2. Convex Sets and Convex
Functions

We have encountered convex sets and convex functions on several occa-
sions. Here we would like to discuss these notions in a more systematic
way. Among nonlinear functions, the convex ones are the closest ones to
the linear, in fact, functions that are convex and concave at the same time
are just the linear affine functions.

Although convex figures appear since the beginning of mathematics
— Archimedes, for instance, observed and made use of the fact that the
perimeter of a convex figure K is larger than the perimeter of any other
convex figure contained in K, more recently convexity played a relevant
role in the study of the thermodynamic equilibrium by J. Willard Gibbs
(1839-1903) — the systematic study of convexity began in the early years
of the twentieth century with Hermann Minkowski (1864-1909), continued
with the treatise of T. Bonnesen and Werner Fenchel (1905-1986) in 1934
and developed after 1950 both in finite and infinite dimensions due to its
relevance in several branches of mathematics. Here we shall deal only with
convexity in finite-dimensional spaces.

2.1 Convex Sets

a. Definitions

2.1 Definition. A set K C R" is said to be convex if either K = ()
or, whenever we take two points in K, the segment that connects them is
entirely contained in K, i.e.,

/\331+(1—/\)3326K VAE[O,I],Vxl,xQEK.

The following properties, the proof of which we leave to the reader,
follow easily from the definition.

2.2 9. Show the following:

(i) A linear subspace of R™ is convex.

M. Giaquinta and G. Modica, Mathematical Analysis, Foundations and Advanced 67
Techniques for Functions of Several Variables, DOI 10.1007/978-0-8176-8310-8 2,
© Springer Science+Business Media, LLC 2012



68 2. Convex Sets and Convex Functions

ERGEBNISSE DER MATHEMATIK
UND IHRER GRENEZGEBIETE
HERALBGEGREEN VON DER SCHRFTLRITUNG

_TENTRALELATT FOR MATHEMATIK=
DRITTER RAND
1

THEORIE DER
KONVEXEN KORPER

vON

T. BONNESEN unp W. FENCHEL

MIT 8 FIGLREN

' BERLIN
Figure 2.1. Hermann Minkowski (1864— e

1909) and the frontispiece of the trea-
tise by T. Bonnesen and Werner Fenchel
(1905-1986) on convexity.
(ii) Let £: R™ — R be linear and o € R. Then the sets
{zer"|t@) <a}, {zer"|t@) < a},
{xER”‘E >a} {xER"‘E >a}

are convex.

(iii) The intersection of convex sets is convex; in particular, the intersection of any
number of half-spaces is convex.

(iv) The interior and the closure of a convex set are convex.

(v) If K is convex, then cl(int(K)) = cl(K), int(cl(K)) = int(K).

(vi) If K is convex, then for zp € R"™ and t € R the set

t:ro—i-(l—t)K::{xeR”‘xzmo-ﬁ-(l—t)y, yEK},

i.e., the cone with vertex xo generated by K, is convex.

A linear combination of points (z1, xa, ..., ;) € R™, Zle Aix;, with
coefficients A1, Ao, ..., A\r such that Zle A; =1 and \; > 0 Vi, is called a
convex combination of x1, ..., xg. The coefficients A1, A, ..., A\g are called

the barycentric coordinates of x := Zle NiZi.
Noticing that

Z)\Z‘@— 1—>\k)z Ai kxl—&-)\kxk,

whenever 0 < A\, < 1, we infer at once the following.

2.3 Proposition. The set K is convez if and only if every convex combi-
nation of points in K is contained in K.
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Figure 2.2. A support plane.

2.4 §. Show that the representation of a point x as convex combination of points
1, x2,..., Tk is unique if and only if the vectors zo — x1, 3 — z1, ..., T — x1 are
linearly independent.

b. The support hyperplanes

We prove that every proper, nonempty, closed and convex subset of R",
n > 2, is the intersection of closed half-spaces. To do this, we first introduce
the notions of separating and supporting hyperplanes.

2.5 Definition. Let £ : R™ — R be a linear function, o € R and P the
hyperplane

P::{xER”

Uz) = a},

and let

Py = {xGR”

Lz) > oz}7 P_ = {x e R"”

l(z) < a}

be the corresponding half-spaces that are the closed convex sets of R™ for
which P+ UP_ =R" and P NP_ =P. We say that

(i) two nonempty sets A, B C R™ are separated by P if A C Py and
B CP_;

(ii) two nonempty sets A, B C R™ are strongly separated by P if there is
€ > 0 such that

l(x)<a—eVazeA and lz)>a+eVaeB.

(iii) Let K C R™, n > 2. We say that P is a supporting hyperplane for
K if PNK # 0 and K is a subset of one of the two closed half-spaces
P+ and P_ that is called a supporting half-space for K.

2.6 Theorem. Let K1 and Ky be two nonempty closed and disjoint convex
sets. If either K1 or Ko is compact, then there exists a hyperplane that
strongly separates Ky and Ks.
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Figure 2.3. Two disjoint and closed convex sets that are not strongly separated.

Proof. Assume for instance that K is compact and let d := inf{|z —y||z € K1, y €
K>}. Clearly d is finite and, for R large,

d= inf{|x—y|‘x € K1, y € K2 N B0, R)}.

The Weierstrass theorem then yields zg € K1 and yo € K2 N B(0, R) such that
d = |xo — yo| > 0.

The hyperplane through x¢ and perpendicular to yo — o,

P'i={o € R | (2 — 20) « (o — w0) =0},
is a supporting hyperplane for K;. In fact, for x € K1, the function

$(A) = lyo — (zo + Az —20))*, A€ 0,1],
has a minimum at zero, hence
¢'(0) =2 (yo — x0) e (x — z0) <O. (2.1)

Similarly, the hyperplane through yo and perpendicular to zo — yo,

P = {x eR" ‘ (x —yo)e(zo —yo) = 0}7

is a supporting hyperplane for K2. The conclusion then follows since dist(P’, P")
d> 0.

ol

2.7 Theorem. We have the following:

(i) BEwvery boundary point of a closed and conver set K C R™, n > 2, is
contained in at least a supporting hyperplane.
(ii) Ewvery closed convex set K # 0, R™ of R™ is the intersection of all its
supporting half-spaces.
(i) Let K C R™ be a closed set with nonempty interior. Then K is con-
vex if and only if at each of its boundary point there is a supporting
hyperplane.

Proof. (i) Assume 0K # 0, i.e., K # 0,R", let 2o € 0K, and let {yx} C R™ \ K be a
sequence with yr — xp as k — co. Let zp be a point of K nearest to y; and
Yk — Tk

ep 1= -,
lyk — k|
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Figure 2.4. Tllustration of the proof of (iii) Theorem 2.7.

Then |ex| =1, x — zo as k — oo and, as in the proof of Theorem 2.6, we see that the
hyperplane through x; and perpendicular to e is a supporting hyperplane for K,

KC{zER"’eko(z—zk) SO}.

Possibly passing to a subsequence {ey} and {zy} converge, e, — e and zp — zo. It
follows that

KC{xER"‘eo(z—xo) go},

i.e., the hyperplane through xo perpendicular to e is a supporting hyperplane for K.

(ii) Since K # 0, R™, the boundary of K is nonempty; in particular, the intersection K’
of all its supporting half-spaces is closed, nonempty by (i), hence it contains K. Assume
by contradiction that there is ' € K’ \ K. Since K is closed, there is a nearest point
z9 € K to 2’ and, as in the proof of Theorem 2.6,

KcCS:= {xER"‘ (' —z0) o (z —x0) SO},

On the other hand, from the definition of K’, it follows that K’ C S, hence z’ € S,
which is a contradiction since (z’ — zg) e (z' — zo) > 0.

(iii) Let K be convex. By assumption K # 0, if K = R™, we have 0K = () and nothing
has to be proved. If K # R"™, then through every boundary point there is a supporting
hyperplane because of (i).

Conversely, suppose that K is not convex, in particular, K # 0, R™ and 0K # 0. It
suffices to show that through a point of 0K there is no supporting hyperplane. Since
K is not convex, there exists x1,z2 € K and z on the segment ¥ connecting x1 and
z2 with z ¢ K. Let ' be a point in the interior of K and ¥’ be the segment joining x
with z’/. At a point o € K N'Y’ we claim that there is no supporting hyperplane. In
fact, let m be such a hyperplane and let H be the corresponding supporting half-space.
Since 2’ € int(K), ' does not belong to 7, thus ¥’ is not contained in 7. It follows that
2/ € int(H) and « ¢ H, hence z1 and z2 cannot both be in H since otherwise x also
belongs to H. However, this contradicts the fact that H is a supporting half-space. O

2.8 €. In (iii) of Theorem 2.7 the assumption that int(K) # 0 is essential; think of a
curve without inflection points in R2.

2.9 9. Let K be a closed, convex subset of R” with K # (), R™.

(i) Prove that K is the intersection of at most a denumerable supporting half-spaces.
(ii) Moreover, if K is compact, then for any open set A D K there exists finitely
many supporting half-spaces such that

N
KC () HrCA.
k=1

[Hint. Remember that R™ has a denumerable basis.]
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2.10 9. Using Theorem 2.7, prove the following, compare Proposition 9.126 and The-
orem 9.127 of [GM3].

Proposition. Let C C R™ be an open convexr subset and let T ¢ C. Then there exists
a linear map € : R™ — R such that £(z) < £(Z) Yz € C. In particular, C and T are
separated by the hyperplane {z|{(x) = £(T)}.

Consequently,

Theorem. Let A and B be two nonempty disjoint convex sets. Suppose A is open.
Then A and B can be separated by a hyperplane.

2.11 Definition. We say that K is polyhedral if it is the intersection of
a finite number of closed half-spaces. A bounded polyhedral set is called a
polyhedron.

c. Convex hull

2.12 Definition. The convex hull of a set M C R™, co(M), is the inter-
section of all convexr subsets in R™ that contain M.

2.13 Proposition. The convex hull of M C R™ is convez, indeed the
smallest convex set that contains M. Moreover, co(M) is the set of all
convex combinations of points of M,

N
dxq, x9,..., xny € M such that x = Z)‘imi’
i=1

co(M) = {x eR"

N
for some A1, Ao, ..., AN, where \; >0 Vi, Z/\,; = 1}.

=1
2.14 9. Prove Proposition 2.13.

2.15 9. Prove that
(i) co(M) is open, if M is open,
(ii) co(M) is compact, if M is compact.

2.16 9. Give examples of sets M C R? so that
(i) M is closed but co(M) is not,
(ii) co(M) # co(M) although co(M) C co(M).

If M C R"”, then the convex combinations of at most n + 1 points in
M are sufficient to describe co(M). In fact, the following holds.

2.17 Theorem (Carathéodory). Let M C R™. Then

n+1 n+1
x:Z)\ixi, xl‘EM, )\120V’L, ZAi:l}'

i=1 i=1

co(M) = {a: eR"




2.1 Convex Sets 73

Proof. Let x be a convex combination of m points x1, x2,..., xm of M with m > n+1,

m m
LITZZ)\]'.T]', Z)\j:L >\j>0.
j=1 j=1

We want to show that x can be written as convex combinations of m — 1 points of M.

Since m — 1 > n, there are numbers ci, ca,..., ¢m—1 not all zero such that
St el — ) = 0. If ¢ i= — 3 ¢y, we have
m m
Zcixi =0 and Zci =0.
i=1 i=1
Since at least one of the ¢;’s is positive, we can find ¢t > 0 and k € {1,...,m} such that
1 c1 ¢ c c
- :n1ax<—1,—2,...,—m) =* > 0.
t A1 A2 Am Ak
The point z is then a convex combination of 1, 22,...,Zk_1,Tk+1,...,ZTm; in fact, if

)\j—tc]' ifj;ék,

=
! 0 if j =k,

we have 35, v = 2071 v = 20 (A —tej) =207 A =1 and

m m
z=Y Naj=> (v+te)z; =Y vz
i=1 =1

i#k

We then conclude by backward induction on m. O

2.18 9. Prove the following:

(i) In Theorem 2.17 the number n + 1 is optimal.
(ii) If M is convex, then co(M) = M and every point in co(M) is a convex combination
of itself.
(i) f M = M1 U---U My, k < n, where M1,..., M, are convex sets, then every
point of co(M) is a convex combination of at most k& points of M.

d. The distance function from a convex set

We conclude with a characterization of a convex set in terms of its distance
function.
Let C C R"™ be a nonempty closed set. For every x € R we define

deo(x) == dist(z, C) := inf{|x — 9 ’y € C’}.

It is easily seen that indeed the infimum is a minimum, i.e., there is (at
least) a point y € C of least distance from x. Moreover, the function d¢ is
Lipschitz-continuous with Lipschitz constant 1,

do(@) —de(y)| < |z -yl  Vo,y cR™
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2.19 Lemma. Ifx ¢ C, then

do(z+ h) = de(x) + L(h;x) + o(|h]) as h — 0, (2.2)
where
. x—z
L(h;zx) = mln{ hom ’z eClr—=z = dc(x)}

is the minimum among the lengths of the projections of h into the lines
connecting x to its nearest points z € C. In particular, do is differentiable
at x if and only if h — L(h;z) is linear, i.e., if and only if there is a unique
minimum point z € C of least distance from x.

Proof. We prove (2.2), the rest easily follows. We may and do assume that z = 0.
Moreover, we deal with the function

f(h) :=di(h) = 333”1 — 2%

It suffices to show that
f(h) = f(0) + f'(h,0) +o(R]),  h—0, (2.3)

where
F(h;0) = min{—Qhoz ‘ 2€C |2 = do(O)}.

First, we remark that the functions ge(h) defined for ¢ > 0 as
ge(h) := inf{72h.z ’ |z] < f(0)1/2 + e}

are homogeneous of degree 1 and that g¢ — qo increasingly as € — 0. By Dini’s theorem,
see [GM3], {ge} converges uniformly to go in B(0,1). Therefore, for every ¢ > 0 there
is ce such that
qo(h) > gqe(h) > qo(h) —cc|h| ~ Vh (2.4)
and cc = 0 as € = 0.
Now, let us prove (2.3). Since |y — z|? = |2|2 — 2y e 2z + |y|?, we have
. 2 _(p)2 i _
f < min -z = B2 FO) + min (~2hez)
|z|=dc(0) |z|=dc(0)
= £(0) + qo(h) + |h|?. (2:5)
On the other hand, if |h| < ¢/2, the minimum of z — |z — h|2, z € O, is attained at
points zj, such that |z,| < f(0)1/2 + ¢/2, hence by (2.4)
h) = mi —_h 2 _ : _h 2
f(h) = min|z —h| min [z —hj
Iz1<f(0)1/24e
min <|z|2+|h|2—2hoz)
z€C
|2]<f(0)1/2 e
F(O) + [h* + ge(h) > F(0) + qo(h) — cel ] + [h|*.

v

Therefore
f(R) = £(0) + qo(h) +o(|R])  ash—0,
which, together with (2.5), proves (2.3). O
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2.20 9. Using (2.2), prove that, in general, if there are in C' more than one nearest
point to z, then

L e th) — do(a)
t—0+t t

= min{ he

xr—z

zeClx—z| = dc(a:)}.
2

|z

2.21 Theorem (Motzkin). Let C C R™ be a nonempty closed set. The
following claims are equivalent:

(i) C is convex.
(i1) For all x ¢ C there is a unique nearest point in C to x.
(iil) d¢ is differentiable at every point in R™\ C.

Proof. The equivalence of (ii) and (iii) is the content of Lemma 2.19.

(i) = (ii). If 2 is the nearest point in C to z ¢ C, then z — 2z —e(y —2) € C ify € C,
therefore

le -2 <l —z—ely—2)P =z — 2" —2¢ (y = 2) e (x —2) + |y —2°  (2.6)
forall 0 <e <1.Fore— 0weget (x—2)e(y—2z) <0 and, because of (2.6) with e =1

lz—ylP=lz—z2—2@&—2)e(y—2) +|y—2z|* > |z — 2|? vy € C.

(ii) = (i). Suppose C is not convex. It suffices to show that there is a ball B such
that BN C = () and B N C has more than a point. Since C is not convex, there exist
z1,z2 € C, 1 # x2, such that the open segment connecting z; to x2 is contained
in R™ \ C. We may suppose that the middle point of this segment is the origin, i.e.,
z2 = —x1, and let p be such that B(0,p) N C = (). We now consider the family of balls
{B(w, )} such that

B(w,r) D B(0, p), Bw,m)NC =10 (2.7)

and claim that the corresponding set {(w,r)} C R™*! is bounded and closed, hence
compact. In fact, since z; ¢ B(w,r), j = 1,2, we have r > |w| + p and |w £+ z1|? > r?,
hence

1
(lw|+p)* <r? < 5(|ﬂ)+fff31|2 + lw = z1[?) < fw]® + 72
from which we infer

|z1|* — p?
2p

(lz1]* + p%)

lw| <
2p

r <

)

Consider now a ball B(wg,r0) with maximal radius 7o among the family (2.7). We
claim that OB(wo,r0) N C contains at least two points. Assuming on the contrary that
OB(wo,r0) N C contains only one point y1, for all 8 such that 6e(y1 —wo) < 0 and for
all € > 0 sufficiently small, B(wo + 0e,79) N C = 0, consequently, by maximality there
exists ye such that

ye € OB(wo + €0, 70) N OB(0, p). (2.8)

From (2.8) we infer, as € — 0, that there is a point y2 € 0B(wo, o) N 0B(0, p), which
is unique since ro > p. However, if we choose 6 := y2 — y1, we surely have 0B(wo +
€f,r9) NOB(0, p) = 0, for sufficiently small e. This contradicts (2.8). O
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e. Extreme points

2.22 Definition. Let K C R™ be a nonempty convex set. A point xog € K
is said to be an extreme point for K if there are no x1,22 € K and X €]0,1]
such that zo = Ax1 + (1 — N)zs.

The extreme points of a cube are the vertices; the extreme points of a
ball are all its boundary points. The extreme points of a set, if any, are
boundary points; in particular, an open convex set has no extreme points.
Additionally, a closed half-space has no extreme points.

2.23 Theorem. Let K C R™ be nonempty closed and convez.

(i) If K does not contains lines, then K has extreme points.
(ii) If K is compact, then K is the convex hull of its extreme points.

Proof. Let us prove (ii) by induction on the dimension of the smallest affine subspace
containing K. We leave then to the reader the task of proving (i), still by induction.
If n = 1, K is a segment and the claim is trivial. Suppose that the claim holds for
convex sets contained in an affine subspace of dimension n — 1. For zg € 0K, let P be
a supporting hyperplane to K at xg. The set K NP is compact and convex, hence by
the inductive assumption, xg is a convex combination of extreme points of K NP, that
are also extreme points of K. If z¢ is an interior point of K, every line through z¢ cuts
K into a segment of extremes x; and z2 € 0K, hence zg is a convex combination of
extreme points, since so are x1,x2 € OK. O

2.2 Proper Convex Functions

a. Definitions

We have already introduced convex functions of one variable, discussed
their properties and illustrated a few estimates related to the notion of
convexity, see [GM1] and Section 5.3.7 of [GM4]. Here we shall discuss
convex functions of several variables.

2.24 Definition. A function f : K C R™ — R defined on a convex set
K, is said to be convex in K if

FOz+1=Ny) <Af(@)+(1=Nf(y) Ve,ye K, Yrelo,1]. (2.9)

The function [ is said to be strictly convex if the inequality in (2.9) for
r#y and 0 < A <1 is strict.

We say that f: K — R is concave if K is convex and —f : K — R is
conver.

The convexity of K is needed to ensure that the segment {z € R" |z =
Az + (1 — Ny, A € [0,1]} belongs to the domain of definition of f. The
geometric meaning of the definition is clear: The segment P(Q connecting
the point P = (x, f(z)) to @ = (y, f(y)) lies above the graph of the
restriction of f to the segment with extreme points z,y € K.
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2.25 9. Prove the following.

(i) Linear functions are both convex and concave; in fact, they are the only functions

that are at the same time convex and concave.

(ii) If f and g are convex, then f+g,af, a > 0, max(f, g) and Af+(1—X)g, A € [0,1],
are convex.

(iii) If f: K — Ris convex and g : I D f(K) — R is convex and not decreasing, then
go f is convex.

