on a convexr set S with nonempty interior if and only if the
following conditions hold:

(i) v-(Q) =1;

(ii) there exists s € R™ such that Qs+ q = 0;

(iii) S C s+ (T\kerQ) = {z € R" : (x — 5)TQ(z —5) <0, (v1)T(z —s) > 0},
or SCs— (T\kerQ)={z e R": (x —5)TQ(x —5) <0, (v")7(z—s) <0}

6.5.1 Pseudoconvexity on the Non-negative Orthant

The above criteria can be specified to the case where S is the non-negative
orthant.
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Theorem 6.5.6. Let Qo(z) = %xTQx be merely quasiconvexr on R'}. Then,
Qo(x) is merely pseudoconvexr on R \{0} if and only if Q does not contain a
column (or a row) of zeros.

Proof. From Lemma 6.5.1, Qo(x) is pseudoconvex on R’ \{0} if and only if
Qz # 0, Vo € R7\{0}. By denoting with ¢/ the j-th column of Q, j = 1, ..., n,

we have Qr = Za:jqj,zj > 0. Since @ < 0 (see Theorem 6.4.2), Qz = 0 if
j=1
and only if for some j we have ¢/ = 0.

Theorem 6.5.7. Let Q(x) = éQSTQJC + qTx be merely quasiconvex on R
Then, Q(x) is merely pseudoconvex on R’} if and only if ¢ # 0.

Proof. From Lemma 6.5.2, Q(z) is pseudoconvex on 7 if and only if
Qr+q #0, Vo € R. Since Q < 0, ¢ < 0 (see Theorem 6.4.4), the the-
sis follows.

Remark 6.5.1. Further developments, such as the criteria of quasiconvexity
and pseudoconvexity in terms of the bordered Hessian, can be found in the
References at the end of this Chapter.

6.5.2 Generalized Convexity of a Quadratic form on %i

By applying Theorems 6.4.2 and 6.5.6 to a 2 X 2 matrix we obtain the following
criteria.

Theorem 6.5.8. Consider the matrix QQ = [g 5} . Then, the quadratic form

Qo(x) = éxTQx 18 merely quasiconver on %i if and only if the following
conditions hold:

(i) a<0, <0, v<0, (o, 3,7) # (0,0,0);

(ii) ay — 3% < 0.

Furthermore, Qo(z) is pseudoconvex on R2\{(0,0)} if and only if in addition
to (i) and (ii) we have (o, 8) # (0,0) and (8,v) # (0,0).

Example 6.5.1. Consider the matrices

A= {38]7a<0; B:[Zg},ﬂ<0;

100 o |ap
C= [07},7<0, D= {ﬁo],a<0,6<0.
The quadratic forms associated with all the matrices are quasiconvex on §R3_
but only the quadratic forms associated with the matrices B and D are
pseudoconvex on R%\{(0,0)}.
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6.6 A Special Case

The necessary and sufficient conditions stated in the previous sections are, in
general, not easy to use for testing the quasiconvexity (pseudoconvexity) of a
quadratic function. Nevertheless, when Q(z) has a particular structure, it is
possible to obtain a characterization that is easy to test. In this section we
shall consider the following class of functions:

f(@) = (az 4 ag)(0x + by) + T . (6.10)

Theorem 6.6.1. Consider the function f in (6.10) and assume that the vec-
tors a and b are linearly independent. Then, f is merely quasiconver on a
conver set S C R™ with nonempty interior if and only if

(i) there exist o, 3 € R such that ¢ = aa + Bb;

(i) SC{zeR":a’z+ag+3>0, bTz+by+a <0} or
SC{reR":aTz+ao+B<0, bTz+by+a>0}.

Proof. We have f(z) = j27 Qz + ¢"x + qo, where
Q = ab” +ba”, q=boa+ aob+ ¢, qo = aobo.

The linear independence of a and b implies that dim(ImQ@) = dim({z =
p1a ~+ pab, g, o € R}) = 2, so that dim(ker@) = n — 2. Consequently, tak-
ing into account that the quadratic form 27 Qxz = 2a”2b”x is not constant
in sign, we necessarily have a unique negative eigenvalue, i.e., v_(Q) = 1.
From Theorem 6.3.7, f is quasiconvex on S if and only if there exists
s € R™ such that Qs + ¢ = 0and S C s+ T or S C s —T. We have
@s + q = 0 if and only if ¢ € Im@Q or, equivalently, if and only if there exist
a, € R such that ¢ = aa + Bb, i.e., if and only if (i) holds. Furthermore,
Qs +q = (b's + by + a)a + (aTs + ap + B)b so that Qs + ¢ = 0 if and
only if b's = —(bg + ) and a’'s = —(ap+ ). By means of simple calcula-
tions we have (z — s)TQ(z — s) = 2(a’z + ag + B)(bTz + by + a) and thus
(r — 5)TQ(x — 5) <0 if and only if (ii) holds.

The proof is complete.

Remark 6.6.1. When a and b are linearly dependent, f is convex on " or
it is concave on R". In this last case f turns out to be quasiconvex on a
convex set S if and only if ¢ = aa and S is contained in one of the two half-
spaces associated with the hyperplane given by the set of critical points of the
function (see also Exercise 6.13).

Corollary 6.6.1. Consider the function f in (6.10) and assume that a and
b are linearly independent. Then, f is merely pseudoconver on a convexr set
S CR™ with nonempty interior if and only if
(i) there exist «, 3 € R such that ¢ = aa + Bb;
(ii)) S C{x e R" : a’zr +ap+8 >0, bTz+by+a < 0}U{z € R":
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atz+ag+B8>0, bTo+by+a <0} or
SCl{zeR":a’s+ay+B<0, bTz+by+a>0u{zr e R :aTx+ag+p <
0, bTﬂf+bo+OL>O}.

Proof. Taking into account that Vf(zg) = 0 if and only if 2 € {2 € R" :
a’r +ag+ B =0,bT2 + by + a = 0}, the thesis follows from Lemma 6.5.2.

In order to characterize the quasiconvexity of f on R, we shall state, firstly,
the following lemma.

Lemma 6.6.1. Consider the matriz Q = ab” +ba™. Then, Q < 0 if and only
ifa>0,<0o0ra<0,b>0.

Proof. Obviously, if a > 0,b < 0or a < 0,b > 0, then @ < 0. Conversely, since
the thesis is trivial if a = 0 or b = 0, we shall consider the case a # 0,b # 0.
Assume, by contradiction, the existence of ¢,j such that a; > 0,a; < 0 and
2aibi aib- +ab2
(libj + (ljbi éajbj] :| If b’b] # 0, a;b; <0,
ajb; < 0imply that b; < 0,b; > 0, respectively, so that a;b;+a;b; > 0 and this
is absurd. If b; = 0 and b; # 0, we have Q;; = [a?bj QCngj
implies that b; > 0 while a;b; < 0 implies that b; < 0 and, once again, we get
a contradiction. The case b; = 0, b; # 0 is analogous, so that the case b; = 0,
b; = 0 remains to be considered. Let k£ be such that by # 0 and consider the
a;bi + apb; aibj + ajbi . a;by 0 . . .

dapbe  arb + ajbk:| = [2%1% ajb;J’ a;br < 0 implies that
br, < 0 while a;b; < 0 implies that b, > 0 and this is absurd. Consequently,
we have a > 0 or a < 0. For symmetric reasons, the components of b also have
the same sign so that, necessarily, a > 0, b <0 or a <0, b > 0. The thesis is
achieved.

consider the submatrix Q;; = [

}, so that a;b; <0

submatrix

Theorem 6.6.2. Consider the function f in (6.10) and assume that a and b
are linearly independent. Then, f is merely quasiconver on R} if and only if
there ezist a, 3 € R such that ¢ = aa+ Bb and one of the following conditions
holds:

(i)a>0, b<0, a<—by, 8> —ap;

(ii) a <0, b>0, a> —by, < —ayp.

Proof. From Theorem 6.4.4 we have Q = ab” + ba” < 0, while from Lemma
6.6.1 we have a > 0, b < 0 or a <0, b > 0. The thesis follows from Theorem
6.6.1.

Corollary 6.6.2. Consider the function f in (6.10) and assume that a and b
are linearly independent. Then, f is merely pseudoconver on N7} if and only if

there ezist a,, 3 € R such that ¢ = aa+ Bb and one of the following conditions
holds:
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(i))a>0, b<0 and o < —=by, > —ag or a < —by, > —aop;
(ii) a <0, b>0 and a > —bg, < —ag or a > —bg, B < —ap.

Proof. Referring to Theorem 6.5.7, it is sufficient to note that bga+agb+c # 0
if and only if ag + 3 # 0 or bg + a # 0.

6.7 Exercises

6.1. Let Q(z) = émTQx—i—qTx be merely quasiconvex on a convex set S C R™
with intS # ). Prove that Q(z) is bounded from above on S.

6.2. Consider the quadratic program sup{Q(z) : € S}, where @ is merely
pseudoconvex on the closed convex polyhedron S C R™. Prove that the
supremum is attained at an extreme point of S provided S has one.

6.3. Consider the function Q(z) = 22? — 23 — x122 — 421 + T2.
(a) Find the maximal domain s + T of quasiconvexity of Q(x);
(b) Prove that Q(z) < =2, Vz € s + T}

(c) Verify that f(x) = \/—2 — Q(z) is concave on s + T.

6.4. Find a quadratic form Q(x) whose maximal domain of quasiconvexity
is the cone T = {x € R?: 2 = a(—1,1)T +8(1,-2)T,a > 0,8 > 0}.

6.5. Find the maximal domains of quasiconvexity and the maximal domains
of pseudoconvexity of Q(z1,z2) = 227 — x122 — 2.

6.6. Consider Q(z1,22) = —4(x1—3x2)?+4(x1 —3x2). Find a closed half-space
H such that H is a maximal domain of quasiconvexity of Q(x1,x2).

6.7. Consider the closed half-space H = {(x1,22) € R? : 3z1 + 225 + 6 > 0}.
Give an example of a quadratic function having H as a maximal domain of
quasiconvexity.

6.8. Let Q(x) be a merely quasiconvex quadratic function on a closed half-
space H. Can Q(z) be pseudoconvex on H?

6.9. Give an example of a merely quasiconvex quadratic form such that:
(a) T contains ?Ri properly;

(b) R2 contains T properly;

() TNRL AT, TNRE # N2

6.10. Prove that the maximal domains of quasiconvexity of a quadratic form
Qo(x1,22) are 3?3 and R2 if and only if Qo(x1,72) = kz122 With k < 0.

6.11. Let Qo(x) = éa:TQx be merely pseudoconvex on R2. Prove that
Q(x) = Qo(x) + ¢" x is merely pseudoconvex on R2 for all ¢ < 0 if and only if

_ |08
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6.12. Consider the function f(z) = (a”z + ao)(b”x + by) and assume that a
and b are linearly independent. Show that f is quasiconvex on a convex set
S C ®" with intS # () if and only if S C {x € R" : aTz4+ag > 0,072 +by < 0}
or SC{xeR":aTz +ap<0,bTx+by >0}

6.13. Consider the function f(z) = (a¥@ + ag)(bTx + by) + cT'z and assume
that a and b are linearly dependent. Prove that f is merely quasiconvex on
a suitable convex set S C R" with intS # 0 if and only if there exist k < 0,
a € R, such that b = ka, ¢ = aa.
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Generalized Convexity of Some Classes
of Fractional Functions

7.1 Introduction

Economic applications are often characterized by maximizing the efficiency
of an economic system. This leads to optimization problems whose objective
function is a ratio. Examples include maximization of productivity, maxi-
mization of return on investment, maximization of return/risk, minimization
of cost/time. Linear fractional and generalized fractional problems may be
found in different fields such as data envelopment analysis, tax program-
ming, risk and portfolio theory, logistics and location theory (see for instance
[14, 15, 66, 67, 166, 214]). The interest in studying fractional problems is con-
firmed in the extensive survey (with twelve hundred entries) which appeared
in [256]; another updated survey may be found in [114].

Since the early sixties, the close relationship between generalized convexity
and fractional programming has been highlighted and from the beginning,
fractional programming has benefited from advances in generalized convexity,
and vice versa (see, for instance, [114, 256]).

In this chapter we shall characterize the pseudoconvexity of some of the most
important classes of fractional functions such as the ratio between a quadratic
and a linear function and the sum of a linear and a linear fractional function.
We shall also point out how Charnes—Cooper’s variable transformation turns
out to be a useful tool in studying the pseudoconvexity of some other classes
of functions.

7.2 The Ratio of a Quadratic and an Affine Function

Consider the following quadratic fractional function

_ () _ 57" Qr+ ¢ T+ qo
d(z) dTx + dy
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on the set D = {z : d'x + dy > 0}, where Q is an n x n symmetric matrix,
q,d € R™, d#0 and qo,dy € R.

We have seen in Theorem 3.2.10 that when n(x) is convex on D, then f is
pseudoconvex on D; for this reason in what follows we shall assume that @ is
not positive semidefinite.

The following examples show that the pseudoconvexity of the numerator on
D does not guarantee the pseudoconvexity of f on D and viceversa.

Ezample 7.2.1. Consider the function

1 2
n(ry,x —5(x1 — 22 4y + 4xo
p( 1 2) ( 1 2) 2( )

d($17$2) T —1‘2—1

Taking into account Corollary 6.3.3, n(x1,z2) is pseudoconvex on D =
{(z1,72) : #1 — 29 — 1 > 0} since we have hT = (1,-1), 8 = —4, p = —1,
ho = -1 < 5 = 4. On the other hand, f(z1,22) is not pseudoconvex on
D since the restriction ¢(t) = f(xo + tu), 2 = (3,1), vT = (1,0), is
—3(2+t)2—4(2+1) ) =

t+1 =
) (9—(t+1)?), so that to = 2 is a feasible strict local maximum point

not pseudoconvex. In fact, we have ¢(t) =

2(t+1)
for ¢(t) and, consequently, (t) is not pseudoconvex.

FEzxzample 7.2.2. Consider the function

n(zy,r2) (2 —a3)+1

d(l‘l, 1‘2) o 1-— To

f(z1,22) =

on the convex set D = {(x1,22) : 1 — 2 > 0}. The Hessian matrix of f is

1 ( 1 )2
2 1—x 1—x
Y% f(m1u$2) = l wlz wf.q_zl ] .
(1—z2)2 (1—z2)3
Since V2f(x1,22) is positive definite on D, the function is convex and, in
particular, pseudoconvex on D. On the other hand, n(x1, z2) is pseudoconvex
on the maximal domains T, —T, where T = {(x1,72) : 22 — 23 < 0,29 > 0}.
Since D € T and D € —T, n(x1,x2) is not pseudoconvex on D.

The previous examples show that the study of the pseudoconvexity of the
ratio between a quadratic function and an affine function is not easy to carry
on. A complete characterization of the pseudoconvexity of f can be found
in [44]. Before presenting this result, we shall point out some properties of a
quadratic function which are mantained in the ratio.

The following theorem shows that for function f quasiconvexity reduces to
pseudoconvexity.

Theorem 7.2.1. Consider the function f, where the matriz Q) is not positive

semidefinite. Then, f is quasiconver on D if and only if [ is pseudoconvex
on D.
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Proof. We have

Vf(z) [Qz +q — f(x)d],

1
- dT.T + do
Tyt d [2f(z)dd" — (Qz + q)d" — d(Qx + ¢)"].

Since KTV f(z) = 0 if and only if T (Qz + q) = f(z)hTd, we have

(dTz 4+ do)V2f(z) = Q + d

2dTh

(@ +d)h " (@) = W7 Qh o M [f(@)(d ) =N (Qr )] = KT Qh.

From the quasiconvexity of f we have (see Theorem 3.4.4)
reD, W'Vf(x)=0= hTV2f(x)h >0.

It follows that Vf(z) # 0, Vo € D, since Vf(x) = 0 implies that (d%z +
do)hTV2f(z)h = hTQh > 0 for all h € R™ in contradiction with the assump-
tion on matrix ). The thesis follows from Theorem 3.2.6.

The following theorem states a necessary condition for f to be pseudocon-
vex. In particular, the theorem shows that the pseudoconvexity of f implies
the pseudoconvexity of the quadratic function n(z) on its maximal domains.

Theorem 7.2.2. Consider the function f, where the matriz Q is not positive
semidefinite. If f is pseudo convex, then the following conditions hold:

(i) v (@) = 1;

(ii) rank@ = rank[Q, q] = rank|[Q, d].

Proof. (i) Since @ is not positive semidefinite we have v_(Q) > 1. Suppose
by contradiction v_(Q) > 1 and let v! and v? be two linearly independent
eigenvectors associated with two negative eigenvalues of ). Let W be the lin-
ear subspace generated by v' and v2. Since dim W = 2 and dim d+ =n — 1,
there exists v € W Nd*,v # 0; v € W implies that v is a linear combination
of v, v? so that v" Qv < 0. Consider the line x = o +tv, zo € D, t € R
which is contained in D since d”x 4+ dy = d” zg + do > 0. It is easy to verify
that the restriction ¢(t) = f(xo + tv) is of the kind ¢(t) = at? + Bt + v with
a < 0 and this contradicts the pseudoconvexity of f.
(ii) The thesis is obvious if @ is nonsingular. Otherwise, let v¢, i = 1,...,p, be
eigenvectors associated with the non-null eigenvalues of Q and let v/, j = p+
1,...,n, be eigenvectors associated with the null eigenvalues. Since v_(Q) = 1,
let v' be such that Qu' = Ajv!', A\; < 0. In correspondence to a feasible point
xo assume the existence of v/, j = p + 1,...,n, such that Vf(z¢)Tv’/ # 0.
Consider the restriction ¢(t) = f(zo + tv), where v = v' + kv’, k € R.
We have ¢'(0) = Vf(z0)Tv = Vf(xo)Tv! + kVf(xg)Tv? so that, for k* =
— zg) ol v Qu Aot |2
ij”{;ot;;vj , it results that ¢’ (0) = 0 and " (0) = dTa:oCi— iy = d;zl,"o N |c|lo
< 0. It follows that ¢(t) is not pseudoconvex and this is a contradiction.
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Consequently, Vf(z9)Tv? =0, Vj € {p+ 1,...,n}, ie., Vf(xg) € ImQ, i.e.,
— d
there exists u € R™, u # 0 such that Qu = Qo +q = flwo) or, equivalently,
dTzo + dy

there exists u” such that Qu® = ¢ — f(x¢)d. Since f is not constant on D,

let 21 € D with f(2!) # f(20). Analogously, there exists u! € R" such that
1
u’ —u

Qu' = q— f(z")d. We have Q = d, so that rankQ = rank|[Q, d

) Fla) - Flxo) @

and, consequently, rank@ = rank[Q, q|.

The fundamental result regarding the characterization of the pseudoconvexity
of the ratio between a quadratic function and an affine function is given in
the following theorem whose proof can be found in [44].

Theorem 7.2.3. The function

(@) _ 52" Qr+q T+ q

J(@) = d(z) dTx + dy

is pseudoconver on D = {x € R" : d¥x + dy > 0} if and only if one of the
following conditions holds:

(i) v—(Q) =0 (i.e., Q is positive semidefinite);

(ii) v_(Q) = 1, T and § exist so that QT = —q and Qy = d, d'y = 0,
dT'z 4+ dy =0 and n(z) > 0;

(iii)) v_(Q) = 1, & and y exist so that QT = —q, Qy = d, d'y < 0 and
(dT7 4 do)? + 2n(z)d"y < 0.

Remark 7.2.1. Tt can be shown [55] that the study of the pseudolinearity of f
is equivalent to the study of the pseudolinearity of the sum between a linear
and a linear fractional function which will be carried out in the next section.

When the quadratic function n(z) assumes a particular form, it is possible to
specify Theorem 7.2.3. Consider, for instance, the following function studied
in [52]:
(aTz + ag)(bTx + bo) + Tz + co

dTx + dy
a,b,c,d € R, d#0, ag, by, co,do €R, x € D ={x € R" :d"x + dy > 0}.
Regarding the pseudoconvexity of g, we have the following characterization
related to the case where the vectors a, b are linearly independent (the case
where a, b are linearly dependent is suggested in Exercise 7.3).

g(x) =

Theorem 7.2.4. Consider the function g where a,b are linearly independent.
Then, g is pseudoconvex on D if and only if there exist y1,v2 € R such that
¢ = y1a + b, there exist 61,02 € R such that d = 61a + d2b, and one of
the following conditions holds: (i) dy = 61(72 + ao) + d2(y1 + bo), 0192 = 0,
co + aobo > (71 + bo) (72 + ao);

(i) [do — 01 (v2 4 ao) — 62(71 +bo)] ® £4616 [co+aobo — (v1+bo)(y2+ao)] <0,
0109 < 0.
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1.7 T
+q"z+
Proof. We have g(z) = 2% Cflia:—zdj o where Q@ = ab? + ba®, and
q = boa + agb + ¢, qo = agbg + co. With reference to Theorem 7.2.3, tak-

ing into account that v_(Q) = 1 and that Im@ is the subspace generated
by a and b, the existence of T,y such that Qx = —q, Qy = d is equivalent
to stating that ¢ and d are linear combinations of a and b. More precisely,
we have

c=mvya+ yb, 1 = —(bTﬂ_j + bo), Yo = —(an + (7,0)7

d= 61(1 + 52()7 61 = ng, 52 = aTg.

By means of simple calculations we have

dTy = 26162, d¥'z + dy = —01(72 + ap) — d2(71 + bo) + do,

n(x) = co + aobo — (71 + bo) (72 + ao).

It follows that (ii) and (iii) of Theorem 7.2.3 are equivalent to (i) and (ii)
together with ¢, d € ImQ.

7.3 The Sum of a Linear and a Linear Fractional
Function

Consider the function

where a,c,d € R", d # 0, co,do ER, x € D={x € R" : d"z + dy > 0}.

Such a class of functions has been studied by several authors in the framework
of optimization problems (see Chapter 8).

In general, f may have local minimum points which are not global as is shown
in the following example.

—21‘1 — 71‘2 —6
X1 + X9 + 1
on the domain S = {(z1,22) € R?: 21 >0, 0 <y <4, 21 — a0 < 4}. It is
easy to verify that (0,0) is a local minimum point, while the global minimum

is attained at (8,4).

Ezample 7.3.1. Consider the function f(z1,22) = —21 + 22+

In order to guarantee the local-global property, the results given in The-
orem 7.2.3 (see also Exercise 7.14) may be utilized for characterizing the
pseudoconvexity of f on D. In this section we shall present a general approach
which allows us to characterize the pseudoconvexity of f on an arbitrary open
convex set S C D. The obtained results will also allow us to study in Sect. 7.5
the pseudoconvexity of the sum of two linear fractional functions.

The gradient and the Hessian matrix of f are given, respectively, by

1 'z + ¢
_ — 2
Vi) =a+t dTz + dy (C ATz + dy d) (7-2)
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1 Tr+ ¢
(dTx + dy)? dTz + dy
The following theorem shows that the linear independence of a,c,d implies
that f is not pseudoconvex on S, whatever the open convex set S be.

Vif(zx) = —(cd” 4+ de™) +2 dd” (7.3)

Theorem 7.3.1. Let f be pseudoconvexr on an open convex set S C D. Then,
the vectors a,c,d are linearly dependent.

Proof. The thesis clearly holds if n = 2. Let n > 3 and assume that

rankla,c,d] = 3. We have Vf(z) # 0, Vx € S, and rank[Vf(x),a,d] = 3,
VT f(x)

Ve € S. Let A = a® ; for every fixed z € S the linear map

dT

A R" — R3 is surjective so that there exist wy, we such that V f(z)Tw; = 0,

atw; =0, dTw; < 0 and Vf(x)Twy =0, alwy > 0, dTwy = 0.

By setting w = w; + wy we have Vf(2)Tw =0, a’w > 0, d"w < 0.

We shall prove that V f(x)Tw = 0 implies w? V2 f(z)w < 0, Vz € S.

The equality Vf(x)Tw = 0 implies

T cTw cTr + Co ar

@ ATz +dy  (dTz + dp)?

w = 0. (7.4)

If z € S is such that ¢’z + ¢y = 0, from (7.4) cTw = —aTw(d"z + do) < 0,
so that w? V2 f(x)w < 0.

Consider now the case c'a + ¢y # 0. If cTw = 0, from (7.4) we have
T
2Ti i (Ci(; d"w = aTw(d" x + dy) so that
2
wI V2 f(x)w = (@7 + dO)QaTw dTw(d"z + dy) < 0.
If ¢"w # 0, from (7.4) we have ¢Tw = c'wtco dTw —a"w(d" z+dy) so that
’ ’ dTx + dy 0
TvQ _ 2 T dT 0
w f(x)w—de+dOa wd' w <O0.

To sum up, condition Vf(z)Tw = 0 implies that w? V2 f(z)w < 0 for all
x € S and, consequently, f is not pseudoconvex on S (see Theorem 3.4.7) and
this contradicts the assumption. The linear dependence of a, ¢, d follows.

The following theorem characterizes the maximal open domains of pseudo-
convexity of function f.

Theorem 7.3.2. Consider the function f. The following conditions hold:
(i) if a = ad, o > 0, then f is pseudoconver on D;
(i) if ¢ =~d, co — ydy > 0, then f is pseudoconvex on D;
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(iii) if a = ad, a < 0, and ¢ = ~vd, ¢y —vdy < 0, then f is pseudoconvezr on
every open convex set S such that:

SC{reR":d"z+dy > dy}

or
SCl{reR":0<d 'z +dy<dy}

—~vd
where dy = =7 0.

