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Chapter 1

Introduction

1.1 Motivation

Why optimization in image processing? It is a convenient strategy to design algorithms
1. by defining what the result should look like, not how to find it,
2. that can be analyzed,
3. that are modular and can be easily modified as requirements change.

A classical example is image denoising, because the problem is very clear: we are given an
input image I: Q@ C R%— [0, 1] that is corrupted by noise — such as sensor noise or JPEG
artifacts — and would like to reconstruct the uncorrupted image u as accurately as possible.

Simply convolving the image with a Gaussian kernel or computing the average in a
small window around each point results in an image that is much too smooth, i.e., much
of the structure in the original image is lost.

A common first approach is to use “ad hoc” methods. For example, we might notice
that natural images tend to have a high amount of self-similarity, so it seems reasonable
to try to find similar patches in the image, and for each point compute the average over
the corresponding pixels in similar patches.

Such methods may work, and are often simple to implement and fast. The disadvantage
is that if they do not work, it may be very hard to precisely point out why. Similarly it is
often difficult to make specific statements about the quality of their output — which features
does it remove or preserve? Does it remove features below a certain size? How strong can
the noise be if we want it effectively removed? Does it keep edges?

A very useful way out of this dilemma is to follow a variational approach. We postulate
that the output of our method is the minimizer of a function

min f(u).

u

This abstracts from the actual implementation of the algorithm, and allows to focus on
modelling the problem, i.e., finding a function f such that the minimizer has the desired
properties.

A prototypical variational model is the following:

min f(u):z%[) Hu—IHde—l—)\/QHVuHde.

The left term is commonly called the data term, and serves to keep u close to the observed
input image I. The right term, which we refer to as the regularization term, is weighted
by a scalar A > 0 and advocates solutions that are smooth. Finding suitable regularizers
is often the more difficult part, as they encode what we know about the characteristics of
the desired solution — our prior knowledge that does not depend on the actual data.
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Apart from this intuitive explanation, there is also a statistical interpretation: min-
imizing f is the same as maximizing e /(). In the above case, this is the product of a
Gaussian density with mean I and another density that encodes the regularizer. The
minimizer of the variational model is therefore the image u that is most likely with respect
to a certain density that depends on the input image.

A drawback of the above model is that it tends to over-smooth edges. The reason can
be easily seen by inspecting the regularizer: it clearly prefers continuous transitions between
two values ¢; and ¢z to a “jump” of the same height (going from 0 to 1 via 1/2 is penalized
by (1/2)? + (1/2)2=1/2, but a sharp transition from 0 to 1 is penalized by 12=1). We
have to make sure that they cost the same or we will get smoothing!

This leas to the Rudin-Osher-Fatemi (ROF) model:

;mnfm%:%AJW—Ide+NLHVMMx (1.1)

(the notation is not very precise, since the ROF model requires a generalization of the
gradient to discontinuous functions, but it is enough to illustrate the point). The idea is
that monotone transitions between two values have exactly the same regularization cost,
regardless of how sharp the transition is.

For the ROF model it is possible to show that if the input image I assumes only the
values 0 and 1 then jumps will be preserved. This highlights an important point: it is often
relatively easy to explain unexpected results from basic properties of the objective, and
then to slightly modify the objective to get rid of these properties.

Taking the idea one step further, we arrive at the TV — L! model:

Imnf@y:/uu—umx+x/”vmmm
u:Q—R QO Q

Compared to ROF, this has the advantage that it does not reduce the contrast of the
image. In fact, it is possible to show that characteristic function of discs with radius of at
least A\/2 will be preserved, and discs with radius strictly less than A/2 will be completely
removed — we have a good intuition of what happens to features of a certain size.

The drawback of variational methods is that the model description in terms of f does
not include any hint on how to implement the numerical minimization. In fact, there can be
many obstacles such as large-scale problems, f being non-differentiable, or having multiple
local minima.

This raises an important question: let us assume that the solver hits the stopping
criterion and returns a potential minimizer u of f, but we find that u is not what we would
like the output to look like. It could be that the model f is not appropriate, but it could
also be that the model is fine but the solver just did not find a good minimizer.

This is where the concept of converity comes into play:

convexity = local minimizer = global minimizer.

If f if convexr (and in fact the ROF model (1.1) is), then every local minimizer is also a
global minimizer. Therefore, if the output is not as expected (and the solver returns a
local minimum), we know that the only correct way to improve the situation is to modify
the model. Therefore convexity decouples the modelling and implementation/optimization
stage.

A difficulty when implementing convex solvers for image processing tasks is that we
often have to deal with problem that are

non-smooth and large-scale.
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This causes several problems: we cannot evaluate the gradient everywhere, and much less

the Hessian. Even if we could, the gradient is not Lipschitz-continuous and does not carry

any information about how close we are to the minimum. If we decide to replace the non-

smooth terms by a smoothed version (such as ||Vu| ~ (u2 +u2 + e2)1/2 close to the non-

smoothness the gradient can be a very bad approximation of the behaviour of the function.
But the good news is:

convexity = (very often) efficiently solvable.

In the last decades very efficient general-purpose and dedicated convex solvers have been
developed, so that even problems with 10 million variables can often be solved in reasonable
time. This is not the case for general non-convex problems: minimizing

min f(z) s.t. x; (1 —x;) =0,

zeR"
is already challenging for n =50 and practically impossible in general for n =1000, because
at minimum f needs to be evaluated at 2™ points.

1.2 Course Layout

1. Introduction: variational approach, data term and regularizer, separation of model-
ling and implementation

2. Eristence: extended real-valued functions, lower semi-continuity, level-boundedness,
existence of minimizers of extended real-valued functions.

3. Converity: convex sets and functions, epigraphs and effective domain, Jensen
inequality, characterization of convex functions and convex calculus, local min-
imizers are global minimizers, derivative tests, projections, convex hulls.

4. Cones and Generalized Inequalities: cones, generalized inequalities, conic programs,
standard-, second-order-, and semidefinite cones.

5. Subgradients: set-valued mappings, subdifferential, generalized Fermat condition,
normal cones, subdifferentials as normal cones of the epigraph, relative interior,
subdifferential calculus.

6. Conjugate Functions: convex hull and closure of a function, envelope representation
of convex sets and functions, Legendre-Fenchel transform and properties, inversion
rule for the subdifferential, conjugate calculus, support functions.

7. Duality in Optimization: primal and dual problems, perturbation formulation, weak
and strong duality, necessary and sufficient primal-dual optimality conditions, dual
for conic problems, Lagrangians, saddle-point formulation of the optimality condi-
tions.

8. Numerical Optimality: difficulties in non-smooth optimization, numerical primal-
dual gap, infeasibilities.

9. First-Order Methods: forward and backward steps, proximal step formulation, for-
ward and backward stepping, splitting principle, gradient-projection, primal-dual
methods, Augmented Lagrangian.

10. Interior-Point Methods: canonical barriers, primal-dual central path, duality gap
on the central path, tracing the central path.
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13.
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1.3

INTRODUCTION

Using Solvers and Discretization Issues: transforming problems into normal forms,
representing multi-dimensional data in vector form, implementing linear operators,
discretizing variational problems, adjoint differential operators

Support Vector Machines: supervised and unsupervised machine learning, linear
maximum-margin classifiers, reformulation as convex problem, dual problem and
optimality conditions, computing primal from dual solutions, support vectors,
kernel trick

Total Variation: functions of bounded variation, dual formulation of the total vari-
ation, coarea formula, higher-order total variation, infimal convolution, conjugate
of infinal convolution, total generalized variation, Meyer’s G-norm, non-local regu-
larizers.

Relazation: non-convexity in image processing, Chan-Vese, Mumford-Shah, convex
relaxation, genralized coarea condition, thresholding theorem, discretized energy,
anisotropy.

Suggested Reading

Rockafellar, Wets: Variational Analysis, 2009: The notation and structure of the
variational analysis part of this course follows Rockafellar’s excellent book. The
book can be a little abstract at times as it develops a much more general theory
that also covers nonconvex functions. The predecessor classic (Convex Analysis)
from the same author contains several simpler proofs for the convex case.

Boyd, Vandenberghe: Convex Optimization, 2004: A good overview with many
applications, examples and exercises. Focuses on the classical KKT representa-
tion of optimality conditions. An excellent read, and available online for free.

Ben-Tal, Nemirovski: Lectures on Modern Convex Optimization, 2001: A good intu-
itive introduction to interior point methods including some complexity analysis.

Paragios, Chen, Faugeras: Handbook of Mathematical Models in Computer Vision,
2006: This is a good complement to the course as it covers the modelling aspect and
is a good reference and includes many of the standard methods in modern image
processing.



Chapter 2

Existence

2.1 Extended real-valued functions

In the literature, optimization problems are commonly formulated using an objective func-
tion fo: R™— R and constraint functions fi,..., fm: R"— R, e.g.,

min fo(z) s.t. zel,
C={zeR"|fi(x)<0,i=1,...,m}.

By allowing +o0 as the value of the objective function we can rewrite this in a very compact
form:

where f:R"— RU{+o00}, with the definition z ¢ C' < f(z) =+o0.

Definition 2.1. (extended real line) We define R:=RU {+00, —oc} with the rules:
1. 0o4+c=00, —oo+c=-00 forallceR,
2.0-00=0, 0-(—00)=0,
3. infR=sup@=—o0, infl=supR=+oc0.
4. +00—00=—00+00=~400 (sometimes; careful: —co =\ (00 —00)F A\ 00—\ co=00
if A<0)
Remark 2.2. (rules for extended real values)
inf{f(z)+g(x)} > inff(xz)+infg(z), inf X f=Ninf f, A >0, inf f=—sup (—f),
sup {f(@) + g(a)} < sup (@) +supg(e), supAf =Asup f,A >0, sup f = —inf (~ f),
inf {£(x) +9()} = int f(a)+infg(y)

The last rule does not hold for sup! Example: f(z)=xz, g(y)=—o0, then

sup{ f(x)+ g(y)}=sup (z — 00) =sup (—o0) = —00# +00=+00 — co=sup f +supg.
z,y z,y z,y xX Yy

Another special case to watch out for is that inf C' < sup C does not hold if C' = 0. Also
a>b<a—b>0 always holds, but a > b< b —a <0 does not!

Definition 2.3. (indicator function) For C CIR", denote

- 0 eC
sc:R"—> R, 50(95)::{ e §¢C.’
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Example 2.4. (constrained minimization via addition of indicator function): Assume f:
R"— R, C CR"™ C#(. Then

2’ minimizes f over C < 1z’ minimizes f + dc over R".

Definition 2.5. (argmin, effective domain, proper) For f:R™— R, denote
1. dom f:={x e R"|f(x) <400} (effective domain, set of feasible solutions)

f5+m7

?;celR"U(m) N A (set of minimizers/optimal solutions)

2. argmin f:= {
3. fis “proper” :< dom f#0 and f(x) > —occVx €R" (i.e., f#+00 and f>—00).

By the definition of the argmin, if x € argmin f then f(z) < -+oo, however f(x)=—o00
is possible. Proper functions are the “interesting” function for minimization: if f = 400
then the problem does not have any solution, and if there are = such that f(z)=—oc then
argmin f consists of exactly these points.

Definition 2.6. (epigraphs, level sets) For f:R"— R, denote

epi f = {(z,0) e R" x R|f(z) <a}.

Epigraphs are an alternative way to define functions and are often a convenient way to
derive properties functions using theorem about sets. While every epigraph is a set, not
every set is the epigraph of a function — in fact a set C' is an epigraph iff for every = there
is an @ € R such that C'N(x x R) = [a, +00], i.e., all vertical one-dimensional sections must
be closed upper half-lines. If f is proper then epi f is not empty and does not include a
complete vertical line.

2.2 Existence of minimizers

Definition 2.7. (lower-semicontinuity) For f:R"— R, define

lim inf f(z) := lim  inf () = lim

f = inf
r—x’ ONO ||z —x'||2<0 k—oo ||lx—a’||2<1/k

f is “lower semi-continuous (Isc) at x'” : &

f(z)) < lim inf f(z). (2.1)

z—x!
fis “Isc on R™” (or just “Isc”) : < [ is lsc at every x’ € R™.
Proposition 2.8. (sequence characterization of lower semi-continuity)
lim inf f(z) = min{a€R[I(2") =" f(zF) = a}. (2.2)
z—x!

In particular, f is lsc at x' iff

f(z') < lim kinf f(xF)  for all convergent sequences x*— . (2.3)
—00

Proof. First part:
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“<” We show that liminf, . f(z) <a for all a € S:={a € R|3(z*) = 2" f(2*) = a}.
For such an « take (z*) — 2’ from the definition of S. Then f(z*) — a, so for all j exists
k; such that z*/ € By, ;(x"). Therefore

inf f(z) < f(xkf)

z€By (")
: k
"Zhim inf flr) < dim f(a™) = lim fok) =0
j—ooz€By4(x’) j—o0 k—o00

liminf, _, /f(x)

“>". We show that there exists a sequence z* — z’ such that f(xk) — liminf, ./ f(x): if this
is true, then “>" holds and we also have shown that the “min” notation is justified, i.e., S
contains a minimal element.

For every k we can find ¥ € By /,(2') such that

1
) < inf T)+ =
S <l T
(this requires that the liminf is finite, but we can make a similar argument by adding —oo
if it is —00). Since f(z¥) > infyep, ) (2 f(2) this implies

1
inf z) <f(zF) < inf )+ —.
xegl/k(m,)f( ) <f(2") xegl/k(x,)f( )+ 7

Since this holds for all £ we can take k — oo and obtain that

. k _ . .
khﬁn;of(x ) = kllﬁn;oxelgllri(m/)f(x)
By definition ¥ — 2/, so we have found the desired sequence.

Second part: This is based on the fact that we can identify the limits of converging
sequences with the lim inf s of arbitrary sequences, because we can always find a subse-
quence converging to the liminf.

“<" By 1., take any (2*) from the definition of S such that f(x*)—a’:=minS. Then
z¥— 2/, therefore from f(z') <liminfy_s o f(2¥) =’ =liminf, ./ f(x).

“=": Take any convergent sequence zF — 2’ in (2.3). Choose a subsequence such that
f(xkf)]i;)olim infy, s o0 f (2¥). Then (a:kj)iozl is in S, therefore

22 g @2.1)
lim inf f(z*)= lim f(2") > o/=lim inf f(z) > f(2).

k— o0 j—oo z—x’!

Example 2.9.

1. f(x):{(l]: "2 s lse,

2. f(z)= { (1] iig’ is not Isc (but f is Isc in all x #0),

3. f(x) = dc is Isc in the open sets int C' and ext C. It is Isc on R™ iff C is closed:
lim inf,_, ,/0c(x) is always 0 for z’ € bnd C, therefore d¢ is lsc iff dc(z) =0 for all
x € bnd C', which is the case iff C is closed.

Theorem 2.10. (semicontinuity and the epigraph) Let f: R™ — R. Then the following
properties are equivalent:

1. fislsc on R™,
2. epi f is closed in R™ x R,
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3. the sublevelsets leveof:={x € R"|f(z) < a} are closed in R™ for all a« € R.

Proof. Idea (1< 2): epi f can only be not closed along vertical lines.

1.=2.: Assume (2, o) € epi f, (2%, a¥) = (2, @), a € R. Then f(2*) < o (because
(zF, aF) € epi f), and lim infy oo f(2*) < lim inf,_oca® = o. The second part of Lemma
gives f(x) <liminfy_s o f(2¥); therefore f(z)<....<a and (z,q) €epi f.

