ORF 523 LECTURE 7 Spring 2015, Princeton University

Instructor: A.A. Ahmadi
Scribe: G. Hall

Tuesday, March 1, 2016

When in doubt on the accuracy of these notes, please cross check with the instructor’s notes,
on|aaa. princeton. edu/ orf523. Any typos should be emailed to gh4@princeton.edu.

In the previous couple of lectures, we've been focusing on the theory of convex sets. In this
lecture, we shift our focus to the other important player in convex optimization, namely,

convex functions. Here are some of the topics that we will touch upon:
e Convex, concave, strictly convex, and strongly convex functions
e First and second order characterizations of convex functions

e Optimality conditions for convex problems

1 Theory of convex functions

1.1 Definition

Let’s first recall the definition of a convex function.

Definition 1. A function f : R™ — R is convez if its domain is a convex set and for all x,y

in its domain, and all A € [0, 1], we have

FOz+ (1 =XNy) <Af(z)+ (1= N f(y).

(aitn)

Figure 1: An illustration of the definition of a convex function
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1.2

This

In words, this means that if we take any two points z, y, then f evaluated at any convex

combination of these two points should be no larger than the same convex combination

of f(z) and f(y).

Geometrically, the line segment connecting (z, f(x)) to (y, f(y)) must sit above the
graph of f.

If f is continuous, then to ensure convexity it is enough to check the definition with

A = 3 (or any other fixed A € (0,1)). This is similar to the notion of midpoint convex

sets that we saw earlier.

We say that f is concave if —f is convex.

Examples of univariate convex functions

is a selection from [1]; see this reference for more examples.

eam

—log(x)

z® (defined on R, y),a>1ora <0
—z® (defined on Ry, ), 0<a <1
|z]?, a >1

xlog(x) (defined on R, )

Can you formally verify that these functions are convex?

1.3

Strict and strong convexity

Definition 2. A function f:R" — R s

Strictly convex if Va,y, x # y, VA € (0, 1)
fAz+ (1= XNy) <Af(z) + (1 =) f(y)

Strongly convex, if 3o > 0 such that f(x) — al|z||* is conver.



Lemma 1. Strong convezity = Strict convexity = Convexity.

(But the converse of neither implication is true.)

Proof: The fact that strict convexity implies convexity is obvious.

To see that strong convexity implies strict convexity, note that strong convexity of f implies
Oz + (1= Ny) = alhe + (1= Nyll* < Af(2) + (1= N fy) = Aallz|* = (1 = Nallyl]*.
But
Aallz|* + (1= Nallyll* — alAz + (1 = X)y|[* > 0, Ya,y,z #y, YA€ (0,1),

because ||z||? is strictly convex (why?). The claim follows.

To see that the converse statements are not true, observe that f(z) = x is convex but not

strictly convex and f(z) = 2 is strictly convex but not strongly convex (why?).

1.4 Examples of multivariate convex functions

e Affine functions: f(z) = a’z +b (for any a € R",b € R). They are convex, but not

strictly convex; they are also concave:
YAe[0,1], fOr+(1—=Ny)=a" Az + (1 - Ny)+b
=X’z + (1= Naly+ b+ (1—N)b
= Af(x) + (1 =N f().

In fact, affine functions are the only functions that are both convex and concave.
e Some quadratic functions: f(z) =27Qx + ¢’z + d.

— Convex if and only if ) > 0.
— Strictly convex if and only if @) > 0.
— Concave if and only if @) =< 0; strictly concave if and only if @ < 0.

— The proofs are easy if we use the second order characterization of convexity (com-

ing up).
e Any norm: Recall that a norm is any function f that satisfies:

a. flaz) =lao|f(zx),YVaeR



b. fle+y) < f(z)+ f(y)
c. fl)>0,Ve,f(z)=0=2=0

Proof: V) € [0, 1],
Oz + (1= Ay) < fQAz) + F(1 = Ny) = Af(2) + (1 =N f(y).

where the inequality follows from triangle inequality and the equality follows from the

homogeneity property. (We did not even use the positivity property.) O

(a) An affine function (b) A quadratic function (¢) The 1-norm

Figure 2: Examples of multivariate convex functions

1.5 Convexity = convexity along all lines

Theorem 1. A function f : R™ — R is convex if and only if the function g : R — R given
by g(t) = f(z + ty) is conver (as a univariate function) for all x in domain of f and all
y € R™. (The domain of g here is all t for which x + ty is in the domain of f.)

Proof: This is straightforward from the definition.

e The theorem simplifies many basic proofs in convex analysis but it does not usually
make verification of convexity that much easier as the condition needs to hold for all

lines (and we have infinitely many).

e Many algorithms for convex optimization iteratively minimize the function over lines.
The statement above ensures that each subproblem is also a convex optimization prob-

lem.