(iv) The functions |z|P, (1 + |z|2)P/2, p > 1, 1%, 9 > 0, and zlogz — x, = > 0, are
convex.

b. A few characterizations of convexity

We recall that the epigraph of a function f: A C R™ — R is the subset of
R™ x R given by

Epi(f) := {(:uz) ‘x €A zeR, z> f(a:)}

2.26 Proposition. Let f: K C R" — R. The following claims are equiv-
alent:

(i) K is convex, and f: K — R is convex.
(ii) The epigraph of f is a conver set in R"T1,
(i) For every x1,xo € K the function p(N) == f(Az1 + (1 — Nxg), A €
[0,1], is well-defined and convez.
(iv) (JENSEN’S INEQUALITY) K is convex and for any choice of m points
1, X2, ..., Tm € K, and nonnegative numbers oy, awa, ..., @y such
that 31" a; = 1, we have

f(éamJ < éaif(xi).

Proof. (i) = (ii) follows at once from the definition of convexity.

(ii) = (i). Let w : R»*1 — R"™ be the projection map into the first factor, 7((z,t)) := .
Since linear maps map convex sets into convex sets and K = w(Epi(f)), we infer that
K is a convex set, while the convexity of f follows just by definition.

(1)=>(iii). For A,t, s € [0, 1] we have
oA+ (1= \)s) = f([)\t + (1= Nsler 41— At —(1— A)s]m)
= f()\[tm +(1—t)aa] + (1 — N[sz1 + (1 — s):vg])
< Ap(t) + (1= N)p(s).
(iii)=>(i). We have

FO1 4+ (1= N2) = () = p(A- 1+ (1 = 1) -0)
< A1) + (1 = N)p(0) = Af(21) + (1 — M) f ().

(iv)=-(i). Trivial.
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(i)=-(iv). We proceed by induction on m. If m = 1, the claim is trivial. For m > 1, let
a:=aj+ -+ am—1, so that a,, =1 — a. We have

m m—1
a;
E QT = @ E —z; + (1 — &)xm,
. . a
=1 =1

with 0 < a;/a <1 and Z;’;_ll(ai/a) = 1. Therefore we conclude, using the inductive
assumption, that

f(iozia:i) < ozf(m_l% >+(1 —a)f(zm)
i=1 i=1
m—1
<a % (i) + (1 —a)f(xm) = Zazxz

O

From (ii) of Proposition 2.26 and Carathéodory’s theorem, Theo-
rem 2.17, we infer at once the following.

2.27 Corollary. Let K C R"™ be a convex set. The function f : K C
R™ — R is convex if and only if

n+1 n+1
f(x) := inf { Z i f(x;) ’Va:l, X2y ..., Tpy1 € K such that x = Z i,
i=1 i=1
n+1
with \; >0, Y A = 1}.
i=1

Of course, the level sets {x € K| f(z) < c} and {x € K| f(z) < ¢} of a
convex function f : K — R are convex sets; however, there exist nonconvex
functions whose level sets are convex; for instance, the function 23, z € R,
or, more generally, the composition of a convex function f : K — R with
a monotone function ¢ : R — R.

2.28 Definition. A function with convex level sets is called a quasiconvex
function.!

c. Support function

Let f: K C R™ — R be a function. We say that a linear function ¢ : R —
R is a support function for f at x € K if

fly) = f(z) + Ly — z) Yy € K.

1 We notice that “quasiconvex” is used with different meanings in different contexts.



2.2 Proper Convex Functions 79

Figure 2.5. Convex functions and supporting affine hyperplanes.

2.29 Definition. Let f : K — R be a convex function. The set of linear
maps £ : R™ — R such that y — f(z) + €(y — x) is a support function for
f at x is called the subdifferential of f at x and denoted by Of(x).

Trivially, if £ € df(x), then the graph of y — f(z)+£{(y—=x) at (z, f(x))
is a supporting hyperplane for the epigraph of f at (z, f(x)). Conversely, on
account of Proposition 2.30, every affine supporting hyperplane to Epi(f)
is the graph of a linear map belonging to the subdifferential to f at z
provided it contains no vertical vectors. This is the case if f is convex on
an open set, as shown by the following proposition.

2.30 Proposition. Let f: Q2 C R™ — R be a function, where Q) is convex
and open. Then f is convez if and only if for every x € ) there is a linear
support function for f at x.

Proof. Let f be convex and T € €. The epigraph of f is convex and its closure is convex;
moreover, (Z, f(T)) € OEpi(f). Consequently, there is a supporting hyperplane P of
Epi(f) at (z, f(Z)) that does not contain vertical vectors, otherwise it would divide € in
two parts and, as a consequence, the epigraph of f. We then conclude that there exist
a linear map ¢ : R™ — R and constants «, 8 € R such that P = {(z,y) | p(z) + ay = B8}
and

oz —2) +aly — f(@) 20VY(z,y) € Epi(f), a#0. (2.10)
Moreover, we have a > 0 since in (2.10) we can choose y arbitrarily large. Thus, a > 0
and, if we set £(z) := —p(z)/a, from (2.10) with y = f(z), we infer

f(x) > f(T) + 4(x —T) Vo € Q.

Conversely, let us prove that f : Q — R is convex if it has at every point a linear
support function. Let z1,z2 € Q, 1 # x2, and X €]0,1[, set zo := Az1 + (1 — N)z2,
h :=x1 — x0, so that zo = xg — ﬁh. Let £ be the linear support function for f at xq.
We have

Flen) > feo) +6),  Flwa) > flz) — LR,

Multiplying the first inequality by A/(1 — X) and summing to the second, we get

e+ fla2) 2 (125 +1) sleo),

ie., f(zo) < Af(z1) + (1 — A)f(z2). o
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2.31 Remark. A consequence of the above is the following claim that
complements Jensen’s inequality. With the same notation of Proposi-
tion 2.26, if f s strictly convex and a; > 0 Vi, then the equality

f(é%m) :iaif(xi) (2.11)

implies that x; = xo Vj = 1,...,m where zg := 221 a;x;. In fact, if
0(x) := f(zo) + me(x—x0) is a linear affine support function for f at xo,
the function

P(x) = f(x) — f(xg) — me(x —x0), reK

is nonnegative and, because of (2.11),

> () =0
i=1
Hence ¢(z;) = 0Vj = 1...,m. Since 1 is strictly convex, we conclude

that x; =z Vj =1,...,m.

d. Convex functions of class C! and C?

We now present characterizations of smooth convex function in an open
set.

2.32 Theorem. Let 2 be an open and convex set in R™ and let f : Q@ — R
be a function of class C*. The following claims are equivalent:

(i) f is convex.
(ii) For all zyg € Q, the graph of [ lies above the tangent plane to the

graph of f at (xo, f(z0)),
f(x) > f(zo) + Vzge(z — x0) Vo, z € Q. (2.12)

(iii) The differential of f is a monotone operator, i.e.,

(Vf(y) - Vf(x)) (y—z) >0 Vayeo. (2.13)

Notice that in one dimension the fact that V f is monotone means simply
that f’ is increasing. Actually, we could deduce Theorem 2.32 from the
analogous theorem in one dimension, see [GM1], but we prefer giving a
self-contained proof.
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Proof. (i)=>(ii). Let zo,z € Q and h := & — zo. The function ¢ — f(zo +th), t € [0, 1],
is convex, hence f(zo +th) <tf(xo+ h)+ (1 —t)f(xo0), i.e.,

J(zo +th) = f(x0) < t[f(zo + h) — f(x0)].
We infer

f(zo +th) — f(zo)

; = Vf(@o)eh < f(zo+h) = f(zo) — Vf(zo)eh.

Since for t — 07 the left-hand side converges to zero, we conclude that the right-hand
side, which is independent from ¢, is nonnegative.

(ii)== (i). Let us repeat the argument in the proof of Proposition 2.30. For = € Q the
map h — f(z) + Vf(z)eh is a support function for f at z. Let 1,22 € Q, 1 # x2,
and let X €]0,1[. We set zg := Az1 + (1 — N2, h := x1 — x0, hence z2 = z¢ — ﬁh.
From (2.12) we infer

J@) > fwo) + Vi@o)eh,  f(z2) > fwo) — 1o Vi(zo)eh.

Multiplying the first inequality by A/(1 — X) and summing to the second we get

e+ fle2) 2 (125 +1) sleo),

ie., f(zo) < Af(z1) + (1 = X)f(x2).
(ii)=>(iii). Trivially, (2.12) yields

f@) =fW) < Vi@ez—y), fl@)-fly) = Vi) e(lz-v),

hence

Vi) e(z—y) < flx) = fly) < Vf(z)e(z—y),
ie., (2.13).
(iii)=(ii). Assume now that (2.13). For zg,z € Q we have

1 1
@) = f(eo) = [ Gt 0= nao)ar= ([ Vit 0 - 0pdt) (o)

and
(VI + (1= 1))) o (z = 20) > Vf(z0)o(z—0),

hence
1
£(@) = f(w0) > (/0 V£ (o) dt) e(z— 70) = VF(z0)e(x — 70).
]

Let f belong to C%(Q). Because of (iii) of Proposition 2.26, f : Q — R
is convex if and only if for every x1,z2 €  the function

(p(/\) = f((l — /\)xl + )\3:2) S [0, 1]

is convex and C?([0,1]). By Theorem 2.32 ¢ is convex if and only if ¢’ is
increasing in [0, 1], i.e., if and only if ¢” > 0. Since

#(0) = (Hf(e)(za = 1)) o (22— 22),

we conclude the following.
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2.33 Theorem. Let 2 C R™ be an open and convexr set of R™ and let
f:9Q = R be a function of class C*(Q). Then f is convex if and only if
the Hessian matriz of f is nonnegative at every point in €2,

Hf(z)heh >0 VYzeQ, VheR"

Similarly, one can prove that f is strictly convex if the Hessian matrixz of
f s positive at every point in €.
Notice that f(x) = 2%, x € R, is strictly convex, but Hf(0) = 0.

2.34 9. Let f: K C R™ — R be a convex function, K being convex and bounded.
Prove the following:
(i) In general, f has no maximum points.
(ii) If f is not constant, then f has no interior maximum point; in other words, if f
is not constant, then

f(@) <sup f(y)  Vz € int(K);
yeK

possible maximum points lie on 9K if K is closed.

(iii) if K has extremal points, possible maximum points lie on the extremal points of
K; in the case that K has finite many extremal points, then f has a maximum
point and

max f(z) = max f(i).

(iv) In general, f has no minimum points.
(v) The set of minimum points is convex and reduces to a point if f is strictly convex.
(vi) Local minimum points are global minimum points.

In particular, from (iii) it follows that if f: Q@ — R is convex, Q being a closed cube in
R™, then f has maximum and the maximum points lie on the vertices of Q.

e. Lipschitz continuity of convex functions

Let f: @ C R® — R be a convex function defined on a closed cube Q.
Then it is easy to see that f(z) < supyq f for every z € Q. Moreover,
one sees by downward induction that f has maximum and the maximum
points lie on the vertices of @), see Exercise 2.34.

2.35 Theorem. Let ) C R™ be an open and conver set and let f : Q@ — R
be convex. Then f is locally Lipschitz in €.

Proof. Let o € Q and let Q(zo,7) be a sufficiently small closed cube contained in Q
with sides of length 2r parallel to the axes. Since f is convex, f|Q(z,,~) has maximum
value at one of the vertices of Q(zo,r). If

Lr:= sup f(a),
z€dB(zq,r)

then L, < +oo since dB(zo,r) C Q(z0,7). Let us prove that

Ly — f(z0)
r

|f(z) — f(zo)| < |z — 20| Vo € B(zo,7). (2.14)

Without loss in generality, we may assume xg = 0 and f(0) = 0. Let  # 0 and let
1 = |;—|x and z2 := fﬁx, Since z1 € 0B(zo,r) and © = Az1 + (1 — A)0, X := |z|/r,
the convexity of f yields
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L,
7)< gy < Lrjal,
whereas, since z2 € 0B(zo,7) and 0 = Az + (1 — XN)z2, X := 1/(1 + |z|/r), we have
0= £(0) < Af(@) + (1 — N f(22) < (1= NEr, ie.,
—f(2) < ?LT =L
T

Therefore, |f(x)| < (Lr/r)|z| for all z € B(0,r), and (2.14) is proved.

In particular, (2.14) tells that f is continuous in .

Let K and Kj be two compact sets in Q with K CC K; C Q and let § :=
dist(K,0K1) > 0. Let M7 denote the oscillation of f in K,

My = sup |f(z)— f(y)l,
x,ye K1

which is finite by the Weierstrass theorem. For every zg € K, the cube centered at zg
with sides parallel to the axes of length 2r, r = §/y/n, is contained in K;. It follows
from (2.14) that

Ly — f(z0)
r

M
[f(x) — f(zo)| < |z—zo|§T1|z—zo| Vz € K N B(zo,r).

On the other hand, for z € K \ B(zo,r) we have |z — z¢| > r, hence
My
If(x) = fzo)l < My < == o — .
In conclusion, for every x € K

Iﬂ@*ﬂmﬂé%?mfml

and, g being arbitrary in K (and M; and r independent from r and zg), we conclude
that f is Lipschitz-continuous in K with Lipschitz constant smaller than M /r. [}

Actually, the above argument shows more: A locally equibounded family
of convex functions is also locally equi-Lipschitz.

f. Supporting planes and differentiability

2.36 Theorem. Let Q C R™ be open and convex and let f : Q — R be
convex. Then f has a unique support function at xq if and only if f is
differentiable at xg.

In this case, of course, the supporting function is the linear tangent map
to f at xg,

yr= Vf(zo)ey.
As a first step, we prove the following proposition.

2.37 Proposition. Let Q C R" be open and convez, let f : Q — R be
convexr and let xog € Q. For every v € R™ the right and left derivatives

d d b

efined by ﬁ(a:)- . flz+tv) — f(v)
ovTt NG t ’
RSN (R DF (C)

ov— t—0- t

)
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exist and a%é(xo) < a%é(a:o). Moreover, for any m € R such that

O (2) < m < 2L (), there exists a linear map ¢ : R™ — R such that

J(?I()x) > f(zo) + {(z — z0) Vo € Q and £(v) = m.

Proof. Without loss in generality we assume g = 0 and f(0) = 0.
The function ¢(t) := f(tv) is convex in an interval around zero; thus, compare
[GM1], ¢ has right-derivative ¢’, (0) and left-derivative ¢’ (0) and ¢’ (0) < ¢/, (0).

Since E;?}—{(O) = ¢’ (0) and ng';f‘F (0) = ¢’ (0), the first part of the claim is proved.

(ii) If 82—’:(0) <m< %(0)’ the graph of the linear map ¢t — mt is a supporting line
for Epi(y) at (0, 0), i.e., for Epi(f)NVh xR, Vp := Span{v}. We now show that the graph
of the linear function £y : Vo — R, £o(tv) := mt, extends to a supporting hyperplane to
Epi(f) at (0, £(0)), which is in turn the graph of a linear map £ : R™ — R.

Choose a vector w € R™ with w ¢ Vp, and remark that for z,y € Vp and r,s > 0
we have

T s r
Y4 0 =/
r+so(x)+r+so(y) 0<r+sx+r+sy>
r s r s
< = _ 2
<I(et ) = e s St rw)
r s
< _ _° .
< Sl sw)+ = [y rw);

so that multiplying by r 4+ s we get
rlo(z) + slo(y) < rf(x — sw) + sf(z + rw),

ie.,

g(I,S) — 50(96) — ];(x — Sw) < f(y + T’U;) - eo(y) — h(y,’f’)

For ¢ € V5 N Q and s sufficiently small so that T + sw and T — sw ly in €2, the values
g(Z,s) and h(Z,3) are finite, hence

—o00 < g(z,3) < sup g(z,s) < inf h(z,s) <h(z,s) < +oo.
Vo xR Vo xR

Consequently, there exists a € R such that

lo(z) — f(z — sw) < a< f(z+rw) — Lo(x)
s r
for all x € Vp, r,s > 0 with z — sw, = + rw € Q. This yields

lo(z) + at < f(z + tw) Vz € Vo, Vt € R with = 4 tw € Q.

In conclusion, o has been extended to the linear function ¢; : Span{v, w} — R defined
by ¢1(v) := £o(v), £1(w) := « for which ¢1(z) < f(z) for all z € Span{v, w}. Of course,
repeating the argument for finite many directions concludes the proof. [}

Proof of Theorem 2.36. Without loss in generality, we assume xzg = 0 and f(0) = 0.

Suppose that Epi(f) has a unique supporting hyperplane at 0. The restriction of f
to any of the straight lines Span v through 0 has a unique support line since otherwise,
as in Proposition 2.37, we could construct two different hyperplanes supporting Epi(f)
at (0,0). In particular, E;?}—{(O) = %(0), i.e., f is differentiable in the direction v at
0. Then, from Proposition 2.38, we conclude that f is differentiable at 0.

Conversely, suppose that f is differentiable in any direction and let £ : R™ — R be
a linear function, the graph of which is a supporting hyperplane for Epi(f) at (0,0).
Then £(z) < f(z) for all z € Q and, for every v € R™ and t > 0 small,

o) = 2 S0
t t

For t — 01 we get £(v) < %(0); replacing v with —v we also have £(—v) < 3(‘9_fv) (0),
thus £(v) = %(0), i.e., £ is uniquely defined. O
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2.38 Proposition. Let Q C R" be open and conver and let f: Q — R
be convex. Then f is differentiable at xo € Q if and only if f has partial
derivatives at xg.

Proof. We may and do assume that zg = 0 and f(0) = 0. Therefore, assume f is convex
and has partial derivatives at 0. Additionally,

¢(h) :=f(h) = f(0) = Vf(0)eh,  heQ,

is convex and has zero partial derivatives at 0. Writing h = 37" | hie;, we have for
every t=1,...,n
p(nh'e;)
nht
additionally, Jensen’s inequality yields

o(h) = ( Z h’nel) < %zn: d(nhie;).

1=1

=o(1), ht —0;

Using Cauchy’s inequality we then get

n ) hz i n hz D)2 1/2
SZf’%S""(E\MTZe)) = [he(h)

where

e(h) == (i % 2)1/2‘

=1
Notice that e(h) > 0, and €(h) — 0 as h — 0. Replacing h with —h we also get

¢(—h) < |h|e(—h) with e(—h) >0, and e(—h) — 0 as h — 0.
Since ¢(h) > —¢(—h) (in fact, 0 = ¢((h — h)/2) < ¢(h)/2 + ¢(—h)/2) we obtain
—|hle(=h) < ¢(=h) < ¢(h) < |h|e(h)

and conclude that

’¢ h)‘ < max(e(h), e(—h)), therefore lim

i.e., ¢ and, consequently, f, is differentiable at 0. [}

2.39 9. For f: QCR™ — R and v € R" set
OF () i @) ()
Ovt T S0t t ’
Assuming that Q2 is open and convex and f : 2 C R™ — R is convex, prove the following:
(i) For all z € Q and v € R", 6—f(gc) exists.
(i) v — av + (z), v € R™, is a convex and positively 1-homogeneous function.
(iii) f(x +v) — f(z) > (%Jr (z) for all x € Q and all v € R™.

(iv) v — %(m) is linear if and only if f is differentiable at x.
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g. Extremal points of convex functions

The extremal points of convex functions have special features. In Exer-
cise 2.34, for instance, we saw that a convex function f : K — R need
not have a minimum point even when K is compact; moreover, minimizers
form a convex subset of K. We also saw that local minimizers are in fact
global minimizers and that, assuming f € C'(K) and z¢ interior to K, the
point zo is a minimizer for f if and only if D f(z¢) = 0. When a minimizer
T( is not necessarily an interior point, we have the following proposition.

2.40 Proposition. Let Q) be an open set of R", K a convex subset of
and f : Q — R a convex function of class C(2). The following claims are
equivalent:

(i) zo is a minimum point of f in K.
(ii) Df(xp)e(x —x0) >0V € K.
(iii) Df(z)e(z —xzp) >0Vz € K.

Proof. (i) < (ii). If ¢ is a minimizer in K, for all x € K and A €]0, 1] we have

f(zo) < f((1 = Nzo + Az),

hence
f(zo+ A (@ —x0)) — f(=z0)
A
When A — 0, the left-hand side converges to D f(z0) e (z — z0) , hence (ii). Conversely,
since f is convex and of class C'1(Q2) we have

f(x) > f(zo) + Df(zo) e (z —x0) > f(z0) Vz € K,

thus xg is a minimizer of f in K.

>0.

(ii) < (iii). From Theorem 2.32 we know that D f is a monotone operator
(Df(z) —Df(x0)) e (x —z0) > 0.
Thus (ii) implies (iii) trivially.
(iii) < (ii). For any « € K and X €]0, 1] (iii) yields
Df(zo + Az —x0)) e (A(z — z0)) >0,
hence for A > 0
Df(zo + Xz —x0)) e (x —x0) > 0.

Since A — D f(zo + A(x —z0)) e (x — x0) is continuous at 0, for A — 0 we get (ii). O

The analysis of maximum points is slightly more delicate. In the 1-
dimensional case a convex function f : [a,b] — R has a maximum point in
a or b. However, in higher dimensions the situation is more complicated.