2.=3.: We have

epi f closed
= epi fN(R" x {a'}) closed for all o’ € R
& {(z,a) eR"x Rla=da/, f(z) <a} closed for all &’ € R
& {zeR"|f(z)<a'}=levgy f closed inR" for all o’ € R.

This shows 3. for all o’ € R. For o’ =400 we have leve o f =R"™ which is always closed.
For the case o’ = —oo we note that

lev<_oof = ﬂ lev<kf,
keN

is also closed as the countable intersection of closed sets.

3.=1.: For any 2/, from Lemma 2.8 we get a sequence z* — z’ with f(2%) —
lim inf, ,,/f(z) =: C. If C = 400 we are done, since then f(z') < lim inf,_,,/ f(z) =
400 always holds.

Assume now C € R. Then for every £ >0 we can find K (¢) such that f(z*)<C +¢ for
all k> K (e). This implies

xk € leV<C+€f7

for all e >0 and k> K (¢). Since all level sets are closed by assumption and the subsequence
converges to x’, we get

z' € levgoqef Ve>0
sflx') < C+e Ve>0,

therefore

f(z) < C=lim inf f(x),

rz—z’

which shows that f is Isc in z’.
If C'=—o00 then we use a similar argument, replacing lev<cie by levg /.. O

Definition 2.11. f:R"— R is ‘evel-bounded” : < leveyf is bounded for all a € R.

Example 2.12. fi(z) := 22 is level-bounded. fa(x) := x is not bounded below and not
level-bounded. f3(z) := 1/|z| (with the +oo extension at 0) is bounded below and not
level-bounded. fi(x) = min {1, |z|} is bounded from below and not level-bounded, since
leveof=R" for a > 1.

Proposition 2.13. f:R"— R is level-bounded if and only if f(z*)— +oo for all sequences
(x*) satisfying ||z*||2 — +o0.

Proof. “=”: Assume we have |||y — +00. Then for any a € R there is K («) such that
k¢ leve,f for k> K(a), because all these sets are bounded. Therefore f(z¥) >« for all
k> K (o). This holds for all o, therefore f(z*)— +oo0.
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“<" if f is not level-bounded then there is an a such that lev¢,f is unbounded.

Thus we can find a sequence 2 in this set with ||2*|s — oo and f(2*) < a. Therefore
f(xF) - +o0. O

The property in Prop. 2.13 is also often referred to as coercivity in the literature.

Theorem 2.14. (ezistence of minimizers): Assume f:IR"— R is Isc, level-bounded, and
proper. Then

inf f(.%') € (—OO, +OO)7
T
and argmin f is nonempty and compact.

Proof. f is proper = f < +oo=inf f < 40co. We have

argmin f = {z€R"|f(z) <inf f}
= {zeR"|f(z)<aVaeR:a>inf f}
= () lev<al

acR,a>inf f

For any « in the intersection, lev¢,f is closed since f isIsc (Thm. 2.10, 3.). But f is also
level-bounded, therefore lev¢, f is bounded. Together lev¢, f is compact.

We can also make the intersection countable (use a=inf f+1/k if inf f € R, and a=—k
if inf f=—00). All sets in the intersection are nonempty and compact. Therefore Cantor’s
intersection theorem states that their intersection is also nonempty (it is also compact).

(Why? Take any sequence with ¥ € lev,, f, we can do this explicitly in R" through inf.
(x*) has a converging subsequence because it lies completely in leve,, f which is compact.
Denote the limit by z’. For every k we can find a “tail” of (2*) that lies completely in
leve,, (and still converges to z’), and because all these sets are closed we have z’ € lev¢,,.
Therefore z’ is also contained in the intersection.)

The only thing that remains to be shown is that inf f>—oco. Assume that inf f=—o0.
By the previous part, arg min f # (). Therefore there exists € arg min f, but then
f(x)=inf f = —o0, which contradicts the properness of f. O

Remark 2.15. The proof of the theorem does not require full level-boundedness, it suffices
to have lev¢, f bounded and nonempty for at least one a € R: closedness of the sublevelsets
follows from f being lsc, and boundedness is only required for all leve,s with o’ < «, for
which it automatically holds because lev¢,r Clevg,.

An example for such a function is f(2) =1 —e~1®l, which is bounded from above by 1
and therefore not level-bounded, but it is Isc, proper, and attains its minimum in . =0. All
the sets lev < «v are bounded for o < 1, and, as one would expect argmin f = {0} is non-

empty, closed and convex.

Proposition 2.16. (lower semi-continuity of sums and scalar multiples):
1. f,g lsc and proper = f+ g Ilsc
2. flsc, \=20 = X f lsc,
3. f:R"=R Isc and g: R™— R"™ continuous = fo g lsc.

Proof. Exercise. O






Chapter 3

Convexity

Definition 3.1. (convez sets and functions)
1. f:R" =R is “convex” : <
F( = atry) <(1—7) f@) +7f(y) Vo,yeRMre@,1).  (3.1)
2. C CR" is “conver” : < d¢ is conver=(1—1)e+717yeC Va,yeC,7€(0,1).
3. f:R™—= R is “strictly convex” : < f conver and (3.1) holds strictly for all x # y
with f(z), f(y) €R and for all T €(0,1).

Remark 3.2. C CIR" is convex iff for every two points x, y € C' the whole line segment
between them is contained in C":

{l-=71)z+71y|te(0,1)} € C Vz,yeCl.

If —f is convex then we say that f is concave. Not that this does not correspond to
reversing the inequality sign in (3.1) alone due to the +00 — 0o =00 convention (Def. 2.1),
but also requires to change the convention to +00 — 0o = —o0 in addition to the reversed
sign. In order to avoid this problem we prefer to say that — f is convex to saying that f
is concave.

Example 3.3.

R™ is convex,

{r € R"|z >0} is convex,

{z e R"|||xz||2 <1} is convex,

{z e R"|||z||2<1,2#0} is not convex,

the half-spaces {z|a' x+b>0} are convex,

f(x)=a' z +bis convex (inequality holds as an equality) but not strictly convex,

f(z) =]z |3 is strictly convex,

® N e s W

f(z)=||x||2 is convex but not strictly convex.

Definition 3.4. (convex combination) Assume xg, ..., T, € R™ and Ao, ..., Ay = 0,
21‘10 Ai=1. We call the linear combination

m
g Ai Ti
i=0

a “convex combination” of the points xo, ..., Tpm.

15
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Theorem 3.5. (conver combinations and Jensen’s inequality)

1. f:R"—= R conver <

f(z )\21'2) < )\Zf(.%'z) fO?n allm}O,xieRn,)\Z-}O,Z ANi=1. (3.2)
=0

1=0 i=0

2. C CR" convex < C contains all convex combinations of its elements.

Proof.

1. “<” For m=1, (3.2) is the convexity condition.

“=": Induction: m = 0 is trivial, and the case m = 1 follows from convexity.
Assume that (3.2) holds for all m’ <m for some m > 2, and consider an arbitrary
convex combination x = Agxg+ ... + A Tim-

W.lo.g. assume that all A; >0 (if not we can remove it from the sum together
with the corresponding x;) and all A\; <1 (if not then all other A\; =0 and we have
the trivial case m =0). Then

T = Mxo+ ...+ AnTm

m—1
i

Thu

m’'=1 m—1 .
fa) < (1Am)f( A xi>+xmf<xm>

[
M-
>
<
B

2. C is convex iff §¢ convex, and

50(% Aiﬂfi) < i i dc ()
i=0 i=0

iff there exists x; ¢ C or E;io Aizi € C. Therefore (3.2) holds for d¢ iff C' contains
all convex combinations of its elements, and 2. follows from 1.

O

Proposition 3.6. (effective domain of convex functions)

f:R" =R conver = dom f convex.

Proof. Let x,y€dom f, 7€(0,1). Then f(z), f(y) <+o0 and by convexity f((1—7)z+
Ty)<(1—7) f(x)+7f(y) < 00, therefore (1 —7)x+ 7y € dom f. O
Proposition 3.7. (convexity of the epigraph)

1. f:R"—= R conver < epi f is conver in R™ x R.

2. f:R" =R conver < {(r,a) ER" x R|f(x) <a} (strict epigraph set) is convez in
R" x R.
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Proof.
1.

epi f convex < (1 —7) (zo, ag) + 7 (21, 1) € epi f V(x0, ap), (1, 1) € epi f,
T€(0,1)
s f(l=71)xo+721) < (1 —7) ap+ T7ay Vo, 1, Vag = f(x0),
a1 f(x1),7€(0,1)
= f((l — 7') xo+ 7’.’131) < (1 — 7') f(.’l?o) + Tf(.%'l) Vg, 21VT € (0, 1)

(last equivalence: “=" follows immediately with o; = f(z;), “<” follows because
7€(0,1) and therefore (1 —7)>0 and 7> 0).

2. similar with strict inequalities.

O

Proposition 3.8. (convezity of sublevelsets) f: R™ — R conver = leveaf convex for all
a€R.

Proof. av=+o00 is trivial (levgtoo f =R"™). Let a <400, z,y €leve,f and 7€ (0, 1), then

f convex
f(A=mz+7y) < (1-7)f(x)+7f(y)
levgq
< 1-T)a+Ta
=  «
Therefore (1 —7)x + Ty €leveaf. O

Theorem 3.9. (global optimality) Assume f:R™— R is conver. Then
1. argmin [ is convexz.
2. x is a local minimizer of f = x is a global minimizer of f.

3. f strictly convex and proper = f has at most one global minimizer.

Proof.

1. If f# 400 then argmin f =levgins ¢f and we can use Prop. 3.8. If f = +oo then
argmin f =(), which is convex.

2. Assume z is a local minimizer and y € R", and assume f(y) < f(z), i.e., z is not a
global minimizer. By convexity:

(A=m)z+71y) < (1-7) f(z)+7f(y)VT€(0,1)
=flz+7(y—2)) < (1—71) f(x)+7f(x)Vre(0,1
=flr+7(y—2x)) < flx)vre(0,1).

= x cannot be a local minimizer.
3. Assume z, y are global minimizers. Then f(z) = f(y) =inf f € R (f is proper,
Thm. 2.14). If x+# y then by strict convexity:

f(A=m)z+7y) < (1=7) flx)+7f(y) vre(0,1)
=f(1-7)x+7y) < inf f Vre(0,1).
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This is impossible, therefore x =y. U
Proposition 3.10. (operations that preserve convexity) Let I be an arbitrary index set.
Then

1. fiyiel conver = f(x):=supicrfi(x) is convex,
2. fi,i €1 strictly convex, I finite = f(x):=supserfi(z) is strictly convex,

3. C,iel conver = (,.; C; convex,

i€l
4. fr,k €N convexr = f(x):=limsupk_ oo fr(z) is convex.

Proof. Exercise.
1. from the definition of convexity and a; < b; = sup;ecja; < sup;eb;.
2. same with strict inequalities for finite sup.

3. 0n;c 0, =supierdc; and 1.

4

. similar to 1. O

Example 3.11.
1. The union of convex sets is generally not convex (but can be): C=10,1], D=2, 3].

2. f:R™—= R convex and C convex = f + d¢ is convex = set of minimizers of f on
C' is convex (Thm. 3.9).

3. f(z)=|z|=max{zx,—x} is convex (Prop. 3.10).

4. f(z)=|lx|l2=sup|y|,<1y " = is convex (Prop. 3.10) (similarly: f(z)=||z||,is convex,
look at dual norm ||-||, with 1/p+1/g=1). It is not strictly convex: set x =0,y #0,
then f(z/2+y/2)=f(y/2) = f(z)/2+ f(y)/2.

Theorem 3.12. (derivative tests) Assume C CR™ is open and convez, and f:C —R (i.e.,
real-valued!) is differentiable. Then the following conditions are equivalent:

1. f s [strictly] convez,

2. (y—x,Vf(y) =Vf(x) =0 forall z,y e C [and >0 if x#y],

3. f(x)+(y—=z, Vf(x) <fy) for allz,y € C [and < f(y) if x#y],

4. if f is additionally twice differentiable: V2 f(x) is positive semidefinite for all x € C.
If f is twice differentiable and V2f is positive definite, then f is strictly convex. The
opposite does not hold.

Proof. Exercise, reduce to the one-dimensional case. O

Remark 3.13. The second condition is a monotonicity condition on the gradient: in one
dimension it becomes

(y—=z) (f'(y) = f'(2)) =0,

which is equivalent to y >z < f'(y) > f'(z). This means that the derivative must increase
when going towards larger values of x. The third condition says that f is never below any
of its local linear approximations. The fourth condition in one dimension means f” >0,
the graph is “curved upwards”.
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Proposition 3.14.

1. (nonnegative linear combination) Assume f1, ..., fm: R™ — R are conver, A1,
Am=0. Then

ceey

m
F=Y"Aifi
i=1
1s convex. If at least one of the f; with A; > 0 is strictly convez, then f is strictly

CONVET.

2. (separable sum) Assume f;: R™—R,i=1,...,m are convex. Then

fiR™M x ... x R =R,
f(.%'l, veey .’Bm) = Z fz(.%'z)
i=1

is convex. If all f; are strictly convex, then f is strictly convex.
3. (linear composition) Assume f:R™— R is conver, A€ R™*", and b€ R™. Then
g(@) = f(Az+b)
18 convez.

Proof.
1. From Def. 3.1:

f((t=m)z+Ty) = Z Ai il =T)z+7Y)

<[<] Z Ai (1 =7) filz) + 7 fi(y))

= (1-7) f@)+7iW).
2. From Def. 3.1:

f((t=m)z+Ty) = Zfi((lff)ﬂfﬁm‘)

<[<] Z (L =7) filws) +7 filys)

= (-7 fa) 47w,
3. From Def. 3.1:
g((I-m)z+71y) = fA((1—7)z+TY)+Db)
=  f(l-71)(Az+b)+7(Ay+D))
P e A ) Ay )
=  (1-7)g(x)+79(y)

Proposition 3.15. (convexity properties of sets)
1. Cq,...,Cyy conver = C X ... x Cy, conver.
2. CCR" convexr, A€ R™*", be R™, L(z):=Ax+b = L(C) convez.
3. C CR™ conver, ACR™ " beR™, L(x):=Azx+b= L (C) conver.
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4. C1,Cy convex = C1+ Cy convex.
5. C convexr, A\e R = AC convex.

Proof. Exercise. (]

Definition 3.16. For any set S CR™ and any point x € R", we define the “projection of
x onto S” as

IIs(y) = argmin|lz —ylla.
zeSs

Proposition 3.17. Assume that C CR™ is convez, closed, and C # (). Then Il¢ is single-
valued, i.e., the projection of x onto C' is unique for every x € R™.

Proof. We can rewrite the problem using a more convenient (differentiable) objective:
Me(y) = argmin = ||z — y|3
cly g R D) Yll2
.1
= argmin ] o~ y[3+5c(2)
x
Quick proof:

o x|—>% |z — y]|3 is Isc (it is continuous) and level-bounded (f(x) — 400 as ||z|]2 —
+00) and proper (never —oo, not always +0o0)
dc(z) is Isc because C'is closed (Ex. 2.9, alternatively Thm. 2.10: epid¢ is closed
= ¢ ISC).
=f(z):= % llx — y|l2+ dc is Isc, level-bounded and proper
= argmin f# () by Thm. 2.14.

. x>—>% |z — y||3 is strictly convex (derivative is  — y, thus (y —z,V f(y) — V f(z)) =
ly — x> >0 if x+# y, this yields strict convexity using Thm. 3.12). We could also

use the second-order criterion in Thm. 3.12 and verify that VQ(% H—y”%) =1is
positive definite.