!
(iv) if c = Ba+~d, 8 > 0 and rank[a,d] = 2, then f is pseudoconvex on every
open convex set S such that:

SC{xeR": Bals+co—~ydy >0, dlaz+dy > 0};

(v) if ¢ = Ba+~d, B <0 and rankla,d] = 2, then f is pseudoconvex on every
open convex set S such that:

Sc{zeR:Ba"z+co—ydy >0, dz+dy+ >0}

or
SQ{JCE%‘%”:ﬁaTQL'—i—co—vdo<07 0<dTm+do<—ﬁ}.

In any other case [ is not pseudoconvexr on S C D whatever the open convex
set S be.

Proof. Taking into account Theorem 7.3.1, we must analyze the exhaustive
cases rankla,c,d] = 1, rank[a,c,d] = 2.

e rankla,c,d] = 1.

Let a = ad, ¢ = vd. We have

Vi@ = e, L 1oy 0"+ do)? — (0 = ydo))d
Vi) = (dTx i do)? (co = ydo)dd".

If co —vdop > 0, then V2 f(x) is positive semidefinite on D so that f is convex
(in particular, pseudoconvex) on D.

Consider now the case ¢y — vdg < 0.

If @ > 0, then Vf(z) # 0 for all x € D so that Vf(z)Tv = 0 implies that
vI'V2 f(x)v = 0 and, consequently, f is pseudoconvex on D.

If a <0, then Vf(x) =0 for all x € D* = {x € R" : dTx + dy = d}}}, where

—~d
dy = =7 0. choosing v such that d”v # 0, we have vIV2f(z)v < 0 for

every r € DQ‘[‘7 so that f is not pseudoconvex on every open convex set S such
that S N D* # 0, while it is pseudoconvex on every open convex set S C D
such that SN D* = (). Consequently, (iii) holds.

e rankla,c,d] = 2.
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The following two exhaustive cases occur:
(a) a = ad and ranklc,d] = 2;

(b) ¢ = Ba + vd and rank|a,d] = 2.

(a) We have

Vf(z) [c + (a(dTa: +do) — clwtco ) d]

T dTz + dy dTz + dy

The linear independence of ¢ and d implies that V f(z) # 0, Vo € D. For every
v € R" such that Vf(z)"v = 0, we have v V2 f(z)v = AT+ dy a(dTv)?.

Consequently, if a > 0, then f is pseudoconvex on D, while, in the case
a < 0, f is not pseudoconvex on every open convex set S C D since we can
choose v such that d”v # 0.

Note that if a = ad, « > 0, then f is pseudoconvex on D either when
rankla,c,d] =1 or when rank[a, c,d] = 2, and thus (i) holds.

(b) We have

1 BaTx 4+ co — ~vdg
= dr - d
VI@ = e 4 ag [( r+dotf)a dTx + dy
1 BaTx 4 cog — vdy
2 _ —Bad” + daT) + 2 dd™| .
V@) (dTm+do)2{ Blad™ +da) +27 14 g,

It follows that Vf(x) = 0 if and only if 5 < 0 and 2 € I" where
F={zeR":d"z+dy+8=0, Ba’x + co —ydy = 0}.

Since rankla, d] = 2, for every x € I' the Hessian matrix V2 f(z) is indefinite
so that f is not pseudoconvex on every open convex set S such that S NI # ().
If Vf(z) # 0 and d'z +do + 8 = 0, then Vf(z)Tv = 0 implies that d"v =0,
so that vIV2f(x)v = 0. If Vf(z) # 0 and d'z+do+ # 0, then Vf(2)Tv =0
Balz + cy — vdo
(dTx 4 do + B)(dTx + do)

2 Ba”x + co — ydy
(dTx+dy)? dTz+do+ 0

Consequently, if 5 > 0, then Vf(z) # 0 for all x € D and f is pseudoconvex
on every open convex set S such that S C {x € R" : Ba” x4 co—~dy > 0}ND
and (iv) holds.

If B < 0, then f is pseudoconvex on S if

implies that a’v = dTv, so that

vIV2 f(x)v = (dTv)2.

SC{xeR": Ba’x+co—~dy >0, dx+dy+ >0}

or
SC{zxeR: Balc+coy—~dy <0, d'z+dy+5<0}ND

and (v) holds.
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If 3 =0 and ¢y — ydyp > 0, then f is convex on D. Consequently, if ¢ = ~vd
and ¢o —ydy > 0, f is convex (in particular, pseudoconvex) on D either when
rank[a,c,d] = 1 or when rank[a, ¢,d] = 2 so that (ii) holds.

The proof is complete.

Corollary 7.3.1. The function f is pseudoconvexr on D if and only if it
assumes one of the following forms:

CT13+CO
' = ad? >0;
(i) f(z) =« x+dT:l:+ddo’a_ ;
(i) f(@) = aTe b g Ve = do 2 0.

Remark 7.3.1. Note that in case (ii) of the previous Corollary the function f
is convex on D.

The following theorem states the results given in Theorem 7.3.2 in terms of
pseudoconcavity.

Theorem 7.3.3. Consider the function f. The following conditions hold.

(i) If a = ad, o < 0, then f is pseudoconcave on D.

(i) If ¢ = vd, co — vdp <0, then f is pseudoconcave on D.

(iii) If a = ad, a > 0, and ¢ = vd, co —ydy > 0, then f is pseudoconcave on
every open convex set S such that:

SC{reR":d"x+dy > dj}

or
SCl{reR":0<dlz+dy<di}

—d
where df = =%,

@
(iv) If ¢ = Ba + ~vd, B > 0 and rankla,d] = 2, then f is pseudoconcave on
every open convex set S such that:

Sg{xE%”:ﬁaTx+co—'yd0<O, de+d0>O}.

(v) If ¢ = Ba +~d, B < 0 and rank[a,d] = 2, then f is pseudoconcave on
every open convex set S such that:

SCl{zeR:BaTz+co—ydy <0, d'z+dy+ >0}

or
ScC{zeR":Balz+co—vdy >0, 0<dlz+dy < —p}.

In any other case f is not pseudoconcave on S C D, whatever the open convex
set S be.

By combining Theorems 7.3.2 and 7.3.3, the characterization of the pseudo-
linearity of f is achieved.
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Theorem 7.3.4. Consider the function f.The following conditions hold:

(i) if a =0, then f is pseudolinear on D;

(i) if ¢ = vyd, with co — vdy = 0, then f is pseudolinear on D;

(i) if a = ad, ¢ = vd, with a(co — vdy) < 0, then f is pseudolinear on D;
(iv) if a = ad, ¢ = ~vd, with a(co — vydo) > 0, then [ is pseudolinear on every
open convex set S C D such that

SCl{reR":d"z+dy > dy}

or
SCl{reR":0<d’z+dy<dj}

co—"do
- -

In any other case f is not pseudolinear on S C D whatever the open convex
set S be.

where dij =

We have studied the pseudoconvexity of f by assuming d”z + do > 0; the
obtained results can be easily adapted to the case d’ = + dy < 0, re-writing f
—cTz — ¢

—dT.Z‘ — do '

In the following example we find the maximal open convex domains of the
pseudoconvexity of function f when the denominator is either positive or
negative.

as follows: f(z) = a’z +

Example 7.3.2. Consider the function

—2x1 + 329+ 2

— 22y + 32
Flo o) =20+ 320+ 5 g "

With respect to the domain D = {(z1,22) € R? : 321 + 1322 + 1 > 0} it
is easy to verify that (iv) of Theorem 7.3.2 holds with § = ; v = -1, so
that f is pseudoconvex on every open convex set S C D = {(z1,12) € R? :
r1 4+ 1620 +3 >0, 321 + 1322+ 1 > 0}.

In order to study the pseudoconvexity of the function f on the half-plane
{(z1,22) € R?* : 321 + 1322 + 1 < 0}, we can re-write f as follows:
flx1,me) = 22143222+ _23211 _?122“2 _2
case (v) occurs so that f is pseudoconvex on every open convex set contained
in DT = {(z1,22) € R? : 21 + 1622 + 3 < 0, 321 + 1322 + g < 0} or in
Dy = {(z1,72) € R? : 21 + 1622 + 3 > 0, —é < 3x1 4+ 1329 + 1 < 0}.

The maximal domains of the pseudoconvexity of the given function are
depicted in Figure 7.1.

1 By reapplying again Theorem 7.3.2,

Remark 7.3.2. In [55] it has been shown that the ratio (7.1) between a
quadratic function and an affine function is pseudolinear on D if and only
if it reduces to the sum of a linear and a linear fractional function satisfying
(i-iii) of Theorem 7.3.4.
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Fig. 7.1. Maximal domains

7.4 Pseudoconvexity and the Charnes—Cooper Variable
Transformation

Charnes—Cooper’s transformation of variables was originally suggested by
Charnes A. and Cooper W. W. in [64] with the aim of transforming a lin-
ear fractional optimization problem into an equivalent linear programmming
problem (see also Sect.8.2). Subsequently, this transformation and its gener-
alizations have been utilized in different contexts [13, 248, 256]. According to
a recent approach [48, 49], Charnes—Cooper’s transformation also turns out to
be a useful tool in studying the pseudoconvexity of some classes of functions
since it preserves pseudoconvexity.

More precisely, consider Charnes—Cooper’s transformation

x
= 7.5
Y= 0T + by (7.5)
where b € R\ {0}, by € R\{0}, z€ S ={z € R : b7+ by > 0}.
This map is a diffeomorphism and its inverse is
boy
= 7.6
here y € S* = {y e R": bo > 0}
w Y ={y 1Ty .

We shall see how Charnes—Cooper’s transformation may be utilized in order

to study the pseudoconvexity of the following fractional function
1,.T T

' Ax +at x + ag
f(LE) =2 T 2
(b T+ bo)

where A is an n X n symmetric matrix, a,b € R™, b #£ 0, ag,by € R, by # 0,
reS={zeR":bTz+by >0}
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boy

By performing the transformation z = ,
1—-0Ty

we obtain the following

quadratic function

fla) =) =y"Qy+qd"y+q
where

1 ab” +ba”  ay

Q=,4- b’ g

%y B2 " b

* n . bO

ye S ={yeR": 1—bTy>0}'

From Corollary 5.6.1, the function f(x) is pseudoconvex on S if and only if the
quadratic function ¢ (y) is pseudoconvex on the half-space S* or, equivalently,
when 9 (y) is convex on R™ or is merely pseudoconvex on S* (see Corollary
6.3.3). In any case, the problem reduces to express the results related to the
characterization of the pseudoconvexity of ¢ (y) in terms of the initial data
of f(x). This has been done in [58], where the following results are given,
according to cases kerA = b+ and kerA # b*.

Theorem 7.4.1. Consider the function f with A = §bb™, § € R.

Then, f is pseudoconvex on S if and only if one of the following conditions
holds:

(i) a =~b, v € R and 6b3 — 2vby + 2ag > 0;

(ii) a = b, v € R, 0bZ — 2vby + 2a0 < 0 and v < Sby.

Theorem 7.4.2. If kerA # b*, the function f is pseudoconvex on the half-
space S if and only if A is positive semidefinite on b+ and one of the following

conditions holds:

(i) there exists o € R such that Ab — ”bH2

by &= ab with
bobTa —2 ||b|| agp

> o em e, (73)

(ii) Ab— ngya % ab for every a € R, there exist a*,b* € R such that Ab* = b,
Aa* =a, b* € b+, bTa* = by and

a*Ta < 2ap; (7.9)

(iii) Ab — ”Z(‘Jza # ab for every a € R, there exist a*,b* € R™ such that
Ab* =b, Aa* =a, b*Tb# 0 and

a*Ta 1 T 2
a =, oy, (bo —b"a*)” > 0; (7.10)

(iv) Ab — Hb” a # ab for every a € R and there exist p* € R, a* € N such
that a = Aa + p*b, b ¢ ImA and

1
ag — pby — 2a*TAa* > 0. (7.11)
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Remark 7.4.1. The pseudoconvexity of f on S implies that A has at most one
negative eigenvalue (see Exercise 7.4).

Remark 7.4.2. When kerA # b*, then f is pseudoconvex on S if and only if
the quadratic function ¢ (y) is convex on R"™. The following example shows
that the convexity of ¥(y) does not guarantee the convexity of f and, at
the same time, points out that Charnes—Cooper’s transformation does not
preserve convexity.

FEzample 7.4.1. Consider the function

z%—$%+$1—$2+1

f(z1,22) = (2 + 1)2
(r1,22) € S = {(z1,22) € R? : 22 +1 > 0}.
1
According to (7.7) we have Q = [_11 12
2

Since @ is positive definite, 1(y) is convex on R? but f(z1,x2) is not convex.
In fact, the restriction of f on the line zy = %xl is p(x1) = f(x1, éxl) =
323 + 21 +4 4(8 — 5x1)

(z1 +2)? (21 +2)
T > g and convex for —2 < 1 < g.

, so that ¢ (z1) = . Consequently, ¢ is concave for

Remark 7.4.3. As we have pointed out, Charnes—Cooper’s transformation may
be a useful tool in studying the pseudoconvexity of new classes of gen-
eralized fractional functions which turn out to be equivalent (under this
transformation) to classes of functions whose pseudoconvexity has already
been characterized.

Charnes—Cooper’s transformation may also be applied for reducing a class of
functions into one for which the study of pseudoconvexity is easier to carry
on. This kind of approach has been used, for instance, in [59], where the ratio
between a quadratic form and the cube of an affine function has been trans-
formed into the product between a quadratic form and the cube of an affine
function.

7.5 Sum of Two Linear Fractional Functions

In the class of generalized convex functions, particular attention is devoted
to the sum of the ratios of linear fractional functions because of its various
applications in economic as well as in non-economic fields [114, 246, 250, 256].
Unfortunately, for the sum of two or more ratios, none of the properties of
single ratio linear fractional function are still true. In particular, the sum may
have several local not global minimum points. For this reason, the study of the
pseudoconvexity of this particular class of functions becomes relevant. Results
regarding this topic may be found in [28, 44, 48, 49].



150 7 Generalized Convexity of Some Classes of Fractional Functions

In this section we shall focus our attention on the sum of two linear fractional
functions whose pseudoconvexity can be studied by means of Charnes—
Cooper’s transformation.

Consider the function

mTx + mo qu’ + qo
pToe+po  bTa+ by

h(z) =

defined on S = {z € R" : pTo +py > 0, bTx + by > 0}, where m,p,q,b €
§Rn7 pﬂb 7& 0 and mO7PO7QO,b0 € §R7 p07b0 7é 0.
The following theorems characterize the pseudoconvexity of h on S.

Theorem 7.5.1. Consider the function h where rank[p,b] = 2. Then, h is
pseudoconver on S if and only if one of the following conditions holds.
(i) There exists a > 0 such that

pom — mop = a(pob — bop). (7.12)
(i) There exists v € R such that
— b
pod — qop = (pob — bop), 7 > 0. (7.13)

Po

(iii) There exist >0, 6 € R, A\ >0, A2 >0 such that

Poq — qop = B(pom — mop) + 3(pod — bop) (7.14)
B(pom — mop) = A1(—p) + A2(pob — bop) (7.15)
—0bg — (A1 + Aab
o 0 — (A1 + A2bo) > 0. (7.16)
Po
Proof. By applying Charnes-Cooper’s transformation y = . v whose
P x+po
inverse is x = poy , function A is transformed into
1—pTy

(pom —mop)Ty  (Pod —aop)"y + a0 _mo

vly) = Do (pob —bop)Ty +bo ~ po

while domain S is transformed into
1—pT b — bop)T b
S*:{ye%”: py>0, (po O‘my+0>0}.
Po Po

From Corollary 5.6.1, h is pseudoconvex on S if and only if ¢ is pseudoconvex
on 5™, so that the study of pseudoconvexity of h can be performed by applying
Theorem 7.3.2 to the function ¢ which can be expressed as follows:
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(pom —mep)Ty | ("50) g+ g
7/)(?!) = + b—bop\ T b + .
Do (P o oP) Y+ o bo

Since rank|[p, b] = 2, the hyperplanes 1 — pTy = 0, (pob — bop)Ty + by = 0 are
non-parallel, so that case (iii) and case (v) of Theorem 7.3.2 cannot occur.
Consequently, ¢ is pseudoconvex on S* if and only if (i) or (ii) or (iv) of
Theorem 7.3.2 holds. As a result:
(i-ii) follow from (i) and (ii) of Theorem 7.3.2, respectively;
(iii) From (iv) of Theorem 7.3.2 we have (7.14).
Now we shall prove that S* is contained in

— mop)T — b b— bop)Ty + b
D:{yewzﬁ(mm mop) "y +do = ko (pob = bop)"y + 0>0}
Po Po
if and only if (7.15) and (7.16) hold.
Ply (pob — bop)™y
Consider the cone C' = {y eRr: — » >0, » > O} and let
0 0

be such that 1 —pTy =0, (pob—bop) ' +bo = 0; S* = j+C C D if and only
if the half-space Ifi (pom—mop)Ty > 0 supports C at the origin (this is equiv-
alent to (7.15)) and plo [B(pom —mop) Ty +qo — 6bo] > 0. This last inequality is
equivalent to (7.16) since plo [B(pom — mop) Ty + qo — 5bg] = plo A (1—pTy) +
A2[(pob —bop) "G +bo] — (M + A2bo) +go — bo] = ). [g0 — 8bo — (A1 + A2bo)] > 0.
The proof is complete.

Consider now the case rank[p,b] = 1. The function h assumes the form

mTz+mo ¢z +qo

h = .
1(@) Tz + po kpTx + b

When k = 0, hq reduces to the sum of a linear and a linear fractional function
whose pseudoconvexity has been characterized in Sect.7.3. When k = 227 h1
reduces to a linear fractional function which is pseudolinear. For these reasons
and in order to avoid the trivial case S = (), in what follows we assume k > 0
ork<0andpok—bo7$0.

The following theorem holds.

Theorem 7.5.2. Consider the function h where b = kp, k # 0, and assume
S £ (). Then, h is pseudoconvexr on S if and only if one of the following
conditions holds.

(i) There exists a > 0 such that

pom —mop = a(kpy — bo)p. (7.17)

(i1) There exists v € R such that
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— b
poq — qop = 7 (kpo — bo)p, © p; ' >0. (7.18)

(iii) There exist o < 0, v € R, such that pom —mop = a(kpo — bo)p,

— b
poq —qop = Y(kpo — bo)p with =0 < (. Furthermore, k > 9o =%
Po Poc

— b
ifpok —bo <0, or k< 4/ % 77 if pok — by > 0.

Poc

x
Proof. By applying Charnes-Cooper’s transformation y = . n whose
P T Po
inverse is x = poy , the function h is transformed into
1—pTy

(pom —mop)Ty | (pog — qop)"y + a0 mo

vly) = Po (pok — bo)pTy +bo ~ po

while domain S is transformed into

1-p" k —bo)pTy + b
S*:{ye%n: Py g, ok —bo)pty + 0>0}_
Po Po

Since 1 — pTy = 0, (pok — bo)pTy + by = 0 are parallel hyperplanes, case (iv)
and case (v) of Theorem 7.3.2 cannot occur, so that 1 is pseudoconvex on S*
if and only if (i) or (ii) or (iii) of Theorem 7.3.2 holds.

Consequently (i) and (ii) follow from (i) and (ii) of Theorem 7.3.2, respectively,
while (iii) follows from (iii) of Theorem 7.3.2, taking into account that

k —bo)pT b — b
S*g{yeﬁ%”:(po 0)P y+0>\/QO 70}
Po Pocx
qo — vbo
Po

if and only if pok — by < 0 and k > \/ , while

kE — bo)pT b — b
S*g{yeéﬁ":0<(p0 0)P y+o<\/CI0 ’Yo}
Po Pocx

qo — vbo

if and only if pok — bp > 0 and k < \/
Poox

Remark 7.5.1. It is important to note that regarding characterization of

pseudoconvexity given in Theorem 7.5.1 and in Theorem 7.5.2, there is no
. . x x
difference between using y = 0T+ po and y = BT+ by’

In terms of pseudoconcavity we have the following results.
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Theorem 7.5.3. Consider the function h where rank[p,b] = 2. Then, h is
pseudoconcave on S if and only if one of the following conditions holds.
(i) There exists o < 0 such that

pom — mop = a(pob — bop). (7.19)

(i1) There exists v € R such that

— b
pod — qop = 7(pob — bop), po’y ’ <o. (7.20)

(iii) There exist § >0, 6 € R, A\ <0, Ao <0 such that

Poq — qop = B(pom — mop) + 6(pob — bop) (7.21)
B(pom — mop) = A1 (=p) + A2(pob — bop) (7.22)
0

Theorem 7.5.4. Consider the function h where b = kp, k # 0, and assumes
S # 0. Then, h is pseudoconcave on S if and only if one of the following
conditions holds.

(i) There exists o < 0 such that

pom — mop = a(kpo — bo)p. (7.24)

(i) There exists v € R such that

qo — vbo -

Poq — qop = y(kpo — bo)p, oo = 0. (7.25)

(iii) There exist « > 0, v € R such that porn—mop = a(kpo—bo)p, Poq—qop =

— vb
90 =0 it pok — by < 0,

v(kpo — bo)p with ©~ % > 0. Furthermore, k >
Po Poc

— b
orkg\/qo 700 iF pok — by > 0.
Po&y

By combining the characterization of pseudoconvexity and pseudoconcavity
of the function of h, the following result on pseudolinearity is obtained.

Theorem 7.5.5. The function h is pseudolinear on S if and only if one of
the following conditions holds.

(i) pom — mop = 0.

(i) There exists v € R such that poq — qop = v(pob — bop) with go — vby = 0.
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(i1i) There exist o, v € R, such that:

pom —mop = a(pob — bop), pog — qop = (pob — bop) with a® 1" < 0.

(iv) there exist k, a, v € R, k # 0, such that:

0 — 7bo
Po

Y Y
andkz\/qo Wz‘fpok—bo<0,orkg\/q° 120 i pok — by > 0.
Pbox Pox

b= kp, pom —mop = a(pob— bop), Poq — qop = ¥(Pob — bop), c >0,

Proof. The proof follows taking into account of the results related to pseu-
doconvexity given in Theorem 7.5.1 and in Theorem 7.5.2 and of the ones
related to pseudoconcavity given in Theorem 7.5.3 and in Theorem 7.5.4.

Example 7.5.1. Consider the function

201 +4za +4 | 21— jao+2

h
(1, 22) = %1 — 319 +5 | aq 42wy + 1

on S = {(x1,72) € R? : 221 — 322+ 5> 0, o1 + 222+ 1 > 0}.
We have:

Poq — qop = (—2,3)", pom —mop = (2,32)", pob — bop = (3,13)"

so that (iii) of Theorem 7.5.1, holds with g = %, v =—-1,A\1 = A2 =1, and
thus the given function is pseudoconvex on S.

The obtained result can also be achieved by applymg Charnes—Cooper’s
T

transformation z; = Zo = and its inverse
221 — 3x2 + 5’ 21‘1—31‘24-5
521 D22
€r1 = €To = .
DT 1224327 2T 11— 22 4 32
—2 3 2
The transformed function f(z1,22) = 221 + 322 + #1t S+ + 4 is

32’1 + 1322 +1
pseudoconvex on Hf' = {(21,22) : 21 + 1620 +3 > 0, 321 + 1320+ 1 > 0}
(see Example 7.3.2). It is easy to verify that the feasible set S is transformed
into S* = {(z1,22) : 1 =221+ 322 > 0, 321 +1322+1 > 0}, which is contained
in Hy.

7.6 Exercises

1T T
rQr+q x+
7.1. Consider the quadratic fractional function f(z) = ? Qrtg 1w

dTz + dy
-12 -1 -3 —V3
where Q= | 2 —1-1|, ¢g=1| 3 |, d=| 34+2V3 |,do=—-3-3V3,
-1-1 2 0 —-3-4/3

qo € R.
Find ¢o such that f is pseudoconvex on D = {z: dTz + dy > 0}.
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1.7 T

. . . . LT QrtqgTt+qo

7.2. Consider the quadratic fractional function f(xz) = AT+ dy
-1 2 -1 —4 -2

where Q=] 2 —-1-1|, g=| -1, d= 1 |,dy=4,q0 €R.
-1-12 5 1

Find qo such that f is pseudoconvex on D = {z : dTx + dy > 0}.

(a¥x + ao)(kaTx + b)) + Tz + ¢ d20
dTﬂj + do ’ 7£ ’

Prove that g is pseudoconvex on S = {x € R" : dTx + dy > 0} if and only if

one of the following conditions holds:

(i) k> 0;

(i) k < 0, 3,6 such that ¢ = ya, d = da and k(agd — do)* > & [doy — cod +

(aok - bo)(005 - do)] .

7.3. Consider the function g(z) =

1.7 T

. . o Axr +a*x + ag
7.4. Consider the function f(z) = (b7 + bo)?
symmetric matrix, a,b € R, b # 0, ag,by € R, by # 0. By assuming that f is
pseudoconvex on S = {x € R" : bTx + by > 0}, show that A has at most one
negative eigenvalue.

, where Aisann xn

7.5. Give an example which shows that the ratio between a quadratic convex
function and the square of an affine function is not convex.

. . émTAm +aTx + a

7.6. Consider the function f(z) = (67 + bo)?

definite, b # 0, by # 0.

Show that f is pseudoconvex on S = {z € R" : bTx + by > 0} if and only if

(bo — bT A~1a)?
bTA-1b

, where A is positive

200 —aT A v\a + > 0.

7.7. Give an example which shows that the pseudoconvexity of the function
LaT Ax
fl@)= 72
(bTx + bo)
definite.

, does not imply the convexity of f even if A is positive

1,7 T

. > Ar +a’ x + ag
7.8. Consider f(x) = (b7 + bo)?
ric matrix, b # 0, by # 0.