2.41 Example. The function
2
T
— ify>0,
fley) =9y
0 if (z,y) =(0,0)

is convex in {(z,y) |y > 0} U {(0,0)}, as the reader can verify. Notice that f is discon-
tinuous at (0,0) and (0, 0) is a minimizer for f.
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Consider the closed convex set
Ky = {(x,y) ‘ 2t <y < 1},

We have supg ., f(z,y) = +o0 since f(z, x*) = 1/2? — oo as © — 0. Hence the function
f: K1 — R is convex, Kj is compact but f is unbounded on Kj.
Consider the compact and convex set

Ko = {(a:,y)‘z2 +at<y< 1}.
We have

flz,y) <

2

2:1: 1 <1 VY(z,y) € K2 and sup f(z,y) =1.
Ttz (z,y)EK2

Therefore, the function f : K2 — R is convex, defined on a compact convex set, bounded
from above, but has no maximum point.

2.42 Proposition. Let K C R" be a convex and closed set that does not
contain straight lines and let f : K — R be a convex function.

(i) If f has a mazimum point T, then T is an extremal point of K.
(ii) If f is bounded from above and K is polyhedral, then f has a mazi-
mum point in K.

Proof. The proof is by induction on the dimension. For n = 1, the unique closed convex
subsets of R are the closed and bounded intervals [a, b] or the closed half-lines, and in
this case (i) and (ii) hold. We now proceed by induction on n.

(i) If f has a maximizer in K, then there exists T € K where f attains its maximum
value. Denoting by L the supporting hyperplane of K at T, then f attains its maximum
in L N K that is closed, convex and of dimension n — 1. By the inductive assumption
there exists T € L N K which is both an extremal point of L N K and a maximizer for
f. Since T needs to be also an extremal point for K, (i) holds in dimension n.

(ii) Let
M := sup f(z) = sup f(z).
rzeEK r€EOK
Since K is polyhedral, we have 0K = (KN Li)U---U(KNLy), where L1, La,..., Ly
are the hyperplanes that define K. Hence

M= sup f(z) for some 1.
zeEKNL,;

However, K N L; is polyhedral and dim(K N L;) < n. It follows that there is 7 € KN L;
such that f(Z) = M. O

2.3 Convex Duality

a. The polar set of a convex set

A basic construction when dealing with convexity is convezr duality. Here
we see it as the construction of the polar set.
Let K C R™ be an arbitrary set. The polar of K is defined as

K* = {g‘g.x §1vxeK}.
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2.43 Example. (i) If K = {z},  # 0, then its polar
K= {¢| cew <1},

is the closed half-space delimited by the hyperplane £ ez = 1 and containing the
origin. Notice that £ex = 1 is one of the two hyperplanes orthogonal to z at
distance 1/|z| from the origin.

(ii) If K := {0}, then trivially K* = R™,

(iii) If K = B(0,r), then

K* =DB(0,1/r).
In fact, if £ € B(0,1/r), then ez < ||¢[|[|z|| < Ir =1,ie., B(0,1/r) C K*. On
the other hand, zey = ||z||||y|| if and only if either y = 0 or z is a nonnegative

multiple of y. For all £ € K*, if ¢ := rig € B(0,r), we have r[|¢]| = £ox =
2l [I€]] < 1 hence K* C B0, 1/r).

Since the polar set is characterized by a family of linear inequalities, we
infer the following.

2.44 Proposition. We have the following:

(i) For every nonempty set K, the polar set K* is convex, closed and
contains the origin.
(i1) If {Ko}aca is a family of nonempty sets of R™, then

*

( U Ka> =) Kz

acA acA
(iii) If K1 C Ky C R, then Ki O Kj.
(iv) If A >0 and K C R, then (\K)* = LK*.
(v) If K C R™, then (co(K))* = K*.
(vi) (KU{0})* = K*.
Proof. (i) By definition K* is the intersection of a family of closed half-spaces containing
0, hence it is closed, convex and contains the origin.
(ii) From the definition

( U KQ)*:{glg.x SleEUaeAKQ}

acA
N {e]eer <1VreKa}= N K

acA acA

(iii) Writing Ko = K1 U(K2\ K1), it follows from (ii) that K5 C KN (K2\K1)* C K7.
(iv) £ € (AK)* if and only if £ex <1 Vz € AK, equivalently, if and only if ez <1
Vz € K, ie., (A)ex <1Vz € K, that is, if and only if A\ € K*.

(v) It suffices to notice that £ satisfies £ex7 <1 and fexs < 1lifandonlyif fex <1
for every x that is a convex combination of z; and z2.

(vi) Trivial. 0

2.45 Corollary. Let K C R™. Then the following hold.
(i) If 0 € int(K), then K* is closed, convex and compact.
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(i1) If K is bounded, then 0 € int(K™*).

Proof. If 0 € int(K), there is B(0,7) C K, hence, K* C B(0,r)* = B(0,1/r) and K is
bounded. Similarly, if K is bounded, K C B(0, M), then B(0,1/M) = B(0, M)* C K*
and 0 € int(K™*). O

A compact convex set with interior points is called a convex body. From
the above the polar set of a convex body K with 0 € int(K) is again a
convex body with 0 € int K*.

The following important fact holds.

2.46 Theorem. Let K be a closed conver set of R" with 0 € K. Then
K** = K where K** := (K*)*.

Proof. If z € K, then £ex < 1VE € K*, hence x € K** and K C K**. Conversely, if
zo ¢ K, then there is a supporting hyperplane of K

P = {z ‘ nexr = 1}
that strongly separates K from z, see Theorem 2.6, and, since 0 € K,

nexr <1 Ve K and nexg > 1.

The first inequality states that 7 € K™, whereas the second states that xzg ¢ K*.
Consequently, K** C K. [}

Later, in Section 2.4, we shall see a few applications of polarity.

b. The Legendre transform for functions of one variable

In Paragraph a. we introduced the notion of convezr duality for bodies. We
now discuss a similar notion of duality for convex functions: the Legendre
transform. We begin with functions of one real variable.

Let I be an interval of R and f : I — R be a convex function. Suppose
that f is of class C? and that f” > 0 in I. Then f’ : I — R is strictly
increasing and we may describe f in terms of the slope p by choosing for
every p € f/(I) the unique x € T such that f/(x) = p and defining the
Legendre transform of f as

Lip):=ap—fl), z:=2p)=()"0), pef),

see Figure 2.6. In this way we have a description of f in terms of the
variable p that we say is dual of the variable z. It is easy to prove that
L (p) is of class C? as f and that Ly is strictly convex. In fact, writing
x = x(p) for x = (f")~1(p), we compute

(Ls) (p) = x(p) + pz'(p) — f'(x(p))2’ (p) = z(p), (2.15)

€' =Pe0) = ey = ey %)
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v A y = f(x)
y=~Ex

Figure 2.6. A geometric description of the Legendre transform.

c. The Legendre transform for functions of several variables

The previous construction extends to strictly convex functions of several
variables giving rise to the Legendre transform that is relevant in several
fields of mathematics and physics.

Let © be an open convex subset of R” and let f : Q — R be a function
of class C* s > 2 with strictly positive Hessian matrix at every point = € 2.
Denote by Df :  — R™ the Jacobian map of f, with Q* :=Df(Q) C R®
and £ the variable in Q*. The Jacobian map, or gradient map, is clearly of
class C*~1, and since

det D(Df)(z) = detHf(x) > 0,

the implicit function theorem tells us that Q* is open and the gradient
map is locally invertible. Actually, the gradient map is a diffeomorphism
from Q onto Q* of class C*~!, since it is injective: In fact, if 1 # 22 € Q
and y(t) :== 1 + tv, t € [0,1], v := z3 — x1, we have

(/ L) ds) o

/0 Hf(v(s))vev ds > 0,

(Df(w2) = Df(21))ev

iLe, Df(z1) # Df(z2).
Denote by z(§) : Q* — Q the inverse of the gradient map

2(§) =[DfI7(§) or £=Df(x(§) VEeQ".
2.47 Definition. The Legendre transform of f is the function Ly : Q" —
R given by
Ly(€) = €ex(§) — f(z(€),  a(&) = (Df)' (&) (2.17)

2.48 Theorem. Ly : Q" — R is of class C*, and the following formulas
hold:
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DLy =a(©) = DAHTE),  HLE) = (Hf@(e) , (218)
£1(6) = €oa(e) — f(2()), #(€) = Df e =DLy(€), (219)
J@) = &) er — Ly(E()), é(r) = DJ (@), (2.20)

In particular, if O is convez, the Legendre transform f — Ly is involutive,
i.e., E[,f = f

Proof. Ly is of class C*~1, s > 1; let us prove that it is of class C° as f. From
& =Df(xz(§)) we infer

AL () = 2 (€) déa + o da® — DL (a(6)) da® = 2 (€) de,

ie., g?—i(g) = x%(€). Since z(€) is of class C*~1, then L (€) is also of class C*, and
DL; (&) = x(§). Also from D f(x(§)) = € for all £ € Q* we infer Hf (z(§))Dx(¢) = 1d,
hence

-1
HL((¢) = Da(&) = (H/(2(©))) -

In particular, the Hessian matrix of & — Lf(§) is positive definite. The other claims
now follow easily. O

If f: Q CR™ — R has a positive definite Hessian matrix and €2 is con-
vex, as previously, then f is strictly convex. However, if n > 2, the Legendre
transform of f, £L; : 2 — R, need not be convex since its domain * in
general may not be convex as for the Legendre transform of the function
exp(|z|?) defined on the unit cube Q := {x = (21, 72,..., x,) | max; |z;| <
1}. However, Ly has a strictly positive Hessian matrix, in particular, £
is locally convex.

Finally, the following characterization of the Legendre transform holds.

2.49 Proposition. Let f € C*(Q2), Q be open and conver, s > 2, and
Hf >0 in Q. Then

,Cf(f):max{goa: —f(x)‘er} (2.21)
Proof. Fix £ € Q*, and consider the concave function g(z) := £ex — f(z), x € Q. The
function x — Dg(z) := £ — Df(x) vanishes exactly at £ = Df(z). It follows that g(x)

has an absolute maximum point at z = Df~1(£) and the maximum value is £¢(¢). O

Later we shall deal with (2.21).

2.4 Convexity at Work

2.4.1 Inequalities

a. Jensen inequality

Many inequalities find their natural context and can be conveniently
treated in terms of convexity. We have already discussed in [GM1] and
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Chapter 4 of [GM4] some inequalities as consequences of the convexity of
suitable functions of one variable. We recall the discrete Jensen’s inequal-
ity.

2.50 Proposition. Let ¢ : [a,b] — R be a convex function, x1,...,Tm €
la,b] and o;; € [0,1] Vi=1,...,m with ;" a; = 1. Then

o i aizi) < f: ().

Moreover, if ¢ is strictly convex and «; > 0 Vi, then (Z)(Z;il aiaci) =
St aid(x;) if and only if x1 =+ = Ty
We now list some consequences of Jensen’s inequality:

(i) (YOUNG INEQUALITY) If p,q > 1, £ + 1 =1, then

ppa
ab< 42 Vo beR*
p q

with equality if and only if a? = b9.
(ii) (GEOMETRIC AND ARITHMETIC MEANS) If 1, z3,..., x, > 0, then

1 n
,"/xla:g...xng—g T;

n—

1=

with equality if and only if 27 = =z,=1 Z” ;.
(iii) (HOLDER INEQUALITY) If p,q > 1 and 1/p—|— 1/q = 1, then for all
T1, T2y, Tp > 0 and y1, yo,..., yn > 0 we have

S s () ()"

with equality if and only if either x; = A\y; Vi for some A > 0 or

ylz---:ynzo.
(iv) (MINKOWSKI INEQUALITY) If p,¢ > 1 and 1/p+1/q = 1, then for all
1, X2, ..., n > 0 and y1, yo,..., Yy, > 0 we have

(St o)< (35" 4 (So00)

i= i=1

with equality if and only if either x; = A\y; Vi for some A > 0 or

Yyr="---=yn=0.
(v) (ENTROPY INEQUALITY) The function f(p) := > ., p; log p; defined

on K :={peR”
point at p = (1/n,...,1/n).

p; > 0,>." | p; = 1} has a unique strict minimum
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(vi) (HADAMARD’S INEQUALITY) Since the determinant and the trace of
a square matrix are respectively the product and the sum of the
eigenvalues, the inequality between geometric and arithmetic means
yields

det A < (trnA)

for every matrix A that is symmetric and with nonnegative eigen-
values. Moreover, equality holds if and only if A is a multiple of the
identity matrix. A consequence is that for every A € M, ,(R) the
following Hadamard’s inequality holds:

(det A)? f[ A2

where Ay, Ag, ..., A, are the columns of A and |4,| is the length of
the column vector A;; moreover, equality holds if and only if A is a
multiple of an orthogonal matrix.

b. Inequalities for functions of matrices

Let A € M, ,(R) be symmetric and let Az = > | A\;(zeu; ) u; be its
spectral decomposition. Recall that for f : R — R, the matrix f(A) is
defined as the n x n symmetric matrix

Zf .u,

Notice that A and f(A) have the same eigenvectors with corresponding
eigenvalues A and f(\), respectively.

2.51 Proposition. Let A € M, ,(R) be symmetric and let f: R — R be
convex. For all x € R™ we have

flzeAz) < zef(A)x

In particular, if {v1, va,..., va} is an orthonormal basis of R™, we have
n
D f(vj e Avy) < tr(f(A)).
Jj=1
Proof. Let w1, u2,..., up be an orthonormal basis of R" of eigenvectors of A with
corresponding eigenvalues A1, A2,..., An. Then

n

:C-Ax:Z)\i|:r;-ui|2, x-f(A)x:Zf()\i)|x-ui|2,

i=1 1=1

and, since > | |z eu; |2 = |z|2, the discrete Jensen’s inequality yields
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n
f(zeAz) (Z)\|x-uz| )ng()\i)|x.ui|2:x-f(Ax).
i=1
The second part of the claim then follows easily. In fact, from the first part of the claim,
n n
Zf(vj -Avj> < Z vj e f(A)v;,
j=1 j=1

and, since {v; } is orthonormal, there exists an orthogonal matrix R such that v; = Ruy,
and the spectral theorem yields

ST vjef(A); =D uj e RTf(A)Ru; =Y f(A;) =tr f(A).

j=1 j=1 j=1

2.52 €. Show that

N 1/N N 1/N
(gzz) +(i1—[1yi) B (ﬁ . )1/N+(ﬂ v )1/N
1/N 1Tty 1 Ti T Yi
{H :cﬁyz]

2.53 €. Show that if p,¢ > 1, 1/p + 1/q = 1, then for all z1, z2,..., xn >0,

" 1/p n n
<Z:cf> = max{Zzzyz yi >0, Y yl= 1}.
=1 i=1

1=1

c. Doubly stochastic matrices
A matrix A = (ajr) € My »(R) is said to be doubly stochastic if

ajp >0, D an=1, D ap=1, Vik=1...n (222

Important examples are given by the matrix that in each row and in
each column contains exactly an element equal to 1. They are characterized
by a permutation o of {1,...,n} such that a;, = 1if k = o(j) and a;r =0
if & # ( j); for this reason they are called permutation matrices. Clearly,
if (a;1) is a permutation matrix, then ajrri, = 24(;).

Condition (2.22) defines the space 2, of doubly stochastic matrices as

the intersection of closed half-spaces and affine hyperplanes of R”z, hence
as a closed convex subset of the space M, ,, of n X n matrices.

2.54 Theorem (Birkhoff). The set Q,, of doubly stochastic matrices is a
compact and convex subset of an affine subspace of dimension (n—1)2, the
extremal points of which are the permutation matrices. Consequently, every
doubly stochastic matriz is the convex combination of at most (n —1)% + 1
permutation matrices.
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Proof. Since aj, < 1, VA = (a;i) € Qn, the set Qp is bounded, hence compact being
closed. Conditions (2.22) writes as a;; > 0 and

ank:1*2j<najk k <mn,
Ajn = 1-— Ek<n Ajk J <mn,
ann =2 —n + Zj,k<n @k,

hence €y, is the image of the subset P defined by

ajr >0 k<,
2j<najk§1 k<mn,
Doken @ik <1 Jj<mn,
20 Gk = n—2

through an affine and injective map from R(=1D? into My, n. Moreover, P has interior
points as, for instance, aj; := A/(n —1), 1 < j,k <n with (n —2)/(n-1) < A <1,
hence Qp has dimension (n — 1)2.

Of course, the permutation matrices are extremal points of €2,,. We now prove that
they are the unique extremal points. We first observe that if A = (a;j) is an extremal
point of Qy,, then it has to satisfy at least (n — 1)? equations of the n? conditions in
(2.22). Otherwise we could find B := (bj;j;) # 0 such that a;j, =ebj, € small, still satisfies
(2.22); moreover, aj; = %(ajk +ebji) + %(ajk — ebji) and A would not be an extremal

(2.23)

point. This means that A = (a;;) has at most n? — (n — 1)? = 2n — 1 nonzero elements
implying that at least one column has to have one nonzero element, hence 1, and, of
course, the row corresponding to this 1 will have all other elements zero. Deleting this
row and this column we still have an extremal point of €, _1; by downward induction
we then reduce to prove the claim for 2 X 2 matrices where it is trivially true. 0

We shall now discuss an extension of Proposition 2.51.

2.55 Proposition. Let A be an n x n symmetric matriz, let {uy, ..., uy,}
be an orthonormal basis of eigenvectors of A with corresponding eigenval-
ues A1, Aay ..., Ay and let vy, va, ..., v, be any other orthonormal basis of
R™. For A € R™, set

Ky = {xeR”

z = S\, SEQ,L}.

Then Ky is convexr and we have
(’Ul oAUl, UQ.AU27...7 Un oA’Un) € K.

Moreover, for any convez function f: U D Ky — R the following inequal-
ity holds:
f(AUl oVl y.vuy AUno'Un) S f()\gl, . ">‘0’n)

for some permutation o € P,,.
Proof. The matrix S = (s;;), s;j := |u; ev; |? is doubly stochastic. Moreover, on ac-

count of the spectral theorem, vj e Av; = > " | A;|vj eu; |2. Hence Avjev; = Sjel,
where S; is the jth column of the matrix S. We then conclude that

('Ul oAvl,UgoAvg,...,vnoAvn) € K.

It is easily seen that ¢g(S) := f(SA) : K)x — R is convex. Therefore g attains its
maximum value at the extremal points of Ky, which are permutation matrices because
of Birkhoff’s theorem, Theorem 2.54. [}
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Different choices of f now lead to interesting inequalities.

(i)

Choose f(t1, ta,..., tg) := Zf;l t;, so that both f and —f are con-
vex, and, as before, let A be a symmetric n X n matrix and let
{v1, va,..., vy} be an orthonormal basis of R”. Then for 1 < k <n

the following estimates for Z?:I Av;ev; holds:

k k k
Z)\n,jJrl < Z AUj oV < Z)\j, (224)
j=1 j=1 j=1
A1, A2, ..., Ap being the eigenvalues of A ordered so that Ay > Ay >

>\,

Choose f(t) := (Hf:1 t;)Y/* k> 1, that is concave on {t € R" |t >
0}, and let A be a symmetric positively semidefinite n X n ma-
trix. Applying Proposition 2.55 to —f, for every orthonormal basis

{v1, va,..., v,} we find for every k, 1 < k <n,
k 1/k k 1/k
(H)\n_i+1) S (H AUj ovj) (225)
i=1 j=1
A1, A2, ..., A\p being the eigenvalues of A ordered so that A\ >
Ao > Ay > 0.

Using the inequality between the geometric and arithmetic means
and (2.24) we also find

k 1/k 1 k
(HAUjon) gEZAvj.ng
j=1 j=1

When k = n we find again

k
> A (2.26)
j=1

T =

trA)”.

detA:ﬁ/\jSﬁAUjon S( " (227)
j=1 j=1

2.56 Theorem (Brunn—Minkowski). Let A and B be two symmetric
and nonnegative matrices. Then

1/n
(det(A + B)) > (det A)Y/" + (det B)L/™,
det(A + B) > det A + det B.

Proof. Let {v1, va,..., vp} be an orthonormal basis of eigenvectors of A + B. Then

<det(A+B))1/n - (ﬁ (A + B)v, .u]-)l/
=1

1/n

> (ﬁ Avj-vj)l/n+ (ﬁ ij-vj)
j=1 Jj=1

> (det A)/™ + (det B)'/ ",
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Figure 2.7. Frontispieces of two volumes about calculus of variations.

where we used Exercise 2.52 in the first estimate and (2.27) in the second one. The
second inequality follows by taking the power n of the first. O

2.4.2 Dynamics: Action and energy

Legendre’s transform has a central role in the dual description of the dy-
namics of mechanical systems, the Lagrangian and the Hamiltonian mod-
els.