Alternative proof without using differentiability: s+ (s — ¢)? is strictly convex
(prove this directly) =z ~ ||z — y||3 is strictly convex (sum of strictly convex
functions) =z — % |z — y||3 is strictly convex (positive multiple of strictly convex
function)

d¢ is convex because C'is convex (Rem. 3.2) and proper because C'# () (otherwise
0¢c would be 400)

= f is strictly convex (sum of strictly convex and convex function)

= f has at most one minimizer by Thm. 3.9.

Definition 3.18. (convex hull) For an arbitrary set S CR",
conS := ﬂ C
C' convex,SCC

is the “convex hull” of S.

Remark 3.19. The convex hull con § is the smallest convex set that contains S: con §
is convex by Prop. 3.10 (intersection of convex sets) and every set C' that is convex and
contains .S also contains con S by definition.
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Theorem 3.20. (convex hulls from convexr combinations) Assume S CIR"™, then

conS = {zp: i T;
i=0

Proof. We denote the right-hand side by D and need to show that con S=D.
“D” S CconS. conS is convex = (Thm 3.5): con S contains all convex combinations
of points in con S = con .S contains all convex combinations of points in S < D Ccon S.
“C™ if x,y € D then for some x;, y;, Ai, i

p
=0

My my
l1-7T)z+T1y = (I—T)Z )\i$i+TZ Wi Vi
i=0 i=0

mg my
= > (= Nizi+ Y Ty
=0 1=0
with
Mg my Mg My
2(1*7’))\2‘4*27')\@‘ = (177)2)\,~+7’ZM
=0 =0 =0 =0
= (1-7)-147-1
= 1.

= convex combinations of elements in D are in D.
=(Thm 3.5) D is convex.
= (Def. 3.18, SC D) conS C D. O

Definition 3.21. (closure, interior) For a set C CIR"™, denote

clC = {xeR"|for all (open) neighborhoods N of x we have N NC # 0},
int C' := {x € R"|there exists an (open) neighborhood N of x such that N CC'},
bndC := clC\intC.

Remark 3.22. The closure is to closedness what the convex hull is to convexity:

dc = N s
S closed,CCS






Chapter 4

Cones and Generalized Inequalities

Definition 4.1. (cones) K CR" “cone” : &
0eK, MxeK VreK,A>=0.
A cone K is “pointed” : <
1+ .. +xm=0, zmeKVie{l,...m} = x1=...=x,=0.

Note that cones can also be nonconvez, such as the cone K =(R>0 x {0})U ({0} x Rxo).
Proposition 4.2. (convex cones) Assume K CIR"™ is an arbitrary set. Then the following
conditions are equivalent:

1. K is a convex cone,

2. Kis aconeand K+ K CK,
3. K#0 and Z;‘io a; i € K for all z;€ K and a; >0 (not necessarily summing to 1 ).

Proof. Exercise, idea: = Z@m:(] o eK, 0205 21‘10 Za—lam € K, and the latter is a
Kt

convex combination with coefficients summing to 1 (if there is at least one «; #0). O

Proposition 4.3. (pointed cones) Assume K is a convex cone. Then
K pointed < KN—-K={0}.

Def. 4.1
Proof. “=" zec KN—K=uz,—x€ K. Then 0=+ (—x) = r=—2=0.

“<”" K not pointed = there exist 1+ ... + 2, =0, 2;#£0, x; € K (w.l.o.g. with z;#0)
= x1+ (z2+... + ) =0. Therefore zo+ ... + 2= —x1, and zo2+ ... + 2, € K (Prop. 4.2)
= e KN-K = Kn-K+{0}. O

Proposition 4.4. (generalized inequalities) For a closed conver cone K C R™ we define
the “generalized inequality”

r2Kky & r—yekK.
Then
1. x>gux (reflexivity),
TZ2KY, Y2KZ = T 2Kz (transitivity),
TZKY= —YZ2K —T,
2Ky, A20=A x>k Ay,

Cvos e e

r2ry, 2’ 2y =+ >y + vy,

23
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6. If 2¥— 2 and y* — y with 2¥ > y* for all k €N, then v >k y.
7. x>y, y=>2xx=x=y for all x,y € R"™ (antisymmetry) holds iff K is pointed.

If “>714s a relation on R™ satisfying 1.-6., then it can be represented as >k for a closed
COnver cone.

Proof. 1.-6. from the definition of a cone. Converse: recover K = {x € R"|z > 0}, then

5.
rzysr—y=20sx—ye KSx>gy. Then show that K is a closed convex cone.
Antisymmetry: z >y, y2rkrx<sr—ye K, y—r € K< ax—ye KN—K. This holds for
all z,y iff K N—K ={0}, which by Prop. 4.3 is equivalent to K being pointed. O

Definition 4.5. (conic program) For any pointed, closed, conver cone K CR™, a matriz
A € R™*"™ and vectors ¢ € R", b € R™, we define the “conic program” or “conic problem”

(CP)
infe'x
T
s.t. Az >gb.
Example 4.6. (standard cone): The “standard cone”
KIP = {ze€R"xy,...,2, >0}
is a pointed, closed, convex cone. The associated conic program is the “linear program” (LP)
infel
xT
s.t. Ax>b.
This is surprisingly powerful: for example, the problem
min |z —x9| st. x1=—1,22>0
x
could be written as

miny st. y2>|ri—w2f,r1> -1, 21 <—1,222>0,

$7y
then
min y st yZri—wxe,y2rs—x,r12—1,—x121,2220,
x7y
and finally
T
min (0,0,1)| z2
(z1,22,y) €R?
Y
-1 1 1 0
1 —-11 T 0
s.t. 1 0 0 o |2 —1
10 0 |\ y 1
0 1 0 0

Example 4.7. (second-order cone): The “second-order cone” (also called “Lorentz cone”,

“lce-cream cone”)
/.2 2
T2 X1+ ... +33n—1}

R
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is a pointed, closed, convex cone. Conic programs with K = KS?CP X ... X K%OCP are
called “second-order conic programs” (SOCP).

Example:
min ||z|2 s.t. x1+z2>1.
T
This can be rewritten as a second-order cone program:

min vy
1.7y
st. y=>|z|2,z1+x2—1>0.

<:>13<:5>>K§0CP0, (11 0)<z>>K§OCP(1).

Example 4.8. (positive semidefinite cone): The “positive semidefinite cone”
KSPP = (X ¢ R**"|X symmetric positive semidefinite}

is a pointed, closed, convex cone. Conic programs with K = KSPP X o X KSPP are
called “semidefinite programs” (SDP):

inf ¢’z

zeR"
s.t. Ax — b positive semidefinite.

Here A is a linear operator A: R"— R™*™ and be R™*™. Often x and c are also written
as matrices X ,C' € R"*" with the inner product (C', X'):=>". j C;; X;; replacing ¢l .

Proof. The set of symmetric matrices ngfr? is a closed convex cone: every set
Kij = {A S Rnxn|Aij = A]z}

is a closed convex cone. Finite intersections of closed convex cones are closed convex cones,

s0 R’ =, 4j K;j is a closed convex cone.

Closedness: 2" A¥z >0 for all z and k implies " Az >0 for A*¥— A.

Cone: follows immediately, 0 € K and A psd = A A psd if A >0 (nonneg. eigenvalues)

Convex cone: A, B € K. Then A, B are symmetric. For every x € R™ ' Az > 0,
x' Bx>0 (A, B pos. semidef.) = 2" (A+B)x>0= A+ B pos. semidef. ==A+ BcK.
Therefore (Prop. 4.2) K is a convex cone.

Pointed: Aec K, A€ —K= A symm., all eigenvalues >0, all eigenvalues <0 = K =0. [J






Chapter 5
Subgradients

Definition 5.1. (set-valued mappings) X ,U sets. Then
S: X —2V
s a “set-valued mapping S: X = U”.
Remark 5.2. The set-valued mappings are the relations on X x U:

S~»gphS={(z,u)lueS(z)}="RCX xU ~ S(x)={u|(r,u) e R=gphS}.

Definition 5.3. (domain, range, inverse) S: X = U. Then

S7Hu) := {recX|ucS(z)}
domS = {zeX|S(x)#0},
rgeS = {veUl|Frxe X:ue S(z)}.

Remark 5.4. gph S~ is the “transpose” of the graph of S:

u€S(z) & (z,u) Egph S& (u,r) €gph Stz e S7(u).
This also shows that (S71)~! = § always holds ((S™Y)~!(z) = {u]z € S™(u)} = {u|u €
S(x)}=5(x)).

Definition 5.5. (subgradients) For any f:R" =R and x € R",

Of (x) = {veR"|f(z)+ (v,y —x) < f(y) Yy eR"}
is the set of “subgradients of f at x”. The set-valued mapping Of: R" = R is the “subdif-
ferential mapping of 7.

Note that for constant functions f=ce€ R we get df (z) ={0} for all z € R". However,
for the constant function f=-+oo and f=—o0, from +00 > 400 and —oco > —co (in fact
equality holds), we conclude that

O(+o0)(x)=R", 0O(—o0)(z)=R", VzeR™

Proposition 5.6. (subgradients of differentiable functions) Assume that f,g: R" — R are
convex. Then:

1. if f is differentiable at x, then Of (x) ={V f(x)},
2. if f is differentiable at x and g(x) € R, then O(f + g)(x) =0g(x)+ V f(x).

Proof. 1. follows from 2. using ¢ =0, since then dg(x)= {0} for all x.
To show 2., we first show 9(f + g)(z) 2 dg(x) + V f(z). If v € Jg(x), then

(z
fy) = f@)+(Vf(z),y—=),

9(y) = g(x)+(v,y —x)

27
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The first inequality uses the same argument as in Thm. 3.12 (we cannot apply the theorem
directly because we do not know if f is differentiable in a neighborhood of x, but the proof
is the same; specifically for all ¢ > 0, we have

fly) = fz) = (Vf(2),y — )

[y — 2
_ ) -t f(@) = (V ().t (y —2))
tly —=|2
_ (1t)f(w)+tf(y)Hf(:v)H(Vf(:v),t(yw)>
tlly—xl-2
foowex fla+t(y—=)) = f(z) = (Vf(2),t(y —x))
- tly =2 '

This holds for all ¢ >0 and the last term converges to 0 from the definition of differentia-

bility. Thus f(y) — f(z) = (Vf(z),y —x)>0.)
Adding the inequalities for f and g we obtain

fw+gly) = flx)+g@)+ 0+ Vf(z),y—2),

which shows v+ V f(z) € 9(f + g)(x).
To show O(f + g)(z) C9g(x)+ V f(x), assume that v € (f + g)(x). Then (f+ g)(y) —
(f+9)(z)=(v,y—=z) for any y € R™ per definition. Thus in particular

b in L)+ 9() = F@) — g(@) = (02— a) _

2o Iz = 2|2

Because f is differentiable in  we find that the liminf is exactly the same as the liminf of

—f()+ [(@)+ (V(z),z—z) + f(2) = f(2) + 9(2) — g(x) = (v, 2 — )

Iz —z|l2

This is possible because f(z) and f(x) must be finite close to z from the definition of
differentiability, and we can simplify:

9(2) —g(@) —(w =V f(x),z—z) _,

lim inf > 0.

2= [P

Now consider z(t):= (1 —t)z +ty. Then the above equation states
o i 920 = 9(2) — (0= V(@) 2(0) ) _
£\0 12(2) — |2

From the definition of convexity we get

9(z(t)) < (1=1)g(x) +tg(y).

Thus
lim jnf (LD 9@) Ttg(y) —g(@) — -V i), 2(t) —2) o
N0 12(8) — [l
We assumed that g(x) is finite, so (1 —t) g(z) — g(x) = —t g(x) (if g(x) = 400 this gives
00 — 00 = —0o0, which is wrong). Also z(t) —z =t (y — x), and we get
o 1 —19) () — 0= V@) =)
£\0 tlly—=|2

< limtig‘g {9(y) —g(x) —(v—=Vf(x),y—z)} >0
& g(y) = g9(@)+{v-Vf(z),y—x)
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Since y was arbitrary this shows v — V f(z) € dg(x), so v € dg(x) + V f(z), and finally
O(f+9) g+ V]
(]

Theorem 5.7. (Generalized Fermat) Assume f:R™— R is proper. Then

x€argmin f & 0€9f(x).

Proof.

0€0f(x)
& f@)+0,y—2)< f(y) VyeR"
& fl@)<fly) VYyeR?

f proper .
& r€argmin f.

In the last equivalence the properness is required since arg min +o0o = () by definition, but

O(+00)(x) =R">0 for all . O

Definition 5.8. For a convexr set C C R"™ and x € C, the “normal cone” No(z) at x is
defined as

Ne(z) == {veR"|(v,y—z)<0VyeC}.
By convention, No(x):=0 for z ¢ C.
It can be easily seen that Ne(x) is in fact a cone if x € C.

Proposition 5.9. (subdifferential of indicator functions) Assume C CIR"™ is convex with

C#0, then

650(.%‘) = Nc(.’lj) .

Proof.
For x € C:

dc(z) = {veR"|oc(x)+ (v,y —z) <Ic(y) Yy e R™}
= {veR"0+ (v,y—2)<0VyeC}=Nc(x).

For 2 ¢ C: Since C'# () we can find a y € C, i.e., dc(y) =0. But then for any v € doc () we
have

do(x) + (v, y —x) = +o0>0=dc(y).
Thus v ¢ ¢ () for any v, and we conclude ddc(x) = 0. O
Proposition 5.10. Assume C CR" is closed and convex with C #+(, and x € R". Then

y=Ilc(z) < »—yecNc(y),

Proof. From Prop. 3.17 we know that y =1I¢(z) is the unique minimizer of

1) = 5y~ l3+5c().
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This is the case iff 0 € df(y) (Thm. 5.7). From Prop. 5.6 and Prop. 5.9 we know that
0f(y) =y —x+ Nc(y), thus

y=1c(x) y € argmin f
0€0f(y)
0cy—z+ Nc(y)

x—y € Nco(y).

te o

O

A consequence of Prop. 5.10 is that by looking at the normal cone for a fixed x € C,
we can find all points y that get projected into x.

Proposition 5.11. (subdifferentials as normal cones) Assume f: R" — R is proper and
convezr. Then

(o0, x ¢ dom f,
f(z) = {{vem(v,1>eNepif<x,f<x>>}, z € dom f.

Also, if x € dom f then
Neom (@) = {v€R|(v,0) € Negi . f())}.

Proof. z ¢ dom f: f proper = ex. y such that f(y) € R. If v € 9f(x) then by definition
of the subdifferential

vl (y—x)+ f(2)

This is impossible, thus df (x) = 0.
x €dom f:

fy) VyeR”
a Vyedom f,Va> f(y),aeR

(=D (a—f(2)) <0 VY(y,a)cepif
)

te o

Second part:

UGNdomf(ﬂf)

v (y—2)<0 Vycdom f

vl (y—a)+0-(a— f(z)) <0 Vyedom f,Ya> f(y)
v (y—a)+0-(a— f(z)) <0 V(y,a)€epif
(UaO)GNepif(xaf(x))'

S I

Example 5.12. The subdifferential of f:R—R, f(z)=|z| (r €R) is

{1}, x>0,
of(x) = { {-1}, =<0,
[—1,1], x=0.



SUBGRADIENTS 31

Computing subdifferentials is generally not an easy task. Fortunately in many cases
they can be found by combining the subdifferentials of simpler functions, but this requires
a little bit more caution than for differentiable functions.

Definition 5.13. (relative interior) For any set C CR"™, we define the “affine hull” and
the “relative interior”

aff C = ﬂ A,
A affine, CCA
rint C' := {z € R"|ex. (open) neighborhood N of = with NNaff C CC'}.