Show that f is pseudoconvex on S = {z € R" : bTx + by > 0} if and only if
one of the following conditions holds:

(i) T A=1b = 0 and 2ag > aT A 1a;
(ii) BT A7 # 0 and 2ag — a® A" a +

, where A is a nonsingular symmet-

(bo — bT A~ 1a)?
pra-p =



156 7 Generalized Convexity of Some Classes of Fractional Functions

a’r + ag
(bTz + bg)?’
convex on S = {z € R" : bTx + by > 0} if and only if one of the following
conditions holds:

(i) a = kb and ag — kby > 0;

(ii) @ = kb, k <0 and ag — kby < 0.

In particular, show that in case (ii) f is a concave function while in case
(i) f is convex when k > 0.

7.9. Consider f(z) = b # 0, by # 0. Show that f is pseudo-

7.10. Find a¢ such that the function

;x% + a:% + gzg + 2x129 + 21 + 222 + ag

f(z1,20,23) = (21 +1)2

is pseudoconvex on S = {z € N3 : 21 +1 > 0}.
7.11. Find ag such that the function

;x% +2x§ —x% + ézi+2z1z2—|—z1 + 2x9 + T4 + ag

T1,T2,T3,Tq) =
f(@1, 22,25, 2) (211 + 4o — 2v/233 + 2)2

is pseudoconvex on S = {z € R : 221 + 429 — 2/223 + 2 > 0}.
7.12. Find by such that the function

o:%—&—a:%—9:§+29:19:2+x1—|—z2—z3—|—1

f(I179327l'3) = ($3+b0)2

is pseudoconvex on S = {z € R* : 23 + by > 0}.
7.13. Find as such that the function

l‘%—‘rl‘%-l—l‘l-l-agl'g—‘rl'g—‘rl

f(x1, 22, 23) = (22 +1)2

is pseudoconvex on S = {z € R3 : 2o +1 > 0}.

'z + co

dTﬂj + do ’ d 7& 07
is pseudoconvex on HT = {z € R" : dx + dy > 0} if and only if one of the
following conditions holds:

(i) a = kd, k > 0;

(ii) There exists t € R such that ¢ = td and ¢ > tdp.

7.14. By specifying Theorem 7.2.3, show that h(z) = alz+

7.15. Find the maximal domains of pseudoconvexity of the following frac-
tional functions, by assuming the positivity of the denominator:

9931 —4932—|—15
=3 2 ;
(a) f(x1,22) = 3w1 + 222 + eyt duy -3
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2001 — 7 10
(b) f(x1,72) = =51 + 22 + oL (w2 0,

2931—932+8 4
921 + 1522 +
= —6z1 — 10 ;
(c) f(x1,22) 1 T2 + 31, +5x21+27
xr1 + T —
(d) f(z1,22) = —21 + T2 Gag 4T

7.16. Find the maximals domain of pseudoconvexity of the following para-
metric fractional functions, by assuming the positivity of the denominator.

2£E1—|—4.T2—3

=4 6+0 :

(a) f(z1,22) = dz1 + (6 + )$2+2m1+3m2+5,
r1 + X2+ Co
b = —x1 — .
(b) f(x1,22) = —21 $2+2x1+2x2+3

7.17. Verify the pseudoconvexity of the functions
2:131—932—|—2 £E1+2932—|—5
(a) f(z1,22) =

T+ 229 + 4 31‘14—1‘24—57
(b) g(z1,22) =

7I1—$2+8 721‘14—1‘24—1
Ty + 229 + 4 31‘14—1‘24—57
on the domain S = {(z1,22) € R? : 21 + 229 +4 > 0, 327 + 22 +5 > 0}.

2x1 +mg T, —3r9 + 7

T — To+ 3 T+ 20 + 1
pseudoconvex on S = {(z1,22) € RZ 21y — 22 +3 >0, 21 + 22 + 1 > 0}.

7.18. Find mg such that f(z1,22) =
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8

Sequential Methods for Generalized Convex
Fractional Programs

8.1 Introduction

In spite of the relevance of the role played by generalized convexity in math-
ematical programming, research in finding efficient numerical methods for
solving generalized convex optimization problems has not yet been sufficiently
developed. The only text-book in which solution methods for pseudolin-
ear functions and generalized convex quadratic functions are proposed is
Martos’ [211].

In this chapter we shall deal with generalized fractional problems which can
be solved by means of simplex-like procedures and which have the advantage
of finding the optimal solution of the problem through a finite number of iter-
ations.

Due to the very important role that linear fractional problems have had in
the development of fractional programming, and in the various methods that
have appeared in the literature, in Sect. 8.2 we shall present the theoretical
properties together with the main solution methods.

In Sect. 8.3 we shall present the theoretical properties and a sequential method
for solving a problem whose objective function is the sum between a linear
and a linear fractional function which also allows us, together with Charnes—
Cooper’s transformation, to solve a problem that has as an objective the sum
of two linear fractional functions.

In Sect. 8.4 we shall consider two generalized multiplicative problems.

The algorithms described are based on the common idea of associating with
the problem a suitable parametric program which is easier to solve. This kind
of approach and some of its applications will be described in a general form
in Sect. 8.5.
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8.2 The Linear Fractional Problem

Linear fractional functions are perhaps the most popular for modelling objec-
tives in Optimization after, of course, linear and quadratic functions.
A linear fractional problem consists of maximizing (minimizing) the ratio of
two affine functions subject to linear constraints. From an analytical point of
view, a linear fractional problem may be described in the following standard
form:
T

Prp: mag (f(m) = cClTiIfl(;) , S={zeR": Az =0, x>0}
where ¢,d € R", cg,dyg € R, A is an m X n real matrix, b € R™. We shall
assume d # 0, dy # 0, d"x +dy > 0 for all z € S, and rankA = m < n.
Since the objective function f is pseudolinear, a local maximum point for
problem Pp, is also global and at least one optimal solution (if one exists) is
reached at a vertex of S (see Corollary 4.6.2).
When the feasible set S is unbounded, the existence of an optimal solution
for Ppp is not ensured; in this regard, the following theorem holds.

Theorem 8.2.1. Consider the linear fractional problem Prpr and let L be
the supremum of f on S.
(i) L = meagf(x) if and only if there exists a vertex z° € S such that L = f(2°);

(i) if the supremum L is not attained, then there exists an extreme direction
u such that L = . ligl f (2% + tu), where 29 € S.
— 400

(i) L = 400 if and only if there exists an extreme direction u such that
d"u =0, "u>0.

Proof. (i) If the supremum L is attained as a maximum, then there exists a
feasible point Z such that f(z) = L. Consider the linear problem

P: maz(c"z+c)),zeS=8Sn{zeR":d"z+dy=d 7+ dy}.

Obviously Z is an optimal solution for P and, because of the linearity of the

problem, the maximum is reached at a vertex # of S which belongs to an edge

s of S starting from a vertex 2 € S. Let & = 2° + tu,t > 0, be the equation

of the ray containing s and consider the restriction ¢(t) = f(2° + tu),t > 0.

clu(df 2 + do) — d¥u(cTx° + ¢p)
(tdTu + dT20 + dy)?

so that, taking into account that & belongs to the edge s, we necessarily have

©'(t) <0, V> 0. If ¢'(t) <0, V&t >0, we have & = 2°; if ¢/(t) = 0, V¢t > 0,

f is constant on s, so that the vertex x° is optimal for Py 5.

The converse statement is obvious.

(ii) Let {z,,} C S be a sequence such that { f(z,)} converges to L and consider

the following sequence of linear problems:

The derivative ¢'(t) = is constant in sign

P,:maxf(z), t€ S, =SN{zeR":d"z+dy =d" x, +do}.
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It is well-known that the supremum of the linear problem P, is not finite if

and only if there exists a feasible point z° and an extreme direction u, such

that . ligl f(2° + tu) = +oo. In this case the supremum of Ppr is 400, too,
— T 00

and (ii) holds; furthermore, . li? f(2° + tu) = o0 implies that d”u = 0, so

that the extreme direction u is feasible for any .S,, and thus the supremum of
P, is +oo for every n.

Consider now the case of a finite supremum for every n; this supremum is
attained at a vertex y, of S, which belongs to an edge of S. Taking into
account that f(y,) > f(z,), we have nll)rfoof(yn) = L. Since L is not attained,

{yn} is necessarily divergent in norm and f(y,) # L for all n. Since S has a
finite number of edges (in particular, half-lines), there exists a subsequence of
{yn}, which, without loss of generality, we can assume to be the same sequence,
contained in a half-line whose equation is of the kind x = z° + tu, t > 0,
where 20 is a vertex of S. Let t, be such that v, = x° + t,u. We have
lim f(y,) = lim f(2°+t,u) = L and (ii) holds.
n—-—+oo tn—+0o0
(iii) If L is not attained, from (ii) there exist an extreme direction u and a
) 0 L 0 o tTu+ T+ g

feasible point z” such that L = t_l}]j_noof(x +tu) = t_l}ﬂ_noo tdTu + dT + dy
Obviously, we have L = +oc if and only if d”u = 0 and ¢’'u > 0.

Corollary 8.2.1. Let D be the set of optimal solutions for the linear problem
mi?(dTm + dy). Then, the supremum L of Prp is 400 if and only if D is
xTE

unbounded and sup(cfx + co) = +o00.

xzeD

Proof. Note that D # () since the linear function d” x + dy is lower bounded on
S. Let 2 € D and assume L = +o0. From (iii) of Theorem 8.2.1 there exists
an extreme direction u such that d"u = 0, ¢’u > 0, so that the half-line

x =2+ tu,t > 0, is contained in D and we have sup(clz + cp) = +oc.
rzeD

Conversely, there exists a ray s C D of equation z = 2° + tu,t > 0, such that
d"u = 0 and sup(c’'z + cy) = +oo. This last equality implies that ¢u > 0 so

TES

that, from (iii) of Theorem 8.2.1, L = 4oc.

Remark 8.2.1. When a linear fractional problem has no optimal solutions, it

may happen that the supremum is finite.

T 2z
Consider, for instance, problem Prp with f(x1,x2) = ! ++22 and S =
T2

{(z1,22) € R2 : 21 — w3 < 2, 1 > 0, 2 > 0}. It can be verified that
u? = (1,1) is an extreme direction and the supremum (not attained) of the
problem is L = . liT f(z + tu) = 3 for every feasible point z € S.

— T 00

Because of the potentially broad applications of linear fractional program-
ming, several solution methods have been suggested. The interested reader is
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referred to the book [269] and excellent bibliographies collected by Stancu—
Minasian in [264, 265, 266, 268] and by Schaible in [114, 249].

Below, we shall present a selection of such methods.

The pseudolinearity of the objective function of the linear fractional problem
Prr implies that the maximum value (if it is attained) is reached at a vertex.
Due to this property, it is possible to solve Prr by using a simplex-like proce-
dure, i.e., a technique similar to the Simplex Method in linear programming.
We shall use the following standard notations.

Given a basic feasible solution x? (which is a vertex of S) and the correspond-
ing basis B, we shall partition the matrix A as A = [B : N] and the vectors
z, cand d as 27 = (2%, 2%), ' = (c§, k), d¥ = (d}, d%).

Set:

CO—CBB 1b+00, do dT 1b—|—do7

¢y =ch —chB7IN, J]TV—dT - dtB

¢; and d; the j-th component of ¢ and d N, respectively.

The functlon f, expressed in terms of the basic and non-basic variables, is
eNaN + o

given by f(zp,2n) = f(B~'b— B~ 'Nzy,zy) = v +do
NLN 0

8.2.1 Isbell-Marlow’s Algorithm

The first sequential method for solving the linear fractional problem Prp was
suggested by Isbell and Marlow [144]. The basic idea of the method, which
works on a compact feasible region, is to generate a finite sequence of ver-

tices !, ..., 2", starting from an initial basic feasible solution 2z, such that

Ja%) < f(2) < o < F(ah) = mag (@),

Each vertex 2!, = 0, ..., h — 1, is an optimal solution for the linear problem
maz Yi(x) where ¥¢(z) = cT'x +co — f(2)(d¥ 'z + dp).

TE

The method is based on the theoretical property stated in the following
theorem.

Theorem 8.2.2. z* is optimal for problem Prp if and only if it is optimal
for the linear problem P* : masx[w*(x) =cle +co— flx*)(dFx + dp)).
Tre

Proof. Let x* be optimal for Prr and assume, by contradiction, the existence
of z € S such that ¢¥*(z) > ¢*(2*) = 0. Then, we have f(Z) > f(z*) which
contradicts the optimality of z*.

Conversely, if x* is optimal for P*, then ¢¥*(z) < ¢*(2*) =0, Vz € S, so that
flz) < f(z*), Yz € S, and this implies the optimality of z* for Prp.

Theorem 8.2.2 implies that if the vertex x*! is such that *(z**!) > 0, then
f(2th) > f(2*), while if ¢¢(zt!) = 0 then z°*! is an optimal solution for
Prp.

Isbell-Marlow’s algorithm can be summarized as follows:

Step 0. Find a basic feasible solution z°. Set i = 0, 2% = 2% and go to Step 1.
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Step 1. Find an optimal solution z*' for the linear problem mag Pi(x). If
e

Pi(z+1) = 0, Stop: 2! is an optimal solution for Pr,r, otherwise go to Step 2.
Step 2. Set ¢ =7+ 1 and go to Step 1.
In order to point out how Isbell-Marlow’s method works, as well as the others
which will be described in the next subsections, we shall refer to the following
linear fractional problem in the standard form.

f( ) 31‘1—1‘2—22
max L1yeeey T =
1yeeey L6 $1+2$2+2
131—2132—|—.T3 :3
5x1 + 322 + x4 = 54 (81)
To+ x5 =8

—2rx1+ 20+ 26 =4
2 >0,i=1,.,6

Starting from the initial basic solution z° = (0,0, 3, 54, 8, 4)T7 we must solve
the problem mag [0 (x) = 321 — 22 — 22 — f(2°) (21 + 222 +2) = 14z1 + 21229].
xTE

By applying the Simplex Algorithm we obtain the following optimal table.

Z3

Ze

T

€2

—-252000 —
13001 —

8000
6100
8010

653 _154 0
Y
g _151 1
5 50
0 10

The new basic solution is #! = (6,8,13,0,0,8)7 and, since ¢°(x!) = 252 > 0,

we must solve the linear problem maz YPl(x), where ¥ (x) = 321 — 19 — 22 —
re

f@t) (21 + 222 +2) = T2y — 21,

Starting from the basic solution z', we get the following optimal table

corresponding to the basic solution 22 = (9, 3,0,0,5,19)T.

L5

L6

T

T2

~3 003
500 [,
1900 13
910 J
301,

7
—4500

1
13 10

3
15 01

2
500

1
1500

Since 1! (z?) = % > 0, we must solve the linear problem mag 2% (z), where
e

V2 (z) = 3wy — 29 — 22 — f(22) (21 + 220 + 2) = PVay — 2Lay — 378, Starting

17 17 17
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from the basic solution 22, we get the following optimal table corresponding

to the basic solution z° = 22 = (9, 3,0,0,5,19)T.

000-32 =700

221 221
5 1
x5 500 13 —1310

11 3
261900 301

z 910 2 200

5 1
z 301 =% L0o

Since 1?(2%) = 0, 2® is the optimal solution for the given linear fractional
problem.

8.2.2 Charnes—Cooper’s Algorithm

The idea of the method suggested by Charnes and Cooper in [64] is to use a
variable transformation in order to reduce the linear fractional problem to a
linear one.

Let
1

t =

dTx + do
When S is bounded, ¢ is positive for all x € S so that, by applying (8.2) to
problem P, we obtain the following linear problem:

y = tw, (8.2)

Pr: maz (¢Ty+ cot
r (?/;t)ESL( Y 0)

where S, = {(y,t) e R"*1: Ay —bt =0, d'y+dot =1, y >0, t >0}.

Problem Prr and problem P are equivalent in the sense stated in the
following theorem.

Theorem 8.2.3. Consider problem Prr and assume that the feasible set S is
bounded.

(i) If & is an optimal solution for Ppp, then (§,t) is an optimal solution for
Py, where t = dTi + dy’ 7 =tZ.

(ii) If (,1) is an optimal solution for Pp, thent >0 and & = . is an optimal

>

solution for Prp.

Proof. Firstly, note that if (y,t) € S, then ¢ > 0. If not, let (7,0) € Sr, and
consider a sequence {(y,,t,)} C Sr such that y, — ¥, t, — 0F. Then, the

sequence {z, = {"} C S is such that Jim || 2n || = lim i lyn || = 400

and this contradicts the boundedness of S. Consequently, to any element
(y,t) € SL, there corresponds an element z = l; € S and vice versa.



Since

t:
dTI+d07

e+ Co

cTy + cot
dTz+dy  dTy+ dot
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(i) and (ii) follow.

=cTy+et,VeeS V(yt) eSS, y=tx,

Now, we shall apply Charnes—Cooper’s algorithm for solving Problem (8.1)
whose feasible region is bounded.

Set y =tx, t =

21+ 2w9 + 2

max (3y1 — ya — 22t)

Y1 — 2y2 +y3 — 3t =0
5y1 + 3y2 + ya — 54t =
Y2 +ys — 8t =0
—2y1 +y2 + ys — 4t =
y1+2y2+2t =1

y2207 t207 221776

Starting from the initial basic feasible solution (y°,t) = (0,0

we obtain the following table.

11142100000
110000

3

y32

5
2

ya 27325701000
900100

Ys

Ye
t

2

1
2

4
0
1
2

500010
100001

3
)90

We have the following linear problem

27,4,2, 3),

By applying the usual simplex algorithm we obtain the following tables.

5

¥140000-%0

11 5 1
¥ys 39 20100 —50

21 57
¥ya 5 320010-% 0

5
ys?
y2 2 01000
1 1
o 20000

[N

40001 —20

0
1

Y3

Ya
Y1

Y2

$0000-]
3 0010-3
10001 -8
L1000
20100 0
0y 0000 —3

1o 0
10 0
30
_2900
10

1
401
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%OOO _170 %00 _12700_33% _27271000
Y3 50 001 =73 35500 ys 17 00 550 =55, 100
vo 5000 5 —310 w1300 57—} 010
yio 4100 5 —5000 yioap 10 551 ~251 000
Y2 :1%010 _115 18500 Y2 13701_26241 231OOO
t214000_1§0_15001 ¢ 11700 2;1 _231001

The basic feasible solutions generated by Charnes—Cooper’s algorithm are:

(y07t0) = (0507 §a2774a27 %)7 (y17t1) = (Oa gv ]{(%7 251a §a07 110)7

2 _ (1 2 17 1 3 _ (1 1 13 11
(y 7t2) - (1075a207150705 20)? (y at3) - (4a3a24705073a24)7

4 _(9 3 5 19 1
(W% ta) = (175 17:0,0, 1% 175 17)-
The last basic solution is optimal for the linear problem Pr,.
The basic feasible solutions of the feasible region S associated with the pre-
vious ones are:

I‘O - 11{:)) - (0a0733547834)Ta ml = 125]11 = (074’ 11742’470)T’
=V = (2,8,17,20,0,0)7, 25 = ¥’ = (6,8,13,0,0,8)",

4

Yy

et =" =(9,3,0,0,519)T.
The last basic solution is optimal for the linear fractional problem (8.1).

8.2.3 Martos’ Algorithm

Martos’ algorithm, suggested in [207], together with Charnes—Cooper’s are the
best known sequential methods for solving a linear fractional problem. The
algorithm works on a compact feasible set and generates a finite sequence of
vertices corresponding to increasing levels of the objective function, the last
of which is optimal for the problem. The optimality of a vertex z’ is tested
by means of the necessary and sufficient condition (8.4) which is equivalent,
taking into account the introduced notations, to the one stated in Theorem
4.7.2

7% = doek, — codk <0. (8.4)

The algorithm may be described as follows.

Step 0. Compute a basic feasible solution z°; go to Step 1.

Step 1. Compute 4y and set J = {j : 7; > 0}. If J = 0, Stop, 2° is an
optimal solution. Otherwise, select k such that 5 = %af{ﬁi}; go to Step 2.

Step 2. The non-basic variable xj, enters the basis by means of a primal sim-
plex iteration. Let 2° be the new basic solution and go to Step 1.

Now, we shall apply Martos’ algorithm to solve Problem (8.1).
The simplex table associated with the vertex 20 = (0,0,3,54,8,4)T is the
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following

22 3-10000
-2 1 20000
xr3 3 1-21000
e 594 5 30100
x5 8 0 10010
x¢ 4-2 10001
wherg in the first row and in the second row we can read the reduced costs ¢
and dy of the numerator and of the denominator of the objective function,
respectively.
We have % = 2(3,—1) + 22(1,2) = (28,42), J = {1,2}. Since 52 > 71, the
non-basic variable zo enters the basis. We obtain:

26 10000 1
—-10 50000 -2
z3 11 -30100 2
g 42 110010 -3
x5 4 20001 -1
2 4-21000 1

We have 7% = 10(1,1) + 26(5, —2) = (140, —42), J = {1}, so that the non-
basic variable x1 enters the basis. We obtain:

240000 —5 3
-200000 =5
s 170010 3 ]
g 2000014 3
1 21000 5 -]
2 80100 1 0

We have 4§ = 20(—3,3) + 24(=5,1) = (-70,42), J = {6}, so that the
non-basic variable zg enters the basis. We obtain:
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12000 —
—24000 —
3 13001 —

3
5
1
5
1
5

e 8000 Z-41
. 6100 |}
0

2 8010

We have 7% = 24(=2, W) +12(=},-7) = (=%, 2%2), J = {5}, so that the

non-basic variable x5 enters the basm We obtain:
14 _ 5

-200—-,5-300
7 4

1700 5 —,500

x5 500 [ —-4510

11 3
zg 1900 1 301

3 2
2 910 3 200

5 1
vy 301-3 Lo00

We have 75 = 17(—15,— ) — 2(237—143) = (=22, —1%). Since J = 0, the
basic solution 2% = (9, 3,0,0,5,19)7" is optimal.
Note that the basic feasible solutions generated by Martos’ algorithm are
=(0,0,3,54,8,4)7, 2 = (0,4,11,42,4,0)7, 22 = (2,8,17,20,0,0)T,
= (6,8,13,0,0,8)7, 2* = (9,3,0,0,5,19)7.

Remark 8.2.2. Tt is worth noting that Wagner and Yuan in [277] show that
Martos’ algorithm is equivalent to Charnes-Cooper’s algorithm in the sense
that both methods lead to an identical sequence of pivot operations starting
from the same basic feasible solution. This property can be verified by means
of problem (8.1) solved in Sect.8.2.2 with Charnes—Cooper’s algorithm and
in this Subsection with Martos’ algorithm.

Bitran in [26] shows that Martos’s algorithm is better than Isbell-Marlow’s
algorithm in terms of the number of pivot operations.

8.2.4 Cambini—-Martein’s Algorithm

This method differs from Martos’ algorithm as regards the choice of the
entering variable in the pivot operation. An important advantage to the new
method with respect to the previous ones, is that the suggested choice of the
entering variable allows us to solve the linear fractional problem for every
feasible region (bounded or unbounded).
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In order to describe the algorithm, we shall introduce the concept of optimal

level solution which will be developed in a general setting in Sect. 8.5.

A point ¥ € S is said to be an optimal level solution if it solves the linear

problem max(c'x +cy), r € SN{zx € R" :d"x +dy = d'z + dp}.

Obviously, any optimal solution for the linear fractional problem (if one exists)

is also an optimal level solution.

Cambini-Martein’s algorithm, suggested in [33], generates a finite sequence

of vertices ¥, ..., 2" which are optimal level solutions which correspond to

increasing levels of the objective function f, such that f(z") = mag f(z) or
xr

the supremum of the linear fractional problem is the limit . ligrn f(zh + tu),
— T

where u is a suitable extreme direction starting from z".

In correspondence to a basic feasible solution ?, using the usual notations,
consider the vector Jn given by (8.4) and the set J = {j : 4; > 0}, where 7;
is the j-th component of y; the following theorem holds.

Theorem 8.2.4. Let x* be a vertex of S which is also an optimal level solu-
tion. Assume J # 0 and d; > 0 for all j € J. Then:

(i) Every point of the edge s* corresponding to the non-basic variable xy, is an
optimal level solution if and only if the index k is such that

== = 8.5
mar o (8.5)

T
(i) The problem max ;Tx 1 20 ,xeSn{zeR": dTx =d 'z} is equivalent
z+do
T
to the problem max ;Tl’i(cio7 reSn{zeR": d'z < d'z} for every
z + do
z € sk,

Proof. (i) Let H = {x € ®* : dTo +dy = do + 0}, 6 > 0 and consider the
linear problem max(c'z + cp), * € SN H.
Let w? be the intersection between the hyperplane H and the edge s/ starting
from the vertex z*. The value of the function ¢’z + ¢ at w’ is K 0+ co.

J
Since h ¢ J implies that the function f is not increasing along the edge s",
we have f(w") < f(2') < f(w?) for all h ¢ J and for all j € J, so that

. 1 Co:
= ] = —_ j 9 C .

g f(@) =mapf (W) = g gmap( g 0+ )
Taking into account that € > 0, in the last equality the maximum is reached
at an index k, thus verifying (8.5).

(ii) The thesis follows by noting that the function f is increasing along the

edge s*.
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The algorithm starts solving the linear problem Fj : meig(de + dp). Tak-

ing into account Corollary 8.2.1, the supremum of Ppp is +oo if and only

if sup(c’x + cy) = 400, otherwise an optimal solution 2° of Teag(ch + o)
xzeD

is an optimal level solution corresponding to the minimum value m of the

denominator. Because of this, if J # (), every increasing direction corresponds

to an increasing level of the denominator so that d_j > 0 for all j € J and,

consequently, (8.5) can be applied in order to find the index k. The non-basic

variable x; enters the basis by performing a pivot operation and a new opti-

mal level solution is found. If it is not possible to perform a pivot operation,

then the algorithm stops.