2 First and second order characterizations of convex

functions

Theorem 2. Suppose f : R" — R is twice differentiable over an open domain. Then, the

following are equivalent:
(i) f is conver.
(it) f(y) = f(2) + Vf(2)(y — ), for all z,y € dom(f).
(iii) V2f(x) = 0, for all x € dom(f).

Intepretation:
Condition (ii): The first order Taylor expansion at any point is a global under estimator of

the function.

-P(').)

)W (9-x)

Condition (iii): The function f has nonnegative curvature everywhere. (In one dimension

f'(x) > 0,Vz € dom(f).)
W‘FW
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Sign of the curvature
(sign of f')

Proof ([2],[1]):

We prove (i) < (ii) then (i) < (iii).



(i) = (it) If f is convex, by definition
FOy+ (1 =Nz) <Af(y) + (1= A)[f(2),VA € [0, 1], 2,y € dom(f).

After rewriting, we have

As A | 0, we get

(74) = (i) Suppose (1)) holds Vz,y € dom(f). Take any x,y € dom(f) and let
2=+ (1= N)y.
We have

> f(2) + VT (2)(z — 2)
f) > f)+ V(=) (y—2)

Multiplying by A, by (1 — A) and adding, we get

f
f

M)+ =Nfy) > f)+ V()04 (1= Ny —2)
= f(2)
= fAz+ (1= Ny). O

(17) < (i7i) We prove both of these claims first in dimension 1 and then generalize.

(i1) = (1ii) (n = 1) Let z,y € dom(f), y > x. We have

f()

>
and f(z) >

f(x) +
fy) +



= @)y —z) < fly) = flx) < fy)(y—2)
using () then (5)). Dividing LHS and RHS by (y — x)? gives

f'(y) = f'(=)
y—x

Z O? vxa!/? x#y'
As we let y — x, we get

f"(z) >0, Yz € dom(f).

(13i) = (i7) (n = 1) Suppose f"(z) > 0, Vo € dom(f). By the mean value version of Taylor’s
theorem we have

Fly) = @)+ @)y~ 2) + 5 () = 2)*, for some = € [z, y].
= 1ly) = J@) + f'(@)ly )

Now to establish (ii) < (iii) in general dimension, we recall that convexity is equivalent
to convexity along all lines; ie., f : R — R is convex if g(a) = f(zg + av) is convex
Vxg € dom(f) and Vv € R". We just proved this happens iff

g"(a) = vT V2 f (20 + av)v > 0,

Vzo € dom(f),Yv € R" and Va s.t. xy + av € dom(f). Hence, f is convex iff V2f(x) = 0
for all z € dom(f). O

Corollary 1. Consider an unconstrained optimization problem

min f(z)

s.t. © € R",

where f is conver and differentiable. Then, any point T that satisfies V f(Z) = 0 is a global

Proof: From the first order characterization of convexity, we have

fw) = flz) + Vi (2)(y — ), Va,y



In particular,
fly) = f(@) + V(@)Y - 2), vy
Since V f(z) = 0, we get
fy) = f(x), vy. O
Remarks:

e Recall that Vf(x) = 0 is always a necessary condition for local optimality in an
unconstrained problem. The theorem states that for convex problems, Vf(z) = 0 is

not only necessary, but also sufficient for local and global optimality.

e In absence of convexity, Vf(x) = 0 is not sufficient even for local optimality (e.g.,
think of f(z) = 2% and 7 = 0).

e Another necessary condition for (unconstrained) local optimality of a point x was

V2f(xz) = 0. Note that a convex function automatically passes this test.

3 Strict convexity and uniqueness of optimal solutions

3.1 Characterization of Strict Convexity

Recall that a fuction f : R™ — R is strictly convex if Vx,y,z # y,VA € (0,1),

Oz + (1= Ny) <Af(x) + (1= A)f(y)

Like we mentioned before, if f is strictly convex, then f is convex (this is obvious from the

definition) but the converse is not true (e.g., f(z) =z, z € R).

Second order sufficient condition:

V2f(z) = 0, Vo € Q= f strictly convex on Q.

The converse is not true though (why?).

First order characterization: A function f is strictly convex on 2 C R" if and only if

fy) > f(@) + Vi (z)(y —z), Yo,y € Qa #y.



e There are similar characterizations for strongly convex functions. For example, f is

strongly convex if and only if there exists m > 0 such that
fy) = fl2) + VT f2)(y — 2) +mlly — 2|, Yo,y € dom(f),
or if and only if there exists m > 0 such that

V2f(z) = ml, Yz € dom(f).

e One of the main uses of strict convexity is to ensure uniqueness of the optimal solution.

We see this next.

3.2 Strict Convexity and Uniqueness of Optimal Solutions
Theorem 3. Consider an optimization problem

min f(x)

s.t. x e,

where f: R™ — R is strictly convex on 2 and €2 is a convex set. Then the optimal solution

(assuming it exists) must be unique.