Proposition 5.14. (rules for subdifferentials)

1. Assume f:R™— R is convex. Then

g(@)=flz+y) = Og(x)=0f(x+y) yeR",
g(@)=f(Ax) = 9g(x)=A0f(Az), AF0,
gx)=Af(x) = 0g(x)=A0f(z), A>0.

[example where 2. does not hold: take f(0)=1, f(1)=—o0, then Of(0) is empty but
9(f(0-))=0(0) ={0}/

2. Assume f:R™— R is proper and convex, and A€ R"*™ such that
{Aylye R™}Nrintdom f # 0.
Ifredom(foA)={yecR™Ayecdom f}, then
I(foA)(z)=AT0f(Ax).
3. Assume f1,..., fm: R*—= R are proper and convex, and
rintdom fiN...Nrintdom f,, # 0.
If x edom f, then

8(f1 +...+ fm)(.%') = afl(.’lf) + ...+ afm(-%')

Proof. 1. can be shown directly. The proof for 2. is surprisingly difficult and we refer
to [Roc70, 23.8,23.9]. 3. then follows from 2. with A = (I|...|]I)" and f(z1, ..., Tm) =
f1(.’131) +...+ fm(.’Bm) O

Remark 5.15. The conditions on the relative interiors Prop. 5.14 are important: in 3., it
is easy to see that the direction “2” always holds. But the direction “C” requires more. Set

fi(z) == 450
folz) = b, C={1} xR.

Then 0f1(1,0) =R x {0} and Jf2(1,0) = N¢(1,0) =R x {0}. Thus
(0f140f2)(1,0) = R x{0}.
But f1+ fo=0g01,0)}, thus 0(f1+ f2)(1,0) = R2. This is only possible since fi, fo do not

satisfy the condition on the relative interiors in Prop. 5.14.






Chapter 6

Conjugate Functions

6.1 The Legendre-Fenchel Transform

Definition 6.1. (conver hull of a function) For f:R"— R,

con f(x) =  sup  g(x)

g< f,g convex

is the “convex hull” of f.

Remark 6.2. The supremum on the right-hand side is convex (Prop. 3.10), majorized
by f and clearly majorizes every convex function majorized by f. Therefore con f is the
greatest convex function majorized by f.

Definition 6.3. (closure of a function) For f:R"— R, the “(lower) closure” cl f is defined
as

cl f(z) := lim inf f(y).

Yy—x

Proposition 6.4. (closure and the epigraph) For f: R"— R we have
epi(cl f) = cl(epi f).

Moreover, if f is convex then cl f is convex.

Proof.

(z,a)ccl(epi f) & FrF—z,af—a, f(2¥) <P

< lim inf f(y) <as (x,a)€epi(cl f).
y—z

ol f(x)
This holds because if there exists such a sequence, then the liminf is <«, and if the lim inf
is <a then take a sequence x* with f(z*) — liminf. Then (z,liminf, ., f(z)) € cl(epi f),
and therefore in particular (z, ) € cl(epi f) since a > liminf, ., f(z).

Second part: if f is convex then epi f is convex. For x,y € epi(cl f) =cl(epi f) we have
ok =z, yF— y with 2%, y* € epi f. For every 7€ (0,1), z:= (1 —7) z + Ty is the limit of
(1 — 7) 2% 4+ 7y*, and all these points are in epi f because epi f is convex (f is convex).
Thus z is in clepi f and therefore in epi(cl f). This shows that epi (cl f) is convex and
therefore cl f is convex. O

Note that the corresponding statement for the convex closure does not hold, i.e.,

epi(con f) # con(epi f)

33
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in general. One example is the function

fw) = {1’ T

0, z<0.

Proposition 6.5. (closure, alternative definition) For f:R"— R, we have

(clf)(x) = sup g(z).

g< f,g lsc

Proof. “<™ epi (cl f) is closed by Prop. 6.4 and therefore cl f is Isc by Thm. 2.10. Also
c f< f (ie, liminf, . f(y) < f(z)), because of the definition of the liminf (or take the
constant sequence y* =z). Together this shows <.

“>" If g< f and g is Isc, then

Is 9<f
g(z) < lim inf g(y) < lim inf f(y) = (cl f)(x).

Yy—x Yy—x

O

Theorem 6.6. (envelope representation of sets) Assume that C CIR™ is closed and convex.
Then

C = ﬂ Hy g, where Hpyg:={xeR"|(x,b)— <0}
(bvﬁ)vchb,B

C' is thus the intersection of all closed half-spaces containing it.

Proof. If C =R" or C'=() we are done (there are no such half-spaces; the intersection of
all half-spaces is empty).

If x € C then x is also contained in the intersection.

If ¢ C then set y:=1l¢(z). By Prop. 5.10 we know that v:=x —y € N¢(y). This means

(v,z—y)<0Vzel

& < 1; ,z>—<v,y><0Vz€C’

& CCHyp.

But (v,z—y)=(r —y,z—y)= ||z — y||*>0 because y € C and = ¢ C and therefore z # y.
Thus

r ¢ Hpg,

which shows that z is not contained in the intersection. O

In fact not all the half-spaces are needed in Thm. 6.6. If we assume C' # () then it
is enough to intersect all supporting half-spaces, i.e., the half-spaces whose associated
hyperplane touches C. The following theorem shows that if C is the epigraph of a proper
Isc convex function, we do not need the vertical half-spaces.

Theorem 6.7. (envelope representation of convex functions) Assume f:IR"— R is proper,
Isc and convex. Then

flz) = sup g(x).
g affine,g< f
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Proof. [RW04, 12.1] f is Isc = epi f is closed (Thm. 2.10); f is convex = epi f is convex
(Prop. 3.7). Therefore epi f is the intersection of all half-spaces containing it (in R™ x R)
by Thm. 6.6:

epi f = ﬂ Hp.o),p=11,
(b,c),B€S

where H, ) g={(7,a) ER" xR|{(7,), (b,c)) — <0} and S defines the set of half-spaces
containing epi f.

Claim:

g affine < 3(b,c), B with c<0,epig=Hy ) -

“=" g(z)=(b,z)— B. Then (z,a) €epig< (b,x) — f<as((b,—1),(z,a)) — <0 (z,
a) EH(b,fl),ﬁ'

“=" (z,a) € Hiy,e),p With ¢ <0 & (b,x) +ac— <04 (b,z) — B<(—c) a. Since c<0

this is equivalent to (=b/c,z) — (—B/c) < a e (x,a) €epig with g(z) =(-b/c,z)+ B/c.
Using the claim, since

epi< sup 9($)> = [ epig
gaﬂ:lne7g<f gaﬂ:lne7g<f

and g < f<epi f Cepig, we only need to show that

Li= (] Hpes = N Hp,c),p=:I2.
(b,c),B€S (b,c),B€8,c<0
epi f epi (sup...)

The direction “C” is clear. For “O” we need to show that if (z,&) ¢ I; then (7, @) ¢ I,
i.e., there exist (b, c), 3 €S with ¢ <0 such that (z,@) ¢ H,e), -

Assume that (7, @) ¢ I1. Then there exist (b, c1), 81 € S such that (z, &) & H, e, 5
If ¢; >0 then

epi fCHpy, c),p = {(m,a)[{bi,z)+aci— <0}
c1:>0 {(x’a)agcil(ﬂa)l,x»}

If this were true then epi f would be contained in a lower half space, which cannot hold
since epi f # () (f is proper). This shows that ¢; <O0.
If ¢1 <0 then (7, @) ¢ I2 by definition. Therefore the only difficult case is ¢; =0.
Assume ¢; =0. Then we define

gi(x) = (br,x) = 1.

If € dom f then (x, f(z)) € epi f, therefore (v, f(z)) € Hp,c)),8
b1) — $1 <0 on dom f.

Now take any (b, ¢’), '€ S with ¢/ <0. Such a triple exists: if not, ¢ =0 holds for all
(b,c), €S, which means that epi f is only bounded by vertical hyperplanes, and therefore
f is —oo on all of dom f, which contradicts the properness of f.

and ¢1(z) = (z,

1

We then define the associated affine function
g2(z) = (=b'/cx) = (=p'/c).

Since epi f C Hy 1) 3 = epi ga we get (v, f(x)) € epi g2 and therefore ga(x) < f()
Vx € dom f.
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For A\ >0 we construct the function

g’\ = Ag1+ go.

The crucial point is that g*(x) < f(z) for € dom f by the above considerations. On the
other hand, because (7, @) ¢ Hy, c,),5, We know that gi() > 0, and, since dom g» = R",

we can choose \ large enough such that ¢*(z) > @, i.e., (Z, @) ¢ epi ¢*. Then ¢g* < f and
therefore

epi f C epi gt = Hxp,1by—1), 081+ fo-

The half-space on the right is included in the intersection in I because it has c=—1<0.
But (¢, @) ¢ epi g*, therefore (¥,a) cannot be contained in Io. O

Definition 6.8. (Legendre-Fenchel transform) Let f:R™— R, then

f“R"— R,
fr(v):= Seugn{(%@ = f(x)}

s the “conjugate to f”. The mapping f+— f* is the “Legendre-Fenchel transform”.

Remark 6.9. The intuition here is that for some b, 5, we have
(byz)—p< f(z) Vo < (byx)— f(zx)<p Vz
& Bzsup{(b,z)— f(z)}
& 82 f0)
< (b, B) Eepi f*.

The conjugate thus characterizes all the affine functions majorized by f by providing the
offset /3 for any given linear part b. Also, for any given slope b, all affine functions (b,z) — 3
with 8> f*(b) are majorized by (b, z) — f*(b) and therefore can be left out when taking
the intersection in Thm. 6.7. This means that the Legendre-Fenchel transform describes a
reduced set of affine functions that are necessary to reconstruct f by returning the offset
B for a given slope b.

Theorem 6.10. (Legendre-Fenchel transform) Assume f:R"—R. Then
f*=(con f)*=(cl f)*=(clcon f)*
and
fr=0mr < f
If con f is proper, then f* and f** are proper, lsc and convez, and
f** = clcon f.
If f:R™*— R is proper, lsc and convex, then
=1
Proof. First statement: we have

(v,B8) €epi f* & B> f*(v)
& B> (v,x)— f(zr) VeeR"
o (v,1)—B< f(z) VoeR™ (6.1)
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The (v, ) € epi f* define all the affine functions majorized by f.
We claim that for every affine function i we have

h<feh<dfeh<con feh<cleon f.

Indeed, if h<clcon f or h<cl f or h<con f, then h < f (by definition). If h < f then
h<clf, h<con f and h<clcon f, because h is Isc and convex and cl f, con f and clcon f
are the largest functions in their class < f (for clcon f: h< f=h<con f=h<clcon f by
the arguments for con f, cl f applied to f, con f).

Using the claim, in the last line of (6.1) we can replace f by cl f, con f, or clcon f to get

epi f* = epi(cl f)*=epi(con f)*=epi(clcon f)*.
= f* = (cl f)*=(con f)*=(clcon f)*.

For the inequality: we have

() sup {(v, ) — f*(v)}zsup{<v,y> —sup {(v,z) - f<x>}}

v T

= sup {(v.y) +inf {f(2) ~ (v,2)} }

v
set x=y

< sup{(v,y)+ f(y) — (v, y)}
= fly).

Second statement: Assume con f is proper. We claim that cl con f is proper, lsc and
convex. Lower semi-continuity is clear, convexity from Prop. 6.4. For the properness,
observe that cl con f<con f (because the epigraph increases). Because con f < +oo this
shows clcon f < +oo. It remains to show that clcon f(x) > —oo always (example sheets).

From the claim we know that clcon f is proper, lsc, convex and can apply Thm. 6.7 :

clecon f(z) = sup g(x)
g affine,g<clcon f

= sup {(v,2) - B}

(v,B)€epi(clcon f)*

= sup {(v,z)-pB}
(v,B)€epi f*

= sup  {(v,z) = f(v)}
(v, B)€epi f*

= sup {(v,z) = f*(v)}

veR?

= ().

To show that f* is proper, Isc and convex: we know that f*= (clcon f)* is the conjugate
of a proper Isc convex function. epi f* is closed and convex as the intersection of closed
convex sets (see (6.1), sets run over x) = f* is Isc convex. Properness: con f is proper =
there is at least one 2’ such that con f(z') < +o0, thus f*(v) =sup... > (v, z’) —con f(z'),
i.e.,, f*is lower-bounded by an affine function (or +o0c) and can therefore never take the
value —oo. Therefore the only way for f* not to be proper is f*= +o00. But then by the
previous arguments

clcon f = f*
assumption
N (+00)”

= —0OQ.

This is not possible because we showed that clcon f is proper (see above, [RW04, 2.32]).
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Last statement: f is convex, therefore con f = f. Thus con f is proper. Also con f = f
is Isc, therefore f**=clcon f=cl f=f. O

The condition that con f if proper does not appear to be easy to validate at first. It
turns out that we can just compute f*, and if we obtain neither +o00 nor —oo then con f
must be proper, as the following proposition shows:

Proposition 6.11. Assume f:R"—R. Then
1. con f is not proper = f*=4o00 or f*=—c0.

2. in particular: f* proper = con f proper.

Proof. The first statement follows in the same way as in the proof of the second statement
in Thm. 6.10: if con f is not proper then con f =+oc0 or there is ' s.t. con f(z') = —oco. If
con f=-+o0 then

f*(v) = (con f)*(v)=sup (v,x) —con f(x)=sup —oco = —00.

If there is 2’ s.t. con f(x') = —oo then

f*(v) = (con f)*(v) =sup (v, z) — (con f)(x) = (v, z') = (con f)(z) = +o0.

xT

The second statement is a special case (f proper = f ¢ {—o0,+0o0}). O

6.2 Duality Correspondences
The following beautifully symmetric theorem is at the core of many of the later proofs.

Theorem 6.12. (inversion rule for subdifferentials) Assume f:IR"— IR proper, Isc, convez.
Then

of = (0f)~,
specifically
vedf(z)e f(z)+ f*(v)=(v,z) S xedf(v).
Moreover,
0f(x) = argmax{(v',z)— f*(v')},
07(v) = argmax{(v, )~ f(x)}.

Proof. [RW04, 11.3] We have

flx)+ f(v)=(v,z)
& ) =(v,z) - f(z)
=

xGargn;gx{(v,x’) — f(z")} (6.2)
Thm. 6.1f) 0 d(—(v.)+ f)(z)
TR yeaf(a).

This shows the second statement (apply to f* and use f**= f from Thm. 6.10, f is proper,
Isc, convex). The first statement is just a reformulation. The third statement then follows
from the center line of (6.2). O
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Prop. 6.12 provides a way to compute the subdifferentials of f and f* by solving an
optimization problem. This is useful in theory, but can be hard in practice. In fact,

Jf*(0) = argmax — f(x) =argmin f(x),

i.e., computing the subdifferential of f* at a single point is generally as hard as finding the
whole set of minimizers of f.

Proposition 6.13. (duality correspondences) For proper, lsc, convex f:IR™— R we have

(f()=La, )" = [f(+a),
(f(40)" = ()= (,0),
(fO)+o" = f()-¢
ASE) = Af(C/A) (A>0)
ASC/A)T = Af() (A>0).
Proof. Follows directly from the definition. (]

Proposition 6.14. (conjugation in product spaces) Let fi: R™ —R,i=1,...,m be proper
and

f@1,nmm) = filz) +o + fn(om).
Then

f*(vla --->Um) = fik(vl) +...+ f;';L(Um)

Proof. Follows directly from the definition. (]
Definition 6.15. (support functions) For any set S CR™ we define the “support function”

os(v) := sup (v, z)=(0%)(v).
zeS

Definition 6.16. (positively homogeneous functions) A function f: R* — R is said to
be “positively homogeneous” iff 0 € dom f and

fAz) = Af(z) VezeR",YA>0.
Proposition 6.17. (support functions, polar cones) The set of positively homogeneous

proper lsc convex functions and the set of closed conver nonempty sets are in one-to-one-
correspondence through the Legendre-Fenchel transform.:

oc = oc, x€doc(v)exeC,o0(v)=(v,z)<ve No(x).