In general, by applying Theorem 8.2.4, a finite sequence of optimal level solu-

tions 20, .., 2%, .., 2" is generated (h may be equal to zero).

With respect to 2", if J = (), then it is an optimal solution for Py, otherwise

the edge s* associated with the index k determined by (8.5) is a ray.

The generated sequence of optimal level solutions and the ray s* verify the
h—1

following properties, where X = U [z?, 2T U sk
i=0
o Toreveryz € X, f(7) = mazf(z),z € SN{z e R": dlz < d'z};
If d'2 <d'z, &,7 € X, then f(2) < f(%);
e For every feasible level € of the denominator there exists T € X such that
f(@) =maxf(z),xr € SN{z e R": dlz+dy =&}

If 2" is not an optimal solution of Prp, then the supremum is not attained
and we have
CkZk +Co  Ck

supf(x) = su )= lim - - o= .
xegf( ) zeslf)cf( ) wp—toodpay +do  dy

In fact, assume the existence of z* € S such that f(z*) > supf(z) and
zEsk
consider the level &* = d”z* + dy. Let # € X be an optimal solution for
the problem mazf(z),r € SN{x € R : d'z + dy = €*}. Since f is
increasing on X, we have sup f(x) > f(&) > f(«*) and this is a contra-
zEesk
diction.
The main steps of the algorithm may be described as follows.

Step 0. Solve the problem Py : meig(de + dp). If the optimal vertex 20 of

Py is unique, then set ¢ = 0 and go to Step 1. Otherwise, solve the problem

Py : maz(cTx + ), # € SN{z € R : d¥x = d¥2}. If P; does not have

optimal solutions, then Stop: supf(x) = +oo. Otherwise let 2° be an optimal

zesS

vertex of P;. Set 7 =10 arid go to S_tep 1.

Step 1. Compute yn = docn — codn and set J = {j : 7; > 0}. If J = {), Stop:

2% is an optimal solution for P; r; otherwise let k be such that Gk _ maxcj
dp. jeJ dj

and go to Step 2.
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c
Step 2. Compute u* = B~'N*. If u* < 0, then Stop: supf(z) = (;, other-
zeS k
wise perform a primal simplex iteration with x; as an entering variable. Let
2"t be the new basic solution. Set i =% + 1 and go to Step 1.

Consider Problem (8.1) again. The denominator x1 4+ x2 + 2 of the objec-
tive function reaches its minimum value at 2° = (0,0, 3,54, 8,4)” which is the
only solution so that it is the initial optimal level solution. The simplex table
associated with z° is

22 3-10000
-2 1 20000
r3 3 1-21000
4 54 5 30100
zs & 0 10010
e 4-2 10001

Wherg in the first row and in the second row we can read the reduced costs ¢
and dy of the numerator and of the denominator of the objective function,
respectively. - -
We have ¥k = (28,42), J = {1, 2}. Since mag ;:j = , the non-basic variable
JE j 1
x1 enters the basis. We obtain
130 5-3000
50 4-1000
r1 31-2 1000
g 390 13-5100
rs 80 1 0010
re 100—-3 2001

We have ¥4 = 5(5, —3)+13(4, —1) = (77, —28), J = {2}, so that the non-basic
variable x5 enters the basis. We obtain

—200-13—5,00
-1700 [ —-%00

13 713
z 910 % 200

zp 301-7 500
x5 500 [ —-410

x¢ 1900 I 301

13 13
We have 7 = 17(_};‘:7_153) - 2(173’ _143) = (_215327_133)'
Since J =0, 2% = (9,3,0,0,5,19)7 is an optimal solution for the problem.
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Remark 8.2.3. As we have already pointed out, Cambini—-Martein’s algorithm
differs from Martos’ algorithm in the choice of the entering variable in the
pivot operation. By means of this different choice the average number of ver-
tices examined by Cambini-Martein’s algorithm is, almost always, lower than
the number of vertices generated by Martos’ algorithm (see [102]).

8.2.5 The Case of an Unbounded Feasible Region

As we have already remarked, Cambini—-Martein’s algorithm works on every
feasible set. In this regard, consider the following two examples related to
linear fractional problems having an unbounded feasible region. In the former
an optimal solution exists, while in the latter the supremum is finite but not
attained.

Ezxample 8.2.1. Consider the linear fractional problem

2I1 + 3932 —1
max
T1 + 229 + 2

—6x1+ 22+ 23 =2
T1 —2x9 +x4 =4
S5x1 — x9 + x5 = 47
2 >0,i=1,.,5

The denominator of the objective function reaches its minimum value at the
vertex 29 = (0,0,2,4,47)T which is the only solution so that 2° is the initial
optimal level solution. The simplex table associated with z° is

1 2 3000

—2 1 2000
23 2-6 1100
s 4 1-2010
x5 47 5-1001

We have 7% = (5,8), J = {1,2} and mafo{ = 21 . The non-basic variable x;
Jje g 1
enters the basis. We obtain:

70 70-20
—-60 40-10
r3 260—-111 60
r1 41 =20 10
5 270 90-51

We have ¥4 = (14, —5), J = {2}, so that the non-basic variable x5 enters the
basis. We obtain:
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-28000 ' —7
-18000 ' —3
z3 59001 —5
zp 10100—5 2
2 3010-5 3

e have vy = (—g, — o ). Dince J = (), the vertex z* = ,3,09,0, 1s the
We have 7% 5, — ). Since J =0, th 2 =(10,3,59,0,0)" is th

optimal solution for the given problem.

Example 8.2.2. Consider the linear fractional problem

2l’1+3932—1

. T1 + 229 + 2
—6931—|—.Z‘2—|—.Z‘3:2
T1 —2x9 +x4 =4
2 >0, i=1,..4

Starting from the initial optimal level solution 2 = (0,0, 2,4)7, the algorithm
generates the optimal level solution 2! = (4,0, 26,0)7 which corresponds to
the following simplex table.

-70 70-2
—-60 40-1
r3 260—-111 6
r1 41 =20 1

We have 7% = (14,-5), J = {2}. Since the column associated with =5 is
(—11,-2)T, it is not possible to perform a primal simplex iteration and the
. . . .2 T
given problem does not have any optimal solutions. The supremum is F
2
which is reached along the ray of equation = z! + ku, k > 0, where u” =
(2,1,11,0).

Remark 8.2.4. Regarding Charnes—Cooper’s algorithm, when the feasible re-
gion is unbounded it may happen that a point of the kind (7,0) becomes
feasible for the linear problem Py,. In this case Charnes—Cooper’s transforma-
tion is meaningless. Nevertheless, when (7,0) is an optimal solution for Pp,
(this happens if and only if the supremum of Py, is finite and not attained),
it is possible to establish a connection between (7, 0) and an extreme direction
u of S such that supf( ) = hm f( + ku), T € S. This connection will be

shown by solving the linear fractlonal problem given in Example 8.2.2.
By means of Charnes—Cooper’s transformation, the problem is transformed
into the following linear problem:
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max (2y; + 3y2 — 1)
—6y1 +y2+ys—2t=0
Pr:§ v1—-2y2+ys—4=0
y1+2y2+2t =1
yi>0, >0, i=1,.,4

Starting from the initial basic solution (0,0, 1,2, ;)T, we obtain the following
simplex table.

5 54000
ys 1 =53100
ya 2 32010
ty 51001

By applying the simplex algorithm, the following tables are obtained.

S Toten  Roo Lo-B ooo-} -]
y2 3 —31 300 01 50 15 g ;010 3
st Wotio w B00 1o Yoot oY
t g §0—301 wm B10-30 &% ;o 5,100 5 -1

The optimal solution is (7,0) where 7 = (%, }1, 141 ,0). Every vector u propor-

tional to 7 is a direction such that lim f(Z + ku) = supf(z),Z € S and the
k—+o0 z€S

optimal value Z of Pr, is the supremum of Prp.

Remark 8.2.5. Unlike Charnes—Cooper’s algorithm, Isbell-Marlow’s algorithm
and Martos’ algorithm cannot be applied in the unbounded case. In fact, by
applying Isbell-Marlow’s algorithm to the linear fractional problem given in

Example 8.2.1, starting from 2° = (0,0,2,4,47)", we have sup °(x) = +oco
z€eS
even if the linear fractional problem has optimal solutions.

With respect to Martos’ algorithm, starting from 2° and taking into account
that 45 > 41, the non-basic variable x5 enters the basis obtaining the following
simplex table.
-5 200-300
—6 130-200
rg 2 —61 100
rgy 8—-110 210
x5 49 =10 101

We have %, = (55, —8), J = {1} but the variable z; cannot enter the basis.
The value g is the limit of the linear fractional function along the feasi-
ble ray of equation z = ' + ku, k > 0, where ' = (0,2,0,8,49)” and
u = (0,6,0,11,1)7. This value is not the supremum of the function which is
attained as a maximum at 2% = (10, 3,59,0,0)7.
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Consequently, the algorithm suggested by Isbell and Marlow and the one
suggested by Martos do not process the linear fractional problem in the
unbounded case.

8.3 A Generalized Linear Fractional Problem

In this section we shall present a sequential method for solving an optimization
problem whose objective function is the sum between a linear and a linear
fractional function. This method, together with the use of Charnes—Cooper’s
transformation, will also allow us to solve a problem that has as an objective
function the sum of two linear fractional functions (see Sect. 8.3.2).

Consider the problem

e+ Co

P : min <f(x) =alz + I+ do

>, zxeS={xeR": Az =b, x >0}
where a,c,d € R", d # 0, co,dyp € R, A is an m X n real matrix,
rankA=m<n,beR™, and d"x+dy >0 forall z € S.

When a = 0, problem P reduces to the linear fractional problem considered
in Sect. 8.2. For this reason, we shall assume a # 0.

Sequential methods for solving problem P without any assumption of gen-
eralized convexity on f have been suggested by some authors [34, 173, 202].
Recently, the algorithm suggested in [34] has been specified when f is pseu-
doconvex [60]. Before describing this algorithm we shall point out some
theoretical properties of problem P.

Theorem 8.3.1. Let ¢ be the infimum of problem P.

(i) £ is attained as a minimum if and only if there exists a feasible point xg
belonging to an edge of S such that f(xg) = L.

(ii) If € is not attained as a minimum, then there exists a feasible point xg
and an extreme direction u such that { = t_lgrnoof(mo + tu).

(iii) £ = —oo if and only if there exists a feasible point xo and an extreme
direction u such that £ = , ligl f(zo + tu) = —o0.
— T 00

Proof. (i) If the infimum is attained as a minimum, then there exists a feasible
point Z such that £ = f(Z). Consider the problem

P:minf(z), z€S=SnN{z e R":d"z+dy=d"z+do}.

Obviously Z is an optimal solution for P and since P is a linear problem the
minimum is also reached at a vertex of S which belongs to an edge of S. The
converse statement is obvious.

(ii) The proof is similar to the one given in (ii) of Theorem 8.2.1.

(iii) This follows immediately from (i) and (ii).
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The pseudoconvexity of f on D = {x € R" : d'x + dy > 0} is equivalent to
stating (see Corollary 7.3.1) that f assumes one of the following forms:
Tz —+ co

_ T
(I f(z) =ad $+de—|—do7 a>0

(II) f(z) = alz + 23,1: jcji(; + 7, cog—ydo > 0.
The functions in (I) and (IT) behave differently with respect to the infimum,
in the sense that when the infimum is not attained, in the first case it is —oo,
while in the second case it may also be finite. In this regard, the following
theorems hold.

Theorem 8.3.2. Consider problem P where a = ad, o > 0. Then the infi-
mum of P is —oo if and only if there exists an extreme direction u such that
d"u =0, ¢"u < 0. In any other case the infimum is attained as a minimum.

Proof. Let xy be a feasible point and let u be an extreme direction. Consider
the restriction f(zo + tu) = atdu + adTao + telutclao e o
e restriction f(z u) = atd' v+ ad” x . Since z =
0 O tdTu + dTxo + do
xo + tu € S, Vt > 0, we necessarily have dTu > 0.

We have , lig_n f(zo + tu) = o0 if and only if d¥u > 0 or d¥u = 0,cTu > 0;

the limit is —oo if and only if d”u = 0,c’u < 0 and it is finite if and only if
dTu = cTu = 0. In this last case, f(zo+ tu) = f(xo) for all ¢ > 0. The thesis
follows from Theorem 8.3.1.

Theorem 8.3.3. Consider problem P where ¢ = vyd, cog — ~ydg > 0.

(i) The infimum of P is —oc if and only if there exists an extreme direction
u such that aTu < 0.

(ii) The infimum is finite and not attained as a minimum if and only if there
exists an extreme direction u such that a”u =0, d"u > 0, and there does not
exist an extreme direction v such that av < 0.

In any other case the infimum is attained as a minimum.

Proof. Let u be an extreme direction and consider the restriction

co — ~ydo

tu) = ta® T
flxo+tu) =ta" u+a $O+thU+dT$O+dO

+7

where xq is a feasible point.

We have tli$1 f(zo + tu) = +oc if and only if a’u > 0; the limit is —oo
— T 00

if and only if a’u < 0 and it is finite and less than f(x¢) if and only if
aTu =0, d"u > 0. The thesis follows from Theorem 8.3.1.

8.3.1 Sequential Methods

The obtained theoretical properties allow us to establish an algorithm for
solving problem P. The idea of the algorithm is to associate with problem P
the following linear parametric problem:
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6): min (aTzq €8T C0 0) = R dla + do = 6o + 0
P()'asre%l?@) ax—!—de_'_dO , SO =Sn{zeR":d" x+dy= 6o+ 6}

where §p = mig (dTx + dp).
EASS

By setting © = {0 : S(0) # 0}, we have

/)= inf ] 0 &
where in case (I)
2(0) = (6o — do + 0) + ;f(f)e, 0) = zgg)(c% + ¢o)
while in case (IT)
co — ydo

+7, ¢(f) = min o’z

2(0) = 0(0) + 0o+ 0 z€S(6)

In both the cases problem P can be solved by means of a simplex-like proce-
dure based on a suitable post-optimality analysis. Note that (8.6) implies a
decreasing (increasing) value of f(z) corresponding to a decreasing (increas-
ing) value of z(0), so that to a local minimum for z(#) there corresponds a
local minimum for f(z) which is also global for the pseudoconvexity of the
function.

Below we shall describe a sequential method for solving problem P in case (I)
and a sequential method for solving problem P in case (II).

e Case l a =ad, a > 0.
By taking into account Theorem 8.3.2, the infimum of problem P is —oo if
and only if the infimum of the affine function ¢’z + ¢y on S(0) is —oco. If this
is not the case, consider the parametric problem
. ; T

Pr(6): zrens%)(c x4+ co)
Let 29 € S be an optimal vertex for P;(0), and set zo = (zp,,0) where By is
the set of indices associated with its basic variables. By applying sensitivity
analysis we find (zp,(0),0) = (zp, + Oup,,0) which is optimal for P(6) for
every 6 belonging to the stability interval [0y,01] = {0 : zp,(0) > 0}. If
2'(0) > 0, then (xp,,0) is an optimal solution for P. If there exists 6 € [0, 61]
such that z/(f) = 0, then (zp,(f),0) is an optimal solution for P, otherwise
for 6 > 60, the feasibility is lost and it is restored by applying a dual simplex
iteration. We then find a new stability interval and we repeat the analysis. By
proceeding in this way, a finite sequence of basis B,k = 0,1, ..., and a finite
sequence of stability intervals [0, 0x+1], k= 0,1, ..., are generated.
With the usual notations, corresponding to the basis By, we have

(8, (0),0) = (zB, + Oup,,0), ¥(0) = ¢ xp, +0cp, up, +co, 0 € [0k, Ox11]
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so that

T T
CB,TB), + echuBk + ¢

2(9)204(50—(10—"—9)4- 5o + 0

) e [eka9k+1]
By
(do +0)

The algorithm can be described as follows:
Step 0. Solve the linear problem mig(dTm + dy) and let dp be its optimal
Te

Z'(0) = a+ or €8, = 00 UB, — Cp @B, — co, 0 € [0k, O y1]

value. Solve problem Pr(0) : min(c’z 4+ ¢p), z € SN{zx : d'x +dy = &}
If P;(0) has no solutions, then Stop: ingf(m) = —o0.
re

Otherwise let xy be an optimal solution for Pr(0) which is also an optimal
solution for Problem P(fy) with 6y = 0. Set k = 0 and go to Step 1.

Step 1. Determine [0, 041] the stability interval associated with the opti-
mal solution (xp,(0x),0) = (xp, + 0rup,,0) for P(;). Compute &g, =
cgkuB,c (60) — cgszk —co. If &g, > 0, Stop: (2, + 0rup,,0) is an opti-
mal solution for P, otherwise go to Step 2.

Step 2. Compute § = —8y + \/— $6, .
a

If 0 € [Ok, Or41], Stop: (x5, + Oup, ,0) is an optimal solution for P, otherwise
let 7 be such that Tp,, + 9k+1uBki = 0. Perform a dual simplex iteration, set
k=k+1 and go to Step 1.

Example 8.3.1. Consider the following problem

—80931 —60$2+1>
1 +xo+1
1 —4x9 + 13 =2
To + x4 =2
.Z‘ZZO, iZl,..,4

man (371 + xo +

Step 0. 29 = (0,0,2,2)T is the only solution for the problem mig(ml +xa+1)
re

and we have dg = 1; go to Step 1.
Step 1. With respect to the problem P;(6) the simplex-table associated with
xp is given by
-1 -80—-60000
rs 2 1 —4100
ry 2 0 1010
x5 6 1 1001

In order to restore the optimality of =y, we perform a pivot operation on the
underlined element. We obtain

—148000 2000 80
T3 2—-600-510-1
Ty 20 101 O
1 61 100 1
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The stability interval is [0, 2], {5, = —81. Since &g, < 0, go to Step 2.

Step 2. We have = —do + \/— 520 = —1+9=8. Since 0 > 2, we perform
a pivot operation on the underline element, according to the dual simplex
algorithm. We obtain

T+76600 40 76
x—24+5001-10 |}
x4 £ —56000 11-]
x +26010 10 3

and go to Step 1.

Step 1. The stability interval is [2,12] and {5, = —69. Since &5, < 0, go to
Step 2.

Step 2. We have 0 = —6 + \/—521 = —1+ 69 € [2,12], so that
(=242 V69, —24+1 69,0, '2 =1 v/69) is the optimal solution for problem P.

e Case Il ¢ =~d, ¢y —vdy > 0.
If the infimum of the linear function a* = is —oo, then the infimum of problem
P is —oo, too, otherwise consider the parametric problem

T

Pr1(0) : min o’z
xeS(0)
Starting from a vertex zp € S which is an optimal solution for P;;(0), and
referring to the notations introduced before and with respect to the stability
interval [0k, 0x+1], we have

co — d,

2(9) = (()SO _:/00 +a£km3k +9a£ku3k +7, 0 € [ek,9k+1]
"9 — T CO_’}/dO
z ( ) = ap, uB, — ((50 _"_9)27 NS [0k70k+1]

If agk up, < 0 and 041 = 400, then the infimum of the problem is —oo;
if agkuBk_ = 0 and 0x4+1 = 400, then the infimum is agkxgk and it is not
attained as a minimum,;

if af up, > 0, we have Z'(f) = 0 with 6 = —&y + \/COT_ ’Ydo' If 6 < 6y, then

aBk_uBk
(2B, (0),0) is an optimal solution for P; if 6 € [0y, Ox41], then (asBk(g),O) is
an optimal solution for P.
In any other case, we consider the vertex (zp,(fr+1),0) and we apply a
dual simplex iteration in order to find a new stability interval, we repeat
the analysis.
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The algorithm can be described as follows:
Step 0. Solve the problem nleig(de +dp) and let dp be the optimal value.

Solve problem P;;(0) : mina’z, z € SN{z:d "z +dy = dp}. If P;;(0) has
no solutions, Stop: nelgf(as) = —00.

Otherwise let xy be an optimal solution for Problem P;;(0) which is also an
optimal solution for Problem P(6y) with 6y = 0. Set k£ = 0, and go to Step 1.
Step 1. Determine [0, 041] the stability interval associated with the opti-
mal solution (g, (6x),0) = (2B, + Orus,,0) of P(6;). Compute af up,. If
agkuBk_ < 0 and Ox+1 = 400, Stop: the infimum of problem P is —oo; if
agkuBk_ < 0 and 641 is finite, go to Step 2; if agkuBk_ =0 and Op+1 = +o00,
Stop: the infimum of P is agszk and it is not attained as a minimum; if
agkugk =0 and 641 is finite, go to Step 2; if agkugk > 0, go to Step 3.
Step 2. Let ¢ be such that rp,, + 9;€+1u3ki = 0. Perform a dual simplex
iteration, set k = k + 1 and go to Step 1.

co — vdo

Step 3. Compute 0=—6+ e .
aBkuBk

If 0 € [0y, Ory1], Stop: (zp, + Oup,,0) is an optimal solution for P; if 6 < 6y,
Stop: (zp, + Orup,,0) is an optimal solution for P; if 6 > 611, let i be such

that T, + 9k+1UBki = 0. Perform a dual simplex iteration, set k = k+ 1 and
go to Step 1.

Ezxample 8.3.2. Consider the following problem

.T1+2932—|—1
T, — 209+ 13 =3
—r14+ a2ty =1
2, >0, i=1,..4

Step 0. The linear problem mig(ml + 2z9 + 1) has the only solution zy =
xTE

12
min (—2951 + 629 + >

(0,0,3,1)7, and we have dy = 1; go to Step 1.
Step 1. With respect to problem P;;(0) the simplex-table associated with xg
is given by
0-2 6000
33 1-2100
x4 1 -1 1010
x50 1 2001

In order to restore the optimality of =y, we perform a pivot operation on the
underlined element. We obtain

200 1000 2
x33—00-410-1
x4 14600 301 1
1 01 200 1
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The stability interval is [0, 3]. Since af, up, = —2 < 0, go to Step 2.
Step 2. We perform a pivot operation on the underline element according to
the dual simplex algorithm. We obtain

L1000 0-}
g =54+ ,6001-30 !
g P4+36000 31 )
x 3456010 10

Go to Step 1.
Step 1. The stability interval is [3, +00]. Since agluBl = é > 0, go to Step 3.
Step 3. It results that 6 = —do + \/C‘;‘”dﬂ =—-14+2v6 € [3,+q].

ap, uB;

Then, (1+v6, -1+ é\/67 0,3+ é v/6)T is the optimal solution for the problem.

Ezample 8.3.3. (The infimum is finite but not attained).
Consider the following problem

)
in | —3 4
mm( T1 + $2+z1+2x2+1>

3I1—4$2+$3:6
—x1+ a2 +ax4=4
>0, i=1,..,4

Step 0.y = (0,0,6,4)7 is the only solution for problem migz(ml +2x9+ 1)
re

and we have dp = 1; go to Step 1.
Step 1. With respect to Pr;(0) the simplex-table associated with ¢ is given
by
0-3 4000
x36 3—-4100
xg4 -1 1010
x50 1 2001

In order to restore the optimality of =y, we perform a pivot operation on the
underlined element. We obtain

30 0 1000 3
x36—300—-1010 -3
x4 44600 301 1
xr 6 1 200 1

The stability interval is [0, 2]. Since af, up, = —3 < 0, go to Step 2.
Step 2. We perform a pivot operation on the underline element, according to
the dual simplex algorithm. We obtain
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6 00 100
L2 §+3001 1100130
zg H A+, 000 210
z $+260 10 Lo ?

Go to Step 1.
Step 1. The stability interval is [2, +oc]. Since agluB1 = 0, the infimum of
the problem is 6 and it is not attained as a minimum.

8.3.2 The Sum of Two Linear Fractional Functions

The optimization of a sum of linear ratios arises in various areas, such as
multi-stage stochasting shipping [4], layered manifacturing [195, 196], cluster
analysis [228], multiobjective bond portfolio [177], and combinatorial opti-
mization [227] (for several others economic applications see [114, 256]). This
kind of problems is difficult to be solved since it does not have any gener-
alized convexity properties; it has attracted the interest of researchers for a
number of years and different approaches for solve them have been proposed.
For instance, in [106] an approach in the so-called image space is suggested, in
[68, 96, 181, 187] branch-and-bound procedures are given, and in [23] suitable
transformations are used which reduce the problem in another one simpler to
be handle.
For the particular case of the sum of two linear ratios, some others algorithms
have been proposed, also in the framework of bicriteria problems, where a
compromise solution is sought (see for all [41, 34]).
In this section we shall present a simplex-like procedure under pseudoconvex-
ity assumptions on the sum of two linear fractional functions.
When the sum of two linear ratio is pseudoconvex on the feasible set, the
problem
T T

P : min (h(m)z me—’_mO—&-q m+q0)7 S={zreR": Az =0, >0}

zeSs plz + po bTx + by
may be transformed by means of Charnes—Cooper’s transformation into an
equivalent one with the sum of a linear and a linear fractional function
as objective. Consequently, we may use the simple simplex-like procedures
described before in this section for determing the optimal solution (if one
exsits) for P.
At this regard consider the following problem

. xr1 + T2 1 —8lxy — 60z
mwn
1—1‘1 932—|—1
P: 3x1 —4x9 + 13 =2
201+ a0 + 14 =2
z; >0,1=1,.4
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It is easy to verify that p’a +py = 1 —21 > 0, bTx +by = 22 +1 > 0,
for all z = (21,22, 23,24)7 € S. The objective function is pseudoconvex on
S for (i) of Theorem 7.5.1; by applying Charnes—Cooper’s transformation

Yi = i , ©=1,..,4, whose inverse is x; = Yi , t=1,..,4, we obtain
1 — T 1+y1
the problem
. 1 —80y1 — 60y2
min (yl + y2 + v+ s + 1 )
P Y1 —4dys +ys =2
Y2 +ya =2

y; >0, i=1,.4

By referring to Example 8.3.1, the optimal solution for P* is given by
(y1,y2,y3,94) = (—2+ 3 V69, — 2+ 1 69,0, 12 — 1 V/69), so that the optimal

—244/69 —3+/69 13—\/69)

solution for P is given by (x1, 22, 23,24) = ( 31069 31469 07 3 4v/69

8.4 Generalized Linear Multiplicative Programs

In this section we shall consider the following class of generalized linear
multiplicative problems:

P: melgl [f(z) ="z + ("2 + ao)(d" = + do)”]
where S = {z € R" : Ax = b, 2 > 0}, ¢,a,d € R", a,d # 0, ag,dp € R,
p € R\{0}, A is an m X n real matrix, rankA =m < n.
We shall study problem P in the case p =1 and in the case ¢ = 0.