According to the Hamilton or minimal action principle, see Chapter 3,
a mechanical system is characterized by a function L(t,z,v), L : R x RN x
RY — R called its Lagrangian, and its motion ¢ — x(t) € R satisfies the
following condition: If at times ¢; and ¢35, t; < t3, the system is at positions
x(t1) and x(t2) respectively, then the motion in the interval of time [¢1, ¢2]
happens in such a way as to make the action

Alz) = / T Lt 2(t), 2/ (1)) dt

ty

stationary. More precisely, x(t) is the actual motion from x(t1) to z(t2)
if and only if for any arbitrary path ~(¢) with values in RY such that
~v(t1) = v(t2) = 0, we have

ta

0— %A(:ﬂ 4 m)‘e_o _ %/ﬁ L(t2(t) + (1), 2’ () + /(1)) dt

e=0

Differentiating under the integral sign, we find
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(
(L2 - %Lui)Wi () dt + iw (t) z
(

for all 7 : [t1,ta] — RN, y(t1) = y(t2) = 0, where

oL , oL )
Lyoi= 5= (ta(®),2'(1), Ly = 5 (t (), 2/ ().

As a consequence of the fundamental lemma of the Calculus of Variations,
see Lemma 1.51, the motion of the system is a solution of the FEuler—
Lagrange equations

%Lvi(t7x(t)7$/(t)) = L,i(t,z(t),2'(t)) Vi=1,...,N. (2.28)

This is an invariant way (with respect to changes of coordinates) of ex-
pressing Newton'’s law of dynamics. We notice that (2.28) are N ordinary
differential equations of second order in the unknown x(t).

There is another equivalent way of describing the law of dynamics at

least when the Lagrangian L is of class C? and det %ﬂ— > 0, ie., L €

C?(R x RN x RY) and v — L(t,z,v) is strictly convex for all (,2). As we
have seen, in this case the function

v — pi=Ly(t,z,v) = %L(t,x,v)

is globally invertible with inverse function v = (¢, z,p) of class C? and
we may form the Legendre transform of L with respect to v

H(taxap) = PeU — L(t,x,’l}), v i= T/J(t7$7p),

called the Hamiltonian or the energy of the system. For all (¢, z, p) we have

p= (g—f;(lf,ac,v)7

L(t,x,v) + H(t,x,p) = pev, v ="1)(t,z,p)
Hy(t,z,p) + Li(t,xz,v) = 0,

H,(t,2,p) + Ly(t,z,v) =0,

and, as we saw in (2.18),

Hp(t7x7p) =V = ¢(taxap)
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For a curve t — x(t), if we set v(t) = 2/(t) and p(t) := L, (t, x(t), 2’ (t)),
we have

<
S

(t) = 2'(t) = ¢(t, x(t), p(t)),

L(t, 2(t),v(t)) + H(t, x(t), p(t)) = p(t) e v(t) ,
Hy(t,2(t), p(t) + Le(t, 2(t), v(t)) = 0,
Hy (L, (1), p(t) + La(t, x(t), v(t)) = 0.

Consequently, ¢ — z(t) solves Euler—Lagrange equations (2.28), that can
be written as

if and only if
' (t) = Hy(t, x(t), p(t)),
%Lq;(t7x(t)7v(t)) = La(t, x(t),v(t)) = —Ha(t, x(t), p(t)).

Summing up, t — z(t) solves the Euler-Lagrange equations if and only
if t — (z(t),p(t)) € RN solves the system of 2N first order differential
equations, called the canonical Hamilton system

{x’(t) = Hy(t,2(t),p(t)),
P(t) = —Hy(t, 2(t), plt)).

We emphasize the fact that, if the Hamiltonian does not depend explic-
itly on time (autonomous Hamiltonians), H = H(x,p), then H is constant
along the motion,

d 0H OH
—H t t - = o / = /o - /o / - O
G H@®),p(t) = Z-ea’ + op V=P —ep
We shall return to the Lagrangian and Hamiltonian models of mechan-
ics in Chapter 3.

p'(t) =

2.4.3 The thermodynamic equilibrium

Here we briefly hint at the use of convexity in the discussion of the ther-
modynamic equilibrium by J. Willard Gibbs (1839-1903).

For the sake of simplicity we consider a quantity of N moles of a simple
fluid, i.e., of a fluid in which equilibrium points may be described in terms
of the following six thermodynamic variables:
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and the frontispiece of Gibbs Sympo-
sium at Yale.

S, the entropy,

)
)
)
) U, the internal energy,
)
)
(vii) N, the number of moles.

For simple fluids, Gibbs provided a description of the thermodynamic equi-
librium which is compatible with the thermodynamic laws established a
few years earlier by Rudolf Clausius (1822-1888). In modern terms and

freeing our presentation from experimental discussions, Gibbs assumed
the following:

(i) The balance law, called the fundamental equation,
TdS =dU +pdV + pdN (2.29)

in the variable domains 7> 0,V >0, U >0,p >0, N >0, u € R
and S € R.

(ii) The equilibrium configurations can be parametrized either by the
independent variables S,V and N or by the independent variables
U,V and N, and, at equilibrium, the other thermodynamic quantities
are functions of the chosen independent variables.

(iii) The entropy function S = S(U,V, N) is of class C* and positively
homogeneous of degree 1,

S(AU,AV,AN) = AS(U,V,N), VYA > 0.
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(v)
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The entropy function S = S(U,V, N) is concave.
The free energy function U = U(S,V, N) is of class O, convex and
positively homogeneous of degree 1.

A few comments on (i), (ii), ..., (v) are appropriate:

(i)

(vi)

The fundamental equation (2.29) contains the first principle of ther-
modynamics: the elementary mechanic work done on a system plus
the differential of the heat furnished to the system plus the variation
of moles is an exact differential pdV —T dS + pdN = —dU.

The homogeneity of S amounts, via (2.29), to the invariance at equi-
librium of temperature, pressure and chemical potential when moles
change.

The assumption of C'-regularity of the entropy function, in addition
to being useful, is essential in order to deduce the Gibbs necessary
condition for the existence of coexisting phases.

If we choose as independent variables the internal energy U, the vol-
ume V and the number of moles N, then S, T and V are functions of
(U,V,N). The fundamental equation then allows us to compute the
absolute temperature and the chemical potential as partial deriva-
tives of the entropy function S = S(U,V, N), that thus describes the
whole system, finding?

% - (g_g)v,N’ % - (2_5>U,N7 % - (g_.fff)U,v' (2:30)

The function U — S(U,V,N) is strictly increasing. Therefore, we
can replace the independent variables (U,V,N) with the variables
(S,V,N) and obtain an equivalent description of the equilibrium of
the fluid in terms of the internal energy function U = U(S,V,N),
concluding that

T= (g_g)v,zv’ —P= (g_g)s,zv’ H= (g_g)s,v'

The concavity of the entropy function is a way to formulate the second
principle of thermodynamics. Consider, in fact, two quantities of the
same fluid with parameters at the equilibrium z; := (U1, V1, N1) and
x9 = (Us, V3, N3), and a quantity of N7 + Ny moles of the same
fluid with volume V; + V5 and internal energy U; + Us. The second
principle of thermodynamics states that the entropy has to increase

S(l‘l + 332) > S(l‘l) + S(xz)

Because of the arbitrariness of x; and z2 and the homogeneity of .S,
we may infer

2 Here we use the symbolism of physicists. For instance, by (%)VN we mean that

the function S is seen as a function of the independent variables (U, V, N) and that
it is differentiated with respect to U and, consequently, the resulting function is a
function of (U, V, N).
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S((1—a)ry +azz) > (1—a)S(r1) + aS(z2) Yy, z2, Yo € ]0,1],

ie., S(x) =S(U,V,N) is a concave function.
(vil) Similar arguments may justify the homogeneity and convexity of the
internal energy function.

Gibbs’s conclusion is that a simple fluid is described by a 3-dimensional
surface which is at the same time the graph of S(z), z = (U,V,N) €
Ry x R4 x R4 (concave, positively homogeneous of degree one and of class
C1) and the graph of the function U(y), y = (S,V,N) € R x Ry x Ry,
convex, positively homogeneous of degree one and of class C!.

Since S is positively homogeneous, it is determined by its values when
restricted to a “section”, i.e., by its values when the energy, the volume
or the number of moles is prescribed. For instance, assuming N = 1 and
denoting by (u, v) the internal energy and the volume per mole, the entropy
function per mole

s(u,v) == S(u,v,1),

describes the equilibrium of a mole of the matter under scrutiny and from
(2.30)
1
o (ﬁ) N AC) (@) , (2.31)
T (u,v) ou/ v T (u,v) ov/u
Clearly, s(u,v) is concave and the entropy S for N moles by homogeneity

is given by

S(U,V,N) = NS(%7%,1) - Ns(% %)

In particular, differentiating we get

1 _88 U Vv
VN = o W)
WUVN) =s(5y) - 7w P

and (2.29) transforms into

Tds = du+ pdv.

a. Pure and mixed phases

Gibbs also provided a description of the coexistence of different phases
in terms of an analysis of the graph of a convex function. Let s(x), = €
Ry xRy, be a convex function in the variables x := (u,v). We say that the
phase z is pure for a liquid if (z, s(x)) is an extreme point of the epigraph
of f. The other points are called points of coeristent phases: These are
points z for which (z, f(x)) is a convex combination of the extreme points
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(x4, f(z;)) of the epigraph Epi(f) of f. Since Epi(f) has dimension 3,
Corollary 2.27 tells us that the boundary of Epi(f) splits into three sets

Yo = {extreme points of Epi(f)},
= {linear combinations of two points in Zo},

Yo = {linear combinations of three points of ZO}

corresponding to equilibrium with pure phases, with two mixed phases and
three mixed phases, respectively.

A typical situation is the one in which the pure phases are of three
different types, as for water: solid, liquid and gaseous states. Then ¥
corresponds to the situation in which two states of the liquid coexist, and
Y3 corresponds to states in which the three states are present at the same
time.

2.57 Proposition. Let f : Q C R®™ — R be a convezr function of class
Cl and let xy, x2,..., x) be k points in . A necessary and sufficient
condition for the existence of x € Q, x # x; Vi, such that

k k
(@, f(2)) =D ailws, f(w))  with Y =1, a; €[0,1] (2.32)
i=1 i=1

is that the supporting hyperplanes to f at the points x1, xs,..., T are the
same plane. In particular, D f(x) is then constant in the convex envelope
of x1, xa, ..., Tg.

Proof. Let M := co({z1, x2,..., r}). The convexity of f(z) implies that f is linear
affine in M,

k k
(@, f(@) = > ailmi, f(2:)), D ai=1, a; €)0,1],
i=1 i=1

for all z € M if and only if (2.32) holds. In this case the segment joining any two points
a,b € M is contained in the support hyperplanes of f at a and at b. On the other hand,
a support hyperplane to f at b that contains the segment joining (a, f(a)) with (b, f(b))
is also a supporting hyperplane to f at a. Since f is of class C!, f has a unique support
hyperplane at a, 2 = V f(a)(z —a) + f(a), hence the support hyperplanes to f at a and
b must coincide, and V f(z) is constant in M. O

In the context of thermodynamics of simple fluids, the previous propo-
sition when applied to the entropy function, see (2.31), yields the following
statement.

2.58 Proposition (Gibbs). In a simple fluid with entropy function of
class C' two or three phases may coerists at the equilibrium only if they
are at the same temperature and the same pressure.
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In principle, we may describe the thermodynamic equilibrium in terms
of entropy function in the dual variables of the energy and volume, i.e., in
terms of the absolute temperature and pressure. However, first we need to
write s = s(T,p) and V = V(T,p). The Legendre duality formula turns
out to be useful. In fact, starting from the internal energy U := U(S,V, N)
that can be obtained inverting the entropy function S = S(U,V,N), we
consider the internal energy per mole, u(s,v) := U(s,v, 1), for which we
have

du=Tds— pdv.
The dual variables of (u,v) are then (T, —p): the absolute temperature T
and minus the pressure p. At this point, we introduce Gibbs’s energy as

G(T,p) := sup{u(s, v) + pv — Ts}

and observe that G(—T,p) is the Legendre transform of the concave func-
tion —u,

Therefore, at least in the case where u is strictly convex, we infer

=-(r)y = (G)r

2.4.4 Polyhedral sets

a. Regular polyhedra

We recall that a set K is said to be polyhedral if it is the intersection
of finitely many closed half-spaces. A bounded polyhedral set is called a

polyhedron.
Consider a convex polygon K containing the origin with vertices
A, Ao, ..., An. The vertices are the extreme points of K C R"™ and

K =co({4;, Aa,..., Ax}), hence, compare Proposition 2.44,
N
K*={A1, Ay,..., An} = [({A:}
i=1

and, compare Theorem 2.46, K = (K™*)*. Accordingly, K* is a polyhedron,
the intersection of the NV half-spaces containing the origin and delimited
by the hyperplanes {£| £e A; = 1} in R™, see Figure 2.9.

2.59 q. The reader is invited to compute the polar sets of various convex sets of the
plane.

The construction works in the same way in all R™’s, n > 2. Though
difficult to visualize, and cumbersome to check, in R3, the polar set of a
regular tetrahedron centered at the origin is a regular tetrahedron centered
at the origin, the polar set of a cube centered at the origin is an octahedron
centered at the origin, and the polar set of a dodecahedron centered at the
origin is an icosahedron centered at the origin.
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Figure 2.9. The polar set of a rectangle that contains the origin.

b. Implicit convex cones

Polyhedral sets that are cones play an important role. Let us start with
cones defined implicitly by a matrix A € M,, n(R) and a vector b € R as

K = {xGRN‘xZQ Aa::b} (2.33)

where if z = (2!, 22,..., V), * > 0 stands for 2° >0 Vi =1,...,N. In
this case, K is a convex polyhedral closed set of R"” that does not contain
straight lines, hence, see Theorem 2.23, K does have extreme points. They
are characterized as follows.

2.60 Definition. Let K be as in (2.33). We say that x € K is a base
point of K if either x = 0 (in this case 0 € K) or, if a1, as,..., ai are
the indices of the nonzero components of x, the columns A, , ... Aqa, of A
are linearly independent.

2.61 Theorem. Let K be as in (2.33). Extreme points of K are all and
only the base points of K.

Proof. Clearly, if 0 € K, then 0 is an extreme point of K. Suppose that z =
(zt .,,,xk,O,.,.,O) € K,z" >0Vi=1,...,k, is a base point for K, and, contrary
to the claim, x is not an extreme point for K. Then there are y, z € K, y # z, such that
x = (y+ 2)/2. Since z,y,z € K, it would follow that y = (y*, ¥2,..., ¥*,0,...,0),
z = (', 2%,...,2%,0,...,0) and b = Zle YA = Zle 2*A;. Since A1, Aa, ..., AL
are linearly independent, we would then have y = z, a contradiction.

Conversely, suppose that z is a nonzero extreme point of K and that z =
(z', x2,..., 2%,0,...,0) with 2° > 0 Vi =1,...,k. Then

x1A1+~~~+xkAk:b.

We now infer that Aj, Aa,..., A are linearly independent. Suppose they are not in-
dependent, i.e., there is a nonzero y = (y', y2,. .., y*.0,..., 0) such that

y1A1+~~~+ykAk:0.

Now we choose # > 0 in such a way that v := z + 0y and v := z — 6y still have
nonnegative coordinates and u,v € K. Then z = (v +v)/2, u # v, and  would not be
an extreme point. [}
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2.62 Remark. Actually, Theorem 2.61 provides us with an algorithm for
computing the extreme points of a polyhedral convex set as base points.
Since base points correspond to a choice of linearly independent columns,
Theorem 2.61 shows that K has finitely many extreme points.

The next proposition shows the existence of a base point without any ref-
erence to the convex set theory. We include it for the reader’s convenience.

2.63 Proposition. Let K # () be as in (2.33). Then K has at least one
base point.
Proof. Of course, there is a point  with minimum, say k, nonzero components such
that Az = b and no 2’ > 0 with Az’ = b and number of components nonzero < k.

Let a1,...,ar be the indices of nonzero components of xz. We now prove that

the columns Aqa,,...,Aqs, are linearly independent, i.e., that z is a base point of K.
Suppose they are not independent, i.e.,

k
> 0iAa, =0
i=1

where 01, 02, ..., 0 are not all zero. We may assume that at least one of the 0; is

positive. Then
k k
b= Aaxi = Aa,(zi — \0;)
i=1 i=1

for all A € R. However, for

T; z;
A= min{—z 0; > 0} = 0
0; i
we have x;, — A0;, = 0. It follows that ' :=x — A0 > 0, b= A’z’ and 2’ has a number
of nonzero components less than k, a contradiction. [}

c. Parametrized convex cones

Particularly useful are the finite cones, i.e., cones generated by finitely
many points, Ay, As,..., Ay € R™. They have the form

N .
C:= {gaj A;

and with the notation rows by columns, they can be written in a compact
form as

xizo,z‘=1,...,N}

C={yeR"|y=Az, >0}

where A € M, y is the n x N matrix
A=[A1]As] ... |AN].

Trivially, a finite cone is a polyhedral set that does not contain straight
lines, hence has extreme points. We say that a finite cone is a base cone if
it is generated by linearly independent vectors.
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2.64 Proposition. Fvery finite cone C' is convex, closed and contains the
origin.

Proof. Trivially, C' is convex and contains the origin. so it remains to prove that C is
closed. Let A € M,, n be such that C' = {y = Az|z > 0}, C is surely closed if A

has linearly independent columns, i.e., if A is injective. In fact, in this case the map
x — Az has a linear inverse, hence it is a closed map and C = A({z > 0}). For the
general case, consider the cones C1,...,C) associated to the submatrices of A that
have linearly independent columns. As we have already remarked C1, ..., C} are closed
sets. We claim that

C=CiuCyU---UCk, (2.34)

hence C is closed, too. In order to prove (2.34), observe that since every cone generated
by a submatrix of A is contained in C, we have C; C C Vi. On the other hand, if b € C,
Proposition 2.63 yields a submatrix A’ of A with linearly independent columns such
that b = A’z’ for some z’ > 0, i.e., b € U;C;. m]

The following claims readily follow from the results of Paragraph a.

2.65 Corollary. Let C; and Cy be two finite cones in R™. Then
(i) if C1 C Cq, then C5 C CY,

(ii) CTUCs = (C1NCo)*,

(i) C1 = Cy™.

Finally, let us compute the polar set of a finite cone.
2.66 Proposition. Let C = {Az|x >0}, A € M, n(R). Then
= {g ] AT¢ < 0} (2.35)

and
o {x‘ 2o < 0VE such that ATE < 0}. (2.36)
Proof. Since C is a cone, we have
c*:{g‘g.b gwbec}:{g‘g.b gow;ec}.
Consequently,
o*:{g‘g.Ax §0Vx20}:{§‘AT§-x govmzo}z{g‘Ango}

and

C**:{x|x-§SlV{EC*}:{x|:{:-§ govgeo*}

= {x| zef <0 VE such that AT§§0}.
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d. Farkas—Minkowski’s lemma
2.67 Theorem (Farkas—Minkowski). Let A € M, v(R) and b € R".
One and only one of the following claims holds:

(i) Ax = b has a nonnegative solution.
(ii) There exists a vector y € R™ such that ATy >0 and yeb < 0.

In other words, using the same notations as in Theorem 2.67, the claims
(i) x is a nonnegative solution of Az = b,
(i) if ATy <0, then yeb <0

are equivalent.

Proof. The claim is a rewriting of the equality C' = C** in the case of finite cones,
and, ultimately, a direct consequence of the separation property of convex sets. Let
C := {Az|z > 0}. Claim (i) rewrites as b € C, while, according to (2.36), claim (ii)
rewrites as b ¢ C**. O

2.68 Example (Fredholm alternative theorem). The Farkas—Minkowski lemma,
equivalently the equality C' = C** for finite cones, can be also seen as a generalization
of the Fredholm alternative theorem for linear maps: Im(A) = (ker AT)L. In fact, if
b= Az, A € M, v, and if we write x = v — v with uw,v > 0, the equation Az = b

rewrites as
u
b= ( A —A ) s u,v > 0.

v

Therefore, b € Im A if and only if the previous system has a nonnegative solution. This
is equivalent to saying that the alternative provided by the Farkas lemma is not true;
consequently,

AT

if £ <0, then be& <0

_AT

ie.,
be& <0 for all € such that AT¢ =0

and, in conclusion,
be& =0 for all £ such that AT¢ =0,

ie., b€ (ker AT)L.
2.69 9. Let A € My, n(R) and b € R™ and let K be the closed convex set
K::{xeR”’Azzb, « >0}

Characterize the extreme points of K.
[Hint. Introduce the new variables, called slack variables ' > 0, so that the constraints

Ax > b become
A’<”’/>b, A’:( A —1d )
x

Set K’ := {2 ‘ A’z > b, z > 0}. Show that x is an extreme point for K if and only if

z = (z,2') with &’ := Az — b is an extreme point for K'.]
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Antoine Cournot (1801-1877).