In particular, the set of closed convexr cones is in one-to-one correspondence with itself: for
any cone K define the “polar cone” (also sometimes referred to as the “dual cone”) as

K* = {veR%(v,z)<0Vz € K}.
Then

5K<T>5K*, x € Ng+(v) & v € Ng(z) & z € K, v e K* (z,v) =0 &
O0<grlo>K-0.
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Proof. (example sheet) Support functions: If f(z)=0c(z) then
fH(x) = oc(x).

C is nonempty closed convex = d¢ is proper lsc convex = by Thm. 6.10, f* is proper lsc
convex. Alsof*(0) =supgec (0,2)=0 and

f*(Av) = sup (Av,z)=Asup (v,z) =\ f*(v), A>0,
zeC zeC
therefore f*= o is positively homogeneous.
On the other hand, assume that ¢ is a pos. hom. Isc convex function. We know that
g(0) =0, therefore g*(z) > 0. Then for any A >0 we have

pos. hom
g*(x) = sup {{z,Av) —g(Av)}" =" sup A((z,v) = g(v)) = Ag" ().
veR™ veR™
Thus ¢g*(z) € {0,400}, and g* is an indicator function of some set C', which must be closed
convex and nonempty because g* is proper lsc convex.
One-to-one correspondence: from (d¢)** = dc.

From Thm. 6.10 we get

2 €doc(v) & vedot)(z) s vedior) B e No(z),

Soc(x)+oc(v)=(v,z)yexeC,o0(v)=(v,x).

Cones: We claim: g is a positively homogeneous lsc convex proper indicator function <
g =0k with K closed convex cone: for A >0 we have x € K < Az € K, therefore

5K(M):{o, AreK, _{o, reK, — bre(a) 51c(2).

+o00, otherwise | 400, otherwise
Thus §x is positively homogeneous. Other direction: g = §¢ positively homogeneous lsc
convex indicator function, then 0 € dom g, thus 0 € C, and z € C = ¢g(z) = 0 =

pos. hom

gAz) = Ag(z)=0= Az eC, thus C is a cone.

Take any such pos. hom. Isc convex indicator function g, then by the first part (forward
direction) ¢} is positively homogeneous lsc convex. But dx is also positively homogeneous
Isc convex, therefore by the first part (backward direction) d% is an indicator function.

= 0% = 0k for some closed convex cone K'. We have

Ok () 6:{0,4—00})\

dk(v) <400 & sup (v,x) <400
zeK
K cone

rzeK

sup (v,) <0
& ve{v | z)<0Vre K} =K*

thus K= K* and 0F = 0+ O



Chapter 7
Duality in Optimization

Definition 7.1. (pm’m(}l and dual optimization problems, perturbation formulation)
Assume f: R™ x R™ — R s proper, lsc, and convexr. We define the “primal” and “dual”
problems

inf o(x), p(z):=f(2,0), sup P(y), Y(y):=—f"0,y).

zeR" yERN

and the “inf-projections”

p(u):=inf f(z,u), q(v):=iff*(v, y) = =sup {~f*(v, y)}.

f is sometimes called a “perturbation function” for ¢, and p the associated “marginal func-
tion”.

A typical example is f(z,u) :% |z —I||3+6>0(Az —b+u). The extra variables u are
used to perturb the constraints Ax>bto Ax>b—u.
Proposition 7.2. Assume f satisfies the assumptions in Def. 7.1. Then

1. ¢ and —v are Isc and convex.

2. p,q are convex.

3. p(0) and p**(0) are the optimal values of the primal and dual problems:

p(0)= irl}fw(ﬂf), p*™(0) =supy(y).

4. The primal and dual problems are feasible iff the domain of their associated marginal
function contains 0:

inf p(z) <+o00 < 0€domp,

supy(y) > —o0 < 0€domyg.
y

Proof.

1. f proper lsc convex = f* is proper lsc convex (Thm. 6.10, con f is proper) = ¢,
¥ 1sc convex (not necessarily proper!).

2. Convexity of p: We consider the strict epigraph set of p:
E = {(u,a) eR™x R|p(u)= inﬂ£ flz,u) <a}
zeR"
= {(u,a) e R™ x R|3z: f(z,u) <a}

= A({(z,u,a0) eER" xR x R| f(z,u) <a})
=

= A(E),

41
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where A is the linear (coordinate projection) mapping A(z, u, ) := (u, «). The
first equality requires the strict inequality, i.e., we cannot just use epi p for the
argument. E’ is the strict epigraph of f and thus convex (Prop. 3.7) = A(E’) is
convex (Prop. 3.15)). Thus p is convex (Prop. 3.7).

The same argument applied to ¢ and f* shows that ¢ is convex.

3. First part by definition:
p(0) = igff(x,O):igfgo(x).
Second part: we know
Pily) = sw{{y,u)—pu)}

= sgp{@’w—igff(w’w}
= sup{(y,u) — f(z,u)}

U,T

= sup {((0, ), (z,u)) = f(z,u)}

uU,x

Therefore

p™(0) = sup(0,y)—p*(y)

= supd(y).

Y

4. From the definitions: 0 € dom p < p(0) < 400 < inf, f(z, 0) < +00 < inf ¢ < 400,
similar for q.

O

Theorem 7.3. (weak and strong duality) Assume [ satisfies the assumptions in Def. 7.1.
Then “weak duality” always holds:

infp(z) > supy(y), (7.1)
y
and under certain conditions the infimum and supremum are equal and finite (“strong
duality”):
p(0) €R and plscin0 < infp(z) =supy(y) € R
x
y

The difference inf @ —sup ¥ is the “duality gap”.

Proof. From [ET99, Prop. 2.1]: For the inequality:

Thm. 6.10 Prop. 7.2

irl}fgo(x) = p(0) > p(0) = supy(y).

Equality holds if and only if p(0) = p**(0). We thus have to show
p(0)eR and plscin 0 < p(0)=p**(0) e R.

“<" Since p**(0) < cl p(0) < p(0) holds for arbitrary p the right-hand side implies
liminf, ,op(y) =clp(0) = p(0) € R, thus p is Isc in 0.
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“=". We claim that if the left-hand side holds then cl p is proper Isc convex. Convexity
and lower semi-continuity is clear from Prop. 7.2 and the definition of the closure. cl p must
then also be proper: cl p is not constant +o0o because cl p(0) < p(0) < +oo. If there were
y s.t. cl p(y) = —oo then (clp convex) clp((1—¢)0+ty) < (1—1t)clp(0)+tclp(y)=—0c0
for all t € (0, 1). Since by assumption cl p(0) = p(0) € R, this means cl p(t y) = —o0
for all t € (0, 1). Moreover, t y — 0 for t — 0 and cl p is Isc (in particular in 0), thus
cl p(0) < liminf;_,ocl p(t y) = —oo. But this would mean p(0) = —oo, because p is lsc in 0,
which implies p(0) =cl p(0). Thus cl p must be proper, lsc, and convex.

An alternative way of proving that cl p is proper is to use the fact that any improper,
convex, Isc function is constant +0o or —oo (example sheets), which contradicts p(0) € R.

Because p* = (cl p)* always holds (Thm. 6.10),

()7(0) =" (ep))*(0) = (el p)*(0) L p(0)” =" p(0).
Together with the first part this shows inf ¢ =sup ¥ = p(0), which is finite by assumption.
O

Thm. 6.10, cl p proper lsc conv.

Proposition 7.4. (primal-dual optimality conditions) Assume f satisfies the assumptions
in Def. 7.1. Then we have the “primal-dual optimality conditions”

z' € argmin p(z),
xT

(0,y) €0f (', 0) Y EaEmaxP(y), b (20 0) € 9f*(0, y/). (7.2)
inf () =supip(y)
z Y

The set of “primal-dual optimal points” (x',y") satisfying (7.2) is either empty or equal to
(argmin ) x (argmax1)).
Proof. We know from Prop. 6.12 that
(0,y") €0f(2',0) & (2/,0) €f*(0,y)
& f(2,0)+ £5(0,y") = (2",0) + (0, ¢")
& f(a0)==10,y)eR
& o) =19(y)eR.
Because inf ¢ > sup 1) always and p(z') = ¢(y’) shows inf ¢ < sup v, this is equivalent to

inf p(z) =supyp(y) ER, z’€argming,y’ € argmaxip.
xr
y
This is again equivalent to

inf p(z) =supy(y), z’€argming,y’ €argmaxi),
r Y
since equality with an infinite value would imply either p(z’) =+o00 or 1(y’) = —o0, both
of which are explicitly excluded through the definition of the argmin.
If the set of z/, y’ that satisfy the conditions is non-empty, then inf ¢ = sup 1 must
hold with a finite value as seen above. Thus z’, y’ satisfy the conditions iff z’ € arg mingp
and y’ € argmax 1), which proves the last statement. O

Proposition 7.5. (sufficient conditions for strong duality) Assume f satisfies the assump-
tions in Def. 7.1. Then

Ocintdomp or O€intdomgq = infy(z)=supy(y) (5')

Y
Ocintdomp and O€intdomq = infe(x)=supy(y)eR (9)
v Y
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(note that in the first case equality may hold with the value 400 or —oo) and

O0€intdom p and inf p(z) e R < argmaxi(y) nonempty and bounded (P),
T Y

0 €intdom g and supy(y) € R < argming(x) nonempty and bounded (D).
Y x
In particular, if any of the conditions (S), (P), (D) holds, then strong duality holds, i.e.,
inf o =sup 1) € R. Moreover, if (S) holds, or (P) and (D) both hold, then there exist z’,
y' satisfying the primal-dual optimality conditions (7.2).
Also,

(P) = Bp(O):argm;ixw(y),
(D) = 861(0)=argmmin<p(ﬂf)-

Proof. Assume 0 € intdom p. If p(0) = —o0 then p**(0) < p(0) = —o0, thus sup p = p**(0) =
p(0) =inf ¢ = —oc0. The only other possibility is p(0) € R since 0 € int dom p. Since clp=7p
on int dom p (example sheets) we know that if 0 € int dom p then p is Isc in 0 and we can
apply Thm. 7.3 to get p**(0) =p(0) € R, which shows inf ¢ =sup ¢ (now with a finite value).

We can apply the same argument to f'(z, y):= f*(y, z), the approach is completely
symmetric:

©'(x) = f(x,0)=f*0,2)=—v(x),

Wly) = —17(0,9) TPTET p(y,0) = p(y),
p'(u) = inf f'(x,u)=inf f*(u,x) = q(u),

7(0) = inff(0.9) =int f(3.0) = p(v).

inf ' = —sup,

supvy’ = —inf .

Then 0 € int dom ¢=>0 € int dom p’. From the first part we know that then inf ¢’ =sup ¢,
but this means —supt = —inf ¢, thus inf ¢ =sup .

If both 0 € int dom p, 0 € int dom ¢ hold, then additionally +o0o > p(0) > p**(0) =sup v =
—q(0) > —o0, thus the value is finite.

Non-emptyness and boundedness: See [RW04, Thm. 11.39 proof]; the idea is to show
that 0 € int dom p if and only if v is proper (Isc convex) and level-bounded.

Subdifferential: If (P) holds then 0 € int dom p and p(0) € R. Then we know that
clp(0) = p(0) € R. clp is then proper (and lsc convex) by the proof of Thm. 7.3, thus by
Thm. 6.12

d(clp)(0) = argm;tx{@, y) = (clp)*(y)} ==a=argmaxi).
. :6 . argmax {—(clp)*}
= argmax {—p*)
= argmax .
But
op(0) = A{v[p(0)+(v,z) <p(x) Va}

clp(0)=p(0) {v]clp(0) + (v,z) < p(x) Va}
= A{vldp(0) + (v, z) <clp(z) vV}
= 0(cp)(0).



DuALiTY IN OPTIMIZATION 45

The second-to-last inequality follows because the affine functions majorized by p are
exactly the affine functions majorized by clp. Together we get Op(0) =arg max, ¥ (y).
Using duality, a similar argument shows the corresponding statement for q. U

Proposition 7.6. Assume k: R* — R and h: R™ — R are both proper, lsc, convex, and
AeR™ " beR™, ce R". For

flx,u) = (c,z)+k(z)+h(Az—b+u)
the primal and dual problems are of the form

inf ¢(z),  p(z):={c,x) +k(z) +h(Adz-b),

sup ¥ (y), Y(y):=—(b,y) —h*(y) —k*(-ATy—c)

with

intdomp = int(domh—Adomk)+b,
intdom ¢ = int(domk*— (—A")dom h*) +c,

and the optimality conditions

x' € argmin (),
~ATy' —ceok(a') Y € arg max (), Ad —bedh(y)
{ y'€Oh(Az'—b) = Y < ' €Ok (—ATy' —¢) [

inf () =sup(y)
x Y

Proof. f is convex (Prop. 3.14 sum is convex, Prop. 3.14 f(A z) + b is convex) and lsc
(Prop. 2.16, sums of proper Isc functions qqare lsc, the composition of an lsc function
with a continuous function is Isc). f is also proper because f(z,u) = —oc implies k or h
not proper, and for some x € dom k # () there must exist u s.t. Az — b+ u € dom h because
dom h # () and there are no other constraints on h.

With this choice we have ¢(z)= f(z,0) and (this is an important trick!)

floy) = sup(z,v)+(uy) —(e,2) —k(z) —h(Az —b+u)
CEAZTIRY (2, 0) + (w— Az b, y) — (e, x) — (z) — h(w)
= sup (z, —AT y+v—c) —k(z) + {w,y) — h(w) + (b, y)

= (b,y) +sup {(z, ATy +v—c)—k(z)} +sup {(w,y) — h(w)}

= (y) R (AT y+o—c)+ ¥ (y).
Thus ¥(y) = — f*(0, y) (the case v = 0). Because f is proper, lsc, convex we can apply
Prop. 7.4 and Prop. 7.5. We have

uedomp<inf f(x,u) <+oo < inf(c,z)+k(z) +h(Az—b+u)<+oo

Jz: (c,x) + k(z) +h(Az —b+u) < +o0
Jredomk:h(Az —b+u) <+oo
dredomk:Ax —b+ucdomh

dredomk:uedomh—Ax+b
u€domh — Adom k +b.

te o
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Thus
Ocintdomp < 0O€int(domh — Adomk+b)< b€ int(Adomk —domh).

Similarly for int dom gq.
Subdifferential of f: we have

fla,u) = gz, (u+ Ax)) with gle, w)i= (e, )+ k(z) + h(w - b).
Then by the definition of the subdifferential (separable sum = product of subdifferentials)
dg(x,w) = (c+0k(x)) x (Oh(w —1b)).

Also, by Prop. 5.14 (chain rule) with F- (x,u):= ( i ? )( . ) and f=goF we get

Of (w,u) = FT(9g(F(z,u)))
= {(c+v+ATy,y)|veok(z),ycOh(Az+u—Db)}.