8.4.1 The Sum of a Linear Function and the Product
of Two Affine Functions

Consider the problem

Py lglelgl [fi(z) = "2+ (a2 + ao)(d" = + dy)]
As we have seen in Sect. 6.6, function f; is not generalized convex so that
problem P; may have several local minimum points which are not global.
Methods for solving problem P; have been proposed in [173, 174, 257]. In par-
ticular in [174, 257], the problem is solved by means of the following parametric
linear programming problem.

Pi(0):2(0) = wren;fle) [ch +(E+0)(aTx + ao))

where S(0) = SN{zx € R" : dTz +dy = £+ 0}, and £ is a feasible level,
ie., S(0) #0.
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The algorithm proposed in [174] finds the optimal solution for P; by solving
Py (0) for all the feasible levels, from the minimum level &,,,;, = mig(de—Fdo)
re

to the maximum level &4, = mag‘((dT.%‘+do)7 assuming the compactness of S.
re

The algorithm proposed in [257] works for every feasible region (bounded or
unbounded) and finds the optimal solution for Py (if one exists) by generating
a finite sequence of local minimum points, the last of which is the global one.
This algorithm may be easily adapted to the case where f; is pseudoconvex
on S.

Taking into account Corollary 6.6.1 and Theorem 6.13, we shall consider the
case which corresponds to the linear independence of a, d since, when a, d are
linearly dependent, P; reduces to a problem which is very easy to solve.
According to Corollary 6.6.1, we can suppose that the affine function d” z +dj
is lower bounded on S.

Set & = rwneig(de + do) and consider the parametric problem P;(6) with
£ = &o-

If P;(0) does not have any solutions, then infs f1(z) = —o0, otherwise let 2° be
TE

a basic optimal solution for P;(0) and let By and Ny be the set of indices asso-
ciated with its basic variables and with its non-basic variables, respectively.
By applying sensitivity analysis we find (g, (0),0) = (xp, +60up,,0) which is
optimal for P; (@) for every 6 belonging to the interval [0, 61] = Fy N Oy, where
Fy :{96%11‘30 +9uBO ZO}, and Og = {96%:51%+(€0+9)@N0 > 0}

If 2/(0) > 0, then (zp,,0) is optimal for P;; if there exists 8’ € (0,61] such
that 2/(0") = 0, then (zp,(¢'),0) is optimal for P;, otherwise, if §; = +o0,
1r€1fS fi(x) = —oo, while if 6, is finite, the feasibility or the optimality is lost

and it is restored by applying a dual simplex iteration or a primal simplex
iteration. By means of this procedure, a finite sequence of basis By and a
finite sequence of intervals [0y, 0;11] are generated.

In correspondence to the basis By, with the usual notations, set:

'%;k(e) = (mBk (9)70) = (ka + euBmO);

N, =Ny + (6o + G)aNk;

Fk:{QE%ZﬂjBk +0uBk ZO},

Ok:{HE%ZfTNk ZO}

The optimal value function z(6) is of the form z(6) = \0? + uf + +, where
A= agkugk, W= cgkugk —&—a%kmgk +§0a£ku5k; if A # 0, let ' = —J be the
critical point of z(6).

The algorithm may be described as follows:

Step 0. Solve the linear problem ng(de + do) and let & be its optimal

value. Solve problem P;(0) with & = &. If P;(0) does not have solutions,
Stop: ing f1(x) = —o0, otherwise let 2¥ be a basic optimal solution for P;(0),
EASS

set 8y =0, k = 0, and go to Step 1.
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Step 1. If 2/(6;) > 0, then Stop: (xp,(0),0) is an optimal solution for P,
otherwise, calculate Fy, Oy and 0. If ¢’ € Fj, N Oy, then Stop: (zp, (¢'),0) is
an optimal solution for P;, otherwise go to Step 2.

Step 2. If 011 = sup(FrNOy) = +0o0, then Stop: ;Ielg fi(x) = —o0, otherwise

go to Step 3.

Step 3. If F, N O = F}, apply a dual simplex iteration, set kK = k 4+ 1 and
go to Step 1. If F, N Oy, = Oy, apply a primal simplex iteration, set k =k + 1
and go to Step 1.

Example 8.4.1. Consider the problem

min [—61‘1 — 1229 + (—1‘1 —4xo + 42)(1‘1 + x9 — 11)]
—x1 4+ 22 + 23 =16
1 + 3x2 + x4 = 56
—4.1’1 — 25932 + x5 = —250
r; >0,1=1,..,4

By setting d = (1,1)7, a = (—=1,-4)T we have ¢ = aa + d, a = 2, 3 = —4;
since ii) of Corollary 6.6.2 holds, the objective function is pseudoconvex on
the feasible set S.

The problem gnelg(xl + x5 — 11) has as its only solution z° = (0, 10, 6,26, 0)7

and the corresponding minimum value is §, = —1.
The parametric linear programming problem becomes:

Pi(6): min [(—60— 5)ay + (—46 — 8)xs + 420 — 42],
z€S(0)

SO)=SN{zxeR®:xy +x2—11=—1+6}

We have 2°(6) = (0,104 6,6 — 0,26 — 30,250)" and z(0) = —462 — 60 — 122.
It results that 2/(0) < 0, Oy = [0, +00), Fy = [0,6], 0/ = —3 ¢ Fy N Oy = Fy;
by means of a dual simplex iteration the variable x; enters the basis. We have
21 (0) = (=34 136,13+ 36,0,20—20,63+ % 0)" and z(0) = — 562 — 29— 131.
It results that 2/(6) < 0, Oy = [6,400), F1 = [6,10], 0’ = =27 ¢ F1NO; = Fi;
by means of a dual simplex iteration the variable x3 enters the basis. We have
22(0) = (—13+§0, 23— é&, —20+20,0,273— 1230)T and z(0) = §02— %10—161.
It results that 2/(10) < 0, Oy = [10,400), F; = [10,46], ' = %! Since
0’ € F, N Oy = [10,46], z(0") = ('', "},61,0,3)7 is the optimal solution
for the problem.

8.4.2 The Product Between an Affine Function
and the Power of an Affine Function

Consider the problem

Py Helf;g [f2(z) = (a"z + ao)(d "z + do)*], S={zeR": Az =0b, x>0}
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In order to consider the objective function for every value of the exponent
p, it is necessary to have d”'z 4 dy > 0 for all z € S. Furthermore, to avoid
trivial cases, we shall assume the linear independence of the vectors a, d.
Before to present a sequential method for solving problem Ps, we shall study,
firstly, the pseudoconvexity of the function fs.

Theorem 8.4.1. Consider the function fa(z) = (a’x+ ao)(d* =+ do)P where
a,d are linearly independent, p € R, p # 0. Then, fo is pseudoconvex on the
half-space Dt = {x € R" : d"x + dy > 0} if and only if one of the following
conditions holds:

(i) p € [-1,0), and a’x + ag > 0 for all x € D*;

(ii) p € (=00, —1]U (0, +00), and a¥x + ag < 0 for all z € DT

Proof. We have V fa(z) = (d"z + do)?~" [(d"z + do) a+ p(a”z + ag) d], so

that the linear independence of a, d implies that V fa(z) # 0, z € DT.

The function f, is pseudoconvex on D7 if and only if 7V fo(x) = 0 implies

that vTV2 fa(z)v > 0 (see Corollary 3.4.1).

We have vV fy(x) = 0 if and only if a’v = _p(aTﬂc—i—ao)dTv so that
dT.T + do ’

vIV2 fo(z)v = p(—p — 1)(d¥x + do)P~H(aTx + ag) (dTv)?2.

Since the linear independence of a,d implies the existence of v such that

dTv # 0 and vV f(z) = 0, it follows that vT V2 fa(x)v > 0 if and only if (i) or

(ii) holds.

An algorithm for solving problem P, has been proposed in [30, 31, 198, 199]
when p is an integer and in [51] for all p # 0. Now, under the pseudoconvex-
ity assumption, we shall present two different methods for solving problem
P;. The former is based on a parametric approach, while the latter extends
the approach given in Sect. 8.2.4, i.e., primal simplex iterations are performed
according to the rule (8.5) where now “max” is replaced by “min”.

A Parametric Approach
Consider the following parametric linear problem associated with problem Ps:

Po(0) :2(0) = min (60 +0)(a" v +a0), S(0) (8.7)

Sn{zeR":dlox+dy =& +6}

where & = mig(dTﬂc +dp).
TE

Note that &, exists since the affine function d”x + dy is lower bounded on S.

If P»(0) does not have any solutions (this may happen in case (ii) of Theorem

8.4.1), then ing fa(x) = —o0, otherwise let 2° be a basic optimal solution
re

for P»(0) and let By be the set of indices associated with its basic variables.
By applying sensitivity analysis we find (x5,(0),0) = (zp, + 6up,,0) which
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is optimal for P(0) for every 6 belonging to the interval [0, 6,] = Fy, where
Fy={0eR:xp, +0up, >0}.

If 2/(0) > 0, then (zp,,0) is optimal for Ps; if there exists ¢ € (0,6;] such
that z/(0") = 0, then (zp,(¢'),0) is optimal for P, otherwise, if §; = 400,
wlrelgfg(l‘) = GETOOZ(H)’ while, if 0 is finite, the feasibility is lost and it is

restored by applying a dual simplex iteration. By means of this procedure,
a finite sequence of basis By and a finite sequence of intervals [0, k1] are
generated.

The optimal value function z(6) is of the form z(0) = (&, +6)? (af + 3) and its
derivative is 2'(0) = (£ + 0)?~' ((p + 1)ad + pB + a&o), where a = aj up,,
0= agkak + ap.

The algorithm may be described as follows (note that the value of the limit

lim z(0) changes according to the case p > 0 or p < —1).

0—+

Step 0. Solve the linear problem mig(de + do) and let & be its optimal
Te

value. Solve problem P»(0) with £ = &. If P»(0) does not have any solutions,
Stop: ing fa(x) = —o0, otherwise let 2¥ be a basic optimal solution for P, (0),
EAS

set 8y =0, k =0, and go to Step 1.

Step 1. If 2/(0;) > 0, then Stop: (xp,(0),0) is an optimal solution for P,
otherwise calculate F), and 0. If ¢’ € Fy,, then Stop: (g, (0’),0) is an optimal
solution for P», otherwise go to Step 2.

Step 2. If 041 is finite, apply a dual simplex iteration, set k =k + 1 and go
to Step 1, otherwise Stop: aljlég fa(z) = —o0 if p > 0, ;relfs fo(z) =01ifp < —1.

FEzxzample 8.4.2. Consider the problem

min(—x1 — 3 + 6)(x1 + 229 — 9)?
xr1 — To + I3 = 16
2wy + 30 + x4 = 42
—Tx1 — 1022 + x5 = =70
z; >0,1=1,...5

The objective function is pseudoconvex on the feasible region S since we have

S C{(z1,22) ENZ: —x1 — 22 +6 <0, 21 + 212 —9 > 0}.

The problem mig(asl + 25 — 9) has as its only solution z° = (10,0, 6,22,0)7
Te

and the corresponding minimum value is & = 1.

The parametric linear programming problem becomes:

Py(0) : min  (1+0)*(~z1 — 2 +6),
z€S(0)

S(e):Sﬂ{$€%51$1+2$2—9:1+9}

We have 2°(0) = (10+6,0,6 — 0,22 —20,70)T and 2(0) = (1 +0)*(—4—0). It
results that z/'(0) < 0, Fy = [0,6], ¢ = —3 ¢ Fy; by means of a dual simplex
iteration, the variable x5 enters the basis.



188 8 Sequential Methods for Generalized Convex Fractional Programs

We have z!(0) = (14 + 36,—2 + 36,0,20 — 50,8 + 70)7 and 2(0) =
(1+0)2(—6 — 20). It results that 2'(6) < 0, Fy = [6,12], ¢/ = — 1) ¢ Fy; by
means of a dual simplex iteration, the variable z3 enters the basis. We have
22(0) = (54 — 30, —22 + 20, —60 + 50,0,88 — )T, 2(0) = (1 + 0)*(~26 + 0).
It results that 2/(12) < 0, F, = [12,18], ¢ = 17.

Since 0 € Fy, 2%(¢0') = (3,12,25,0,71)7 is the optimal solution for the
problem.

A Non-parametric Approach

Using the notations introduced in Sect.8.2, the matrix A is partitioned as

A = [B : N] and the vectors z, a and d as 7 = (2%, 2%), a¥ = (a5, d%)),
dT = (d%, dL).
Set:

ao—aBB 1b+a0, do dT 1b+d07

a]T\,—aN—aBB IN, dﬂ—dT BlN

a; and d; denote the j-th component of ax and dy, respectively.

In correspondence to the non-basic variable zy, , let

p(n,) = ([@n, 2N, + o) (dn, N, + do)?.

We have ¢ (INk) (dexNk + do)p 1[(17 =+ l)adekaNk + adeOQj' pdeao]

Denote with x7}, the critical point of p(zy, ) and let Ty, = n11>n) _Bj , where
uj Uy

u; is the j-th component of the column u = B! Ny, where Ny is the column

of N associated with z,. By convention, set Zy, = +oo if B~' Ny < 0. The

main steps of the algorithm may be described as follows.

Step 0. Solve the linear problem meigz(de+do) and let &y be its optimal value.
xr

Solve the problem P* : min(a’z+ap), x € SN{x € R" : dTx+dy = & }. If P*

does not have any optimal solutions, then Stop: inf fo(x) = —oco. Otherwise,
reS

let 2° be an optimal vertex for P*. Set ¢ = 0 and go to Step 1.
Step 1. Set J = {j : d; > 0}. If J = (), Stop: z* is an optimal solution for Ps;
otherwise, let k be such that - =mnun Czj and go to Step 2.

dk jed dj
Step 2. If u < 0, then Stop: the 1nﬁmum is —oo or 0 according to the case
p > 0, p < —1; otherwise, calculate Ty, and xy, . If 23, € [0,Zx,], then
Stop: ( — x}y, B7'Ny,0) is the optimal solution for P», otherwise, perform
a primal simplex iteration with xy, as the entering variable. Let 2°*! be the
new basic solution. Set i =i+ 1 and go to Step 1.

FEzample 8.4.3. Consider the problem given in Example 8.4.2 again. The
simplex-table associated with z° = (10,0, 6,22,0)7 is given by
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40 300-1
-10 100 |
z3 60-1710 !
xy 220 101 2
z1 101 Y001

where in the first row and in the second row we can read the reduced costs

ay and dy, respectively. We have: J = {2, 5}, min™ = (1_5, T5 =42, z(x5) =
JjeJ dj ds

(—tas —4)(sas +1)%, and 2% = —21 ¢ [0,42).

The non-basic variable x5 enters the basis by means of a primal simplex

iteration.
100 -2 100

70 3-100
x5 420 —17 701
2, 100 5-210
21 161 —1 100

We have: J = {2}, Ty = 2, 2(z2) = (=212 — 10)(3z2 + 7)%, and x5 = =% ¢
[0, 2]. The non-basic variable 5 enters the basis by means of a primal simplex
iteration.

1400 L 2o
-1300 !-3%0
x5 7600 L 71
za 201-2 10
zy 1810 2 lo

We have: J = {3}, Z3 = 30, z(z3) = (23 —14)(} 23+ 13)?%, and 23 = 25. Since
x4 € [0,30], the optimal solution for the problem is x* = (18,2,0,0,76)T +
25(—2,2,0,0,— )" = (3,12,25,0,0,71)7.

8.5 The Optimal Level Solutions Method

The algorithms described in Sect. 8.3 and in Sect. 8.4 are based on the com-
mon idea of associating with an optimization problem a suitable parametric
program which easier to solve. This kind of approach has been suggested in
many papers (see for instance [29, 30, 31, 32, 33, 34, 35, 145, 280, 281]) and
leads to efficient solution methods. For this reason, in this section we shall
present the general approach given in [101].

Consider the following problem
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P inf [B(2) = F(z, 9(2))
where S is a nonempty set of R”, g is a continuous function defined on S and
F is a continuous function defined on {(x,§) : z € R™, £ = g(x)}.
By means of the following variable transformation

T:8—8SxR, z— (2,8, {=g()
problem P is transformed into the following one

inf F(x,€)
Pr:qzxzes
g(x) =¢ € E=g(9).

Problems P and P* are equivalent in the sense that P has an optimal solution
7 if and only if P* has an optimal solution (7, &) with & = g(z).

Obviously, transformation 7" is useful when the transformed problem is easier
to handle than the original one.

In order to point out some relationships between P and P* we shall give the
following definitions.

Definition 8.5.1. A real number £ is said to be a feasible level for P if £ € =
or, equivalently, if there exists T € S such that g(T) = €.
The set of all the feasible levels of P will be called the feasible levels set for P.

Definition 8.5.2. The point T € S is said to be an optimal level solution for
P corresponding to the level £ if T is an optimal solution for the problem

[ inf F(z,£), z € S(€)
P(’5>'{s<ﬁ>—{zes:g<z>—§}.

The whole set of optimal level solutions corresponding to the same level £ is
denoted by L¢ and L = £U L¢ is called the optimal level solutions set for P.
cex

Let us note that if there exists a feasible level £ such that the infimum of P(&)
is —oo, then the infimum of problem P is —oo, too, and vice versa. In general,
we have

z€eS £EE zeS(€)

If problem P has optimal solutions, then

min &(x) = min inf F(x,£).
zeS ( ) I33= z€S(€) ( )

Note that problem P may have optimal solutions even if the infimum of P(&)
is finite and not attained, as is shown in the following example.



8.5 The Optimal Level Solutions Method 191

—1
+ 29 — x1 and

Ezample 8.5.1. Counsider problem P where &(x1,x2) = i1
T2

S = {(93171:2) X1 — T2 S 47 1 Z 07 T2 Z 0}
By setting g(x1,22) = 22 — @1, problem P is transformed into the following
parametric problem

. Z1
prod s <x2+1 +§>
(ZL’1,1’2) €S, xa—x1=¢ €€ [—474'00)-

In correspondence to the feasible level £ = 0, the infimum of problem P(0) is
—1 and it is not attained. Nevertheless, (4,0) is the optimal solution for P,
corresponding to the level £ = —4.

When L¢ # 0 for all £ € =, we have

in &(x) = mi in F(z,€). 8.8
R =g i 0 (5

Set z(¢) = min F(x,§).
z€S(£)
The relation (8.8) points out that to a global minimum point Z for P there

corresponds the minimum level £ = ¢(Z) for the function z(§), £ € £ and vice
versa. When 7 is a non global local minimum point, then the corresponding
level ¢ is not necessarily a local minimum for z(¢) (see [101]). Fortunately,
the converse statement is true under suitable assumptions, as is stated in the
following theorem.

Theorem 8.5.1. Consider the parametric problem P* and assume that = is
an interval and Le # 0 for all € € Z. If € is a local minimum point for the
optimal value function z(§), then each point T € L¢ is a local minimum point
for P. Furthermore, if S is a convex set and ®(x) is semistrictly quasiconvex
on S, then each point T € Lg 1s a global minimum point for P.

Proof. Let € > 0 be such that z(¢) > 2(€) for all £ € (£ — ¢,€ + €). Since
g(Z) = €, the continuity of g implies the existence of a neighborhood I(Z) of
7 such that g(z) € (€ — ¢, + ¢€) for all z € I(Z). Assume, by contradiction,
the existence of * € I(Z) such that &(z*) < &(z) and let £* = g(a*). Then,
we have z(£*) < F(2*,£*) = &(2*) < &(z) = 2(€), and this contradicts the
local optimality of £.

The last statement follows from Theorem 4.5.1.

The general approach that we have described allows us to include several
parametric algorithms in the framework of the optimal level solutions method.
Recently in [53, 54], this method has been proposed in order to solve a non-
convex optimization problem by means of a parametric convex program.

In [53] the following optimization problem is considered:
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P:inf |f(x) = ;xTQx—&—qTx —(dTx)?|, S={xeR": Az > b}
zesS

where @) is a symmetric positive definite n X n matrix, ¢,d € ", A is an
m X n matrix, b € R™.
The objective function f is a d.c. function, i.e., the difference of convex func-
tions, so that P is not in general a generalized convex problem.
Problem P is solved by means of the optimal level solutions approach, by
considering the following parametric strictly convex quadratic problem:

P(¢): inf)(é:z:TQz—&—qTx—({)Q), S()=Sn{zreR:d"z=¢}

zeS (&

In [54] the following nonlinear multiplicative problem is studied:

P:inf {f(:z:) = <1:z:TQz +q'z + qo> (d"z+ do)p} ;
resS 2

where S = {x € R" : Az > b}, Q is a symmetric positive definite n x n matrix,

q,d € R™ qo,dog,p €R, p#0, Ais an m X n matrix, b € R™.

The objective function f is not in general a generalized convex function.

Nevertheless, the following parametric strictly convex quadratic problem is

associated with P:

1
P): inf (QmTQm—i—qTx—l—qo) &, S =SnN{reR":d"x+dy=¢}
z€S(§)
The study of generalized convexity of the described problems is still an
open problem; its characterization would allow us to improve the suggested
methods.
Finally, we shall point out that also the problem of minimizing the ratio of a
quadratic and an affine function (see Sect.7.2) can be embedded in the opti-
mal level solutions method.
Consider the problem
377 Qr +q"x +qo
Pg 1 =2

zeS
where S = {z € R" : Az > b}, Q) is a symmetric n x n matrix, ¢,d € R, d #
0, qo,do,p € R, p# 0, A is an m X n matrix, b € R™.
By setting d”x + dy = &, the following parametric quadratic problem is
obtained
Po(é): inf (;xTQm +qr+ qo) ¢
z€50(8)
where Sp(&) = SN{x e R" : dTz +dy = £}.
By means of a suitable optimality conditions, an optimal solution of problem
Pg can be found making use of any of the known algorithms of parametric
quadratic programming. In [200, 201], an algorithm is suggested in the case
where the matrix @ is positive definite.
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Solutions

Chapter 1

1.1 (i) We have ||z —zo ||=|t ]| 2z — z0 ||<]| 2 — z0 [|[< R.

(ii) The proof follows from (i) if z¢ belongs to the segment [z1, z2]; in the
opposite case, the vectors z1 — zq, 22 — xg are linearly independent so that, by
the Schwartz inequality, || Az1+(1—=X)ze—z0 ||=]| A(z1—20)+(1—X)(22—x0) ||
<A z1—zo || +(1=X) || 22—z0 |[< AR+(1—=X)R = R, so that Az +(1—\)22
is an interior point for A € (0,1).

(iii) This is a direct consequence of (ii).

(iv) Let z be a boundary point of B. If z is not an extreme point, then z
belongs to a segment [z1, 23] contained in B so that z is an interior point of
B, and this contradicts the assumption.

1.2 Let {S;,7 € I} a family of convex sets and let S = (\S;. If z,y € S, then

x,y € Si, Vi, so that the convexity of S; implies Ax + (1 — \)y € S; for every
i and, consequently, Az + (1 — Ny € S.

1.3 (i) 21,20 € I' = @S + BT if and only if there exist s1,$2 € S,t1,t2 € T,
such that z1 = asy + Ot1, 22 = ass + fta. We have z = Az; + (1 — N)z2 =
a(As1 + (1 = N)s2) + B(Aty + (1 — N)t2). The convexity of S, T implies that
s =Ads1+ (1 —=A)s2 € 5, t* = At1+ (1 — N)ta € T for every A € [0, 1], so that
z=as* 4+ 0t* e I', VA € [0,1].

(ii) Let (s1,%1),(s2,t2) € S x T. From the convexity of S and T we have
)\(817t1)+(1—)\)(827t2) = ()\81+(1—)\)827)\t1+(1—>\)t2) e SxT, V) e [07 1]

1.4 (a) Let z1,22 € convS. Then, there exist m points x1, ..., 2, € S such

m m
that z; = Zaixi, a; >0,1=1,....m, Zai = 1, and there exist k points

=1 =1
m-+k

Tingly -y Ttk € S such that zo = Z oz, ap >0, j=m+1,...,m+Ek,
j=m-+1
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m+k m-+k
Z aj = 1. We have z = Az1 + (1 — N)zg = Z ~v;xi, where v; = Aq; for
j=m+1 i=1

i=1,..,mand v, = (1 =Ny fori=m+1,...m+ k.
It follows that z is a linear combination of elements of S. From the non-
negativity of A\, 1 — A\, q;, it results 3, > 0, =1,....m + k.

m+k m+k m m+k
It remains to be proven that Z ~v; = 1. We have Z Yi = Z’yi + Z Yi =
i=1 i=1 i=1 i=m+1
m m-+k
A e+ (1-A) Y ai=A+(1-3=1
i=1 i=m+1

(b) This follows by (a) and by Theorem 1.2.2.