2.70 9. Prove the following variants of the Farkas lemma.

Theorem. Let A € M,, n(R) and b € R"™. One and only one of the following alterna-
tives holds:

o Az >b has a solution x > 0.
o There exists y < 0 such that ATy >0 and bey < 0.

Theorem. Let A € M,, n(R) and b € R™. One and only one of the following alterna-

tives holds:

o Az <b has a solution x > 0.
o There exists y > 0 such that ATy >0 and bey < 0.

[Hint. Introduce the slack variables, as in Example 2.68.]

2.4.5 Convex optimization

Let f and ¢!, ¢?,..., ¢™ : R® — R be functions of class C'. Here we
discuss the constrained minimum problem

f(z) = min in F:= {m e R"”

() <0, j= 1,...,m} (2.37)

and, in particular, we present necessary and sufficient conditions for its
solvability, compare also Section 4.

Let ¢ := (o1,...,9™) : R® — R™ and let ¥y be a minimum point
for fin F. If p?(zg) < 0 Vj, p(xg) < 0 for short, then zq is interior to
F and Fermat’s theorem implies D f(zg) = 0. If ¢(xg) = 0, then z¢ is a
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minimum point constrained to OF := {x € R™ | p(x) = 0}. Consequently,
if the Jacobian matrix Dy(zg) has maximal rank so that OF is a regular
submanifold in a neighborhood of =y, we have

Df(z0)(v) =0 Vv € Tang, OF,

ie.,

V f(zo) L Tan,, OF,

and, from Lagrange’s multiplier theorem (or Fredholm’s alternative the-
orem) we infer the existence of a vector \° = (\9,...,A%) € R™ such
that

Df(z") = f: Dy’ (27).
j=1

In general, it may happen that ¢/ (2%) = 0 for some j and 7 (2°) < 0
for the others. For x € F, denote by J(z) the set of indices j such that
@’ (z) = 0. We say that the constraint 7 is active at z if j € J(x).

2.71 Definition. We say that a vector h € R™ is an admissible direction
for F at x € F if there exists a sequence {x*} C F such that

T # 2 Vk, xx — x as k — o0 and Méi.
o — x| [h]
The set of the admissible directions for F at x is denoted by I'(x). It is
easily seen that I'(z) is a closed cone not necessarily convex. Additionally,
it is easy to see that T'(z) is the set of directions h € R™ for which there is
a regular curve r(t) in F with (0) = x and 7/(0) = h.

Denote by I'(x) the cone with vertex at zero, this time convex, of the
directions that “point to F”,

[(z) = {h cR"

Vil (z)eh <0Vj € J(m)};

it is not difficult to prove that I'(z) C T'(x).

2.72 Definition. We say that the constraints are qualified at x € F if
I(z) = ().

Not always are the constraints qualified, see Example 2.76. The fol-
lowing proposition gives a sufficient condition which ensures that the con-
straints are qualified.

2.73 Proposition. Let ¢ = (o, p?,..., ™) : R" — R™ be of class cl,
F:={x e R"|p(x) <0} and xog € F. If there exists h € R™ such that for
all j € J(xg) we have

(i) either V' (z0)eh <0
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(ii) or ¢’ is affine and V! (xo)eh <0,

then the constraints {@?} are qualified at xo. Consequently, the constraints
are qualified at xq if one of the following conditions holds:

(i) There exists T € F such that Vj € J(xo), either ¢’ is conver and
@ (T) <0, or ¢’ is affine and @’ (T) < 0.
(i1) The vectors V¢’ (x9), j € J(xo), are linearly independent.

Proof. Step 1. Let us prove that I'(zg) C I'(z0). Let h be such that Vi (zp)eh < 0.
We claim that for every 6 > 0 we have h + éh € I'(z¢), thus concluding that h € I'(zo),
T'(z0) being closed.

Choose a positive sequence {e} such that ¢, — 0 and consider the sequence {zj}

defined by x), := x¢ + ex(h + Sh). Trivially z, — x¢ and ‘z::ig’l = Izigl’ thus

h 4 6h € T'(zo) if we prove that x;, € F for k large. Let j € J(xzo). If VI (xg)eh < 0,
then

V! (z0) o (h+ 6R) <0
and, since ) ] ] -
! (z1) = ¢’ (z0) + €. V! (z0) o (h + Sh) + o(e),
we conclude that o7 (z),) < 0 for k large. If 7 is affine and V7 (xg) e h < 0, then
@ (zk) = ¢’ (z0) + ex V! (w0) ¢ h + 6h < 0.

Step 2. Let us now prove the second part of the claim. Let h:=7%—x0 and j € J(x0).
If ¢’ is convex, we have ) -~

V! (z0) e h < ¢(T) <0,
whereas if @7 is affine, we have

V¢! (z0) o h = o(x) < 0.

Therefore, (i) follows from Step 1.
We now assume that J(zo) = {1,2...,p}, 1 <p < m,and let p := (',...,pP). Let

b:=(-1,-1,...,—1) € RP. Then the linear system Dy(z0)ZT = b, z € R™ is solvable
since Rank Dy(z0) = p. If h is any such solution, then V7 (zg)eh = Dp(xo)h = —1
for all j € J(zo), and (ii) follows from Step 1. O

2.74 Theorem (Kuhn—Tucker). Letxq be a solution of (2.37). Suppose
that the constraints are qualified at xo. Then the following Kuhn—Tucker
equilibrium condition holds: For all j € J(xo) there exists )\? > 0 such

that
‘ Vf(zo) + Z NIV (z0) = 0. (2.38)

Jj€J(z0)

Theorem 2.74 is a simple application of the following version of the
Farkas lemma.

2.75 Lemma (Farkas). Let v and vi, va, ..., v, be vectors of R"™. There
exist A\; > 0 such that

P
v = Z/\jvj (239)
=1
if and only if ’
{heR”’ hev; <0, w:1,...,p}c {heR"

hev go}. (2.40)
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Proof. In fact, if A := [vi|ve|...|vn], (2.39) states that AN\ = v has a nonnegative
solution A > 0. This is equivalent to saying that the second alternative of the Farkas
lemma, is false, i.e., Yh € R™ such that ATh > 0, we have hev > 0, that is, if h € R™
satisfies hewv; > 0 for all j, then hewv < 0. This is precisely (2.40). O

Proof of Theorem 2.74. For any h € I'(xzg), let r : [0,1] — F be a regular curve with
r(0) = 2o and r'(0) = h. Since 0 is a minimum point for f(r(t)), we have %f(r(t))h:O >
0, ie.,

—Df(zo)oh <0 VhEF(a?o),
ie., h € {h € R"” ‘ hev < 0}. Recalling the definition of I'(z¢), the claim follows by
applying Lemma 2.75 with v := —V f(20) and v; = V7 (20). O
2.76 Example. Let P be the problem of minimizing —z; with the constraints z; > 0

and 22 > 0, (1 —21)3 —x2 > 0. Clearly the unique solution is 0 = (1,0). Show that the
constraints are not qualified at 29 and that the Kuhn-Tucker theorem does not hold.

2.77 Remark. In analogy with Lagrange’s multiplier theorem we may
rewrite the Kuhn—Tucker equilibrium conditions (2.38) as

Df(a°) + 371, AJDg? (2%) =0,
A9 >0 ‘ijl,...7m7
Z;’nzl )\?SDJ (x()) = 07

or, using the vectorial notation,

Df () + X° e Dp(z0) =0,
A0 >0, (2.41)

)\0 ogD((E()) = 07

where A’ = (A\),...,A0) € R™ and ¢ = (¢',...,9™) : R* - R™ In
fact, the equation Z;nzl )\?apﬂ (2°) = 0 implies A) = 0 if the corresponding
constraint " is not active. If (2.41) holds for some \°, we call it a Lagrange
multiplier of (2.37) at xo.

2.4.6 Stationary states for discrete-time
Markov processes

Suppose that a system can be in one of n possible states, denote by p;k)
the probability that it is in the state j at the discrete time k and set
pk) = (p(lk),p(zk), . ,pglk)). A homogeneous Markov chain with values in
a finite set is characterized by the fact that the probabilities of the states
at time k + 1 are a linear function of the probabilities at time k and that
such a function does not depend on k, that is, there is a n X n matrix
P € M, »(R) such that



2.4 Convexity at Work 113

pFth) = pOp g, (2.42)

where the product is the usual row by column product of linear algebra.
The matrix P = (p;;) is called the transition matriz, or Markov matriz
of the system.
Since Z;”:I p§k) =1 for every k, the matrix P has to be stochastic or
Markovian, meaning that

P = (pi;), S pij=1.  p; =0
=1

According to (2.42), the evolution of the system is then described by the
powers of P,

p® =p O PF vk, (2.43)

A stationary state is a fixed point of P i.e., z € R"™ such that
z =Pz, dal=1, x>0 (2.44)
j=1

The Perron—Frobenius theorem, see [GM3], ensures the existence of a
stationary state.

2.78 Theorem (Perron—Frobenius). Every Markov matriz has a sta-
tionary state.

Proof. This is just a special case of the fact that every continuous map from a compact
convex set into itself has a fixed point, see [GM3]|. However, since here we deal with a
linear map = — Pz, we give a direct proof which uses compactness.

Let S:={z € R" |2 > 0,37, zJ = 1}. S is a convex closed and bounded set of
R"™, and P maps S into S and is stochastic. Fix g € S and consider the sequence {zy}
given by

1k71
Ty = — zoP?.
K k;) 0

Zk is a convex combination of points in S and therefore ) € S. The sequence {zy}
is then bounded and, by the Bolzano—Weierstrass theorem, there exists a subsequence
{zn, } of {z} and x € S such that x,, — x. On the other hand, for any k& we have

k-1 k-1
. . 1
zp — xR P = (Z zoP" — Z zOP“rl) = E(a?o — zoPFth
i=0 i=0

el

so that
1
z — P < —.
[z kl_k

Passing to the limit along the subsequence {xy, }, we then get © — 2P = 0. [}
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Another proof of Theorem 2.78. We give another proof of this claim which uses only
convexity arguments, in particular, the Farkas—Minkowski theorem. Let P be a stochas-
tic n X n matrix. Define

w:=(1,1,...,1) € R", b:=(0,0,...,0,1) ¢ R*+!

and

PT—1d )
A= m M(n+1),n(R)

uT

The existence of a stationary point x for P is then equivalent to
Az =0 has a nonnegative solution x > 0. (2.45)

Now, we show that Farkas’s alternative does not hold, i.e., the system ATy >0, bey <
0 has no solution. Suppose it holds; then there is a y such that bey = y,+1 < 0. If we

write y as y = (2%, 22,..., 2", —=)) =: (2, —A), A > 0, we then have
PT—1d
0< ATy =yTA =(2,-)) =2(PT - 1d) — M7,
I
ie.,

ZTPT - 1d) > 2T,
Thus

n
> #pj—z>A>0  Vi=1,...,n (2.46)
j=1

On the other hand, if m is the index such that 2™ = max; 27, we have
n . .
> #pjm <maxz! =z,
‘ J
j=1
hence

n
>y —2m <0,
j=1

and this contradicts (2.46). O

2.4.7 Linear programming
We shall begin by illustrating some classical examples.

2.79 Example (Investment management). A bank has 100 million dollars to in-
vest: a part L in loans at a rate, say, of 10% and a part S in bonds, say at 5%, with the
aim of maximizing its profits 0.1L + 0.05S. Of course, the bank has trivial restrictions,
L>0,5>0and L+ S < 100, but also needs some cash of at least 25% of the total
amount, S > 0.25(L + 5), i.e., 3S > L and needs to satisfy requests for important
clients which on average require 30 million dollars, i.e., L > 30. The problem is then
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S A

L=30
P

L=3S

R

L+ S =100

Q -
L

Figure 2.11. Illustration for Example 2.79.

0.10L + 0.05S — max,
L+S5<100, L <3S, L>30,
L>0, S>0.

With reference to Figure 2.11, the shaded triangle represent the admissible values (L, S);
on the other hand, the gradient of the objective function C' = 0,1L + 0.05S is constant
VC = (0.1,0.05) and the level lines of C are straight lines. Consequently, the optimal
portfolio is to be found among the extreme points P, Q and R of the triangle, and, as
it is easy to verify, the optimal configuration is in R.

2.80 Example (The diet problem). The daily diet of a person is composed of a
number of components j = 1,...,n. Suppose that component j has a unitary cost c;
and contains a quantity a;; of the nourishing i, i =1, ..., m, that is required in a daily
quantity b;. We want to minimize the cost of the diet. With standard vectorial notation
the problem is

cexr — min in {a:‘Aa:Zb,zZO}.

2.81 Example (The transportation problem). Suppose that a product (say oil)
is produced in quantity s; at places ¢ = 1,2,...,n (Arabia, Venezuela, Alaska, etc.)
and is requested at the different markets j, 7 = 1,2,...,m (New York, Tokyo, etc.)
in quantity d;. If c;; is the transportation cost from 4 to j, we want to minimize the
cost of transportation taking into account the constraints. The problem is then finding
x = (z;;) € R™ such that

Zz‘,j CijTij —> min,
2z ®ij = dj, VJ,
Z;‘nzl Tig S S Vi,
x > 0.

Here x is a vector with real-valued components, but for other products, for instance
cars, the unknown would be a vector with integral components.

2.82 Example (Maximum profit). Suppose we are given si, ..., s, quantities
of basic products (resources) from which we may produce goods that sell at prices
P1, P2,..., Pm. If a;; is the quantity of product i, i = 1,...,n, to produce j,
j = 1,...,m, our problem is finding the quantities x; of goods j in order to maxi-
mize profits, i.e.,
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Vidusr I

Mathematical Methods and Theory
in Games, Programming, and Economics
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Figure 2.12. A classical textbook on linear programming and economics.

m

2oLy pjT; — max,
n

2= aijTy < si,

x > 0.

In the previous examples, one wants to minimize or maximize a func-
tion, called the objective function, which is linear, in a set of admissible or
feasible solutions, defined by a finite number of constraints defined by lin-
ear equalities or inequalities: This is the generic problem of linear program-
ming. By possibly changing the sign of the objective function and/or of
the inequalities constraints, observing that an equality constraint is equiv-
alent to two inequalities constraints and replacing the variable x whose
components are not necessarily nonnegative with * = v — v, u,v > 0, the
linear programming problem can always be transformed into

f(x) := cex — min in P = {x ‘ Az >b, x> 0}, (2.47)

where ¢,z € R", A € M,, , and b € R™.
One of the following situations may, in principle, happen to hold:

(i) P is empty,
(ii) P is nonempty and the objective function in not bounded from below
on P,

(iii) P is nonempty and f is bounded from below.

In the last case, f has (at least) a minimizer and all the minimizers are ex-
treme points of the convex set P by Proposition 2.42. We say that problem
(2.47) has an optimal solution.

The problem transforms then into the problem of deciding in which of
the previous cases we find ourselves and of possibly finding the optimal ex-
treme points. In the real applications, where the number of constraints may
be quite high, the effectiveness of the algorithm is also a further problem.
Giving up efficiency, we approach the first two problems as follows.



2.4 Convexity at Work 117

We introduce the slack variables 2’ := Az — b > 0 and transform the
constraint Az > b into

A’(;):b, A’::( A —Id).

Writing z = (z,2’) and F(z) := Y_i_, 'z’ + 31" 0z, problem (2.47)
transforms into

F(z) — min in  F:= {z ‘ A'z=0b, 2> O}. (2.48)

It is easily seen that F is nonempty if P is nonempty and that F' is bounded
from below on F if and only if f is bounded from below on P. Therefore,
F attains its minimum in one of the extreme points of F if and only if f
has a minimizer in P. All extreme points of F can be found by means of
Theorem 2.61; the minimizers are then detected by comparison.

a. The primal and dual problem

Problem (2.47) is called the primal problem of linear programming, since
one also introduces the dual problem of linear programming as

g(y) := bey — max in P = {y ‘ ATy<e y> O}. (2.49)
Of course, (2.49) can be rephrased as the minimum problem
h(y) := —bey — min in P* = {y‘ —ATy>—¢, y> 0} (2.50)

which is similar to (2.47): Just exchange —b and ¢, and replace A with
—AT and the following holds.

2.83 Proposition. The dual problem of linear programming (2.49) has a
solution if and only if P* # 0 and g is bounded from above.

The next theorem motivates the notation primal and dual problems of
linear programming.

2.84 Theorem (Kuhn—Tucker equilibrium conditions). Let f and
P be as in (2.47) and let g and P* be as in (2.49). We have the following:

(i) g(y) < f(x) for all z € P and all y € P*.
(ii) f has a minimizer T € P if and only if g has a maximizer y € P*
and, in this case, f(T) = g(7y).
(iii) Let x € P and y € P*. The following claims are equivalent:
a) (c—ATy)ex = 0.
b) (Az —b)ey =0.
¢) f(x)=g(y).

d) x is a minimizer for [ and y € P* is a mazimizer for g.
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Proof. If z € P, then x > 0 and Ax > b. For y € P* we then get
f@)=zec > xe ATy = Azey > bey = g(y),

ie., (i).

(ii) Let T be a minimizer for the primal problem. Then f is bounded from below. We
introduce the slack variables 2’ = Az — b > 0 and set z = (z,2’). Then T is a solution
of the primal problem (2.47) if and only if Z := (Z,2’)” minimizes

F(z):= cex in F = {z‘A’z:b, 220}

A( N )

We may also assume that Z is an extreme point of F. As we saw in the proof of
Theorem 2.61, if a1, ag,..., ap are the indices of the nonzero components of z, the
submatrix B of A’ made of the columns of indices a1, ag, ..., ap has maximal rank. If
zp denotes the vector with components the nonzero components of x, then Bap = b,
and if we set ¢g := (Cay;Cag,---;Cay) and choose 3 such that BTy = ¢, we have

where

9(¥) = Jeb = yeBap = BTyzp = cpexp = f(T).

Then (i) yields that 7 is a maximizer of the dual problem.
(iii) (a) or (b) = (c). If (¢ — ATy) ez = 0 with € P and y € P*, then

f@) =cox = ATyex = yo Az < bey =g(y),

thus f(x) = g(y) because of (i).
(¢) = (a) and (b). If f(z) = g(y) and we set v := b — Az, we have

0=f(x) —g(y) = cex —bey = cox — Az ey + Yoy = (cfATy)-:L‘ + vey.
Since the addenda are nonnegative, we conclude
(c—ATz)exz =0 and (Az —b)ey =0.

(c) = (d). If f(z) = g(y), then (i) yields f(z’) > g(y) = f(z) for all z’ € P, hence z is
a minimizer of f. Similarly y is a maximizer of g in P*.
(d) = (c). This follows trivially from (ii). O

A consequence of the previous theorem is the following duality theorem
of linear programming.

2.85 Corollary (Duality theorem). Let (2.47) and (2.49) be the pri-
mal and the dual problems of linear programming. One and only one of the
following alternatives arises:

(i) There exist a minimizer T € P for f and a mazimizer y € P* for
g and f(T) = g(y). This arises if and only if P and P* are both
nonempty.

(ii) P # 0 and f is not bounded from below in P.

(iii) P* # 0 and g is not bounded from above in P*.
(iv) P and P* are both empty.
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Proof. Trivially, (iv) is inconsistent with any of (i), (ii) or (iii); (iii) is inconsistent with
(ii) because of (i) of Theorem 2.84, and (iii) is inconsistent with (i). Similarly (ii) is
inconsistent with (i). Therefore, the four alternatives are disjoint. If (ii), (iii) and (iv)
do not hold, we therefore have

P=0or (P#0and f is bounded from below),

P* =0 or (P* # () and g is bounded from above),

P or P* are nonempty,

that is, one of the following alternatives holds:

P # 0 and f is bounded from below,
P* # 0 and g is bounded from above,
P #£0, P*#0, fisbounded from below and g is bounded from above.
In any case, both the primal and the dual problem of linear programming have solutions

and, according to (iii) of Theorem 2.84, the alternative (i) holds. O

Corollary 2.85 is actually a convexr duality theorem: Here we supply a
direct proof by duality, using Farkas’s alternative.