Therefore
O=c+v+ ATy,
'= —ATy' —cedk(x))
0 / 8 / 0 Yy Y, Yy )
0.y) € 9fa,0) & v € ok(x'), @{y’eah(Ax’—b).
y€Oh(Ax'—b+0)
Similarly for f*. O

Example 7.7. (conic problems) Assume that K, L are pointed closed convex cones with
polar cones K*, L* and consider the problem

igf (c,z) st. Ax—b>r+0,2>K0,
in alternative notation
irmlf (c,z)+0K(x)+dr-(Ax —b)
By Prop. 7.6 the dual problem is

supth(y), U(y):=—(b,y) —h*(y) —k*(—AT y —c),

which can be rewritten as

sup — (b, y) — 0f+(y) — 55 (—AT y —¢)
Yy

= sup — (b, y) = r(y) = or+(—ATy —¢).
Yy

Thus the dual problem is
sup—(b,y) st. —ATy—c>g0,y>10.
For self-dual cones with K*=—K, such as K =R% (and the same for L) we obtain
igf(c,x) s.t. Ax<p b,z 20,

sup — <bay> s.t. 7ATy<KCay>LO-
Y

On important special case is the Linear Programming duality, where K =IR%, and L = do:
inf(c,z) st. Ax=b,2>0,
sup— (b, y) st. —ATy<e.
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Note that K = —K™* but the dual constraint on y disappears because L*=R".

Proposition 7.8. (Lagrangian) Assume f:R™ x R™— R is proper, Isc, convex. We define
the associated Lagrangian as

Wz, y):=—f(z,)"(v),

1.€.,
Then I(-,y) is convex for every y, —l(x,-) is lsc and convex for every x,y, and

flx,) = (=l(z,"),
(v,y)€df(xz,u) & ve(r,y) and uec dy(—1)(z,y).

Proof. Denote g(z, y, u) := f(z,u) — (y, u). f is proper lsc convex = g is proper lsc
convex. Thus

is convex (but does not have to be proper for a specific y), see the proof of Prop. 7.2. Define
fo(y):= f(x,y), then —l(x, )= f7(-) and f; is either +00 or proper lsc convex, therefore
—I(z,-) is either —oo or proper lsc convex by Thm. 6.10, but always lsc convex as claimed.
We have, by definition of the subgradient,
(v,y)€0f(x,u) < f(z/,u)> f(z,u)+ (v,2' —z)+(y,u' —u) V' u'
& fla' )= (y,u) 2 fle,u) +{v,2" =) = (y,u) V',
& mf{f(z"u) = (y,u)}> f(z,u) = {y,u) + (v, 2" —2) V2’ (7.3)

Setting z/ =z the last line implies
inf {f(z,u) = {y,u)} > flz,u)={y,u),
which is again equivalent to
inf {f(z,v) = (y,u)} = flz,u)={y,u),
.. always holds (set v =1u'). Thus we can continue (7.3) via

<
{0} > 00— () {0 —0)

infy { f(z,u) = (y, u)} = fz,u) = (y,u)
{mf {2 u) (y,u)} Zinf, { f(z,v) = (y,u)} + (v, 2" —x) Va'

because inf,,...

1I

i3

infy/ { f(x,u') —(y,u)} = f(z,u) — (y,u)
x y )=z, y)+ (v, 2’ —x) Va
>fxu)+<y,u’fu>Vu’

ye@uf(ﬂf,U),
< { vE Dl (x,y).

Because f, is 400 or proper Isc convex, by Prop. 6.12 (inversion of subdifferentials under
Legendre-Fenchel transform) the first condition is equivalent to u € df;(y), which is the
same as

i3

u € O(=l(x,-))"(y) =0y(=1)(z,y).
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Therefore we get

R e M

which shows the assertion. (]
The Lagrangian opens a particularly nice way to formulate the optimality conditions:

Definition 7.9. (saddle points) For any function I: R" x R™ — R we say that (z',y') is
a saddle point of [ iff

Wz, y) 21", y) 21Uz y) Vo, y.

The set of all saddle-points is denoted by spl.
Remark 7.10. The condition (z', y’) €spl is equivalent to

infl(z,y") =1(z',y) = supl(z’, y),
xr
y
i.e., ' minimizes [(+,y’) and y’ maximizes [(z’, ).
The direction “<" is clear, “=" follows since

irl}fl(x, y') < Uz, y)

always holds (set x =x'); together with the saddle-point condition we get equality (similarly
for the supremum).

Proposition 7.11. Assume f is proper, lsc, convex with associated Lagrangian l. Then
p(z) = supl(z,y),
vy) = wi(z,y)

and the primal and dual problems can be written as

inf p(z) = infsupl(x,y),
T z Y
supy(y) = supinfli(x,y).
y y °

Moreover, we have the optimality condition

x' € argmin (z),
x

! 0e€d.l(z', vy,
Yy Gargméxxw(y), @(m’,y’)Espl@{ ( 212 }

iilf gp(x) :sup¢(y) Oeay(—l)(x Y )

Proof. For fixed y (without any assumptions),
infl(z,y) = inf —sup{(y,u)— f(z,u)}
= —Ssup {((%7 U), (07 y)> - f(%, U)}

T,

= —f*0,y)
= ¥(y).
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For fixed x,
supl(z,y) = sup—fz(y)

y
= sup(0,y) — fz(y)

Y
= f27(0)
= f:r(o)
= ().

The equality f#* = f holds because f, is either proper lsc convex or +oco, in which case
fx=—00 and fi*=+o0.

By Prop. 7.4 the optimality condition is equivalent to (0, y’) € df(z’, 0), which by
Prop. 7.8 is equivalent to having 0 € 9,l(z', y’) and 0 € 9,(—1)(z', y’). Since | and —! are
convex, this is exactly the saddle-point condition (z’, y’) € spl (Def. 7.9) and by Rem. 7.10
(@,

L) =(y). O

Note that Prop. 7.11 only gives sufficient conditions for optimality. The following
theorem answers the question of how to construct f from a given Lagrangian such that f
is proper lsc convex and for every minimizer x’ we can find a dual feasible point 3’ such
that (z',y’) is a saddle point.

and the first part of the proposition equivalent to to p(z’) =

Proposition 7.12. Assume X CR"™ and Y CR"™ are nonempty, closed, convex, and
L: X xY =R

is a continuous function with L(-,y) convez for every y and —L(x,-) convez for every x.
Then

Wx,y) = L(z,y)+dx(z) - oy (y),

with the convention 400 — oo =400 on the right, is the Lagrangian to

flx,u) = sup{l(z,y) + (u,y)} = (=l(z,-))"(u).

y
f is proper, lsc, and convex, i.e., Prop. 7.11 applies with primal and dual problems
inf sup L(x,y) = 1nfg0( ), @(z):=dx(x)+supL(z,y), (7.4)
zeX yey yey
sup inf L(z,y) =supy(y), ¥ (y):=—0y(y)+ inf L(z,y).
yeYy zeX y zeX

Moreover, if X and Y are bounded, then spl is nonempty and bounded.

Proof. For every x, —I(x,-) is either —oo (if x ¢ X) or —L(x, ) 4+ dy(-) which is proper
(L finite, Y # 0), 1sc (L continuous, Y closed) and convex (L convex, Y convex). Either
way we have

*l(ﬂf, ) = (*l(ﬂ?, ))** = f(xa )*
as required for [ to be the Lagrangian to f (Prop. 7.8). We have f(x,u) the supremum of
convex functions (ranging over y) and therefore convex.

For the lower-semicontinuity, consider the mapping g,: (z, u) — L(z, u) + (u, y). For
every y €Y, g, is lower semi-continuous. The pointwise supremum of an arbitrary family
of Isc functions is again Isc; this follows because their epigraphs are closed and therefore
their intersection is also closed. This shows that the mapping

(z,u) = sup {L(z,y)+ (u,y)} =sup{L(z,y) + (u,y) — oy (y)}
yey )
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is Isc, and therefore f(x,u)=supy {L(z,y)+ (u,y)—0y(y)}+0x(x) is Isc as well (the last
step requires X to be closed and makes use of the convention 400 — oo =0).

Properness: if f(x, u) = 400 then I(z, -) = —(f(z, -))* = +oo for all z, which is not
possible because it would mean X = (). For any fixed x, f(z,-) is either +00 or z € X, in
which case —I(x,-)=—L(z,-) + dy. This is proper lsc convex (Y # ()). Thus f(z,-) must
be proper Isc convex (Thm. 6.10), which means it cannot assume the value —oo. Thus
f(x,u)# —oo always; together f is jointly proper. All in all, the conditions in Prop. 7.11
are fulfilled.

The relations in (7.4) follow directly from the definition of [ if one takes some caution
to respect the convention +o0o — oo = +o00:

¥(y) = nf{L(z,y)+0x(z) - dv(y)}
= ( inf L(x, y)) — oy (y).

zeX
The inf on the left side is always finite because X # () and L is finite. Also

p(z) = sup{L(z,y)+0x(z) = dv(y)}

_ {+oo, r¢ X,
supyL(x,y)—dy(y), reX

<supL(x, y)> +6x(a).

yey

To show that the set of saddle points is nonempty, consider

p(u) = inf sup {L(z,y)+ (u,y)} <sup sup {L(z,y)+ (u,y)}
ze€X yey reX yeY

(note that the inequality requires X, Y #0). X and Y are compact, therefore the right side
is bounded and we get dom p=R""; similarly dom ¢ =IR". In particular 0 € int dom p and
0 € int dom ¢, and from Prop. 7.5 we obtain that the optimality conditions have a solution
with a finite value. By Prop. 7.11 this implies

spl = (argmin ¢) x (arg max ) # 0.

Both sets are bounded because X and Y are bounded, therefore spl is bounded as well. [J
Example 7.13. For

Wz,y) = (c,z)+k(z)—(b,y)—h"(y)+{Az,y)
with k, h proper lsc convex we get
p(x) = supl(z,y)
= (g,x>+k:(x)+h(Ax—b)
Ply) = igfl(x,y)=—<b7y>—h*(y)—Sgp{<w,—ATy—C>—k(w)}
= —(b,y) —h*(y) —k*(-ATy—o).
and
f(@,u) = sup{l(z,y)+ (u,y)}
— sup{{c.) + (2) — (b )~ h*(y) + (Az, ) + (. y))
— lex) +h(z) — h(Az—b+u).
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Example 7.14. (shrinkage) We consider the problem
o1
inf Ll — a4 Al (75)
x

We can reformulate the problem in “infsup” form by rewriting the 1-norm using its dual
norm: with the definition Y :={y|||y|lcc < 1},

. 1
infsup [l — all3+ (z, y).
T yeY

We directly get the dual

.1
sup inf = ||z — a3+ (z, y).
The advantage of this formulation is that the Lagrangian is differentiable, so the (uncon-
strained!) inner problem can be solved explicitly by setting its gradient to zero, and we
find that it solved by x =a — y. Substituting this we obtain

1 1
sup — Ly 3+ {a,9) = sup — £ [y — a3
yeYy yey

This means that the dual problem is solved by computing the projection of a onto Y,
y' = ly(a),

which can be computed explicitly and separately for each component. We can even obtain
a primal solution from y": we know that z’ minimizes [(-, y’), so

v = argming |z —alf+ (z,y) = argmin g |lz — alj + (z, Tiy(a).
The solution is unique, therefore we obtain the primal solution z’ = a — Ily(a). This
operation is known as shrinkage, because it shrinks the value of a towards zero.

Note that recovering the primal solution from the dual in this way is only possible
because of the uniqueness of the primal solution: in the general case, not every minimizer
x” of I(-, y’) leads to a saddle point (z”,y’), as it may still violated the second half of the
saddle-point condition.

The fact that problem (7.5) can be solved explicitly — and therefore exactly — and
includes both the smooth 2-norm as well as the non-smooth 1-norm has made it a very
popular problem to be solved as a sub-step for solving more complicated problems, see
Chapter 9.

Example 7.15. (complementarity conditions) We consider Lagrangians of the form
l(l’, y) = <C’ IL’> + k‘($) + <AIL’ - ba y> - 5L(y)a

with a closed convex cone L and proper Isc convex function k, with the associated primal
and dual problems

inf (c,z) + k(z) st. Az>p-D,

sup — (b, y) *k*(*ATy*C) s.t. y=>r0.
Y

Looking at the optimality conditions in terms of the Lagrangian as in Prop. 7.11,

0€0l(z,y) & 0 € c+0k(z)+ATy,
0€dy(—-l)(z,y) & 0 € —(Az—b)+ Nr(y),
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we can apply the second part of Prop. 6.17 to rewrite the last condition through v €
Ni(y)evel* yeL,(x,y)=0, and get

0Occ+ AT y+0k(z),

0<pyl(Axz—b)>r-0.

The orthogonality constraint in the second equation is also known as a complementarity
condition. To see why, set A=1, b=0, and L =R>o. The equation is then

0<ylx<O.

Because of the inequalities, no term the inner product (y,z) =0 can be positive, therefore
(y,x)=0 is equivalent to y; x; =0 for all i — the variables x; and y; are complementary in
the sense that if one of them is nonzero, the other one must be zero (they could still both
be zero, however).



Chapter 8
Numerical Optimality

When designing optimization methods an important question is what stopping criterion
to choose. A very common pitfall is the following:

1. Fixa § >0, z0.
2. iterate: k=1,2, ...

k

k+1 from 2,

a. compute x
b. stop if |p(z**1) — p(2F)| < 6, or if [|xF+! — 2F| <6,
c. k«—k—+1.

This approach suffers from all kinds of problems:

e [t is also very dependent on the scaling of the problem or the date by constant
factors.

e It stops when the solver is slow, which — without further knowledge about the
algorithm — does not imply that the iterate is close to the solution. In fact the trivial
update zF 1« ¥ “converges” after one iteration but the solution is useless.

e We do not get any information about how close z* is to the minimizer z’ or how
close f(z*)is to f(z').

Ultimately we would like our method to find a solution withing a guaranteed distance to
the optimal solution:

Definition 8.1. For ¢: R"— R, a point = is an c-optimal solution if
o(z)—infp < e.

This is the “ideal” stopping criterion — it guarantees that energy-wise x is not much
worse than a true minimizer z’. Unfortunately ¢(z’) is generally unknown. What can we
do?

8.1 The smooth and the non-smooth case

We first consider the smooth case. Assume that f is convex with a unique minimizer,
and f € C2. The usual (local) convergence analysis for iterative methods hinges on two
important assumptions.

1. f is strongly convex: V2f(x) >o_ I for some o_ >0 and all z, i.e., the eigenvalues
of the Hessian are uniformly bounded away from zero.

53
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We get (Taylor)

) = @)+ (Vf@)y—a)+ 5y —2)T V2 () )
for some z=(1—-t)x+ty, t€[0,1]. Thus
Fy) = f@)+(V(@)y—a)+ 2 lly -3
This is a better bound than convexity gives; convexity alone corresponds to o_ =0.
a. The right-hand side is maximized by § =z — U%V f(z), substituting this gives

_ 1
20_

fly) = f(=) IV £ ()13

In particular for 2 =2* and y =2’ (a minimizer) we get

f@?) = f(=) < %HVf(xk)H%.

This means that f(2*) approaches f(z')as ||V f(2*)||2— 0.
b. Another consequence is (2’ is optimal!)
0> f(2)) ~ f(a¥) > (Vf(eh),a" — ') + 5 [la* — 2|3
> —[IVf(=")]2]l2* 2]l +%_ ¥ — 2’3,
thus

2
l2* = 2"l < =V f@h)ll2,

meaning that also 2* approaches z’ as ||V f(z*)|2 — 0.

2. The Hessian of f is uniformly bounded from above: V2f < o I for some o4 > 0
and all . Then (again using Taylor and minimizing both sides over x)

)~ f@) 2 g IV F IR
0+

This gives the reverse statement: ||V f(x*)||2 approaches 0 as f(z*) — f(x).
Together we can upper- and lower-bound f(z’) using quadratic upper and lower bounds
on f. The convergence speeds of gradient-based methods depends heavily on the condition

_ 0+
—+.