1.5 Let z € intS. Then, there exists a ball of radius ¢ > 0 and center z
contained in S; in particular, for every direction d, z + ad € S, Va € (0,¢).
Let d = z — = and consider the half-line y = © + t(z — z), ¢t > 0. By setting
t =1+ « = p, the thesis is achieved.

Assume now that for every z € S there exists u > 1 such that y = x + p(z —
x) € S. We have z = Iiy+(1—lll)aswith0< i < 1 and ;1L+(1_;1l,):1'
Consequently, z is a convex combination of two points of S and thus, from
Theorem 1.2.3, is an interior point.

1.6 Let zg € intS and assume that there exists an half-line x = zqg+tu, t > 0,
having two boundary points: y = xg + t1u, z = xg + tou, with 0 < t; < to.
Then, we have y = gz + (1 - g)l’o, so that, from Theorem 1.2.3, y is an
interior point and this contradicts the assumption.

1.7 (i) This follows by noting that
k1

W={zeR": z:z1—|—ch~(mi —x1), G ER, i=2,.. k+1}.

i=2
(ii) This follows by noting that the maximum number of linearly independent
vectors is n.

1.8 (i) From Theorem 1.2.2, S contains the convex hull of points of S; the
thesis follows from (i) of Exercise 1.7.
(ii) This is a direct consequence of (i).

1.9 Let k£ be the dimension of the smallest linear manifold W containing S.

From Exercise 1.8, W contains a k-dimensional simplex. Since every point of
k

the form Ay (z2 — 1) + ... + A (@1 — k), A >0, Z A; = 1, belongs to the
i=1

relative interior of the simplex, S has a nonempty relative interior.

1.10 This follows from Theorem 1.2.11 taking into account that there are

not extreme directions.
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1.11 This follows from Theorem 1.2.11 taking into account that there are
not extreme directions and, furthermore, that a polytope has a finite number
of vertices.

1.12 Let U and V be convex cones. From (i) of Exercise 1.3, the sum U 4+ V
is convex. Furthermore, if z € U + V, there exist u € U and v € V such
that z = u + v. It follows that for each & > 0, ku € U and kv € V, so that
ku+ kv =k(u + v) = kz belongs to U + V for every k > 0.

1.13 (i) It is sufficient to prove that C' — C is a subspace and that affC
contains necessarily C' and —C'.

(ii) hint: the dimension of af fC' is equal to the maximum number of linearly
independent vectors contained in C.

1.14 Let c € intC. The thesis follows by noting that a’'c > 0 for all a € riC*
and a’c < 0 for all a € riC~.

1.15 If a € C’1+ N C;', we have aTe¢; > 0 for all ¢; € Cy, and aTcy > 0
for all ca € Cy, so that al'(c; + ¢o) > 0 for all ¢; € C1, ¢ € Cy and thus
CrnCy C(Cy + Cy)T. Conversely, a € (Cy + Cs)T implies ol (¢ +¢2) >0
for all ¢; € C1, co € Cq. Setting co = 0, we deduce a € C’f; analogously
setting ¢; = 0, we have o € C’;’, so that (Cy + Co)* C C’f’ N C’;.

1.16 It is sufficient to apply Theorem 1.2.14.

1.17 The thesis is equivalent to prove that intU+T NV~ # (. If not, since
intU* and V~ are convex sets, there exists v # 0,7 € %" such that vz > 0
for all z € UT, and 4Tz < 0 for all z € V~. It follows that y € UTT NV,
i.e., v € UNYV, and this contradicts the assumption.

1.18 The proof is similar to the one given in Exercise 1.17.

1.19 Let xq, ..., xx be the vertices of the polyhedron S and let dy, ..., dj be the
extreme directions. From Theorem 1.2.11, a feasible point x can be expressed

k h k
as r = Zail‘i-l-Zﬁjdj, a > 0,1 =1,...,k, Zai = 1, ﬂj > 0,
i=1 j=1 i=1
j=1,...,h.
k h
We have ¢’z = Zaichi + Zﬁchdj. If ¢dj» < 0 for some j*, then
i=1 j=1
by setting o; = 0, i = 1,...,k, and 8; =0, j =1,...,h, j # j*, we have
5 lim ﬂj*chj* = —oo0 so that the infimum is —oo. If chj >0, j=1,...,h,
jx —+00
or if there are not extreme directions, by setting ¢’ 2y = min{c’z1, ..., cT 2y},
k
we have Tz > Zaichs = chs7 so that the infimum is attained at the
i=1
vertex .
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1.20 If f(x) = aTz+ b, we have f(A\z1 + (1 — N)ag) = a? Moy + (1 — N)ag) +
Ab+ (1= XN)b = MNaTzy +b) + (1 — N)(aTzy +b). Tt follows that both the
definitions of convex and concave functions are verified.

Assume now that f is both convex and concave, so that f(Az1+ (1 —N)xz2) =
M(x1) + (1 =N f(z2), VA € [0,1]. We consider the cases f(0) =0, f(0) # 0.
case f(0) =0.

We must prove (i) f(kx) = kf(x), Vk € R, (ii) f(x1 + z2) = f(x1) + f(22).
(i) If £ € [0,1], we have kz = kx + (1 — k) - 0, so that f(kx) = kf(z) +
(1 —k)f(0) = kf(x). If & > 1, we have 2 = | (kz) + (1 — ) -0 and thus
f(z) = ; f(kz); consequently f(km) =kf(x), Vk> 1.

If & < 0, we have 0 = ;(lm) 5(—kz), so that 0 = f(0) = J f(kz) +

5 f(—kz) and f(kz) = —f( x). Slnce —k > 0, then f(—kx) = —kf(x)
and consequently f(kz) = kf(z), Vk <0 and (i) holds.

(i) f(z1+x2) = f(2(5a1+ y22)) = 2f (a1 + ja2) = f(x1)+ f(22). By setting

a; = f(e'), we have f (sz > :inf(ei):inai:aTm.
i=1 i=1

case f(0) # 0.
Let g(z) = f(x) — f(0). We have g(Az1 + (1 — N)z2) = f(Az1 + (1 — N)z2) —
Af(0) — (1= X)f(0) = Ag(x1) + (1 — N)g(zz). Since g(0) = 0, g is of the kind
g(z) = a®'x so that, setting f(0) = b, we have f(z) = a’z +b.
1.21 Let z* be the optimal solution of d(Az1 + (1 — \)z2) = mig [l Az1+ (1=

TE
Nzz—x ||. We have || Az +(1—=N)za—2* || = || A(z1—2*)+(1=N)(z2—2") ||<
Mlzr—a [| +0 = A) | 22 — 2™ |< Amin || z1 — 2 | +(1 = A) min || 2 — 2 |
=Ad(z1) + (1 — \)d(z2).
1.22 (a) Since fi;(Az1 + (1 = Na2) < Afi(z1) + (1 = A) fi(x2), VA € [0, 1], we
have z(Az1+(1—N)x2) = Fllax }{fi(/\;z:l—k(l—/\)mg)} <X ?fax }{fi(:vl)}—&—

1€1,..,m 1€11,...,m

(1-— /\)_e?llax }{fl(:vg)} = Az(x1) + (1 — N)z(z2), YA € [0,1].
(b) The proof is similar to the previous one.

ala—1)y?  afxy

afay BB — 1)
Hessian matrix characterization of convex and concave functions, f is convex
if and only if a(a— 1) >0, (6 —1) >0, | H(xy,22) | =af(l —a—p) >0,
while f is concave if and only if a(a—1) <0, B(f—1) <0, | H(x1,22) | >0.
By solving the systems, the thesis is achieved.

1.23 We have H (z1,x5) = 25 225 2 { ] . By using the

n

1.24 (i) We have f(Az1 + (1 — A)x2) Z%fz Ax1 + (1 = Nag) < Z
ai(Mfi(z1) + (1 = A f(z2)) = Af(z1) + (1 - A)f(l"z) -

(ii) This follows from (i) substituting < with <.
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1.25 We have f(Ax; + (1 — Naz) < Af(z1) + (1 — \) f(22); since g is non-
decreasing, it results g(f(Ax1 + (1 —Na2)) < g(Af(x1) + (1 = A) f(x2)). From
the convexity of g, the thesis is achieved.

1.26 (i) and (ii) are obtained applying (i) of Theorem 1.3.4 in the cases m = 1
and m = 2 with a; = ag = 1. Conversely, if f1, f2 are convex functions, then
a1 f1(z) and asg fo(x) are convex for (i), as well as their sum from (ii).

1.27 f(z) =z, g(x) = —x are convex functions but the product h(x) = —z2

is not convex; f(r) = x, g(x) = x are concave functions but the product
h(z) = 22 is not concave.

1.28 We have z(Az1+(1—N)a2) = g(A(Az1 + (1= N)x2) +b) = g(A\(Axy +b)+
(1= N)(Azg 4+ b)) < Ag(Azy +b) + (1 — N g(Aza +b) = Az(x1) + (1 — \)z(2).

1.29 f(z) = ¢*@) is convex from Theorem 1.3.5; f(z) = = is convex but
z(x) = log f(x) = log x is not convex.

1.30 Hint: —f is positive and concave (see Example 1.3.5).

1.31 f(z) =22 + 1 is convex but h(z) = f(lw) is not concave.

1.32 We have f(x) > f(zo) + f'(z0)(z — x0), so that IEIEmf’(xO)(x —1zg) =
+00.

1.33 Let xo, € S with  # z(. Since f is convex, too, (1.8) holds, i.e.,
f(@) > f(zo) + Vf(xo)? (z — 20), Vx € S. By contradiction, assume the
existence of T # g such that f(Z) = f(zo) + Vf(z0)T (x — z0). The strict
convexity implies f(Azo+(1—N)Z) < Af(zo)+ (1 =) f(Z) for everyA € (0,1),
so that f(Azg + (1 = N)Z) < f(x0) + (1 — A\) (& — 20) TV f(20). By replacing in
(1.8) = with Azg + (1 — X\)Z, we get a contradiction.

The proof of the converse statement is similar to the convex case.

134 (1) 2(t0) = f1(t2) - fa(t)o - Sy (t2) = 190 Fo(2) 492 Fa)o £ () =
t2im1 ¥ fy () - fo().. - frn(2) = 12721 % z(x).

(i) 2(tz) = (fi(tz) + falte) + ... + f(te))? = (t*fi(2) + t* fa(z) + ... +
t fm(2))? =t (f1(2) + fo() + ... + fin(2))” = t*02 ().

1.35 Obviously, f is homogeneous of degree «. For the converse statement,
let f(1) = k; it results f(t) = f(t-1) =t*f(1) = kt™.

1.36 Hint: see the proof given in Theorem 1.4.1

1.37 Assume that f is both linearly homogeneous and convex. From the
convexity assumption, we have f(x) > f(xo) + Vf(z0)T(x — 20) = f(z0) —
V f(z0)Tzo+V f(x0)" 2. By Euler’ Theorem, we have V f(z0)Tzo = f(x0), so
that f(x) > Vf(zo)Tx. Assume now that f is linearly homogeneous and
that f(z) > Vf(zo)Tz, Vo, 2o € intR%. By Euler’ Theorem, we have
Vf(zo) zo = f(wo), so that Vf(wo)"a — Vf(xo)"zo < f(z) — f(z0) or,
equivalently, f(z) > f(zo) + Vf(z0)" (x — z0), Vz, 20 € intRT.
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1.38 The relation 27V f(z) = f(x) implies, by differentiation, that V f(z) +
V2f(z)x = Vf(x), ie., Vif(z)z =0, Vo € intR". It follows the singularity
of H(x).

1.39 The gradient and the Hessian of f are Vf(x) = (1 + log(a’z + b))a,
V2f(x) = a%‘;:_b, respectively, so that the Hessian is semidefinite positive for
every x of the domain and, consequently, the function is convex. Since the
domain of S is an open set, the set of all global minimum reduces to the set
of all critical points given by S* = {z:a’z +b=e"1}.

1.40 Since S is open, the existence of a global maximum x(y implies that
Vf(xo) = 0. On the other hand, the convexity of f implies that ¢ is a global
minimum, so that f is constant, and this contradicts the assumption.

A convex function may have a local maximum point (consider for instance
f(x) = 2% — x| x|), but it cannot have a strict local maximum.

1.41 We have Vf(z) = Ax so that Vf(0) = 0; the convexity of f implies
that o = 0 is a global minimum. Conversely, there exists a ball B of center
xo = 0 such that 27Az > 0, Vo € B. Corresponding to z € R", there
exist + € B, k € R such that z = kz. It follows that f(z) = J27Az =
ék%cTAx > 0, Vz € R", so the the quadratic form is positive semidefinite
and, consequently, f is convex.

1.42 The convexity of f implies that zy is a global minimum if and only
if is a critical point. On the other hand, xy is a critical point if and only if
verifies the system V f(xg) = Azg + a = 0, and this is equivalent to say that
rankA = rank[A, a].

1.43 By the first order characterization of convexity, f(z) > f(xo) + (x —
20)TV f(x0), Yo € S so that Vf(z¢) = 0 implies f(x) > f(xg), Vo € S.

1.44 Hint: see the proof of Theorem 1.5.1 and Exercise 1.43.

Chapter 2

2.1 (a) f is strictly quasiconvex; (b) f is quasiconvex; (c) f is semistrictly
quasiconvex; (d) f is quasiconvex and semistrictly quasiconvex. Note that f
is not lower semicontinuous.

2.2 The function is quasiconvex.

2.3 Since it is possible to choose x1 € (xg — €, xg), 22 € (z0, xo + €) such that
f(z1) < a, f(x2) < «, f is not quasiconvex on [z1, Z2].

2.4 By referring to Example 2.3.3 we have: (a) f is strictly quasiconvex;
(b) f is both quasiconvex and quasiconcave; (c¢) f is strictly quasiconvex.

2.5 (a)Set L<, ={x € S: f( ) < a}. If a >0, then L<, = S, otherwise

a={z€S: f(z) < -} Ineach case L<, is a convex set.
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y referring to Example 2.3.4 we have that — ; is (strictly) quasiconvex
b) By referring to E le 2.3.4 we have that —} is (strictl i
and consequently } is (strictly) quasiconcave.

2.6 Set L<, ={x€S: gg)) <alifa<0, then Ley =0. If >0, Ley =
{z €S: f(z) — ag(x) <0}, so that L<, is the lower level set of the convex
function h(z) = f(z)—ag(x). Consequently L<, is a convex set and the thesis

follows from Theorem 2.2.3.

2.7 The function z can be viewed as the composition product between the
non-negative function h(x) = ch gi; and the increasing function s(y) = y®. The
thesis follows from Theorem 2.3.7 and from (i) of Theorem 2.3.8.

2.8 (i) We must prove that z(z1) = i;g;lg > 5853 = z(w2) implies

z(Az1 + (1 — N)z2) < z(x1), A€ (0,1).

Taking into account the strict convexity of f and the concavity of g, together
with their sign, we have f()\m1+(1—)\)x2) <A (x1)+ (1= f(x2) < Af(x1)+

(1= NI g(@) = 1Y (Agla1) + (1= Ng(a2)) < TEY g1 + (1= Vo).

q(wl) g(z1) — g(x1)

It follows TQTHI7072) < Jo0 e 2(Am + (1= N)22) < 2(21), A€ (0,1).

The proofs of (ii) and (iii) are similar.
2.9 The lower and upper level sets are half-spaces.
2.10 Apply Theorem 2.2.3 and Theorem 2.2.6.

2.11 It is sufficient to note that all the functions are quasiconvex and
homogeneous of degree av > 1.

2.12 Apply Theorem 2.4.1 .
2.13 Hint: see (ii) of Theorem 2.3.8.

2.14 Taking into account Example 2.3.4, we have that ; is a positive con-
—f(@)
1

g(z)

vex function, so that —z(x) =
Theorem 2.3.8).

2.15 The thesis follows from (ii) of Theorem 2.3.8 by noting that an affine
function is both convex and concave.

is semistrictly quasiconvex (see (ii) of

2.16 By contradiction, assume the existence of an interior strict local max-
imum point xg and let 1 be a feasible point. Then, there exists ¢ > 0 such
that © = g + t(z1 — z0) € S and f(z) < f(xo), Vt € [—¢€,€]. By setting
y = xo — €(x1 — x0), 2 = xo + €(x1 — x0), We have xy = ;y + éz with
f(xo) > max{f(y), f(2)}, and this contradicts the quasiconvexity of f.

2.17 See (b) of Exercise 2.1.

2.18 Let f be a function defined on a convex set S C R” and let p(t) =
flxo + tu), t € I, the restriction of f on a line segment through xg. The
function ¢(t) is quasiconvex if and only if verifies the implication:
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ti,ta € I, o(t1) > p(t2) = @(t1 + Atz — 1)) < @(t1), VA € [0,1]. By setting
X1 = x0+tiu, xo = xg +tou, we have x1 + A(we —x1) = zo +t1u+ N2 —t1)u.
The thesis follows by noting that ¢(t1) > ¢(t2) and the logical implication
ot + AMta —t1)) = o(t1 + Mt2 — t1)) < @(t1), VA € [0,1] are equivalent to
f(x1) > f(z2), and f(x1 4+ AM(x2 — 21)) < f(z1), VA € [0,1], respectively.

2.19 If f is strictly quasiconvex, then obviously (i) and (ii) hold. Assume
now the validity of (i) and (ii). We must prove that f(z1) > f(x2) implies
flz1 + t(xe —21)) < f(x1), ¥t € (0,1). This implication follows from (i) if
f(z1) > f(x2). Consider the case f(x1) = f(x2) and assume, by contradiction,
that f is not strictly quasiconvex. Then, taking into account (i), there exist
t* € (0,1) such that f(x1 + t*(x2 — x1)) = f(x1) = f(x2). The restriction
o(t) = f(z1 + t(xe — 21)), t € [0,1] cannot be constant in [0,1] otherwise
any of its point is a global minimum, and this contradicts (ii). It follows that
©(t) attains its minimum value at a point £ € (0,1) such that ¢(t) < ¢(0) =
o(t*) = ©(1). Consequently, ¢(t) is not semistrictly quasiconvex on [0,7] if
t* <t or it is not semistrictly quasiconvex on [£, 1] if t* > £.

2.20 Assume that xg € intS is a global maximum. The non-constancy of f
implies the existence of z1 € S such that f(z1) < f(x0); since ¢ is an interior
point and the function is lower semicontinuous, there exists ¢ > 0 such that
the line segment I = {x = x1 +t(xo—x1), t € [0,1+¢€]} is contained in S and,
furthermore, f(z) > f(x1), Vx € I. By choosing ¢* € (1,14 ¢) and by setting
¥ = x1+t*(vo—2x1) we have zg € [x1, 2*] with f(x¢) > max{f(z1), f(z*)} =
f(x*), and this contradicts the semistrictly quasiconvexity of f which requires
Fro) < F(z°).

2.21 It is sufficient to consider the function f(z) =0 if =z # 0, f(0) = 1.

2.22 Assume that zy € intS is an interior local maximum point which is not
a local minimum. Then, in a suitable neighbourhood of z(, there exists a point
x1 € S such that f(z1) < f(zo). We achieve the thesis like as in Exercise 2.20.

2.23 Assume f(z1) > f(x2). The convexity of f implies f(Az1+ (1 —N)xzg) <
Af(@1) + (1= N f(22) < Af(z1) + (1 = A)f(21) = f(21).

Chapter 3

3.1 Obviously, a quasiconvex function cannot have semistrict local maximum
points. Assume now that ¢ is not quasiconvex; then, there exist t1,to € I
and to € (t1,t2) such that max{¢(t1),¢(t2)} < ¢(to). From the generalized
Weierstrass’ Theorem ¢ attains maximum value at a point t* € (¢1,t2) for
which max{p(t1), p(t2)} < @(to) < @(t*). Consequently t* is a semistrict
local maximum and this is absurd.
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—z2 <0
3.2 Consider the function f(z) = 0 0<z<2.
—(z—-2)2 z>2
The point zg = 1 is a semistrict local maximum but it is not a strict local
maximum point.

t+2 t<0
—t t>0 "%
tinuous, does not have any kind of maximum points and is not quasiconvex.

3.3 Consider the function ¢(t) = (t) is not upper semicon-

3.4 Obviously, a quasiconvex function cannot have semistrict local maximum
points. Assume now that ¢ is not quasiconvex; then there exist t1,to € [
and to € (t1,t2) such that max{p(t1), p(t2)} < ¢(to). From the Weierstrass’
Theorem, ¢ attains maximum value at an interior point t* € ({1, t2) for which
max{p(t1), p(t2)} < @(to) < @(t*). Consequently, t* is a semistrict local
maximum point with ¢’(¢*) = 0, and this is a contradiction.

3.5 The answer is negative. Consider for instance the quasiconvex function
f(z) = arctanz. We have f'(0) =1 > 0 and liT flx)=7.
T—T00

3.6 See Exercise 3.4.
3.7 (b).
3.8 The thesis follows from Theorem 3.2.9 and from Theorem 3.2.12.

3.9 It is sufficient to note that the derivative of the function ¢(y) = —; is

positive for all y # 0, so that — f(lz) is pseudoconcave (strictly pseudoéon—
cave) if f is pseudoconcave (strictly pseudoconcave). It follows that f(lw) is
pseudoconvex (strictly pseudoconvex).

3.10 Apply Theorem 3.2.11.

3.11 We prove the pseudoconvexity of f by showing the pseudoconvexity of
all its restrictions.
The restriction of f on a vertical line is an affine function which is pseu-

doconvex. The restriction of f on the line y = ma 4+ q, z > —1, is

2
p(x) =mz+q+ 1, and its derivative is ¢’ (z) = m((a;:rll));l. When m < 0,
@ is pseudoconvex since it is decreasing without critical points. If m > 0, we
have a feasible critical point at g = —1 + v/m~! which is a local minimum.

Since any restriction is pseudoconvex, f is pseudoconvex.
3.12 Apply Theorem 3.2.8.

3.13 From Theorem 2.4.1 the function is quasiconcave and it is also pseudo-
concave since V f(x) # 0, Vo € intR’}.

3.14 From Theorem 2.4.2 the function is quasiconcave and it is also pseudo-
concave since V f(x) # 0, Vo € intR’}.
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3.15 Since logz(x) is a concave (in particular, pseudoconcave) function
and the derivative of the exponential function is positive, €°8/(*) = z(z)
is pseudoconcave (see Theorem 3.2.11).

3.16 (a) This is a particular case of Exercise 3.15; (b) —z(x) is pseudoconcave;
(¢) —z(x) is strictly pseudoconcave.

3.17 From Theorem 3.17, the function 23 (z) = _9}2) is strictly pseudoconvex,

so that z(z) = —21%1) = J;Eg is strictly pseudoconvex (see also the solution
of Exercise 3.9).

3.18 Assume that f is not quasiconvex. Then, there exist x1,z2 € S, t* €
(0,1) such that f(z*) > max{f(x1), f(z2)} with * = 21 + t*(x2 — 21). By
setting ¢(t) = f(a1 + t(x2 — 1)), ¢ € [0, 1], the continuity of f implies the
existence of t1,ty € [0,1] such that t; < t* < ¢3 and ¢(t1) = @(t2). Let
z1 = x1 + ti(xa — 1), 22 = x1 + to(x2 — x1) and consider the level set
I'={xzeS: f(z) = f(21) = f(22)}. The convexity of I" implies [z1, 23] C I,
and this is a contradiction since z* € [z1, 22| and f(z*) > f(z1). Similarly, it
can be proven that f is quasiconcave so that the thesis holds.

The converse statement follows from (ii) of Theorem 3.3.1.

3.19 Obviously, (i) and (ii) imply the pseudolinearity of f. Let f be pseudo-
linear. We must prove that (zo — x1)TV f(z1) < 0 implies f(x2) < f(x1).
Assume, to get a contradiction, that f(x2) > f(x1). If f(x2) > f(x1) the
pseudoconcavity of f implies (72 — 21)TVf(21) > 0 and this is absurd. If
f(z2) = f(x1) the quasilinearity of f implies that f is constant on the line
segment [z, 2], so that (z2 — 21)TVf(z1) = 0 and this is absurd. Con-
sequently (i) holds. Similarly it can be proven that (zo — x1)TVf(z1) > 0
implies f(z2) > f(x1), so that the thesis follows.

3.20 Wehave {(z,y) € intR% : f(z,y) =k} = {(z,y) € intRT : (1-k*)y? =
(k(z+2)—1)?}. The level sets of the function are the intersection of the positive
orthant with the lines kz — v/1 — k2 y+2k—1=0if % < k < 1, and with the
lines kx + V1 —k2y+2k—1=0if -1 <k < J.

Since V f(z,y) # 0, VY(z,y) € intR?%, f is pseudolinear on intR2.

3.21 By setting f(z,y,2) = k, we have 2z +y — 2)2+ (4 — k)(2zx + y —
2)—1—4k =0,ie,20+y—2 = k_4i‘/k22+8k+20. It follows that the fea-
sible level sets are parallel hyperplanes. Since Vf(z,y,2) = (2,1,—-1)T +
(2atysztay: (21, =1)T #0, f verifies (i) and (ii) of Theorem 3.3.9 so that it
is pseudolinear.

3.22 (i) f(z,y,2) = a+ar+by+cz+a2, ax+by+cz+a?>0.
(i) flo,y,2)= “HEVEE o e intR2, 2 < +y.

z
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3.23 The level sets of the given functions are the following family of lines:
(a) 2kx — 4y + k? +2k = 0; (b) 2k + (4 — 2k)y —k? = 0; (c) k*z —y — 2k = 0;
(d) V1+k22 —ky+1=0.