A proof of Corollary 2.85 which uses convex duality. Set

—A 0

A=
0 AT
T —b

and

Then (i) is equivalent to
Az < b has a solution = > 0.

Farkas’s alternative then yields the following: If (i) does not hold, then there exists
y = (u,v, ) such that

—A 0
RN e ]

c -
(oo ). <o

0
(uT vl ,\) >0,



120 2. Convex Sets and Convex Functions

or, after a simple computation, the problem
Au > \b, ATy < Xe, cou < bew (2.51)

has a solution (u, v, A) with w >0, v > 0 and A > 0.

Now, we claim that A = 0. In fact, if A # 0, then u/\ € P, v/\ € P*, consequently,
ceu/X < bev/\: a contradiction because of (i) of Theorem 2.84. Thus, (2.51) reduces
to the following claim: The problem

Au >0, ATy <o, cou < bew

has a solution (u,v) with u > 0 and v > 0.

‘We notice that the inequality ceu < bewv implies that either ceu < Oor bev >0
or both. In the case ceu < 0, we have P* = (J, since otherwise if y > 0 and ATy < c,
then from Au > 0, u > 0 we would infer 0 < ye Au = ATyeu < ceu, acontradiction.
If, moreover, P = (), the alternative (iv) holds; otherwise, if x € P, then A(z + 6u) >
b+600 =0b, x+0u >0 for some 8 > 0, and cex +0u = cex +0ceu — —o0 as
0 — +o0, that is, the alternative (ii) holds.

In the case bev > 0, as in the case ceu < 0, we see that P = (. If also P* = (),
then (iv) holds; while, if there exists y € P*, then v + 0y € P* and v + 0y — +oo as
0 — +o0, and (iii) holds. O

2.86 Example. Let us illustrate the above discussing the dual of the transportation
problem. Suppose that crude oil is extracted in quantities s;, ¢ = 1,...,n in places
i =1,...,n and is requested in the markets j = 1,...,m in quantity d;. Let c;; be
the transportation cost from i to j. The optimal transportation problem consists in
determining the quantities of oil to be transported from 7 to j minimizing the overall
transportation cost
Zcijl‘z‘j — min, (2.52)
0]
and satisfying the constraints, in our case, the markets requests and the capability of
production

Z;nzl xi; <s; Vi,
S mig =dj Vi, (2.53)
x> 0.

Of course, a necessary condition for the solvability is that the production be larger than
the markets requests

j=1 i=1,n =1
j=1m
Introducing the matrix notation
T = (11, Tlm, T21s -+ s L2ms -+, Lnly -« Tnm) € RM™,
c:=(C11s-+-5Clm, €21, -, C2mys-+-+Cnly-- -, Cnm) € R,
b:=(s1,s2,...,8n,d1,...,dm)
and setting A € My 4m, nm(R),

u 0 0 0

0 u 0 0

0 0 0 u

A = s
el e €1 ... e]
es ex ey ... €2

em €em €em ... €m
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where v := (1,1,...,1) € R™ and 0 = (0,0, ...,0) € R™, we may formulate our problem
as

cexr — min,
Ax < b,
x > 0.
The dual problem is then
bey — max,
ATy <c,
y =0,
that is, because of the form of A and setting
Y= (U1, U, ..y Un, V1, V2, .y Um),
the maximum problem
Doiey siug + 207 djv; — max,
u; +v;j < iy Vi, J
u>0, v>0.

If we interpret u; as the toll at departure and v; as the toll at the arrival requested
by the shipping agent, the dual problem may be regarded as the problem of maximizing
the profit of the shipping agent. Therefore, the quantities u; and v; which solve the
dual problem represent the maximum tolls one may apply in order not to be out of the
market.

2.87 Example. In the primal problem of linear programming one minimizes a linear
function on a polyhedral set

cex — min,

Ax <b, >0,
or, equivalently,

—Ccex — max,

Ax <b, z>0.

Since the constraint is qualified at all points, the primal problem has a minimum x > 0
if and only if the Kuhn—Tucker equilibrium condition holds, i.e., there exists A > 0 such
that

(c—ATNz =0.
This way we find again the optimality conditions of linear programming.

2.4.8 Minimax theorems and the theory of
games

The theory of games consists in mathematical models used in the study
of processes of decisions that involve conflict or cooperation. The modern
origin of the theory dates back to a famous paper by John von Neumann
(1903-1957) published in German in 1928 with the title “On the Theory of
Social Games”? and to the very well-known book by von Neumann and the

3 J. von Neumann, Theorie der Gesellschaftsspiele, Math. Ann. 100 (1928) 295-320.
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economist Oskar Morgenstern, Theory of Games and Economic Behavior
published in 1944. There one can find several types of games with one or
more players, with zero or nonzero sum, cooperative or non-cooperative,
.... For its relevance in economy, social sciences or biology the theory has
greatly developed?. Here we confine ourselves to illustrating only a few
basic facts.

a. The minimax theorem of von Neumann

In a game with two players P and @, each of them relays on a set of possible
strategies, say respectively A and B; also, two wtility functions Up(x,y)
and Ug(x,y) are given, representing for each choice of the strategy x € A
of P and y € B of @ the gain for P and @ resulting from the choices of
the strategies « and y.

Let us consider the simplest case of a zero sum game in which the
common value K(z,y) := Up(z,y) = —Ug(x,y) is at the same time the
gain for P and minus the gain for @ resulting from the choices of the
strategies = and y.

4 The interested reader is referred for classical literature to

o J. von Neumann, O. Morgenstern, Theory of Games and Economic Behavior,
Princeton University Press, Princeton, NJ, 1944, that follows a work of Ernst Zer-
melo (1871-1951), Uber eine Anwendung der Mengenlehre auf die Theorie des
Schachspiels, 1913 and a work of Emile Borel (1871-1956) La théorie du jeu et les
équations intégrales a moyau symmétrique, 1921.

o R. Luce, H. Raiffa, Games and Decisions: Introduction and Critical Survey, Wiley,
New York, 1957.

o S. Karlin, Mathematical Methods and Theory in Games, Programming and Eco-
nomics, 2 vols., Addison—Wesley, Reading, MA, 1959.

o W. Lucas, An overview of the mathematical theory of games, Manage. Sci. 18 (1972),
3-19.

o M. Shubik, Game Theory in the Social Sciences: Concepts and Solutions, MIT Press,
Boston, MA, 1982.
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Each player tries to do his best against every strategy of the other
player. In doing that, the expected payoff or, simply, payoff, i.e., the remu-
neration that P and @ can expect not taking into account the strategy of
the other player, are

Payoff(P) := inf sup Up(x,y) = inf sup K(x,y),
yEB zeA YEB yeA
Payoff(Q) := inf sup Ug(x,y) = inf sup —K(z,y) = — sup inf K(z,y).
$offQ) = inf sup Ug(r,y) = i sup —K(r.y) = ~ sup inf K(z.1)

Although the game has zero sum, the payoffs of the two players are not
related, in general, we trivially only have

sup inf K(z,y) < inf sup K(z,y), (2.54)
z€AYEB YEB zeA

ie.,
Payoff(P) + Payoff(Q) > 0.

Of course, if the previous inequality is strict, there are no choices of strate-
gies that allow both players to reach their payoff.

The next proposition provides a condition for the existence of a couple
of optimal strategies, i.e., of strategies that allow each players to reach their
payoff.

2.88 Proposition. Let A and B be arbitrary sets and K : A x B — R.
Define f : A — R and g : B — R respectively as

flz) = yig]fg K(z,y), g(y) = sup K(z,y).

Then there exists (T,7) € A x B such that
K(z,y) < K(T,9) < K(T,y)  Vo,yc AxB (2.55)

if and only if f attains its maximum in A, g attains its minimum in B
and sup,¢ 4 f(z) =1infyep g(y). In this case,

sup inf K(z,y) = K(Z,7) = inf sup K(z,vy).
z€AYED YEB zcA

Proof. 1f (%,7) satisfies (2.55), then
K(z,7) = inf K(z,y) = f(@) < sup f(=),
TEA

K(z,79) = sup K(z,9) = g9(y) > yiggg(y),

hence sup, ¢ 4 f(z) = infycp g(y) if we take into account (2.54). We leave the rest of
the proof to the reader. [}
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A point (Z,7) with property (2.55) is a saddle point for K. Therefore,
in the context of games with zero sum, the saddle points of K yield couples
of optimal strategies. The value of K on a couple of optimal strategies is
called the value of the play. Answering the question of when there exists
a saddle point is more difficult and is the content of the next theorem.

We recall that a function f : R™ — R is said to be quasiconvex if its
sublevel sets are convex, and quasiconcave if — f is quasiconvex.

2.89 Theorem (Minimax theorem of von Neumann). Let A C R"
and B C R™ be two compact convex sets and let K : A x B = R be a
function such that

(i) z = K(x,y) is quasiconver and lower semicontinuous Yy € B,
(il) y — K(z,y) is quasiconcave and upper semicontinuous Y € A.

Then K has a saddle point in A X B.

Proof. According to Proposition 2.88 it suffices to prove that numbers

a := min max K (z,y) and b := max min K (z,y)
€A yYEB yEB xz€A

exist and are equal. Fix y € B, the function x — K(z,y) attains its minimum at
z(y) € A being A compact, and K(z(y),y) = mingea K(x,y). Set

h(y) == —K(2(y),y), y € B.

We now show that h is quasiconvex and lower semicontinuous, thus there is
b::—min(—minKz ):maxminKa: .
min { — min (z,9) max min K (z, y)

Similarly, one proves the existence of a.
Let us show that h is quasiconvex and lower semicontinuous, that is, that for all
t € R the set

H::{yEB‘h(y)St}

is convex and closed. First we will show that H is convex. For any w € B, consider
G@Q:{yeB‘fK@megt}

Because of (ii), G(w) is convex and closed; moreover, H C G(w) Yw, since K (z(y),y) <
K((z2(w),y) Yw,y € B. In particular, for z,y € H and X €]0,1[ we have u € G(w)
Vw € B if u:= (1—\)y+ Az, hence u € G(u), i.e., u € H. This proves that H is convex.
Let us prove now that H is closed. Let {yn} C H, yn — y in B, then y € G(w) Yw € B,
in particular, y € G(y), i.e., y € H. Therefore, H is closed.

Let us prove that a = b. Since b < a trivially, it remains to show that a < b. Fix
€ > 0 and consider the function T': A x B — P(A x B) given by

T(z,y) := {(u,v) € Ax B‘K(u,y) <b+e K(z,v) >a76}.

We have T'(z,y) # 0 since minge 4 K(u,y) < b and max,cp K(x,v) > a; moreover,
T(z,y) is convex. Since

T ({(w,0)}) : = {(2,9) € A x B| (u,v) € T(z,9) }
= {(a:,y) GAXB‘K(u,y) <b+e K(z,v) >a—e}

:{xGA‘K(:p,v)>a76}X{yEB‘K(u,y)<b76},
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T~ 1({(u,v)}) is also open. We now claim, compare Theorem 2.90, that there is a fixed
point for T, i.e., that there exists (Z,7) € A X B such that (Z,7) € T(Z,7), i.e., a —e <
k(Z,7) < b+ €. € being arbitrary, we conclude a < b. [}

For its relevance, we now state and prove the fixed point theorem we
have used in the proof of the previous theorem.

2.90 Theorem (Kakutani). Let K be a nonempty, convex and compact
set, and let F : K — P(K) be a function such that

(i) F'(z) is nonempty and convez for each x € K,

(i) F~Y(y) is open in K for every y € P(K).
Then F' has at least a fixed point, i.e., there exists T such that T € F(T).
Proof. Clearly, the family of open sets {F~!(y)}y is an open covering of K, conse-

quently, there exist y1, y2,..., yn € P(K) such that K C U?le’I(yi), Let {¢;} be a
partition of unity associated to {Ffl(yi)}i=17,,,,n and set

n
p(z) == Z%(x)yi Vz € Ko :=co({y1, y2,..., yn}) C K.
i=1

Obviously, p is continuous and p(Ko) C Ko. According to Brouwer’s theorem, see [GM3],
p has a fixed point T € Kg. To conclude, we now prove that p(z) € F(z) Vx € Ko, from
which we infer that T = p(Z) € F (%), i.e., T is a fixed point for F'. Let € Ky. For each
index j such that ¢;(x) # 0 we have trivially z € F'~1(y;), thus y; € F(z). Since F(z)
is convex, we see that

p(x) = i)y = Yo ei@y;,
i=1 (1 ¢3(@)#£0}

hence p(x) € F(z). O

We now present a variant of Theorem 2.89.

2.91 Theorem. Let K : R* x R™ — R, K = K(x,y), be a function
convex in x for any fized y and concave in y for any fized x. Assume that
there exist T € R™ and § € R™ such that

K(z,y) = +o0 as x — 400,
K(Z,y) —» —o0 as y — —oo.

Then K has a saddle point (x0,yo).

Observe that K(z,y) is continuous in each variable. Let us start with
a special case of Theorem 2.89 for which we present a more direct proof.

2.92 Proposition. Let A and B be compact subsets of R™ and R™, re-
spectively, and let K : A x B — R, K = K(x,y) be a function that is
convezr and lower semicontinuous in x for any fixed y and concave and

upper semicontinuous in y for any fized x. Then K has a a saddle point
(xo,y0) € A x B.
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Proof. Step 1. Since x — K (z,y) is lower semicontinuous and A is compact, then for
every y € B there exists at least one x = z(y) such that

K(z(y),y) = inf K(z,y). (2.56)

Let
9(y) = inf K(z,y) = K(z(y),y), y € B. (2.57)

The function g is upper semicontinuous, because Vyo and Ve > 0 there exists T such
that
g(yo) + € > K(T,yo) > limsup K(Z,y) > limsup g(y).

Y—Yo Yy—Yo
Consequently, there exists yo € B such that
= , 2.58
9(yo) := maxg(y) (2.58)
and, therefore,
9(yo) < K(z,y0) Vxe A (2.59)

Step 2. We now prove that for every y € B there exists Z(y) € A such that

K(@(y),y) <g(yo)  Vye€B. (2.60)

Fixy € B.Forn=1,2,...,let y, := (1—1/n)yo + (1/n)y. Denote by zr := z(yn),
a minimizer of z — K(z,yn), i.e., K(xn,yn) = minge 4 K(x,yn) = g(yn). Since y
K (z,y) is concave, by (2.58)

1 1
(1= ) K@n,w0) + ~K(@n.y) < K(@n,yn) = 9(un) < 9(v0)
and, since g(yo) = K(z(y0),y0) < K(zn,yo), we conclude that
K(z(yn),y) < g(yo)  Vn, Vy € B. (2.61)

Since A is compact, there exist Z(y) € A and a subsequence {kn} such that xp, — Z(y)
and K(Z(y),y) = min, K(z(yn),y), and, in turn,

K(z(y),y) <liminf K(zg,,y) <g(yo)  Vy€B.

n—oo

Step 8. Let us prove that

K(@(y),yo) =g(yo)  Vy € B. (2.62)
We need to prove that K(Z(y),y0) < g(yo), as the opposite inequality is trivial. With
the notations of Step 2, from the concavity of y — K(z,y)

<1 - %)K(l‘n,yo) + %K(xn,y) < K(xn,yn) = g(yn) < 9(yo)-

Consequently,
K(Z(y), yo) < liminf K (z(yn), yo) < 9(yo)-

Step 4. Let us prove the claim when z — K(z,y) is strictly convex. By Step 3, Z(y) is a
minimizer of the map = — K(x,y0) as zo is. Since x — K (z,y0) is strictly convex, the
minimizer is unique, thus concluding Z(y) = zo Vy € B. The claim then follows from
(2.59), (2.60) and (2.62).

Step 5. In case x — K (z,y) is merely convex, we introduce for every € > 0 the perturbed
Lagrangian K.
Ke(z,y) == K(z,y) +ellzl], z€A yeB

which is strictly convex. From Step 4 we infer the existence of a saddle point (ze, ye)
for K, i.e.,

K(ze,y) + €llze|| < K(ze,ye) + €l|ze|| < K(z,ye) +ellz]| Ve A yeB.
Passing to subsequences, z. — xg € A, ye — yo € B, and from the above
K(zo,y) < K(z,y0) Vx € A, y € B,
that is, (zo,y0) is a saddle point for K. O
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Proof of Theorem 2.91. For k = 1,2,..., let Ay := {z||z| < k}, Br :=={y||y| < k}.
By Proposition 2.92, K(z,y) has a saddle point (xg,yx) on A X By, i.e.,

K(zk,y) < K(zk,yr) < K(z,yx) Vo € Ag, y € By. (2.63)
Choosing x =T, y := 77 in (2.63) we then have

which implies trivially that {z}} and {yr} are both bounded. Therefore, passing even-
tually to subsequences, xp — Zo, Yx — Yo, and from (2.63)

K(z0,y) < K(z0,y0) < K(z,y0) Vz € Ay, y € By.

Since k is arbitrary, (o, yo) is a saddle point for K on the whole R™ x R™. [}

b. Optimal mixed strategies

An interesting case in which the previous theory applies is the case of finite
strategies. We assume that the game (with zero sum) is played many times
and that players P and @ choose their strategies, which are finitely many,
on the basis of the frequency of success or of the probability: If the strate-
gies of P and @ are respectively {E1, Eo,..., En} and {Fy, Fs, ..., F,,}
and if U(E;, F}) is the utility function resulting from the choices of E; by
P and F}; by @, we assume that P chooses E; with probability ; and @
chooses F}; with probability v;. Define now

A::{xeRm‘OSxigl, inzl},

i=1

Bi={yeR"[0<y <1, >y =1}

Jj=1

then the payoff functions of the two players are given by

Up(z.y) = —Uq(z,y) = K(x,y) = > _U(E;, Ej)z;y;. (2.64)

(]

Since K (z,y) is a homogeneous polynomial of degree 2, von Neumann’s
theorem applies to get the following result.

2.93 Theorem. In a game with zero sum, there exist optimal mized
strategies (Z,y). They are given by saddle points of the expected payoff
function (2.64), and for them we have

in K = K(Z,7) = mi K(z,y).
maxmin (z,y) = K(7,9) min max (z,9)

2.94 A linear programming approach. Theorem 2.93, although en-
suring the existence of optimal mixed strategies, gives no method to find
them, which, of course, is quite important. Notice that A and B are com-
pact and convex sets with the vectors of the standard basis ey, ea,..., e
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of R™ and eq, es,..., e, of R" as extreme points, respectively. Since
x — K(z,y) and y — K(z,y) are linear, they attain their maximum
and minimum at extreme points, hence

f((E) = :Igréng((E,y) = 1I§‘I£n K(‘Taei)a

g(y) == gleagK(x,y) = max K(e;y).

1<i<

Notice that f(z) and g(y) are affine maps. Set U := (U;;), Ui
U(E;, E;); then maximizing f in A is equivalent to maximize a real num-
ber z subject to the constraints z < K(z,e;) Vi and = € A, that is, to
solve

F(z,z) := z — max,
1

z| .| < Uz,
1

Y wi=1,

x> 0.

Similarly, minimizing ¢ in B is equivalent to solving

G(y,w) := w — min,

w>UTy <0,
Z?:ly’i = ]-7
y > 0.

These are two problems of linear programming, one the dual of the other,
and they can be solved with the methods of linear programming, see Sec-
tion 2.4.7.

c. Nash equilibria

2.95 Example (The prisoner dilemma). Two prisoners have to serve a one-year
prison sentence for a minor crime, but they are suspected of a major crime. Each of
them receives separately the following proposal: If he accuses the other of the major
crime, he will not have to serve the one-year sentence for the minor crime and, if the
other does not accuse him of the major crime (in which case he will have to serve the
relative 5-year prison sentence), he will be freed. The possible strategies are two: (a)
accusing the other and (b) not accusing the other; the corresponding utility functions
for the two prisoners P and @ (in years of prison to serve, with negative sign, so that
we have to maximize) are

Up(a,a) = =5, Up(a,n) =0, Up(n,a) = —6, Up(n,n) = -1,
Ug(a,a) = -5, Ug(a,n) = —6, Ug(n,a) =0, Ug(n,n) = —1.

We see at once that the strategy of accusing each other gives the worst result with
respect to the choice of not accusing the other. Nevertheless, the choice of accusing the
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Figure 2.14. The initial pages of two papers by John Nash (1928- ).

other brings the advantage of serving one year less in any case: The strategy of not
accusing, which, from a cooperative point of view is the best, is not the individual point
of view (even in the presence of a reciprocal agreement; in fact, neither of the two may
ensure that the other will not accuse him). This paradox arises quite frequently.