K:

In general convex optimizations, problems are usually
o non-differentiable (=0 =+00) and
e have affine regions (=o0_=0)

(this is most easily visualized using a simple function such as f(x)=|z|). Therefore they
do not have a good “classical” condition (not even locally, again consider f(z)=|z|).

One problem is that the subgradients usually carry no information about how close x
is to 2’ (or even just how close f(z*) is to f(z')). Another viewpoint is the following:

k

Subgradients in convex optimization only provide a lower bound for the function, and
may be a very bad linear approximation!
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Some issues that arise from this:

1. Since f is not differentiable, it can have many subgradients at any given point.
Evaluating whole subdifferentials is generally very hard. Which and how do we
pick one of the subgradients? (The smallest one? That again amounts to solving
a minimization problem over the set of subgradients. Or a random one? Then we
have to deal with non-deterministic methods.)

2. Even if ¥ — 2’ and f(2¥) — f(z), we can have df(z*) = {v} until 2’ = 2* holds
ezactly (smooth case: 2. shows that ||V f(z¥)||2— 0). In practice we only have finite
precision, so this condition cannot be checked exactly.

3. The minimizer can be non-unique, e.g., f(z) = max {z — 1, —z — 1}. Even if
f(xF) = f(x') this does not say anything about convergence of the sequence z*. We
could possibly pass onto a converging subsequence if f is level-bounded, but that
is only useful in theory rather than in an actual implementation.

4. Even if all conditions hold and o4 and o_ exist, they are not much value in prac-
tice, because they are often unknown or can only be estimated very roughly, and
therefore provide conservative estimates that are useless in practice. This can lead
to slow convergence or bad estimates if we would like to know how close one specific
iterate z* is to the minimizer rather than get an asymptotic convergence rate.

We need a more reliable practical criterion to check optimality.

8.2 The numerical primal-dual gap

Proposition 8.2. (numerical primal-dual gap) Assume (z*,y*) is a primal-dual feasible
pair (or “primal-dual feasible”), i.e., ¥ € dom ¢ and y* € dom ). Then

e(zF) = ¥(yh)
and
0< () —inf o < @(a®) —o(y*) = y(=F, y%) = 4.

The quantity v is the “numerical primal-dual gap”. If v < e then x* is an e-optimal solution
» .k

with “optimality certificate” y~.
Proof. The first inequality follows directly from weak duality. The second inequality
follows from (') > 1) (y*) which again holds due to weak duality. O

This means that if for a given z* we can find y* such that o(z*) — 1 (y*) < e we have
proof that z* is an e-optimal solution, with y* acting as a certificate of optimality! This
is an important concept — solvers can prove that their solution is e-optimal.

If strong duality holds (i.e., inf ¢ = sup ¥ € R), then such (z¥, y*) always exist for
arbitrarily small £ >0, as we can take any minimizing/maximizing pair of sequences for the
primal/dual problems. Existence of a certificate for € = 0 requires existence of a primal-
dual optimal pair.

The numerical primal-dual gap is translation invariant, i.e., if f/'(x,u):= f(x,u)+c for
some ¢ € R (thus ¢'(z) = ¢(x) + ¢, ¥'(y) = ' (y) + ¢; verify this using ¥ (y) = —f*(0, y))
then

o(zk) — 9 (yF)
So'(@h) —¢'(yh)

NN
™ ™
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It is however not scale invariant, i.e., if f'(z,u)=c f(x,u) for ¢ >0 (then ¢'(z) =c (),
W(y) = = F70, y) = —supeu {(u, y) = ¢ fl@, W)} = —swpeu {c (u, £ y) — ¢ fla,
u)} =—c f*(O,%) =c1(y/c)) and even if we get the iterates (z¥,cy¥), then

') —y'(y") < ce,

i.e., if we stop on the numerical primal-dual gap we get different solutions although the
problem is effectively the same!
Therefore in practice the normalized gap is often used instead:

Definition 8.3. (normalized gap) We define the normalized numerical primal-dual gap as

o) — U ()

N ~(k Kk
Fi=7(2k, yh) =
) U(y")
We get
y’ dual optimal k\ _ k
| () — ()
_ b(y')
weak ;uahty L)0(.,1:16) _ 'l/)(yk)
_ p(a)
weak guahty @(‘Tk) _ (p($,) .
p(z')

Therefore a small normalized gap 4 < & guarantees that z* is € ¢(2')-optimal. 7 is scale-
invariant due to the normalization. It is however not translation-invariant — by adding a
large constant ¢ to ¢, 1 we can make it arbitrarily small:
s p(a*) +e—v(y*) —c _ o) — (")
b(yF) +c b(yF) +c

The normalized gap also requires ¢(z’) > 0. Nevertheless, it is an excellent stopping
criterion and widely used in practice.

Common values are in the range of § =10~ for inaccurate solutions — which are often
almost identical to high-accuracy solutions in image processing — to § = 10~® if precise
solutions are required.

8.3 Infeasibilities

When computing the numerical primal-dual gap there is an important detail: We need to
work with the full extended real-valued ¢ and 1. This is very easy to lose track of, as the
following example shows.

Example 8.4. Consider
inf |z| = inf sup zvy
ze[l,2] z€[1,2] ye[-1,1]

= sup inf zy
ye[—1,1]x€[1,2]

= sup min{y,2y}.
ye[le}
An optimal primal-dual pair is (z', ") = (1, 1), then ¢(z') =|z'|=1=min{1,2-1} = ¢y,
i.e., the numerical duality gap is zero.
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Assume we have a point 2¥ =1+ 6, y¥ =145 with 5 \,0, then (z*, y*) — (', '), and
|*| — min {y*,2 9%} = 140, — (14 6)=0.

This means the numerical primal-dual gap is computed as zero, although none of the
iterates ¥ are primal optimal. In fact, we could produce a negative gap by setting y* =
14 2 dg, which would clearly violate weak duality.

The reason for this is that we did not use the complete primal and dual objectives to
compute the gap. In fact

p(z)=z|+dpg(), P(y)=min{y,2y}—011(y)

In our example we get ¢(z¥) =1, but ¢ (y*) = —oco because the y* are not dual feasible.
The numerical primal-dual gap is therefore not zero but +oc!

Unfortunately we cannot accurately deal with this issue — the primal or dual constraints
could be non-trivial equality constraints, and in the general case cannot be fulfilled exactly
using finite precision arithmetic. Also, we would like to have an indicator of how the primal-
dual sequence converges even if it is infeasible.

One way to deal with this issue is to split the primal and dual objectives:

Definition 8.5. Assume that

p
‘10('%') = ¢O(m)+25gi(m)<07
=1

(y) = Yo(y) =Y Onyx)<os
=1

where dom g = dom g =R" and g;: R" — R, h;: R™ — R are suitable continuous real-
valued convex functions, i.e., the primal and dual constraints are of the form

gi(z) < 0, i€{l,...,np},
hz(y) < 07 Z6{177nd}

Then the primal and dual infeasibilities are defined as

np = max {0, gl(xk)7~"7gnp(xk)}7
Ng = maX{O,h1(yk),---ahnd(@/k)}-

Writing the objectives in such a way is often natural. We can then use the stopping
criterion

wo(@*) — vo(y")
Yo(y*)
This enforces not only a small primal-dual gap but also that the primal and dual iterates
are close to being feasible.
For Ex. 8.4 we get

max {yo, Np, Na} < €, Jo:=

Yo = (L+0k—(1+06k))/(1+ ) =0,
np = max{0,1—zF z¥F -2} =0,
ng = max{0,y*—1,—1—y*} =0,

This makes it obvious that although the apparent numerical duality gap is zero, it cannot
be fully trusted because the dual infeasibility is not zero.






Chapter 9
First-Order Methods

9.1 Forward and backward steps

Traditional gradient descent for differentiable functions:
gl = ok — 7V f(2F)

for some step size sequence tk.
Idea: The basic gradient descent discretizes the PDE

xy = —Vf(x)

using explicit (forward) Euler steps with step length 7. For non-smooth f this is generally
not possible, but what if we change it to

xy € Of(x)?

Indeed it is possible to show that if f:IR™— IR is proper lsc convex with argmin f# (), and
xo € cldom f, then there exists a unique path x(t),t € [0, 00) with x(0) =z, Of (x(t)) # 0
for all ¢ and

d
Em(t) € —0f(xz(t)) forae. t,

where ¢ — x(t) is absolutely continuous on all intervals [0, co) and z(t) converges to a
minimizer of f (Bruck 1975).
In order to discretize this, there are two straightforward choices:

Definition 9.1. For f:R"— R we define
1. the “forward step”

Frop(a®):= (I — 7, 0f ) ¥,
2. the “backward step”:
By, p(z%):= (I + 1 0f )L 2P,
These are called “forward” and “backward” steps, since they correspond to forward and

backward Euler discretizations of the gradient descent PDE. The optimization problem
can be seen as finding a zero of the set-valued mapping 0f: R" = R", i.e.,

find e R"s.t. 0 € Of(x).
The forward and backward steps then amount to

ghtleqgk — 7 af(xk), aktlegh — 8f(xk+1).
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We see that the only difference is that in the backward step, the new iterate z**1 is used
to compute the subdifferential.

The backward step is also known as proximal step, because it can be reformulated as
minimizing f together with an additional quadratic proz term that keeps the new iterate
close to the previous iterate:

Proposition 9.2. (prozimal steps) If f:IR™— R is proper Isc convex with 7 >0, then the
backward step is

. 1
Bry(o) = argmin {5 Iy~ 2l +7£(0)
and therefore unique.
Proof.

Bry(x)
(I+70f) ! (x)
(I+70f)(y)
y—x+70f(y)

. 1
asgin {3y~ 3+ 77}

<Y

<0

s
8
M M M M M

<Y

If we are given a problem
inf f(2),
x

without any additional knowledge about the structure of f the most straightforward
approaches are to apply forward or backward steps to f:

Example 9.3. (forward and backward stepping) Assume f is proper lsc convex and
arg min f # ().
1. Forward stepping:

zhtl S Fka({Bk).

Convergence:

e Only restricted convergence results available (line search for smooth func-
tions; but basic result for non-smooth functions requires knowledge of inf f).

e Also: convergence of z¥ to minimizer if there is o > 0 such that 0 < inf 73, <
sup 7, < 2 and [Eck89, 3.3]

(y—x,h—g)>alh—gl3 ¥ geof(x),hedf(y).
In the smooth case this implies the Lipschitz condition:

ly =22V f(y) =V I(@)ll2 = (y—2,V(y) - V(z))
IV f(z) =V f(2)lI3
ly —zll2. (9-1)

—~

Qe

>
=[[Vf(z) =V i)l <
Advantages:

e requires very little information (just a single subgradient)
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e if inf 7 > 0 then fixed points are minimizers of f [Eck89, 3.6].
Disadvantages:

e sequence not unique, depends on selection of subgradient

e can get stuck if z¥ becomes infeasible

2. Backward stepping:
2kl = B, (k).

Convergence:

- >, T# =400 is sufficient (i.e., no upper bound on step size!)
Advantages:

® unique sequence

e cannot get stuck, infeasible starting point possible
Disadvantages:

e substeps are as hard as the original problem (but strictly convex)

The last point is generally the dealbreaker for backward steps. But we often encounter
problems where the objective is a sum of several terms, each of which is easy to minimize:

flx) = g(x)+h(z).
The question is, can we find a minimum of f by combining suitable alternating minimiza-

tion steps of ¢ and h?

Example 9.4. (splitting principle) Assume f = g+ h such that 9f =9dg + 0h with f, g, h
proper lsc convex and argmin f # ().

1. Backward-Backward:
ahtl = BTkhBTkg(xk)'
Convergence:

e in the mean, i.e.,

k k
yb o= (Z Tk/xkurl)/(z Tk/>
k=0 k'=0

converges to a minimizer of f if 7 >0, >, 7 =+00, >, 7 < +o0.
Advantages:
e few restrictions on step size
Disadvantages:
e step size needs to approach 0

e fixed points (i.e., v with & = B, Br¢(x) for some fized 7) are generally not
minimizers of f!

e convergence in the mean raises numerical difficulties for large number of steps

2. Forward-Backward:

bt € Bpp Frog(zh).
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A very popular special case is gradient-projection, where f(x)= g(x)+dc(x), g is
differentiable, C'# () closed and convex. Then

xhtl e argmin{%Hy—(xk—Tng(xk))H%—i-éc(x)}

= Hc<ﬂ§k — Tk Vg(xk))

gradient

proj?egtion
Convergence:
e gradient-projection: if (9.1) holds and 0 < inf 7, <sup 73, < 2 a.

e general case: in the mean if )7, 74 =400 and ), T# < 400, and the chosen

sequence of subgradients y* € F, ;(z*) is bounded (this is not clear and needs
to be shown separately)

Advantages:
e fixed points are the minimizers of f

e requires backward steps on h only, and can therefore deal with relatively
complicated functions g (think g(z) = ||A # — b||3 where backward steps
involve solving large systems)

Disadvantages:
e sequence not unique, may get stuck

e can escape from minimizer! (if dg(z’) # {0}, i.e., contains non-zero subgra-
dients)

Example 9.5. (ISTA) Assume we would like to reconstruct an image y € R" from the
observation b = R y, where R is a linear operator. This could be a blurring operator, a
super-resolution operator, or just the identity for denoising of a given image.

As prior knowledge about the image to be recovered we make the first assumption that

y = W,

where W € R™*™ is a set of basis vectors (possible overcomplete). One choice is to use a
wavelet basis consisting of scaled and translates copies of a “mother wavelet”, for which
the product z +— W can be evaluated quickly although W is large and non-sparse. The
second and key assumption is that x is sparse, i.e., it has only a few non-zeros: we assume
that the image can be represented using only a few of the basis functions.

An approach to recover y is to set A= RW and find

x € argmin{%”Ax—bH%-i-)\ |2 }
€T

The left term ensures that the resulting image is close to the observation, the right term
promotes sparsity of x. If we apply forward-backward splitting with f =g+ h, g(z) =

SIAz = b2, h(z) =X ||z||1, we get
okl — argmin{%uﬂf(ﬂfkTkAT(Axkb))‘|%+7k>‘||x”1}‘

This is know as ISTA (iterative shrinkage thresholding) and has two strong points:

e It only requires us to do matrix multiplications involving A and AT, as opposed to
solving linear equation systems involving A.
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e The proximal step is separable, and can be solved explicitly using shrinkage (see
example sheets).

e Convergence: O(%), where £ is the number of steps. A variant (FISTA) employs
over-relaxation and an adaptive choice of the 7 to achieve O(%) This is —

although far from a linear convergence rate — often enough in practice and widely
used.