Proof: Suppose there were two optimal solutions x,y € R™. This means that x,y € 2 and

f(@) = fly) < f(2),Vz € Q. (6)

But consider z = %ﬂ By convexity of €2, we have z € (). By strict convexity, we have

f<z>:f(x;y)

< 1)+ 3
1

1
= SH@) + 5 @) = (@),

But this contradicts @ O

Exercise: For each function below, determine whether it is convex, strictly convex, strongly

convex or none of the above.

o f(z) = (v1 — 32)°



o f(x) = (v1—3m2)% + (x1 — 229)?
o f(z)=(v1—3m2)%*+ (x1 — 229)* + 7}
o f(z) =lz| (z €R)

o f(x) =[]l (x € R")

3.3 Quadratic functions revisited

Let f(z) = 27 Az + bz + ¢ where A is symmetric. Then f is convex if and only if A = 0,
independently of b, c. (why?)

Consider now the unconstrained optimization problem

min f(x) (7)
We can establish the following claims:

e A% 0 (f not convex) = problem ([7)) is unbounded below.

Proof: Let & be an eigenvector with a negative eigenvalue A. Then
AT =)\t = 7T AT = \277 < 0
flaz) = a*zTAZ + abz + ¢

So f(azx) — —oo when oo — 0.

e A > 0= fis strictly convex. There is a unique solution to ([7)):
* 1 —1
= —§A b (why?)

e A > 0= fis convex. If A is positive semidefinite but not positive definite, the
problem can be unbounded (e.g., take A =0, b # 0), or it can be bounded below and
have infinitely many solutions (e.g., f(z) = (z; — x2)?). One can distinguish between
the two cases by testing whether b lies in the range of A. Furthermore, it is impossible

for the problem to have a unique solution if A has a zero eigenvalue (why?).

10



A>0 A0 A¥0
(but 4 # 0)

Figure 3: An illustration of the different possibilities for unconstrained quadratic minimiza-

tion

3.3.1 Least squares revisited

Recall the least squares problem

min || Az — b]|?.
T

Under the assumption that the columns of A are linearly independent,
= (ATA)ATH

is the unique global solution because the objective function is strictly convex (why?).

4 Optimality conditions for convex optimization

Theorem 4. Consider an optimization problem

s.t. x €9,

where f : R™ — R is convexr and differentiable and ) is convex. Then a point x is optimal
if and only if x € Q and

Vi) (y—x) >0,y €.

Remarks:

11



e What does this condition mean?

— If you move from z towards any feasible y, you will increase f locally.

— The vector —V f(z) (assuming it is nonzero) serves as a hyperplane that “sup-

ports” the feasible set © at x. (See figure below.)

flx)=ci
Coh a e Co< 6 & Cd

~VAm

Figure 4: An illustration of the optimality condition for convex optimization

e The necessity of the condition holds independent of convexity of f. Convexity is used

in establishing sufficiency.

o If QO = R”, the condition above reduces to our first order unconstrained optimality
condition V f(z) =0 (why?).

e Similarly, if = is in the interior of 2 and is optimal, we must have V f(x) = 0. (Take

y =x — aV f(z) for a small enough.)

Proof:

(Sufficiency) Suppose = € Q satisfies
V@) (y—x) > 0,vy € Q. (8)
By the first order characterization of convexity, we have:

fy) = f(2) + V[T () (y — ), Yy € Q. (9)

12



Then

B +@ = fy) = flz), vyen

= x is optimal.

(Necessity) Suppose z is optimal but for some y € Q we had
Vi (z)(y —x) <O0.

Consider g(a) := f(z + (a(y — x)). Because Q is convex, Va € [0,1], x + a(y — z) € Q.
Observe that

This implies that

30 > 0, s.t. g(a) < g(0), Ya € (0,9)
=fle+aly—2z)) < f(z), Ya € (0,9).

But this contradicts the optimality of x. [J

Here’s a special case of this theorem that comes up often.

Theorem 5. Consider the optimization problem

min f(x) (10)
s.t. Ar =b,

where f is a convez function and A € R™*". A point x € R" is optimal to if and only
if it is feasible and I € R™ s.t.

Vfx)=A"p.

Proof: Since this is a convex problem, our optimality condition tells us that a feasible z is

optimal iff

Vfi(z)(y —x) >0, Vys.t. Ay =b.

13



Any y with Ay = b can be written as y = x + v, where v is a point in the nullspace of A;
i.e., Av = 0. Therefore, a feasible x is optimal if and only if VfT(z)v > 0,Vv s.t. Av =0.
For any v, since Av = 0 implies A(—v) = 0, we see that V fT(z)v < 0. Hence the optimality
condition reads V¥ (z)v =0, Vv s.t. Av = 0.

This means that V f(x) is in the orthogonal complement of the nullspace of A which we

know from linear algebra equals the row space of A (or equivalently the column space of
AT). Hence Ju € R™ s.t. Vf(z) = ATp. O

Notes

Further reading for this lecture can include Chapter 3 of [I].
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