The idea that individual rationality, typical of noncooperative games
(in which there is no possibility of agreement among the players), precedes
collective rationality is at the basis of the notion of the Nash equilibrium.

2.96 Definition. Let A and B be two sets and let f and g be two maps
from A x B into R. The couple of points (xo,yo) € A X B is called a Nash
point for f and g if for all (z,y) € A X B we have

f(wo,90) > f(2,y0),

In the prisoner’s dilemma, the unique Nash point is the strategy of
the reciprocal accusation. In a game with zero sum, i.e., Up(z,y) =
—Ug(z,y) =: K(z,y), clearly (zo,o) is a Nash point if and only if (z, yo)
is a saddle point for K.

9(z0,y0) > g(xo,y)-

2.97 Theorem (of Nash for two players). Let A and B be two non-
empty, convex and compact sets. Let f,g: A X B — R be two continuous
functions such that © — f(x,y) is concave for all y € B and y — g(z,y)
is concave for all x € A. Then there exists a Nash equilibrium point for f
and g.

Proof. Introduce the function F': (A x B) X (A X B) — R defined by

F(p,q) = f(p1,q2) + 9(q1,p2), Vp = (p1,p2), ¢ = (q1,92) € Ax B.
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Clearly, F' is continuous and concave in p for every chosen g. We claim that there is
qo € A X B such that

F(p,q0) = F(po,q0). 2.65

o, (P> qo0) (po, qo) (2.65)

Before proving the claim, let us complete the proof of the theorem on the basis of (2.65).
If we set (xo,y0) := qo, we have

f(z,y0) + g(zo,y) < f(zo,y0) + g(x0,%0)  Y(z,y) € Ax B.

Choosing z = xg, we infer g(zo,y) < g(zo,y0) Vy € B, while, by choosing y = yo, we
find f(z,y0) < f(zo,y0) Yz € A, hence (z0,yo) is a Nash point.

Let us prove (2.65). Since the inequality > is trivial, for all go € A x B, we need to
prove only the opposite inequality. By contradiction, suppose that Vg € A x B there is
p € A x B such that F(p,q) > F(q,q) and, then, set

Gq = {qEAxB’F(p,q)>F(q,q)}, pe€AXB.

The family {Gp}pecaxp is an open covering of A x B; consequently, there are finitely
many points p1, p2,..., px € A X B such that A x B C UleGpi, Set

wi(q) := max (F(:Di,q)—F(q,q),O), geEAXB,i=1,... k.

The functions {¢;} are continuous, nonnegative and, for every g, at least one of them
does not vanish at ¢g; we then set

S 210
vl o1 #i(a)

and define the new map ¢: A X B — A X B by
k
¥(g) ==Y PilQ)pi-
i=1

The map 1 maps the convex and compact set A X B into itself, consequently, it has a
fixed point ¢' € A x B, ¢' = >, 9(¢')pi. F being concave,

k
F(d,q) = F(Z@bi(q’)pi,q’) > i@ F(gi,q)-
i i=1
On the other hand, F(pi,q') > F(q¢’,q) if ¥i(q’) > 0, hence

k k
F(d,q)> Z"l’(‘]l)F(%ql) > Zd)(q’)F(q’,q’) =F(d,d),

i=1 =1

which is a contradiction. [}

d. Convex duality

Let f,o', ..., 0™ : Q C R" — R be convex functions defined on a convex
open set Q. We assume for simplicity that f and ¢ := (o', ©?,..., ©™)
are differentiable. Let

f::{xe]R”

o (x) <0, ijl,...,m}.

The primal problem of convex optimization is the minimum problem
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Assuming F # 0, minimize [ in F. (2.66)
The associated Lagrangian L : € x RT to (2.66), defined by
L(z,A) = f(x)+ Aep(x), x e, A>0, (2.67)

is convex in x for any fixed A\ and linear in \ for every fixed x. Therefore,
it is not surprising that the Kuhn—Tucker conditions (2.41)

Df(2°) + A"« Dyp(wo) =0,
M0 >0, 29 € F, (2.68)
)\O . QD((E()) =0

are also sufficient to characterize minimum points for f on F. Actually, the

Kuhn-Tucker equilibrium conditions (2.41) are strongly related to saddle
points for the associated Lagrangian L£(x, A).

2.98 Theorem. Consider the primal problem (2.66). Then (zo, \°) fulfills
(2.68) if and only if (xo,\°) is a saddle point for L(z,\) on Q x RT, i.e.,

L(zo,\) < L(x0,\°) < eL(z, \?)
for all x € F and X € R™, X\ > 0. In particular, if the Kuhn—Tucker

equilibrium conditions are satisfied at (xg,\°) € F x R, then xo is a
minimizer for f on F.
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Proof. From the convexity of = — L£(z,A\?) and (2.41) we infer
£(w,3°) > L(z0,20) + Y (VF(w0) + scdA\’Dep(0) ) (v — w0)* = L(z0,A°) = f(w0)
i=1
for all x € Q. In particular,
f@) > f(z) + X0 p(a®) = L(x,A%) > f(=o),
L(x0,20) > f(zo) + Mep(zo) = L(z,A\°).

Conversely, suppose that (zg,\°) is a saddle point for £(x, ) on Q x R, ie.,

f(x0) + Ao p(z0) < flwo) + A" e p(z0) < f(2) + A% e p(2)
for every z € Q and A > 0. From the first inequality we infer
Xe(zo) > Ayp(z0) (2.69)
for any A > 0. This implies that p(zg) < 0 and, in turn, Ao e@(zg) < 0. Using again
(2.69) with A = 0, we get the opposite inequality, thus concluding that Ao e p(zg) = 0.
Finally, from the first inequality, Fermat’s theorem yields
Vf(CC()) + A0 th(xo) =0.
O
Let us now introduce the dual problem of convex optimization. For
A € RT, set
A) = inf L(z, A
g0N) = ik £(z, ),

where L(z, \) is the Lagrangian in (2.67).
Since g(A) is the infimum of a family of affine functions, —g is convex
and proper on

G:={AeR™|A>0,9(\) > —o0}.

The dual problem of convex programming is
Assuming G # 0, mazimize g(\) on G (2.70)
or, equivalently,

Assuming G # 0, mazimize g(A) on {\ € R™ |\ > 0}. (2.71)

2.99 Theorem. If (z9,\°) € F x R™ satisfies the Kuhn—Tucker equilib-
rium conditions (2.41), then xo mazimizes the primal problem, Ao mini-
mizes the dual problem and f(xo) = g(A\°) = L(z0, \°).

Proof. By definition, g(\) = sup,cz L(z,)), and, trivially, f(z) := infy>o L(z, ).
Therefore g(y) < f(z) for all z € F and XA > 0, so that

su A) < inf f(x).
AZ%g( ) < inf f(z)

Since (zp, AY) is a saddle point for £ on Q x R4, Proposition 2.88 yields the result. 0O
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2.5 A General Approach to Convexity

As we have seen, every closed convex set K is the intersection of all closed
half-spaces in which it is contained; in fact, K is the envelope of its sup-
porting hyperplanes. In other words, a closed convex body is given in a
dual way by the supporting hyperplanes. This remark, when applied to
closed epigraphs of convex functions, yields a number of interesting corre-
spondences. Here we discuss the so-called polarity correspondence.

a. Definitions

It is convenient to allow that convex functions take the value +o0o with the
convention ¢ + (+00) = 400 for all t € R and ¢ - (+00) = 400 for all £ > 0.
For technical reasons, it is also convenient to allow that convex functions
take the value —oo.

2.100 Definition. f:R"” — R is convez if
fAz+ (1 =Ny <Af(2)+ A =Nfly) Vo,yeR", VA€[0,1]
unless f(x) = —f(y) = +o0o. The effective domain of f is then defined by

dom(f) := {a: eER™| f(z) < oo}.

We say that f is proper if f is nowhere —oo and dom(f) # 0.

Let K C R" be a convex set and f : K C R" — R be a convex function.
It is readily seen that the function f: R™ — RU {+o0} defined as

- flx) ifzrekK,
Ty =476
4o ifzxdK
is convex according to Definition 2.100 with effective domain given by K.
One of the advantages of Definition 2.100 is that convex sets and convex

functions are essentially the same object.
From one side, K C R” is convex if and only if its indicatriz function

i (z) - 0 ifx € K, (2.72)
K = .
4o ifx g K

is convex in the sense of Definition 2.100. On the other hand, f: R™ — R
is convex if and only if its epigraph, defined as usual by

Epi(f) = {(x,t) eR" xR‘xeR”, teR, tzf(x)}

is a convex set in R™ x R.
Observe that the constrained minimization problem
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f(x) — min,
r e K,

where f is a convex function and K is a convex set, transforms into the
unconstrained minimization problem for the convex function

f(z) + Ix(x), r e R

which is defined by adding to f the indicatrix Ix of K as penalty function.
One easily verifies that

(i) f is convex if and only if its epigraph is convex,
(i) the effective domain of a convex function is convex,
(iii) if f is convex, then dom(f) = 7(Epi(f)) where 7 : R® x R — R" is
the linear projection on the first factor.

We have also proved, compare Theorem 2.35, that every proper convex
function is locally Lipschitz in the interior of its effective domain. However,
in general, a convex function need not be continuous or semicontinuous at
the boundary of its effective domain, as, for instance, for the functions f
defined as f(z) = 0if z €] — 1,1], f(-1) = f(1) =1 and f(z) = o0 if
x ¢ 10,1].

b. Lower semicontinuous functions and closed epigraphs

We recall that f : R" — R is said to be lower semicontinuous, see [GM3],
in short Ls.c., if f(x) < liminf, ., f(y). If f(z) € R, this means the
following:

(i) For all € > 0 there is 6 > 0 such that for all y € B(x,d) \ {} we have
f(@) — < 1(y).

(ii) There is a sequence {x} with values in R™\ {z} that converges to =
such that f(xp) — f(z).

Let f : R® — R. We already know that f is Ls.c. if and only if for every
t € R the sublevel set {z|f(x) < t} is closed. Moreover, the following
holds.

2.101 Proposition. The epigraph of a function f : R™ — R U {+o0} is
closed if and only if f is lower semicontinuous.

Proof. Let f be ls.c. and {(x,¢r)} C Epi(f) a sequence that converges to (z,t).
Then zx — =, tp — t and f(z) < tg. It follows that f(z) < liminfg_ o f(zg) <
liminfy ot = ¢, Le., (z,t) € Epi(f).

Conversely, suppose that Epi(f) is closed. Consider a sequence {xy} with z; — =
and let L := liminfy_, o f(zg). If L = +o0, then f(z) < L. If L < 400, we find a
subsequence {n, } of {xn} such that f(xn,) — L. Since (zn,, f(zn,)) € Epi(f) and
L < +o0, we infer that (z,L) € Epi(f), i.e., f(z) < L = liminfy_, . f(x). Since the
sequence {xy} is arbitrary, we finally conclude that f(z) < liminfy,_, f(y). O
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Finally, let us observe that if f, : R* = R, o € A, is a family of Ls.c.
functions, then

f(z):= sup{fa(x)’aG.A} x € R",
is lower semicontinuous.

2.102 Definition. Let f : R — R be a function. The closure of f or
its lower semicontinuous regularization, in short its l.s.c. regularization,
is the function

Lf(z):= sup{g(az) ‘g :R™ =R, gisls.c, gly) < f(y) Vy}.

Clearly, I'f(z) < f(z) for every z, and, as the pointwise supremum of a
family of l.s.c. functions, I'f is lower semicontinuous. Therefore, it is the
greatest lower semicontinuous minorant of f.

2.103 Proposition. Let f : R* — R. Then Epi(T'f) = cl(Epi(f)) and
I'f(z) =lminf,_,, f(y) for every x € R".
Consequently, T f(x) = f(x) if and only if [ is l.s.c. at x.

Proof. (i) First, let us prove that cl(Epi(f)) is the epigraph of a function g < f, by
proving that if (z,t) € cl(Epi(f)), then for all s > ¢ we have (z,s) € cl(Epi(f)). If
(zk,tx) € Epi(f) converges to (z,t) and s > t, for some large k we have t; < s, hence
flzg) <t < s. It follows that definitively (zg,s) € Epi(f), hence (z, s) € cl(Epi(f)).
By Proposition 2.101, g is Ls.c. and I'f is closed; therefore, we have g < I'f and

Epi(I'f) C Epi(g) = cl(Epi(f)) C Epi(T'f).

(ii) Let € R™ If I'f(z) = 4oo, I'f = +oo in a neighborhood of z, hence
liminfy, . f(y) = 400, too.

If T'f(z) < o0, then for any t > f(x), (x,t) € Epi(I'f). (i) yields a sequence
{(xk,tx)} C Epi(f) such that x;, — = and y — t. Therefore

liminf f(zy) < liminf ¢, =,
k— o0 k— o0
hence
liminf f(zr) < T'f(x).
k— o0
On the other hand, since I'f is Is.c. and T'f < f,
If(z) <liminfI'f(y) < liminf f(y),
y—x y—x

thus concluding that ' f(z) = liminfy,_,, f(y). It is then easy to check that f(z) = I'f(x)
if and only if f is l.s.c. at x. O

Since closed convex sets can be represented as intersections of their
supporting half-spaces, of particular relevance are the convex functions
with closed epigraphs. According to the above, we have the following.

2.104 Corollary. f : R" — R is convez and l.s.c. if and only if its epi-
graph is convex and closed.

The l.s.c. reqularization U f of a convex function f is a convex and l.s.c.
function.
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According to the above, f : R” — R is Ls.c. and convex if and only
if its epigraph Epi(f) is closed and convex. In particular, Epi(f) is the
intersection of all its supporting half-spaces. The next theorem states that
Epi(f) is actually the intersection of all half-spaces associated to graphs
of linear affine functions, i.e., to hyperplanes that do not contain vertical
vectors.

We first state a proposition that contains the relevant property.

2.105 Proposition. Let f : R* — R be convex and Ls.c. and let T € R
be such that f(T) > —oc. Then the following hold:

(i) For every y < f(T) there exists an affine map £ : R™ — R such that
f(z) > L(z) for every x € R™ and § < {(T).

(ii) If T € int(dom(f)), then there exists an affine map £ : R™ — R such
that f(x) > L(z) for every x € R™ and {(T) = f(T).

Proof. Since f is lower semicontinuous at T, there exist € > 0 and § > 0 such that
y < f(z) — e Yz € B(z,9), in particular, (Z,y) ¢ cl(Epi(f)). Therefore, there exists a
hyperplane P C R*t1! that strongly separates Epi(f) from (Z, %), i.e., there are a linear
map m : R — R and numbers «, 8 € R such that

Pi={(@,v) | m(@) + ay = 5} (2.73)

with

m(x) + oy > B V(z,y) € Epi(f) and m(T) + oy < f. (2.74)
Since y may be chosen arbitrarily large in the first inequality, we also have a > 0. We
now distinguish four cases.
(i) If f(T) < 400, then a # 0 since, otherwise, choosing (Z,y) with y > f(Z) in (2.74),
we get m(Z) > B and m(T) < S, a contradiction. By choosing ¢ as the linear affine map
£(z) := (B —m(z))/a, from the first of (2.74) with y = f(z) it follows 4(z) < f(z) for
all z, while from the second we get 7 < £(T).
(ii) If f(T) = +o0 and the function takes value 400 everywhere, the claim is trivial.
(iii) If f(Z) = 400 and « > 0 in (2.74), then one chooses ¢ as the linear affine map
L(z):= (B —m(x))/a, as in (i).
(iv) Let us consider the remaining case where f(Z) = +oco. There exists xg such that
f(zo) € R and a = 0 in (2.74). By applying (i) at zo, we find an affine linear map ¢
such that

f(z) > ¢(x) Vo € R™.

For all ¢ > 0 the function £(z) := ¢(x) + ¢(8 — m(z)) is then a linear affine minorant of
f(z) and, by choosing c sufficiently large, we can make £(Z) = ¢(Z) + c(8 — m(T)) > 7.
This concludes the proof of the first claim.
Let us now prove the last claim. Since Z € int(dom(f)) and f(Z) > —oo, a support
hyperplane P’ of Epi(f) at (z, f(Z)) does not contain vertical vectors: otherwise none

of the two subspaces associated to P’ could contain Epi(f). Hence P’ := {(z,y) | m(z)+
ay = B} for some linear map m and numbers «a, 8 € R with

m(z) +ay > B V(z,y) € Epi(f),  m(T)+af(@) =B,
and a > 0. If £(x) := —m(z)/c, we see at once that

fx)> f@) +4x—T) VoeR"
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2.106 Remark. The previous proof yields the existence of a nontrivial
lower affine minorant for f which is arbitrarily close to f(%) at T when f
is Ls.c. at T € R™, f(ZT) > —oo and one the following conditions hold:

o f(T) €R,
o f =400 everywhere,

o f(T) = +oo and there exists a further point ¢ € R™ such that f(z¢) € R
and f is Ls.c. at xg.

Notice also that if f is convex, then f(z) > —oo and z € int(dom(f))
if and only if f is continuous at x, see Theorem 2.35.

2.107 Corollary. If f : R® — R is convex and l.s.c. and f(T) > —oco at
some point T, then f > —oo everywhere.

2.108 Definition. Let f : R" — R be a function. Its linear l.s.c. envelope
TL f:R"™ — R is defined by

I'L f(z) := sup{ﬁ(m) ‘E :R" = R, ¢ affine, £ < f} (2.75)
and, of course, TL f(x) = —oo Va if no affine linear map ¢ below f exists.

2.109 Theorem. Let f:R" — R.

(i) T'L is convex and l.s.c.
(ii) f is convex and l.s.c. if and only if f(z) =TL f(z) Vo € R™.
(iii) Assume f is convex. If at some point x € R™ we have f(z) < 400,
then f(x) =TL f(x) if and only if f is l.s.c. at x.
(iv) If T is an interior point of the effective domain of f and f(T) > —oo,
then the supremum in (2.75) is a maximum, i.e., there exists £ € R™

such that
fW) = f@) + Ee(y—7) Wy

Proof. Since the supremum of a family of convex and l.s.c. functions is convex and l.s.c.,
(2.75) implies that I'L f(z) is convex and L.s.c.. If 'L f(x) = —oo for all z, then, trivially,
T'L is convex and l.s.c.. This proves (i), (ii) and (iii) are trivial if f is identically —oo,
and easily follow from the above and (i) of Proposition 2.105, taking also into account
Remark 2.106. Finally, (iv) rephrases (ii) of Proposition 2.105. O

The following observation is sometimes useful.

2.110 Proposition. Let f : R” — R be convex and l.s.c. and let r(t) =
(I1-t)z+tz, t € ]0,1], be the segment joining x to T. Suppose f(T) < +o0.

Then
f(z) = lim f(r(t)).

t—0+t

Proof. Since f(T) < +oo,

fl@) <timint £ + (1 =) < Jim (£ ) + (1= (@) = f(@).
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c. The Fenchel transform

2.111 Definition. Let f : R" — R. The polar or Fenchel transform of f
is the function f*:R™ — R defined by

F(€) = sup (g.x —f(a:)) — — inf (f(x) - g.x). (2.76)

rER™ zeR™

As we will see, the Fenchel transform rules the entire mechanism of
convex duality.

2.112 Proposition. Let f : R* — R be a function and f* : R* — R its
polar. Then we have the following:

(i) f(z) > Eex —n Yz if and only if f*(€) < n;

(ii) f*(&) = —oo for some & if and only if f(x) = +oo for all x;
(iti) if f < g, then g* < f*;
(iv) f*(0) = —inf eprn f(2);

e

~——

(v

he Fenchel inequality holds

Eox < f(&) + f(2) Vo € R" V€ € R™,
with equality at (Z,€) if and only if f(z) > f(ZT) + Ee(x —T).
(vi) f* is l.s.c. and conver.

Proof. All of the claims follow immediately from the definition of f*. [}

The polar transform generalizes Legendre’s transform.

2.113 Proposition. Let € be an open set in R™, let f : Q@ — R be a
convez function of class C? with positive definite Hessian matriz and let
T'L f be the l.s.c linear envelope of f. Then

Lp(€) = TLf)* () V&€ Df(Q).

Proof. According to Theorem 2.109, f(z) = I'L f(z) for all z € ©, while Theorem 2.109
yields for all £ € Df(Q)

£5(6) = mpx(we€ — f(@)) < sup (o ~TLf(@) = ('L f)"(6).