3.24 Apply Theorem 3.3.12.
3.25 Hint: see the characterization of quasiconvexity given in Exercise 3.6.

3.26 By setting u = (u1,u2)”, we have u?'Vf(x1,22) = 0 if and only if
up(—2x1 — x3) + uz(—x1) = 0 or, equivalently, for all (z1,z2) € int?Rﬁ_, Uy =
ur(—=2— %) so that " V2 f (x)u = —2uf — 2uyuz = 2uf (1+ 22) > 0. Theorem
3.4.6 implies that f is pseudoconvex on int?Rﬁ_ and it is also quasiconvex on
S?i as a consequence of Theorem 2.2.12.

0 i1 3 (521111)2
3.27 The bordered Hessian is D(z1, z2) = oot 0 (mil)z
3+ (;21:_11)2 (12i1)2 —(i(zw_;f;%)
and we have D1 (z1,22) = —(mil)g < 0, Day(x1,22) = —(mil)g < 0, so that
from Theorem 3.4.13, f is pseudoconvex.
3.28 (a).
3.29 (b).

3.30 The answer is positive.

3.31 a<0, b<0, ¢<0, ac—b*><0.

3.32 Apply Theorem 3.4.12 and its analogous for pseudoconcave functions.
3.33 Apply conditions (i) and (ii) given in Exercise 3.32.

3.34 If f(z) # f(zo), (3.28) implies (3.27). Assume that f(z) = f(z¢) and
that (3.27) is not verified. Then, there exists ¢t € (0,1) such that y = zo +
t(x—xo) € S with f(y) > f(x) = f(x0). The continuity of the function implies
that the restriction of f on the line segment I of end points xzy, x attains its
maximum value at an interior point z* € ril so that we have f(a*) > f(y) >
f(x0). Since in the interval I* of end points z*, z, the function f assumes any
intermediate value between f(z*) and f(z), there exists a point z € riI* such
that f(x) < f(z) < f(z*). Consequently f(z*) > max{f(z), f(xo)} and this
contradicts (3.28) with z = z.

3.35 Consider the function f(z) = {é—m ZET =1

The function f is not quasiconvex at 2y = 0 according to (3.27), since f(xg) =
f(1) =0Dbut f(z) >0, Vz > 0. On the other hand, for every x such that
f(z) # f(0), (3.28) is verified since f is increasing in [0, 1).
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Chapter 4

4.1 Set V = {(—c",Az), z € R"}. System 1 is impossible if and only if
VN (intR- x R™) = (. Since —e* ¢ V C V*, Corollary 4.2.1 implies the
existence of a > 0, 8 € R such that a(—clz) + BT Ar = 0, Vo € R" or,
equivalently, —ac? + T A = 0. By setting y = iﬂ, the thesis is achieved.

4.2 System 1 is impossible if and only if
(Wl X WQ) N (Z’I’Lt%T X §Rs_) =0 (91)

where W7 = {Ax, x € R"}, Wy = {Bz, z € R"}.

By setting W = W; x Wy, from (9.1) we have W NintR™"* = () so that there
exist « € N7, B € N, (o, B) # (0,0) such that alw; + BTwy = 0, Yw, €
Wi, Ywy € Wo.

The existence of a separating hyperplane for which o € R\ {0} remains to
be proven.

If o« = 0 for every separating hyperplane, then from (i) and (ii) of Theorem
4.2.1, there exists w € W* N (intRN™ x R ) and this implies the existence of
w € W N (intR™ x RS, and this contradicts the impossibility of system 1.
Assume now that system 2 has a solution. Then, system 1 is impossible,
otherwise there exists z € R™ such that Az < 0, Bz < 0 for which we have
oAz + 37 Bz < 0.

4.3 System 1 is impossible if and only if
(Wl X WQ) n (znﬂRT X %i\{O}) =0 (92)

where Wy = {Az, x € R"}, Wy = {Bz, x € R"}.

By setting W = W x W, from (9.2) we have W NintR™"* = () so that there
exist a € N7, B € N, (o, 3) # (0,0) such that aTw, + BTwy = 0, Yw, €
Wi, Ywy € Ws.

It remains to be proven that if @« = 0 for every separating hyperplane, then
necessarily we have 5 > 0.

Since o = 0 implies § € R2\{0}, from (i) and (ii) of Theorem 4.2.1, there
exists @ € W* N (intR™ x R \{0}), and this implies the existence of w €
W N (intR™ x $5\{0}), contradicting the impossibility of system 1.

The proof of the converse statement is similar to that given in Exercise 4.2.

4.4 The proof of each statement is given by contradicting (4.3), that is
assuming the existence of a direction d* € R" such that Vf(zo)Td* < 0,
Vgi(xo)Td* <0, 1€ I(l‘o)

(i) Let d = d* + Ld where d € C°. We have Vgi(zo)Td < 0, i € I(x) and
Vf(x0)Td < 0 for n large enough, so that d is a feasible decreasing direction
and this contradicts the optimality of xzq.

(ii) We have d* € C' = clF so that there exists a sequence of feasible direc-
tions {d,,} converging to d*. Consequently it is possible to choose a feasible
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sequence of points {z,} converging to zy such that lim  *»~% = -
. . (zn)—f v d* .
Since f(z,) > f(xo), we have nll,rfoof(\flsz—igflﬂ\()) = f‘(lfl“*)” > 0 and this

contradicts the assumption V f(zo)Td* < 0.

(iii) We have d* € C = T so that 3 {x,} C S5, 3 {an} C R4, such that
Ty — To, Op — +00, ap(T, — xg) — d*. Since f(x,) > f(x0), we have
Vf(z0)Td* > 0 and this contradicts the assumption V f(xg)?d* < 0.

4.5 Assume, by contradiction, the existence of Z € S* such that f(z) <
f(x0). The assumptions of generalized convexity imply V f(z0)? (Z — z0) < 0,
Vgi(z0)T (7 — x0) <0, i—l manth( ) (@ —20) =0, j=1,..,p.

Consequently (Vf(xzo) + Z/\ Vgi(xo) + Zu]Vh (20))"(Z — 20) < 0 and
=1 J=1
this contradicts the Karush—Kuhn—Tucker conditions.

4.6 Let xg be a global maximum of S. From Theorem 1.2.8, xo can be
expressed as a convex combination of finitely many extreme points :c ;"™ of

S. Applying the Jensen’ Inequality (see (1.4)), we have f(xo) (Z i ) <

Z)\if(xi)7>\i >0, 1= Z = 1. If f(a') < f(xo) for all i, then

f(zo) < Z Aif(x f(xo) and this is absurd. It follows that f(z*) = f(z0)

for some z and the thesis is achieved.

4.7 Applying the Karush—-Kuhn—Tucker conditions which are necessary and
sufficient for optimality because of the pseudoconcavity of U(z), we have

zi(p.m) = 12U (a).

n
Taking into account that Zpixi =m = Zal = , the thesis
i=1

is achieved.
n

(b) In this case, since Zai = 1, we have x;(p,m) = Al Ux) = u =
i=1

)\uH )%, so that A = H % and e(p, u Zplxl = uH al

i=1 Z

4.8 Since the objective function poy — p”z is linear and F is concave, we
can apply the Karush-Kuhn-Tucker conditions which become necessary and

sufficient for optimality.
n

We have z;(po,p) = gjpoF(as) and F(z) =y = Hzf‘l This last equality
i=1
implies (a) and by substitution, (b) follows.
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4.9 Let x1, 22 be optimal solutions of problems P(«a1), P(as), respectively.
We have g(z1) < a1, g(x2) < ag, so that the convexity of ¢ implies g(Ax; +
(I = XNxz2) < Ag(z1) + (1 — Ng(z2) < Mg + (1 — Nag. By setting @ =
Aag + (1 — N, it follows that & = Azy + (1 — X)xo is feasible for problem
P(@) and consequently, z(a@) < f(Z). From the convexity of f we have z(a) <
Af(z1) + (1 =N f(z2) = dag + (1 — Nae.

4.10 Referring to Exercise 4.9, it is sufficient to note that f(z) = ¢’z and
g(x) = Ax — b — Qu are convex functions.

Chapter 6

6.1 Q(z) = (z—s)TQ(z — s) — 357 Qs. Since §(z — s)TQ(z — s) < 0, we
have Q(z) < —3s7Qs.

6.2 See Corollary 4.6.2.

6.3 (a) s=-Q '¢= (1,07, 5+T ={z = (1,007 + (1,1)T + p(-1,2)7,
a>0,8>0}

(b) Note that Q(z) = j(z — 5)TQ(z — 5) — }s7Qs with }s7Qs = 2. Since
(@ —$)TQ(x — s) <0, we have Q(z) < —2.

(¢) The Hessian matrix of f is negative semidefinite on s + 7'

6.4 Q(v1,12) = —22% — 3x119 — 23,
6.5 The function is quasiconvex on s+ T and on s — T where s = (-1, —4)T

and T' = {(xth) = OL(O,I)T +ﬂ(172)Taa > Ovﬂ > O}a Q(IlazQ) is
pseudoconvex on (s +=T)\{s}.

6.6 H = {(1‘1,1‘2) eRNZ: r1 — 3x9 + ho > 0}7 ho < —1.
6.7 Q(l‘l,l‘g) = —2(31‘1 + 332)2 + 5(31‘1 + 21‘2), 0 < —12.

6.8 The answer is negative since every boundary point of H is necessarily a
critical point of Q(z).

6.9 (a) Q(x1,12) = —m122 — 23; (b) Q(21,12) = —3172 + 23;
(¢) Qz1,22) = zf — 3.

6.10 It is easy to verify that the maximal domains of quasiconvexity
of Qo(z1,22) = kxizo,k < 0 are R2 and R2. Conversely, by setting
2Qo(z1,12) = ax? + 2Br122 + Y23, we have, from Theorem 6.5.8, o < 0,
B <0,7<0.If a <0, then Qp(1,0) < 0 so that, by continuity, Qq(z1,z2) < 0
on a suitable neighbhourhood of (1, 0) and this implies that %i % T. 1t follows
that o = 0 and, by similar arguments, that v = 0.

6.11 It is easy to verify, by applying Theorem 6.5.7, that Qo(x) = Sx1x2 +
@171 + qexze, [ < 0 is merely pseudoconvex on 3‘%3_ for all ¢ = (q1,q2)7 <
0. Conversely, note that @ is necessarily nonsingular, so that we must have
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q's = —q"Q71q > 0 for all ¢ < 0 or, equivalently, (see also Theorem 6.5.8),
VQ% - 25q1q2 + Oéqg > 0 for all ¢ < an2 < 0. Since o < O,/()) < Oa7 < 07
necessarily we have a = v = 0,6 < 0.

6.12 Apply Theorem 6.6.1 to the case ¢ = 0.

6.13 Follow the same line of the proof given in Theorem 6.6.1.

Chapter 7

7.1 Case (ii) of Theorem 7.2.3 occurs; f is pseudoconvex if and only
if go > —3.

7.2 Case (iii) of Theorem 7.2.3 occurs; f is pseudoconvex if and only if
qo > 10.

7.3 The proof is similar to the one given in Theorem 7.2.4.

7.4 Suppose, by contradiction, that v_(A) > 1 and let v; and ve be two
linearly independent eigenvectors associated with two negative eigenvalues
of A. Let W be the linear subspace generated by v; and vs. Let us note
that dim(ker A) < n — 2, so that ker A # b* and Wb+ # . Let v €
W Nbt, v # 0. Since v is a linear combination of v; and v,, we have v7 Av < 0.
Consider the line z = x¢ + tv, zg € S, t € R which is contained in S
since bz + by = bTxg + by > 0. It is easy to verify that the restriction
o(t) = f(xo + tv) is of the kind ¢(t) = at? + Bt + v with @ < 0 and this
contradicts the pseudoconvexity of f.

7.5 Consider f(x,y) = w"+v° =10 and its restriction on the line y=ux+3,

/ (412
ie, p(z) = 2“7(1161:3;1. We have ¢'(x) = &fo;g,

local maximum point for ¢(z). Consequently, ¢(x) and in turns f(x), is not
pseudoconvex.

so that x = 4 is a strict

7.6 Let us note that cases (ii-iv) of Theorem 7.4.2 do not occur since the
non-singularity of A implies the existence of « satisfying (i). In fact, we have

b— Hz(lJ‘QA_la = aA71b, so that a = Hb\lzlf:gz_flifbilb). By substituting « in
(i) of Theorem 7.4.2, together with a”'b = Hi(l)\ aTA=la + abT A=1b, the thesis
is achieved.

7.7 Counsider f(z,y) = (;f;“_’:)g and its restriction on the line = 0.

7.8 The non-singularity of A implies the validity of (i) of Theorem 7.4.2
2 T A—1
with o = Il szgT_sz DI bTA £ 0, (ii) follows (see also the proof
2
given in Exercise 7.6). If b7 A=1b = 0, from b — ”Z(‘)l A~ 'a = aA~'b, we have
bT A='a = by. Substituting in (i) of Theorem 7.4.2 the thesis is achieved.
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7.9 (i) and (ii) follow directly from Theorem 7.4.2 by setting A = 0. The

T
Hessian matrix of f, given by V2f(z) = 2% w(:g‘;):i()ﬁo_kb‘))bb:r, is negative

semidefinite in case (ii), while it is positive semidefinite in case (i) with k& > 0.
In case (i) with & < 0, the function f is not necessarily convex as can be

verified by analyzing the function f(x) = (;fl’fg

7.10 Case (i) of Theorem 7.4.2 occurs; f is pseudoconvex on S if and only
if agp Z %

7.11 Case (ii) of Theorem 7.4.2 occurs; f is pseudoconvex if and only if
aop Z 1.

7.12 Case (iii) of Theorem 7.4.2 occurs; f is pseudoconvex if and only if
bO € [_%7 ?2’]’ bO # 0.

7.13 Case (iv) of Theorem 7.4.2 occurs; f(x) is pseudoconvex if and only
if as S é

7.14 Firstly, consider the case where a and d are linearly independent.

The function A is obtained from g of Theorem 7.2.4 by setting b = d, by = dj,
ap = 0. Since d = d1a + d2d if and only if 6 = 0, d2 = 1, condition (ii) of
Theorem 7.2.4 never occurs. Furthermore, condition (i) of Theorem 7.2.4 is
equivalent to having do = v1 + do, co > (71 + do)72, so that v1 =0, co > ~ado
and ¢ = y1a + y2d = vad. Consequently, (ii) holds with ¢ = 7s.

Consider now the case where a and d are linearly dependent, i.e., a = kd.

We have h(zx) = k(dTw)2'Z(Tkj_‘;_‘fltc)Tw+co. If £ > 0, the numerator is a convex
function so that (i) holds (see also Theorem 3.2.10). If k < 0, by referring to
Theorem 7.2.3, we have Q = 2kdd”, ¢ = kdod + ¢, qo = ¢o. Since Qy = d if
and only if d”yj = . , case (ii) of Theorem 7.2.3 never occurs since k < 0. By
referring to (iii) of Theorem 7.2.3, QT = —q is equivalent to stating that ¢ = td
with t = —k(do + 2d*'z), while the condition (d%Z +do)? + 2n(z)d"y < 0 is
equivalent to ¢y > tdy.

7.15 (a) Case (iv) of Theorem 7.3.2 occurs;

D = {(Il,l’g) e R?: 3x1 +2x24+6 >0, v1 +422+ 3 >0}

(b) Case (v) of Theorem 7.3.2 occurs;

Dy = {(1‘173&‘2) cR2: Sr1 — 22 — 15 >0, 207 — 22+ 8 > 2},

Dy = {(1‘173&‘2) 6%2251‘1 — 9 — 15 <0, 0 <224 —$2+8<2}.
(c) Case (iii) of Theorem 7.3.2 occurs;

D, = {(:l)l,ﬂjg) € R?: 3r1+ 5x0 +2 > 1},

Dy = {(:l)l,ﬂjg) ERNZ:0< 3r1+ 50 +2 < 1}

(d) Case (i) of Theorem 7.3.2 occurs;

D = {(x1,22) € R% : =221 + 622 + 7 > 0}.

7.16 (a) When 6 = 0, case (i) of Theorem 7.3.2 occurs; D = {(z1,22) € R?:
2x1 + 3x2+ 5 > 0}.
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When 6 > 0, case (iv) of Theorem 7.3.2 occurs; D = {(x1,z2) € R2 : 421 +
(64+60)xo —80+10 > 0, 2z1 +3x2+5 > 0}. When 6 < 0, case (v) of Theorem
7.3.2 occurs;

D, = {(131,932) e R 41’1+(6+0)l‘2 — 80+ 10 > 0, 221 + 322+ 5+ é > 0},
Dy = {(z1,22) € R? 1 da1 + (6+0)x2 — 80+ 10 < 0, 0 < 221 +3z2+5 < — 4}
(b) When ¢g = 3, f reduces to a linear function.

When ¢y > 3, case (i) of Theorem 7.3.4 occurs;

D = {(1‘1,1’2) e R2: 21 4+ 229 + 3 > 0}

When ¢y < 3, case (ii) of Theorem 7.3.4 occurs;

Dy = {(z1,22) € R2 : 201 + 220 +3 > \/3 o),
Dy = {(z1,22) € R?: 0 < 231 + 272+ 3 < \/g> — o}

7.17 (a) Case (iii) of Theorem 7.5.1 occurs, with =1, 6 = =1, A\;, Ao = 1.
(b) Case (ii) of Theorem 7.5.1 occurs, with v = —1.

7.18 f is pseudoconvex if and only if mo > 4. When mo = 4, case (i) of
Theorem 7.5.1 occurs, with a = 1. When mg > 4, case (iii) of Theorem 7.5.1

occurs, with B= 2 6= ""0%2 N\, =2 \y =

m0—47 m0—4 ’ m0—4’
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A

Mathematical Review

In this Appendix, we shall collect definitions, notation, and some basic results
from Linear Algebra and Analysis that are used frequently in the book. More
details can be found in the standard text-books on these topics.

A.1 Sets

If S is a set and « is an element of S, we write x € S. We write z ¢ S if x is
not an element of S.

The union of two sets S and T, denoted by S UT, is the set consisting of the
elements which belong to either S or T

The intersection of two sets S and T, denoted by S NT, is the set consisting
of the elements which belong to both S and T

If every element of a set S belongs to a set X, we say that S is a subset of
X and we write S C X if the inclusion is proper (that is there exists at least
one element x of X such that ¢ S), otherwise we write S C X.

The complement of a set S C X, denoted by S, is the set {x € X : x ¢ S}.
The Cartesian product of the sets S,T, denoted by S x T, is defined as
SxT={(st):s€S, teT}.

Maps

Let S, T be sets. A map F from S to T is an association with to every element
of S associates an element of T'; if € S, then we denote by F(x) the element
of T associated with x by F. We call F(x) the value of F at z or also the
image of x under F. The set of all elements F(x), for all z € S, denoted by
F(S), or ImS, is called the image of F.

Sets of Real Numbers

The set of real numbers (also referred to as scalars) is denoted by .

If @ and b are real numbers, [a, b] denotes the set of real numbers z satisfying
a < x < b. A rounded, instead of a square, bracket denotes strict inequality
in the definition.
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For any real number x, the absolute value of x, denoted by | z |, is defined as
follows:

x x>0
|z|=< —z 2 <0
0 =0

If S is a subset of R bounded below, that is there exists m € R such that
x> m, Yz € S, then there is a greatest real number ¢ such that x > ¢ for all
x € S. The number ¢ is called the infimum of S and is denoted by inf S.

We write ¢ = —o0, if S is not bounded below.

Similarly, the least upper bound or supremum L of a set S is denoted by sup .S
and we write L = +o00, if S is not bounded above.

A.2 The Euclidean Space R™

An n-vector is an ordered n-tuple of real numbers and it will be viewed as
Z1

T2
column vector, that is x =

In
The set of all n-vectors is denoted by R". For any = € R", 27 denotes the
transpose of z, which is an n-dimensional row vector. For typographical rea-
sons, we shall write x = (z1,...,2,)7, or 27" = (21, ..., 2,,).
In R™ vector addition and scalar multiplication are defined by the formulas
r4+y=(r1+y1, ., T +yn)T, ar = (ax1,...,ax,)7.
The zero vector, denoted by 0, is a vector consisting entirely of zeros.
The i-th unit vector, denoted by e, consists of zeros except for a 1 at the i-th
position.
One of the important features of ™ is that it is an n-dimensional linear space
(also referred as a vector space) which is a set of elements x,y, z, ... called
vectors, for which the operations of addition of vectors and multiplications of
vectors by scalars «, 3,7, .. are defined and are subject to the following basic
rules from which all others can be derived:
srx+y=y+z v+ y+z2)=(+y) +z;
e there exists a vector 0 such that  + 0 = x for all 2. For each x there is an
element (—z) such that 2 + (—x) = 0;
o ar = za, afBx) = (af)x, (a+ f)z = ax + Bz, 1 -z =z, 0z = 0, where 0
in the left member denotes the scalar zero.
A subspace V of R™ is a subset of R™ with itself constitutes a linear space.
V' is a subspace of R™ if and only if it is closed with respect to the addition
and with respect to the multiplication by a scalar, that is ax + By € V for
every x,y € V and for every a, 3 € R.
A linear manifold W of R™ is a translated subspace, that is a set of the form
W=w+V={w+uz, zeV}.
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A set of m vectors x!, ..., 2™ is said to be a set of linearly independent vectors

if a relation of the form Y a;a' = 0 holds if and only if ay = ... = o, = 0.
1=1

Vectors are linearly dependent if they are not linearly independent.
S

If S is a nonempty subset of ™, the set of all linear combinations x = Z a;x’
i=1
of vectors z!, ..., % in S is a subspace called the subspace generated or spanned
by S.
Given a subspace V' of R", a basis for V is a collection of vectors of V' that
are linearly independent and that spanned V. Every basis of a given subspace
has the same number of elements. This number is said to be the dimension of
V', denoted dimV, and it is equal to the maximum number of linearly inde-
pendent vectors in V. The unit vectors e',..,e" constitutes a basis of R".
A subspace of R™ is proper if and only if its dimension is less than n. The
dimension of a linear manifold W = w+V is the dimension of V' and we write
dimW = dimV.
Linear manifolds of dimension 0, 1 and 2 are called points, lines and planes,
respectively. An n — 1-dimensional linear manifold is called a hyperplane.
Let U, V be subspaces of R". Then, UNV and U+V = {u+v, uec U, v €V}
are subspaces verifying the relation dim(U+V) = dimU +dimV —dim(UNV).

The Scalar Product
The scalar or inner product ™y of two vectors x,y € R" is defined as

n
oty = Z ZLiYi
i=1

The basic properties of the scalar product are as follows:

o 27z > 0 for every x; 72 = 0 if and only if 2 = 0;

o uTy=yTa;

o (ax + By)Tz = ax®z + By 2.

The vectors z,y are said to be orthogonal if 7y = 0.

If V is a subspace of R", the orthogonal complement of V, denoted by V=,

consists of all vectors that are orthogonal to every vector on V; V=1 is a sub-

space and together V and V= span R" in the sense that every € R" can

be written uniquely in the form x = v 4+ w with v € V, w € V+. We have

dimV + dimV+ = n.

A set of vectors x!,...,2° is said to be orthogonal if (z)T27 = 0,i,j =

1,..8,1 # j; if in addition (z%)Ta® = 1,7 = 1,...s, the set of vectors is called

orthonormal. An important fact is that every subspace 8" has an orthogonal
X3

() Ty

Several times, in the book the vectors z',...,z° are denoted by z1,...,xs;

however, this variation in notation will be clear in the context.

S

basis which reduces to an orthonormal basis substituting z* with

1
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By means of the scalar product, a hyperplanes may be characterized as fol-
lows:

H C R™ is a hyperplane if and only if there exist o« € R™\{0},8 € R, such
that H = {x € R" : oTx = B}, with a, § unique up to a common non-zero
multiple.

Corresponding to a hyperplane H there are the positive and negative closed
half-spaces

Ht={zeR":a’z>p}, H ={zcR":a’2 < p}
and the positive and negative open half-spaces
intHY ={x e R":a’x > B}, intH™ ={z e R": o’z < 3}

Moreover, every linear manifold of R™ is an intersection of a finite number
of hyperplanes.

In particular any line may be expressed as an intersection of n— 1 hyperplanes.
A line may be also usefully expressed in parametric form.

The line through x; € R" and zo € R, with x1 # x4, is

{zeR" :x=21+ ANx2 —21), A€ R}
The line through xg and direction u with xg,u € R, is
{zeR" :x=x9+1tu, t € R}

The set r = {z € R" : © = xo + tu, t > 0} is the half-line through z¢ and
direction u, while the set

[t1, 2] ={z eRN" :z =21 +t(xzs — 1), t €[0,1]}
is the line segment of end points x1, x2.

Matrices
A matriz is a rectangular array of numbers, called elements. We write

ailr a2 - Qin

A:

Am1 Am2 **° Amn

for a matrix A having m rows and n columns. Such a matrix is referred as an
m x n matrix. The notation A = [aij] is used.

The transpose of A, denoted by AT, is the n x m matrix AT whose ij element
is [T

An m x n matrix whose elements are all zero is called a zero matriz and
denoted by O.

The sum of two m x n matrices A = [aij] and B = [bij] is the matrix



A.2 The Euclidean Space R" 233

A+ B = [aij 4 bij]. The product AA of a matrix A and a scalar A, is obtained
by multiplying each element of A by A. The product AB of an m x n matrix

A and an n x p matrix B is the m x p matrix C' with elements ¢;; = Z aixbr;.
Let A be an m x n matrix. The range space or image of A, denoteéC bly ImA,
is the set of all vectors z € R™ such that z = Az for some z € R", ie.
ImA={ze R :z= Az, x € R"}. ImA is the subspace of ™ spanned by
the columns of A and its dimension is the maximum numbers of the columns
of A which are linearly independent. The kernel of A, denoted by kerA, is the
set of all vectors x € R" such that Az = 0, i.e., kerA = {z € " : Az = 0}.
kerA is a subspace of ®" and we have dim(kerA) + dim(ImA) = n.