On the other hand,

(TL f)*(¢) = sup(ze& —TL f(x)) =: L.
z€e

Given € > 0, let © € Q be such that L < Te& — I'L f(@) + €. There exists {zy} C Q
such that f(zg) =T'L f(zg) — I'L f(Z), hence for k > k

LS apo€ — f(on) 2 < sup(weg — f(@) + 2.
xE

Since € > 0 is arbitrary, L < sup,cq(ze& — f(z)) and the proof is completed. O
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The polar of a closed convex set is subsumed to the Fenchel transform,
too. In fact, if K is a closed convex set, its indicatrix function, see (2.72),
is L.s.c. and convex; hence

(Ix)* (&) := sup (g.x - IK(x)) =sup Lex. (2.77)
TER™ reK

Therefore,
K= {elzee <1 ek} ={e| ) © <1},

2.114 Definition. Let f : R® — R be a function. Its bipolar is defined
as the function f**(x) := (f*)*(z) : R* = R, i.e.,

17 (@) i=sup{ goz — f1(©) | VE € R},
2.115 9. Let 4(z) := nex + [ be a linear affine map on R™. Prove that

e =41 if & #m,
-8 ifE=n,

and that (0*)*(z) = nex + = £(x).

2.116 Proposition. Let f : R* — R be a function. Then

() Fr<f
(ii) fr<g™if f<g,
(iil) f** is the largest l.s.c. convex minorant of f,

7 (x) =TL f(z) = sup{ﬁ(x) ‘6 :R" > R, £ affine, £ < f}

Proof. (i) From the definition of f* we have ez — f*(§) < f(z), hence f**(z) =
supeepn (§0x — f*(§)) < f(z).

(i) if f < g, then g* < f* hence (f*)* < (g°)".

(iii) f** is convex and l.s.c. , hence f** = I'L f**. On the other hand, every linear affine

minorant £ of f is also an affine linear minorant for f**, since £ = £** < f**. Therefore
TL f** =TL f. O

The following theorem is an easy consequence of Proposition 2.116.

2.117 Theorem. Let f : R™ — R. Then we have the following:

(i) f is convex and l.s.c. if and only if f = f**.
(i1) Assume that [ is conver and f(x) < 4+oo at some x € R™. Then
f(x) = f**(x) if and only if f is l.s.c. at x.
(iil) f* is an involution on the class of proper, convex and l.s.c. functions.

Proof. Since f**(z) = I'L f(z), (i) and (ii) are a rewriting of (ii) and (iii) of Theo-
rem 2.109.

(iii) Let f be convex, l.s.c, and proper. By (ii) of Proposition 2.112 f*(£) > —oo for
every ¢ if and only if f(x) < 400 at some z, and f**(x) > —oo for every z if and only if
f*(€) < 400 at some &. Since f** = f by (i), we conclude that f* is proper. Similarly
one proves that f = f** is proper if f* is convex, l.s.c and proper. [}
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d. Convex duality revisited

Fenchel duality resumes the mystery of convex duality. Let f : R" —
R U {+o0} be a function and consider the primal problem

(P) f(x) — min

and let
p:=inf f(z).

Introduce a function ¢(z,b) : R™ x R™ — R such that ¢(x,0) = f(z) and
consider the value function of problem (P) (associated to the “perturbation
¢")
v(b) := inf ¢(z, b). (2.78)
We have v(0) = p.
Compute now the polar v*(§), £ € R™, of the value function v(b). The

dual problem of problem (P) by means of the chosen perturbation ¢(z,b)
is the problem

(P*) —v*(§) — max.
Let d := sup; —v*(§). Then v**(0) = d, in fact,

v**(0) = stép{Oof —v*(f)} =d.

The following theorem connects the existence of a maximizer of the
dual problem (P*) with the regularity properties of the value function v
of the primal problem (P). This is the true content of convex duality.

2.118 Theorem. With the previous notations we have the following:

(i) p>d.
(ii) Assume v conver and v(0) < +oo. Then p = d if and only if v is
l.s.c. at 0.
(iii) Assume v convex and v(0) € R. Then v(b) > neb + v(0) Vb if and
only if v is l.s.c. at O (equivalently p = d by (i1)) and n is a mazimizer
for problem (P*).

In particular, if v is convex and continuous at 0, then p = d and (P*) has
a mazrimaizer.

Proof. (i) Since v** < v from Proposition 2.116, we get d = v**(0) < v(0) = p.
(ii) Since p = d means v(0) = v**(0), (ii) follows from (ii) of Theorem 2.117.
(iii) Assume v convex and v(0) € R. If v(b) > neb + v(0) Vb, we infer v(0) = v**(0),
hence by (ii), we conclude that v is l.s.c. at 0. Moreover, the inequality v(b) > 1 eb+v(0)
Vb is equivalent to v(0) + v*(n) = 0 by the Fenchel inequality. Consequently, —v*(n) =
v(0) = v**(0) = d, i.e., n is a maximizer for (P*).

Conversely, if n maximizes (P*) and v is l.s.c. at 0, then we have —v*(n) = d =
v**(0) and v(0) = v**(0) by (ii). Therefore v(0) + v*(n) = 0, which is equivalent to
v(b) > neb +v(0) Vb by the Fenchel inequality. O
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The following proposition yields a sufficient condition for applying The-
orem 2.118.

2.119 Proposition. With the previous notations, assume that ¢ is convex
and that there exists xog such that p — ¢(xg,p) is continuous at 0. Then
v is convex and 0 € int(dom(v)). If, moreover, v(0) > —oo, then v is
continuous at 0.

Proof. Let us prove that v is convex since ¢ is convex. Choose p,q € R™ and A € [0, 1].
We have to prove that v(Ap + (1 — A)g) < Av(p) + (1 — X)v(g). It is enough to assume
v(p),v(g) < 4+o0. For a > v(p) and b > v(q), let T and § be such that

v(p) <@, p) <a,  v(g) <P q) <b
Then we have
v(Ap + (1 = N)g) = inf é(2, Ap + (1 = A)g) < d(AT + (1 = Ny, Ap + (1 — A)g)
< A6(@,p) + (L= N)o(¥:q) < Aa+ (1= A)b.

Letting a — v(p) and b — v(q) we prove the convexity inequality.

(ii) Since ¢(zo, b) is continuous at 0, ¢(zo, b) is bounded near 0; i.e., for some §, M > 0,
¢(x0,b) < M Vb e B(0,0). Therefore

v(b) = inf ¢(z,b) <M Vb€ B(0,9),

ie., 0 € int(dom(v)). If, moreover, v(0) > —oo, then v is never —co. We then conclude
that v takes only real values near 0, consequently, v is continuous at 0. [}

A more symmetrical description of convex duality follows assuming

that the perturbed functional ¢(z,b) is convex and l.s.c.. In this case, we
observe that

v*(§) = ¢7(0,€),
where ¢*(p, €) is the polar of ¢ on R™ x R™. In fact,

6"(0,6) =sup{ 00z + beg —o(2,b) } =sup{beg — o(2.b)}
z,b x,b
- sup{ bet — inf¢>(a;,b)} — v (€).

b x

The dual problem (P*) then rewrites as

(P*) _d)* (03 5) — max,
and the corresponding value function is then —w(p), p € R™,
w(p) = inf ¢*(p, €).

Since ¢** = ¢, the dual problem of (P*), namely

(P*) ¢**(x,0) — min



142 2. Convex Sets and Convex Functions

is again (P). We say that (P) and (P*) are dual to each other. Therefore
convex duality links the equality inf, ¢(x,0) = sup, ¢*(0,€) and the exis-
tence of solutions of one problem to the regularity properties of the value
function of the dual problem.

There is also a connection between convex duality and min-max prop-
erties typical in game theory. Assume for simplicity that ¢(z,b) is convex

and Ls.c. The Lagrangian associated to ¢ is the function £ : R x R™ — R
defined by

—L(z,£) := sup {b.§ — (Z)(a:,b)},

beR™

i.e.,
L(z,8) = —¢,(8)
where ¢, (b) := ¢(z,b) for every x and b.

2.120 Proposition. Let ¢ be convex. Then the following hold:

(i) For any x € R™, £ — L(x,§) is concave and upper semicontinuous.
(ii) For any £ € R, © — Ly(z,§) is conver.
Proof. (i) is trivial since —L is the supremum of a family of linear affine functions. For
(ii) observe that L(z,£) = infp{¢(z,b) — £eb}. Let u,v € R™ and let A € [0,1]. We
want to prove that
LAu+ (1 —XNv) < AL(u, &) + (1 — X\)L(v, §). (2.79)

It is enough to assume that L(u,§) < +oo and L(v,&) < +oo. For a > L(u,&) and
b > L(v,&) let b,c € R™ be such that

L(u,§) < ¢(u,b) — §ob < o,
L(v,8) < ¢p(v,¢) — Eoc < B.
Then we have
LOw+ (1= A, 8) < p(hu+ (1 — N, Ao+ (1 — N)e) — EeXb+ (1 — A)e
<Ad(u, b)) + (1 = N)p(v,¢) —AEeb — (1 —N)Eec
< e+ (1—NB.

Letting o | L(u,b) and 8 | L(v, ¢), (2.79) follows. o
Observe that
¢*(p,€) = Sgg{p-w +bel —¢(x,b)}
=sup{per + st;p{ be& — ¢(x,b)}} (2.80)
=sup{per — L(z,)}.

Consequently,
d = sup —¢*(0,¢) = supinf L(z,§). (2.81)
3 I

On the other hand, for every =, b — ¢,(b) is convex and l.s.c., hence
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¢(z,b) = ¢a(b) = ¢37(b) = sgp{b-ﬁ —¢: (&)} = Sgp{b-f + L(z, )}

Consequently,
p = inf ¢(x,0) = inf sup L(z, £).
Therefore, the inequality d < p is a min-max inequality sup inf, L(x,€) <
inf, sup, L(z,§) for the Lagrangian, see Section 2.4.8. In particular, the
existence of solutions for both (P) and (P*) is related to the existence of
saddle points for the Lagrangian, see Proposition 2.88.
The above applies surprisingly well in quite a number of cases.

2.121 Example. Let ¢ be convex and 1.s.c. Consider the perturbed function ¢(x,b) :=
@(z + b). The value function v(b) is then constant, v(b) = v(0) Vb, hence convex and
Ls.c. Its polar is

400 if € #£0,

v*(§) :==sup{§eb —v(0)} = { .
z —v(0) if&=0.

The dual problem has then a maximum point at £ = 0 with maximum value d = v(0).
Finally, we compute its Lagrangian: Changing variable ¢ := x + b,

L(z, &) = —SL;p{E-b —p(z+d)} = —SL;p{E-c —§ex —p(0)} = Lo — ™ (€).

Let ¢, ¢ : R — R U {400} be two convex functions and consider the
primal problem

Minimize ¢(z) + ¢(z), x € R"™. (2.82)
Introduce the perturbed function
d(x,b) = p(x +b) + ¢ (x), (z,0) e R™ x R", (2.83)
for which ¢(z,0) = p(x) + ¢ (), and the corresponding value function
o(b) = inf(p(@) + V(). (2.84)

Since ¢ is convex, then the value function v is convex, whereas the La-
grangian L(x, &) is convex in z and concave in €. Let us first compute the
Lagrangian. We have

—L(z,§) == St;p{fob —p(x+b) —Y(@)} = 9" (§) — Lo — ()

so that
L(z,&) = ¢(z) + Lox — " (§).

Now we compute the polar of ¢. We have
¢"(p.§) =sup{pex — L(z,§)} =sup{pex — oz —(z) +¢"(§)}
= sup{ (p— ) o — Y(@)} +#°(©
— -0+ ¢ (©).
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Therefore, the polar of (2.84) is
v (§) = ¢"(0,8) =" (§) + ¥ (=€)  VEER™
As an application of the above we have the following.
2.122 Theorem. Let ¢ and v be as before, and let ¢ and v be defined by
(2.83) and (2.84). Assume that we have @ continuous at xo, ¥ (xg) < 400

at some point xo and that v(0) > —oo. Let p and d be defined by the primal
and dual optimization problems respectively, through (x,b) — @(xz +b) +

(), given by
p = inf(p(2) + (), (2.85)
45 = sup(—¢"(€) = ¥ (~€). (2.86)

Then p=d € R and problem (2.86) has a maximizer.
Proof. ¢(x,b) := p(x +b) +1(z) is convex. Moreover, since ¢ is continuous at zo, then

b — ¢(z0,b) is continuous at 0. From Proposition 2.119 we then infer that v is convex
and continuous at 0. Then the conclusions follow from Theorem 2.118. O

2.123 Example. Let ¢ be convex. Choose as perturbed functional

#(@,b) = p(z +b) + ¢(z)
for which ¢(z,0) = 2p(x). Then, by the above,
v (§) = " () + " (=€)

and the Lagrangian is
Lz, &) = p(x) + Loz — 0™ (£).

Let us consider the convex minimization problem already discussed in
Paragraph d. Here we extend it a little further.

Let f,g%, ...,g™ : R" C R® — RU, o be convex functions defined on
R™. We assume for simplicity that either f or g := (g%, ¢°,..., g") are
continuous. Consider the primal minimization problem

Minimize f(z) with the constraints g(x) < 0. (2.87)

Let Ik be the indicatrix of the closed convex set K := {x = (z;) €
R™|z; < 0 Vi}. Problem (2.87) amounts to

(P) f(2) + Ik (g(x)) — min.
Let us introduce the perturbed function
¢(x,b) := f(x) + Ik (9(x) = b)
which is convex. Consequently, the associated value function

v(b) == sup(f(z) + Ik (p(x) = b)), bER™, (2.88)
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is convex by Proposition 2.119. Now, compute the polar of the value func-
tion. First we compute the polar of Ik (y). We have

if £ >
Tje(€) = sup{ €20 — I (b)} = {‘ioo if§ )
Therefore, changing variables, ¢ = g(z) — b,
~L(.) =sup{ b ~ £(z) ~ Telgle) - )
= (@) +sup{eg(x) — Loc — Ii(c)}
— (@) + g@) & + (L) (<0,

hence

L&) = | T(@) = €eg(@) £ <0,
| - if £ > 0.

Notice that sup, L(z,§) = f(x) + Ik (g9(z)) = #(z,0). Consequently,
{ if€>0
and the polar of the value function is

V(€)= ¢7(0,§) =sup{g(z) «& — [(2)}.

¢"(p,§) =inf pex —

Consequently, the dual problem through the perturbation ¢ is
(P) —v*(§) = info{f(x) — {ep(x) } — max on {{ > 0}.

2.124 Theorem. Let f,g',...,g™ : R® C R® — R U {+oc0} be convex
functions defined on R™. Let p and d be defined by the primal and dual
optimization problems

p: = inf(f(z) +Ix(9(x))), (2.89)
d = supinf L(z, §). (2.90)
E x

Assume that p > —oo and that the Slater condition holds (namely there
exists g € R™ such that f(z¢) < 400, g(xo) < 0 and g is continuous at
x0). Then the dual problem has a mazimizer.

Proof. The function ¢(x,b) = f(z) + Ix(g(z) — b) is convex. Moreover the Slater con-
dition implies that ¢(xo,b) is continuous at 0. We then infer from Proposition 2.119
that the value function v is convex and continuous at 0. The claims then follow from
Theorem 2.118. [}
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2.6 Exercises

2.125 9. Prove that the n-parallelepiped of R™ generated by the vectors eq, ..., e, with
vertex at 0,

K={x=XMe1+--+Aen | 0<N\;<1,i=1,...,n},

is convex.

2.126 . Ki + K2, aK1, AK1 + (1 — A\) K2, X € [0,1], are all convex sets if K1 and
Ko are convex.

2.127 9. Show that the convex hull of a closed set is not necessarily closed.

2.128 €. Find out which of the following functions is convex:
3z2 4+ y¥ — 422, z+ 2+ 2, (z+y+1)Pinxz+y+1>0,
exp(ay), log(1 + 2% + y?), sin(z? + y?).

2.129 9. Let K be a convex set. Prove that the following are convex functions:
(i) The support function é(x) :=sup{zey |y € K}.
(ii) The gauge function y(z) :=inf{\ > 0|z € AK }.
(iii) The distance function d(z) := inf{|z — y| |y € K}.

2.130 9. Prove that K C R™ is a convex body with 0 € int(K) if and only if there is
a gauge function F : R — R such that K = {z € R" | F(z) < 1}.

2.131 9. Let K C R™ with 0 € K, and for every £ € R™ set
() = inf{d € ]R‘ Cox <dVze€ K}.
Prove that if K is convex with 0 € int(K'), then d(§) is a gauge function, i.e.,
d(§) = min{{-:{; ’x € K}

and

K* = {g €R" ’d(g) < 1}.

2.132 q. Let f : Ry — R be strictly convex with f(0) = 0 and f/(0) = 0. Write
a(s) := (f')~1(s) and prove that

flz) = /Oz f'(s)ds, Ly(y) = /Oy a(s)ds, y>0.

2.133 9. Let f :[0,1] x [0,1] — R be a function which is continuous with respect to
each variable separately. As we know, f need not be continuous. Prove that f(¢,x) is
continuous if it is convex in x for every t.

2.134 9. Let C' C R™ be a closed convex set. Prove that g € C is an extreme point if
and only if C'\ {zo} is convex.

2.135 9. Let C C R"™ be a closed convex set and let f : C — R be a continuous, convex
and bounded function. Prove that sups f = supgc f.
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2.136 q. Let S be a set and C' = co(5) its convex hull. Prove that supo f = supg f if
f is convex on C'.

2.137 9. Let f: R™ — R be a convex function and let fe be its e-mollified where k is
a regularizing kernel. Prove that fe is convex.

2.138 9. Let ¢ : R - R, ¢ > 0. Then f(z,t) := ‘p(tz) is convex in Rx]0, co[ if and only
if /¢ is convex.

2.139 9. Let f: R™ — R be a convex function. Prove the following:

(i) T f(xz) # f(x), then = € ddom(f).
(ii) If dom(f) is closed and f is l.s.c. in dom(f), then I'f = f everywhere.
(iii) inf f = infT'f.
(iv) For all & € R we have {x € R" |T'f(z) < a} =Ngsqcl({z € R"| f(z) < B}).
(v) If f1 and fa are convex functions with f1 < fo, then I'f; < T'fa.

2.140 9. Let f be a l.s.c. convex function and denote by F the class of affine functions
£:R"™ — R with £(y) < f(y) Yy € R". From Theorem 2.109

flx) = sup{é(m) ‘f € .7:}.
Prove that there exists an at most denumerable subfamily {¢,,} C F such that f(z) =

sup,, In(x).
[Hint. Recall that every covering has a denumerable subcovering.]

2.141 q. Let f: R™ — RU{+o0} be a function. Its convez l.s.c. envelope I'C f : R™ —
R U {400} is defined by

I'C f(x) := sup{g(:r:) ’g :R™ - RU{+0o0}, g convex and ls.c., g < f}

Prove that I'C f =T'L f.
[Hint. Apply Theorem 2.109 to the convex and l.s.c. minorants of f.]

2.142 9. Prove the following: If {f;}ics is a family of convex and l.s.c. functions f; :
R™ — RU {+o0}, then

* *
(infr) =suwpsi,  (supfi) <intf7.
iel iel iel i€l
2.143 9. Prove the following claims:

(i) Let f(z) = 3|z[, p> 1. Then f*(§) = ¢|é%, 1/p+1/q=1.
(ii) Let f(z) := |z|, x € R™. Then

. 0 ifel <1,
e = il
+oo if €] > 1.
(iii) Let f(t) :=et, t € R. Then
too ify <0,
=90 ify =0,

E(logé —1) ify>0.
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(iv) Let f(x) := /14 |z|2. Then Ly is defined on Q* := {{[[¢| < 1} and

Ly(€) =—/1 - &%

consequently,

—VI-EPF iffg <,
+

(&) =TLLy(¢) = .
if [¢] > 1.

(v) The function f(z) = %|a:|2 is the unique function for which f*(z) = f(z).
2.144 9. Show that the following computation rules hold.

Proposition. Let f: R™ — R be a function. Then the following hold:
() (Af)*(€) = Af*(£/X) VE € R™ and YA > 0.
(i) If we set fy(x) := f(z —y), then we have f;(§) = f*(§) + Loy VE € R™ and
Vy € R™.
(iii) Let A € My »n(R), N <n, be of mazimal rank and let g(x) := f(Axz). Then

. +o00 if € € ker AL,
g (&) = , N .’
FHATTE) ife cker AL =Tm AT,
2.145 q. Let A C R™ and I4(x) be its indicatrix, see (2.72). Prove the following:

(i) If L is a linear subspace if R™, then (Ir)* =1 1.
(ii) If C is a closed cone with the origin as vertex, then (I¢)* is the indicatrix function
of the cone generated by the vectors through the origin that are orthogonal to C'.
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