The rank of an m x n matrix A, denoted by rankA, is equal to the maximum
number of linearly independent columns in A. This number is also equal to
the maximum number of linearly independent rows in A. A is said to be of
full rank if the rank of A is equal to the minimum of m and n.

Square Matrices, Eigenvalues, and Quadratic Forms

Let A be a square matrix (a matrix with m = n). We use I to denote the
identity matriz that is the matrix [a;;] with a;; = 0 for i # j, and a;; = 1 for
i=1,2,...,n. Ais said to be symmetric if AT = A, i.e., a;; = aj; for all ¢, .
A is diagonal if a;; = 0 whenever ¢ # j. A is nonsingular or invertible if there
is a matrix A~!, called the inverse of A, such that A='A =1 = AA~'. Ais
nonsingular if and only if its determinant, denoted by detA, is non-zero.

If A and B are square matrices we have:

(AB)T = BTAT (A=H)T = (AT)"!, (AB)"' =B~ 1AL

Corresponding to an n X n square matrix A, a scalar A and a non-zero vector
x satisfying the equation Ax = Az are said to be, respectively, an eigenvalue
and eigenvector of A; X is an eigenvalue of A if and only if A— AT is singular or,
equivalently, if and only if det(A — AI') = 0. This last result, when expanded,
yields an n-th order polynomial equation which can be solved for n complex
roots A which are the eigenvalues of A.

When A is symmetric we have the following special properties:

(a) the eigenvalues of A are real numbers;

(b) eigenvectors associated with distinct eigenvalues are orthogonal;

(c) there is an orthogonal basis for ", each element of which is an eigenvec-
tor.

A symmetric n x n matrix A is said to be positive definite if 7 Az > 0 for all
x €R", x #0. It is called positive semidefinite if 7 Az > 0 for all z € R™.
We have the following properties:

e For any m x n matrix A, the matrix AT A is symmetric and positive semi-
definite. AT A is positive definite if and only if rankA = n;

e A square symmetric matrix is positive semidefinite (positive definite) if and
only if all of its eigenvalues are non-negative (positive);

e The inverse of a positive definite matrix is positive definite.
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A.3 Topological Concepts

The Euclidean norm of a vector x is defined by
|z |= VaTa

From the properties of the scalar product there follows the following basic
properties:

I.|lz || >0forall z € R || z || =0 if and only if z = 0;

2. || az || =a| = || for every a € R and every z € R";

B lz+yl <zl + |yl forall 2,y € R™ (triangle inequality);

Another important inequality, called the Cauchy-Schwartz inequality, states
that for any two vectors x,y, we have

4. | 2Ty | < | 2 ||| v || with equality holding if and only if y = ax for some
scalar a.

The Euclidean norm allow us to define some topological concepts.

A ball around z¢ and radius € is the set B(xg,€) = {x € R™ :|| © — a0 || < €}.
Such a ball is also referred to as the neighborhood of ¢ of radius e.

Let S be a set of ™. A point x( is an interior point of S if there exists € > 0
such that B(zg,€) C S. A point xq is an accumulation point or a limit point of
S if every ball around z( contains a point & # xy belonging to S. A point xg
is an isolated point of S if xg € S but it is not a limit point of S. A point
xp is a boundary point of S if every ball around x( contains points in S and
points not in S. Finally a point zq is an exterior point of S if it is interior to
the complement of S.

A set S is:

e open if all of its points are interior points;

e closed if it contains all of its limit points;

e bounded if it is contained in a ball;

e compact if it is closed and bounded.

The complement of an open set is closed, and the complement of a closed set
1S open.

The interior of S, denoted by intS, is the set of its interior points. The interior
of a set is always open. The boundary of S, denoted by 0S5, is the set of its
boundary points.

A set S is closed if and only if S C S. The closure of S, denoted by clS, is
the smallest closed set containing S.

The union of open sets is open. The intersection of finitely many open sets is
open.

The union of finitely many closed sets is closed. The intersection of closed sets
is closed.

Every linear manifold in R™ is closed.

A sequence of vectors w1, ..., T, ..., denoted {x}, is said to converge to the
limit x if || xx — 2 ||— 0 as k — o0, that is if for any given € > 0, there is
a N such that & > N implies || x; — 2 ||< e. If {z)} converges to x, we write

T — x or lim xp = x.
k—-+o00
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A set S is closed if and only if the limits of convergent sequences in S are in
S, that is {xx} C S, xx — x implies x € S.

A point x is a limit point of the sequence {xy} if there is a subsequence of
{z1} convergent to .

An important result, known as the Bolzano-Weierstrass Theorem, states that
a set S is compact if and only if every sequence of elements of S has a
subsequence that converges to an element of S.

A .4 Functions

A map f from S C R"™ to R is referred as a real-valued function defined on S.
A map F from S C R" to R™ is referred as a vector-valued function defined
on S. F can be equivalently expressed by F(z) = (fi(z),..., fm(x)), where
fi(x),i=1,...,m, are real-valued functions defined on S.

In this book, a real-valued function is referred as a function. This variation
will be clear in the context.

Continuity

Let S be a nonempty set of R and let f be a function defined on S.

e f is said to be lower semicontinuous at xo € S, if for each € > 0 there exists
d > 0 such that z € S and || z — z¢ ||< 0 implies f(x) > f(xg) — €.

The lower semicontinuity of f at xg € S is equivalent to the following state-
ment: [ is lower semicontinuous at zo € S, if for any sequence {x,,} C S such
that x, — xo and f(z,) — 2, we have z > f(xg).

e f is said to be upper semicontinuous at xg € S, if for each € > 0 there exists
d > 0 such that z € S and || z — z¢ ||< 0 implies f(x) < f(zo) + €.

The upper semicontinuity of f at z¢ € S is equivalent to the following state-
ment: f is upper semicontinuous at zo € S, if for any sequence {x,} C S such
that x, — xo and f(z,) — z, we have z < f(xg).

e f is said to be continuous at z¢ € 9, if it is both lower semicontinuous
and upper semicontinuous at x or, equivalently, if for each € > 0 there exists
d > 0 such that z € S and || z — z¢ ||< 0 implies || f(z) — f(z0) [|<e.

The continuity at z¢p € S is equivalent to the following statement: f is con-
tinuous at xo € S, if for any sequence {x,} C S such that z,, — xo we have
F(n) = (o).

e f is said to be continuous (lower semicontinuous, upper semicontinuous) on
S if f is continuous (lower semicontinuous, upper semicontinuous) at every
element of S.

e The FEuclidean norm and the scalar product are continuous functions.
Sums and products of continuous functions are continuous functions; a com-
posite of continuous functions is a continuous function.

e Let S be a nonempty set of R and let F(z) = (fi(x),..., fm(x)) be a
vector-valued function on S. F' is said to be continuous (respectively, lower
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semicontinuous, upper semicontinuous) on S if each function f;, i = 1,...,m,
is continuous (respectively, lower semicontinuous, upper semicontinuous) on S.

Infimum of a Function

Let f be a real-valued function on S C R®”. The infimum of the image f(5),

i.e., the largest number ¢ (with £ = —oo admitted) such that f(z) > ¢ for all

x € S is called the infimum of f on S. It is denoted by inf f(x). In general,
resS

the value inf f(x) may or may not be attained. If there is a point 2o € S such
€S
that f(zg) =inff(x), this is expressed by writing f(z¢) = milgf(m).
€S re

Such a point zg is called a global minimum for f on S and f(xg) is the mini-
mum value of f on S.

Similarly, the supremum of the image f(5), i.e., the smallest number L (with
L = 400 admitted) such that f(z) < L for all x € S is called the supremum

of f on S. It is denoted by supf(x). If there is a point xg € S such that
reS
f(zo) = supf(x), this is expressed by writing f(z¢) = meaécf(m)
€S z
Such a point xq is called a global mazimum for f on S and f(x¢) is the max-

imum value of f on S.
It is clear that on S

inff(x) = —sup(—f(x)); supf(z)=—inf(-f(z))

reS resS reS eSS
One of the basic problems in Optimization is to determine conditions which
imply the existence of the minimum and/or the maximum value of a function.
With this regards, the following theorem holds.

The Generalized Weierstrass Theorem

Let S be a nonempty compact set of i&". Then:

(i) A lower semicontinuous function f on S attains its minimum value on S,
i.e., there exists xg € S such that f(xg) = glelglf(m)

(ii) An upper semicontinuous function f on S attains its maximum value on
S, i.e., there exists zg € S such that f(z¢) = maécf(m).
Te

(iii) A continuous function on S attains its minimum and maximum values
on S, i.e., there exists 1 € 5, zo € S such that f(x;) = miglf(m) and
re

= ma .
f(@2) = maxf(z)
Derivatives and Differentiability

Let S be an open set of ", and let f be a function defined on S. We define
its partial derivative at a point x € S by

Of() _ . fla+te) - f(@)

81‘1— t—0 t
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if the limit exists. Assuming all of these partial derivatives exist, the gradient
of f at xg is defined as the column vector

of(z)
61}1
af(x)
Vi@=| "7
of ()
0Ty
We shall say that f is differentiable at xy € S if the gradient of f at z( exists
and

f(@) = fwo) + Vf(z0)" (x — x0) + o(x — o)
where o(z — xg) is such that zlin% o(z —x9) = 0.

The function f is said to be differentiable on an open set S if it is differentiable
at every point of S.

If f is differentiable on an open set S it is obviously differentiable on an
arbitrary subset of S (not necessarily open). For such a reason, we shall say
that f is differentiable on a subset X C R™ if it is differentiable on an open
set containing X .

The gradient of f thus takes the place of a derivative. The rules for derivative
hold as usual: if f, g are differentiable on S, and o € R, then

V(f(z) +9(x)) = Vf(z) + Vg(x); Vaf(z)=aVf(z)

V (f(x)g(x)) = g(x)Vf(x) + f(2)Vg(x)
( (m)> 9(@)V f(x) = f(2)Vy(z)
(@) (g(x))*

If f is differentiable on an open set S and the gradient V f(x) is a continuous
function of x, f is said to be continuously differentiable on S.

If in addition, each partial derivative is a continuously differentiable function,
we say that f is twice continuously differentiable on S. We use the notation

gwf a(w) to indicate the i-th partial derivative of 6];(”_”)
J

9% f(x)
i0x ;)

sian, of f and it is denoted by V2 f(z). If f is twice continuously differentiable
on S, the Hessian of f is symmetric.

at a point z € S.

The matrix whose ij-th entry is 5 is called the Hessian matrix, or Hes-

If F(z) = (fi(x),...fm(x)) is a vector-valued function defined on an open set
S C R™, it is called differentiable (respectively, continuously differentiable) if
each component f; of F' is differentiable (respectively, continuously differen-
tiable). The Jacobian matriz of F, denoted by J(F(x)), is the m x n matrix
whose i-th row is the transpose of the gradient V f;(z), i.e.,
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6f1 (w) .. 6f1 (w)

Ox1 Oy
6f2(w) . 6f2(w)
JE@) = | om T om

6fm(aj) . afﬂl(w)
Ox1 Oxy

The Directional Derivative

Let S be an open set of %", and let f be a function defined on S. For any
zo € S and for any u € R", setting ¢(t) = f(zo + tu), we define the one-sided
directional derivative of f at x( in the direction u, to be

#(0) = lim o(t) —¢(0) _ lim Flzo + tu) — flxo)
t—0+ t t—0t t

provided that the limit exists.
If f is differentiable on S, we have

@' (t) = V(f(xo+tu) u; ¢'(0) =V f(xo) u.

The Second Directional Derivative
If f is a twice continuously differentiable function on S, we have

" (t) = uT V2 f (w0 + tu)u; ¢ (0) = uT' V2 f(xo)u.

The Mean Value Theorem
Let S be an open set of R, and let f be a continuously differentiable function
on S. If x1, 25 € S, then there exists 6 € [0, 1] such that

flaz) = f(z1) + Vf (21 + 0(z2 — 21))" (22 — 21)

Furthermore, if f is a twice continuously differentiable function on S, then
then there exists 6 € [0, 1] such that

f(x2) = f($1)+vf(331)T(932—331)+;(332—331)TV2f (14 0(x2 — 1)) (x2—21)

Implicit Function Theorem
Consider a set of m equations in n variables

hi(z) =0, i=1,2,...,m.

The implicit function theorem addresses the question as to whether if n —m
of the variables are fixed, the equations can be solved for the remaining m
variables. Thus, selecting m variables, say 1, ..., Ty, we wish to determine if
these may be expressed in terms of the remaining variables in the form

i = Gi(Tma1y o Tn), T=1,..,m.
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Theorem Let 2° = (29,...,20) € R" be such that:

(i) hi(x) =0, i=1,...,m.;

(ii) The functions h;, i = 1,...,m, have continuous partial derivatives of order
p in some neighborhood of x° for some p > 1;

(iii) The m x m Jacobian matrix

Oh1(z%)  Ohi(x°)

Oz OTm,
6h2(a:0) - 6h2(a:0)

J = 60'01 6afm
ma(azo) . Ohom (zo)

oz 0T

is nonsingular.

Then, there exists a neighborhood of 2° = (29, ,...,2%) € R"™™ such that
for & = (41, ..., Tn) in this neighborhood there are functions ¢;(z), i =
1,2, ...,m, such that

(i) ¢; has continuous partial derivatives of order p, i = 1,2, .., m;

(ii) ? ¢i(2 )’ i=1,...,m;

(iil) hi (¢i(Z), P2(&), ..o, D (2),2) =0, i=1,...,m.

Local Minima and Maxima

Let S be a subset of 1", and let f be a function defined on S.

A point zp € S is said to be a local minimum for f on S if there exists a ball
B(zg, €) around z and radius € such that

f(z) > f(xo), Vo € B(zg,e) NS

If B(xo,¢€) can be chosen so that the strict inequality f(x) > f(x0) holds for
all z € B(xg,€) NS, x # x0, the point zq is said to be a strict local minimum.
It is clear that a global minimum is a local minimum. The converse, however,
is not true.

The corresponding definitions for a local mazimum and for a strict local maxi-
mum are obtained from the definitions just given by reversing the inequalities
and replacing “minimum” by “maximum”.

Necessary Optimality Conditions

Let ¢ be an interior point of S. If xg is a local minumum or a local mazimum
and f is differentiable at xo, then V f(zo) = 0.

The above condition is called a first-order optimality condition since it uses
the first partial derivatives of f.

A point x such that V f(zg) = 0 is referred as a critical point.

Necessary optimality conditions stated in terms of the Hessian of f are called
second-order optimality conditions. One such condition is given below.

Let xg be an interior point of S. If xq is a local minumum (respectively, local
mazimum) and f is twice continuously differentiable on S, then V f(zp) =0
and V2 f(xg) is positive semidefinite (respectively, negative semidefinite).
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Sufficient Optimality Conditions

Let f be a twice continuously differentiable function on S. If V f(z() = 0 and
V2 f(z0) is positive definite (respectively, negative semidefinite), then x¢ is a
strict local minimum point (respectively, strict local maximum).
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Concave and Generalized Concave Functions

In this Appendix, for the sake of completeness and taking also into account
that concave and quasiconcave functions are more frequently encountered in
Economics, we shall present the definitions and the main properties of these
functions.

Definitions
Let S C R™ be a convex set. A function f defined on S is said to be:
(a) concave on S if if for all z1, 25 € S,

fAzr+ (1 = Nax2) > Af(z1) + (1 =N f(z2), YAe[0,1].
(b) strictly concave on S if for all z1,z9 € S, with z1 # o,
fAz1+ (1 = Nax2) > Af(z1) + (1 =N f(z2), YA€ (0,1).
(¢) quasiconcave on S if for all x1, 20 € S,
O+ (1= Nzz) = mind f(zn), f@2)}, YA€ [0,1]
(d) strictly quasiconcave on S if for all x1,29 € S, 1 # x2,
FOzy + (1 = Naz) > min{f(x1), f(z2)}, YA€ (0,1).
(e) semistrictly quasiconcave on S if for every xq1,x2 € S, with f(x1) # f(x2),
Oz + (1= Nzz) > mind f(z1), fw2)}, YA€ (0,1)

(f) pseudoconcave on S (under differentiability assumption) if for all xy,
T9 €5,
fa1) < f(a2) = Vf(z1)" (22 —21) > 0.

(g) strictly pseudoconcave on S (under differentiability assumption) if for all
T1,T2 € Sa Ty # z2,
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f(@1) < flaw2) = V(z1) (w2 — 21) > 0.

A semistrictly quasiconcave function on the convex set S is not necessarily
a quasiconcave funtion. This is true by assuming the upper semicontinuity of
fonS.

An important case where quasiconcavity reduces to concavity is related to
homogeneity:

if f is a homogeneous positive function of degree o with 0 < o < 1 on the
conver set S CR™, then f is quasiconcave if and only if it is concave.

In the differentiable case, quasiconcavity reduces to concavity when the func-
tion has not critical points:

if f is a differentiable function on the open conver set S C R™ such that
Vf(x) #0, Vo €S, then f is pseudoconcave on S if and only it is quasicon-
cave on S.

The inclusion relationships among the various classes of concave and general-
ized concave functions are illustrated in Figure B.1 assuming differentiability.
All inclusions are proper.

strictly ~ strictly N strictly
concave pseudoconcave quasiconcave

!

semistrictly
quasiconcave

!

quasiconcave

concave D pseudoconcave D

Fig. B.1. Relationships between various types of concavity

Properties

Let S C R™ be a convex set.

o If f is a concave function on S, then the upper-level set S>o = {z € S :
f(x) > a} is convex for every o € R.

e A non-negative linear combination of concave functions on S is a concave
function on S.

e A non-negative linear combination of strictly concave functions on S is a
strictly concave function on S.

o If f;,i =1,...,m are concave functions on S, then z(z) = {min }{fl(:z:)} is
e{1,...m
concave on S.
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e If g : R — R is a non-decreasing concave function and o : S — R is a
concave function on S, then the composite function f(x) = g(h(z)) is concave
on S.

e If g : !/ — R is an increasing concave function and h : S — R is a strictly
concave function on S, then the composite function f(z) = g(h(x)) is strictly
concave on S.

e If f is a quasiconcave (respectively, strictly quasiconcave, semistrictly qua-
siconcave) function on S and ¢ : R — R be an increasing function, then the
composite function g o f is quasiconcave (respectively, strictly quasiconcave,
semistrictly quasiconcave) on S. This result still holds for a quasiconcave func-
tion even if g is a non-decreasing function.

e If f is pseudoconcave on S and ¢ : R — R is a differentiable function such
that ¢'(z) > 0,Vz € R, then the composite function ¢ o f is pseudoconcave.
o Let g(z) = Az + b where A is an m x n matrix, b € ™ and let f be a
quasiconcave (pseudoconcave) function on S. Then, z(z) = f(Az +b) is qua-
siconcave (pseudoconcave) on S.

Characterizations

Let S C R™ be a convex set and let f be a function defined on S.

e [ is concave on S if and only if its hypograph hypof = {(z,2):x € S, 2z <
f(z)} is a convex set.

e [ is strictly concave on S if and only if its hypograph is a convex set and
does not contain any line segments.

e f is quasiconcave on S if and only if all of its upper level sets

S>a ={z €S : f(x) > a} are convex.

e f is quasiconcave (respectively, strictly quasiconcave, semistrictly quasicon-
cave) on S if and only if the restriction of f on each line segment contained
in S is a quasiconcave (respectively, strictly quasiconcave, semistrictly quasi-
concave) function.

e f is strictly quasiconcave on S if and only f is quasiconcave and every
restriction on a line segment is not constant.

e f is semistrictly quasiconcave on S if and only f is quasiconcave and every
local maximum is also global for every restriction on a line segment.

Under differentiabilty assumptions:
e f is concave if and only if

fy) < f2) + V(@) (y—=), Vo,yes.

and it is strictly concave if and only the inequality is strict.

e f is concave if and only if its Hessian matrix is negative semidefinite at each
point of S. If the Hessian matrix of f is negative definite at each point of S,
then f is strictly concave.

e f is quasiconcave on S if and only if the following implication holds:

xry1, Tg € S7 f(.%‘l) < f(l‘g) = Vf(l‘l)T(l‘Q — .%‘1) > 0.
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Note that both for a strictly and a semistrictly quasiconcave function there is
not a first-order characterization.

e f is quasiconcave on S if and only

(i) 2o €S, ue R, u'Vf(xg) =0 imply uTV2f(zo)u < 0;

(i) 2o € S, 21 € S, f(x1) > f(z0), Vf(zo) = 0, uI'V2f(zo)u = 0 with
u = xzp — o1, imply that for every € > 0 there exists k € (0,¢) such that
xo + ku € S and f(xo) > f(zo + ku).

e [ is (strictly) pseudoconcave on S if and only if f is quasiconcave on S
and every critical point is a (strict) local maximum for f on S.

e fis (strictly) pseudoconcave if and only if for every zp € S and u € R™ such
that u'V f(z9) = 0, the function ¢(t) = f(z¢ + tu) attains a (strict) local
maximum at ¢ = 0.

e f is (strictly) pseudoconcave on S if and only if for every z¢ € S and u € R"
such that vV f(zg) = 0, either u”' V2 f(z0)u < 0 or u? V2 f(z¢)u = 0 and the
function (t) = f(xo + tu) attains a (strict) local maximum at ¢ = 0.

e f is (strictly) pseudoconcave if and only if

(i) z€8, ueR", u'Vf(rg) =0 = uTV2f(zo)u <0;

(ii) x € S, Vf(z) =0 = f has a (strict) local maximum at z.

e f is pseudoconcave if and only if
(i) (-1)EIDg(z) >0, Vo € S, YR C {1,2,..,n}, R # 0;
(ii) x € S, Vf(z) =0 = f has a local maximum at z
where Dg(x), R C {1,2,..,n} are the bordered principal minors of the bor-
dered Hessian D(z) = [ 0 VTf(x)}
V(@) V2f(z) |

e A sufficient condition for f to be pseudoconcave is
(—=1)*Dy(x) >0, Ve € S, Vk=1,2,..,n

where Dy(x), k = 1,..,n are the bordered leading principal minors of the
bordered Hessian.

Maxima and Minima

The set of all maximizers is convex for all classes of generalized concave func-
tions and the Karush-Kuhn-Tucker conditions become sufficient for global
optimality under suitable assumptions of generalized concavity.

Sufficiency of the Karush—Kuhn—Tuckers Conditions
Consider the problem

P: maxf(z), zeS={reX:g(x)>0,i=12,..,m}

where f, g;,i = 1,...,m are functions defined on the open set X C R", and
let zy be a feasible point. Suppose that f is pseudoconcave at zy € S, and
the g;, i = 1,..,m, are differentiable and quasiconcave at x(. If there exist
i € R, i=1,..,m, such that
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Vf(xo) + 22021 AiVgi(zo) =0
AN >0, 1=1,...m
)\igi(l‘o) = 07 1= 17 ey M

then z¢ is a global maximum point.

e Let f be a continuous and semistrictly quasiconcave function on the convex
and closed set S. If f attains its minimum value on S, then it is reached at
some boundary point.

e Let f be a continuous and semistrictly quasiconcave function on the convex
and closed set S containing no lines. If f attains its minimum value on S,
then it is reached at an extreme point.

Some Classes of Generalized Concave Functions
Let f and g be functions defined on a convex set S C R, and let

@)

2= )

Then, the following properties hold.

(i) If f is non-positive and concave on S, g is positive and concave on S,
then z is semistrictly quasiconcave on S; z is pseudoconcave if f and g are
differentiable on S;

(ii) If f is non-negative and concave on S, g is positive and convex on S, then
z is semistrictly quasiconcave on S; z is pseudoconcave on S if f and g are
differentiable on S;

(iii) If f concave on S and ¢ is positive and affine on S, then z is semistrictly
quasiconcave on S; z is pseudoconcave on S if f is differentiable on S.

e The product

z(x) = f(z) - g(x).
is quasiconcave if f is non-negative and concave, and ¢ is positive and concave.
e The function z(z) = Hle(fi(:v))ai, a; > 0 where fi(x), i = 1,...,k, are
positive-valued concave functions on the convex set S C R” is quasiconcave.
In particular, the Cobb-Douglas function:
flz) = AeTrag?apm, A>0, 2, >0, a; >0, i=1,...,n

is pseudoconcave.
e The constant elasticity of substitution

f(z) = (12§ + agzy +...+anzg)clx, a; >0, x; >0, i=1,...n, a 0

is quasiconcave if and only if a < 1.
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local-global property, 82
maxima of, 85
quadratic, 120, 126
twice differentiable, 57
Quasilinear function, 50
Quasimonotone map, 100

Recession direction, 5
Relative interior, 4

Semistrict local maximum point, 46

Semistrictly quasiconcave function, 241
Semistrictly quasiconvex function:
composition product, 32
definition, 30
local-global property, 82
maxima of, 84
Semistrictly quasimonotone map, 100
Separation theorems, 6, 74
Simplex, 18
Star-shaped set, 64
Stictly convex function, 11
Strictly concave function, 241
Strictly monotone map, 100
Strictly pseudoconcave function, 241
Strictly pseudoconvex function, 44, 67,
83
Strictly quasiconcave function, 241
Strictly quasiconvex function, 24, 43, 82
Strictly quasimonotone map, 100
Strongly pseudoconcave function, 90
Supporting hyperplane, 6

Theorems:
Euler, 20
generalized Weierstrass, 236
implicit function, 238
mean value, 238

Upper level set, 242
Utility maximization problem, 89
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