9.2 Primal-dual methods

A slightly different approach is to not try to minimize the function, but to solve the primal-

dual optimality conditions instead. This is particularly fruitful in convex optimization,

as a primal-dual solution not only yields a global minimizer of f, but also an optimality

certificate in form of the dual feasible (and optimal, in case of a solution) point.
Consider the primal and dual problems with associated Lagrangian

infp(z),  p(z)=g(z) +h(Az),
sup(y),  P(y)=—g"(=ATy) = h*(y),
Ue,y) = gla) - 1)+ (Az.y).
The optimality (saddle-point) conditions are
@' € argminl(z,y’) = argmin{g(z)+(ATy, )},
v € argmaxi(e'y) = argmin {h'(y) + (~Aa.p)}

An obvious strategy is to do alternate between improving the primal and dual objectives,
keeping the other variable fixed. In the following we generally assume that strong duality

holds.
Example 9.6. (primal-dual methods)

1. PFBS (proximal forward-backward splitting): We apply a full minimization step with
respect to y, followed by a backward step on x. The minimization with respect to
y can be rewritten as follows:

yHtl e argmyin{h*(y)H—Ax’ﬁyH

=0 € ohF(yFth) — Axb
WL ¢ an(Aw).
The backward step is then

ke argmin{g(a:)—i—(ATyk*l,@—i-LHx—ka%}
x 2Tk

. 1
— argm1n{g(a:)+—2 |z —(xF — 7, AT y’”l)H%}.
x Tk

By the chain rule (under sufficient regularity assumptions) AT y*T1 € d(ho A)(z¥),
so PFBS actually amounts to a forward step on ho A followed by a backward step
on g — it is in fact the same as forward-backward splitting in the operator splitting
approach!
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Convergence:

e if V(h o A) is Lipschitz continuous (in particular differentiable!) with con-
stant L, and 0 < inf 7, <sup 7, <2/L.

Advantages:
e requires proximal steps on g only

e compared to forward-backward splitting, provides an alternative way to com-
pute the subgradient by minimizing h* and generates a sequence of dual
iterates y* that can be used to compute the numerical primal-dual gap.

Disadvantages:
e step size restriction, need to estimate L

2. Modified PDHG (primal-dual hybrid gradient): We alternate between backward
steps with respect to x and y with an additional over-relaxation:

YRt = B, ik, (F),
2 = By (e (@),
Tkl — xk+1+0k(xk+1ka).

Convergence:
e in the mean if oy =0, 7, =7, O =0=1, o7 <1/||A||% then with O(1/k).

e in the mean if g or A* strongly convex with constant a: O(1/k?) for ||z* — 2|2
(needs adaptive 0y)

e in the mean if g and h* strongly convex with constants a, 8: O(w*) with

146 . .
w=—————, i.e., linear convergence rate.
A1l
Advantages:

e few requirements for convergence, flexible
o ecfficiently removes linearity A
Disadvantages:
e step size bound
e convergence in the mean (although convergence in (z*, y¥) is observed)
e cven if ||A| is known, the ratio o/7 may still need to be tuned for good

convergence

Example 9.7. (Augmented Lagrangian): We shift A into the primal objective by adding
an artificial variable z:

inf o), @(z)=g(@) +h(2) + Az,
W((z,2),y) = g(x)+h(z)+(Az—2,y).

The dual variables y only occur as multipliers. Note the optimality conditions:

0€ 9 (7, 2),y) 0cdg(x)+ AT y,0€0h(z) —y
0€0y(—=1)((x, 2),y) Ar==z2

0e ag(q;) T AT Yy subgradénversion 0e Gg(x) L AT Yy
y€Oh(Ax) 0€edh*(y)— Az
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This shows that solutions ((z,z), y) of the new problem are exactly the triples ((z, Ax), y)
where (z, y) is a primal-dual solution for {! In particular, y is always a dual solution for
the original problem, although we did not explicitly introduce it as such.

We augment the Lagrangian by adding a quadratic penalty:

H(2,2),9) = g(e)+h(=)+ (A —2,) + 5| Az —2]3,

This does not change the set of minimizers, because A x = z holds for every minimizer.
We then alternate between minimization with respect to « and 2z and gradient ascent for
y with step size o:

#41 = argmin {g(o) 45 40 - o0t B),
- 20

01 = angmin {h(e) + 5 - A0 -0 8],
P g

yhtl = yF 4 % (A gkt — 2kt
This is known as the alternating direction method of multipliers (ADMM).
Convergence:

e for any o >0 we have ¥ — 2’ and y* — y’ where (2, y’) primal-dual optimal pair;
additionally z*¥ — Az’

Advantages:
e very few assumptions required for convergence
Disadvantages:

e We need to solve problems involving the term || A z — -||3, which can be difficult due
to the coupling of the variables in .






Chapter 10
Interior-Point Methods

Setting: We would like to solve

inf(c,z) st. Az —b>k0,
2inf(c,z) + Ox(Ax—b),

where K is a proper closed convex cone.
Idea: We would like to use Newton’s method

oM = ah = (V2 f(2)) 'V f(2)

since it is usually very fast (locally quadratic convergence rate ||z*+! —2/|| < c ||lz* — 2'||?).
Problem: the constraints!

Idea: We replace the indicator function dx(z) by an approximation F'(z) such that
F(z) —» 400 as z— bd K and solve

inft (c,z)+ F(Az —Db).

As t — 400 the minimizers should approach the minimizers of the original problem.
Nevertheless, they all lie in the interior of the constraint set K, hence then name “interior-
point methods” as opposed to methods that travel on the boundary of the constraint set.
Two ideas:

e Can we guarantee that we get a solution with a certain accuracy, i.e., how do we
need to choose t7

e Ast— 400 the problems become potentially more difficult, as the optimal point
moves toward the boundary, and the condition of F' become worse the closer one
allows points to be from the boundary. Can we do this iteratively, i.e., if we know
a solution for a certain t*, can we quickly find a solution for a larger t*17?

Definition 10.1. (canonical barrier) For a cone K we define the “canonical barriers”
F = Fg and associated parameters Op:

o K=KLP={2cR"x,..,2,>0}, we have the canonical barrier

n

F(z) = Z—logmi, Or=n,
i=1

xn>\/x%+...+x%_1},

F(x) = —log(x%—x%—...—x%_l), Op=2,

. K:KSOCP:{Q:GR"

o K=KSPP.—{X e R""|X symmetric positive semidefinite},

F(X) = —logdet X, 6Op=n.
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o K=K'xK2 then Fg(z', 2?) = F1(z') + Fr2(2?) with 0 =0p1 + Op2.

Proposition 10.2. [Nem 6.5.1, 6.3.2, Boyd 11.6.1] If F'is a canonical barrier for K, then
Fis smooth on dom F =int K and strictly convez,

F(tzx)=F(x)—0plogt VzredomkF,
and for x € dom F we have
1. =VF(z)edomF,
2. (VF(x),x)=—0p,
3. =VF(-VF(z))=u,
4. —=VF(tz)=—1VF(z).

Proof. [Boyd 11.6.1] differentiate with respect to ¢ at ¢t =1. O

Again we consider (assume that A has full column rank (linearly independent columns),
Nem p.53 Ass. A).

inf(c,z) st. Ax—b>g0.
The dual problem is
sup (—b,y) st. —ATy=c, y>-0.
We replace y by —y:
sup (b,y) s.t. AT y=c,y<k+0.
We then assume that K is self-dual (K*= K) and get
sup (b,y) st. ATy=c,y>k0.

In the remainder of this chapter we generally assume that the primal and dual problems
are strictly feasible, i.e., there exist =,y so that Az —bcint K, AT y=c, and y € int K.
This guarantees that we can actually find interior point, and that strong duality holds.

Proposition 10.3. (primal-dual central path) The primal central path is the mapping
t — z(t)=argmin{t (c,z)+ F(Az—b)}.
The dual central path is the mapping
t — y(t)=argmin{—t(b,y)+ F(y) + OATy=c }.

The primal-dual central path is the mapping t — z(t) := (z(t), y(t)). These central paths
exist and are unique for all t > 0. Also,

y(t) = —3 VF(Ax(t)~b)
and (x,y) is on the central path, i.e., (x,y)=(x(t), y(t)) for some t >0, if and only if
Ax—bedomF,
Aly=c,

ty+VF(Az—b)=0.

Proof. Existence, uniqueness: see Nem. 6.4.2 (strict convexity etc.).
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Second part: From Prop. 10.2 we get that y := 7% VF(A x — b) € dom F because
Ax —bedomF (x is strictly feasible) and dom F is a cone. Also, if x is on the primal
central path, then

0 = tc+tATVF(Az —0)
“c = — ATVF(Az ).
Therefore
ATy = f%ATVF(Axfb):c.

Together this shows that y is feasible.
The dual optimality conditions are therefore

0 € —th+VF(y)+ Naory_,

rge A=AR"
We check:
th+VF(y) = —tb+VF<—%VF(Ax—b)>
2 bt VE(-VF(Az b))
2 bt (Ax—b)
= —tAzx€e€rgeA.

Therefore y is a dual solution and therefore the dual solution (because it is unique).
Last part: Multiplying the last line by AT, we get
0 = tATy+ATVF(Az —0)
= tc+ATVEF(Az —b),

which is the optimality condition for the primal central point. ]

Proposition 10.4. (duality gap along the path) For feasible x, y (i.e., Ax — b € K,
AT y=c,y€ K), the duality gap is

p(x) —d(y) = (y, Az —b).
Moreover, for points (x(t), y(t)) on the central path, the duality gap is

ola(t) — v(u(t) = 2.

Proof.

(e, 2) = (b, y)
= (ATy,z)—(by)
{
(

y, Az —b).

p(x) —(y@) = (y(t), Ax(t)—b)
Prop. 10.3
T (T IVF(An(t) —b), Ax(t) — b)
Prop;l(J.‘Z 9F
= -
O
Remark: This has an intriguing consequence: If we are given x, y on the central path,
we can immediately find the unique ¢ to which they belong by computing the numerical gap!
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We do not have to compute exact solutions, it is essentially enough to stay close to the
central path:

Proposition 10.5. (near the central path) We define
lollz = (07 V2F(Az—b) " 0)'/?,
z:=(x,y), so z(t) is the primal-dual central path, and
dist(z,2(t)) = |[ty+VEF(Az—D)|;.
Then for Az —bedomF, ycdomF, AT y=c, we have

dist(z, 2()) <1 = @(z) = ¥(y) <2(p(2(t) — Y (y(1))) =——

Proof. See Nemirovski. O

(path tracing) Idea: From 10.3 we know that a primal-dual optimal pair for a fized t
can be found by solving

ATy=c, ty+VF(Az—b)=0.
Idea: Newton for the nonlinear equation system; we linearize:
VE(Ax*1 —b)=VF(Az" —b+ AAzx)~VF(Az" —b)+ V2F(Ax* —b) A Ax
and get the following linear equation system for the steps Ax and Ay:
AT (y"+Ay) =
L (yF + Ay) + VE(A 2k —b) + V2F(AzF —b) AAz = 0
Multiply the last line by AT from the left (to eliminate y) and substitute; we get
Az = H ' (—thtlc—ATVF(AzF b)), H:=A"V F(AzF-b)A,
Ay = —(tF+H~"1(VF(Azk —b) + VEF (A2 —b) A Az) — o>

Here we need the assumption that A has full column rank in order for H to be regular.
We apply a step in the direction of (Az, Ay):

(" i) = (b, y) + i (A, Ay) (10.1)
with the step size 7, found using line search or a full Newton step (7, =1):
Theorem 10.6. Assume 0< p< k< %0,
Azk —becdomF, y* € dom f, such that

t* >0 fived and 2F = (2, y*) strictly feasible, i.e.,

dist(2*, 2(t%)) < k.

If we apply a full Newton step in (10.1) with 1, =1 and tFT1:= (1 +

261 then b +1, yF+1 are strictly primal and dual feasible, and

dist(2F 1 2(tF*1) < w

#) t* to generate
as well.

(The idea is to bound the step for t* so as to keep the Newton method within its region
of quadratic convergence. The factor 1L0 comes from a nasty expression involving p and k
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Advantages:

We can update the penalty after a single Newton step!

In particular, this means that
0 20 —k
k k F r P
o(x") — (Y = 1 < TF>
We have guaranteed global linear convergence with explicit bounds!

In practice, we can often do much larger steps for ¢ (we could imagine computing ¢
from the duality gap!)

Rapid convergence if the Newton steps can be solved in reasonable time.

Disadvantages:

Relatively complicated.

Many detail problems: finding a feasible point, computing the Newton step (or
Quasi-Newton approximation)

Requires problem-specific code for medium-scale problems to be efficient.






Chapter 11

Using Solvers and Discretization Issues

See cvx_demo.zip, available online.
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Chapter 12
Support Vector Machines

12.1 Introduction to machine learning

General problem: Given a sample set of feature vectors X = {x',...,2"}, taken from some
feature space F C R™, find a classifier function hg: R™ — C from a class of functions
{hg|0 € O} that “best” maps each feature vector into a corresponding class from the set C,
where usually C is a finite subset of Z.

In unsupervised learning, only the feature vectors X are known, together with some
prior knowledge about the structure of the feature space and the distribution of
the data. The task is to automatically find classes and cluster the samples into sets
that are simlar with respect to some criterion.

A typical application is clustering: an online shop might be interested to auto-
matically classify their customers into groups to better target the individual group
interests, or they might want to improve categorization of their products on the web-
site. In image processing, one might want to separate foreground and background of
an image, only knowing that they look “different”, but not what they look like — it
might be a white bird against a blue sky, but it also might be a squirrel on a tree.
Other applications include the detection of “unusual” events, e.g., in a video stream,
or identifying and mapping the data points to few low-dimensional subspaces as in
Principal Component Analysis (PCA).

Generally, there is no a priori knowledge on what the individual classes should
be, and often the number of classes isn’t even known. This makes unsupervised
learning a very hard problem.

In supervised learning, the number of classes is generally known, and there is a set
of training data T = {(z', y'), ..., (", y™)}, consisting of pairs of a feature vector
x'c F and a class label y?€C.

Usually such data is obtained by hand-labeling data or using historical data.
For example, we might want to predict whether it is adivsable to buy a particular
stock based on the recent development of the stock price. In image processing, we
might be interested in finding a way to detect cancer cells from regular cells based
on a library of cell images that have been classified beforehand by an expert, classify
classify brain regions or scans, detect vertebrae, faces or body parts, or generally
identify objects in images for search indexing or finding related images.

In this chapter we will only consider supervised learning. Most supervised learning tech-
niques can be summarized in the following energy-based framework:

For a given training data set 7 = {(z', 3!), ..., (2", ™)}, find the classifier function hg
from a family {hy|0 € ©} such that the total loss

n

F0,7) =" g(y', ho(a?)) + R(0) (12.1)

i=1
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is minimized:

e The function g penalizes a deviation of the predicted class label hg(x?) from the
actual (known) class label /.

e The regularizer R can make the problem well-defined if there is not enough input
data to uniquely identify 6, and can counter-act the problem of overfitting: If the
size of the training data set is small compared to the parameter space ©, there is
a danger of fitting the classifier to the specific structure of the training data set,
instead of the distribution underlying the training data — in effect, the classifier will
work very well for the training data, but will perform poorly on feature vectors that
are not in the training data set.

In this chapter we will mostly deal with the two-class case, more precisely, hyp: R™ — {—1,
1}; however, most concepts can be generalized to multiple classes. For the two-class case,
the set (hg) "1({0}) defines the decision boundary, i.e., the set that separates the two class

regions (hg)~1({1}) and (hg)~1({—1}).

12.2 Linear Classifiers

Primal problem.
A simple but very powerful idea is to look for linear classifiers of the form

ho: R™— {—1,1},
ho(x):=sgn({w,x)+b), where 0= (w,b). (12.2)

This corresponds to finding a separating hyperplane H := {x|(w,x) +b=0} that separates
the two sets of points. Even if this is possible, there will be ambiguity as to how to exactly
choose the hyperplane, so regularization is needed.

We will first look at mazimum margin classifiers. Here the margin — the minimal
(signed, in the direction of the desired class label 3*) distance between points z? in 7 and
the hyperplane H is mazimized:

v i) o)
sup min Y- — L)+
w,b 1€{L.m} [w]l2 [w]l2

sup ¢ s.t.cgyi-{< w xi>+L},i€{1,...,n}

We rewrite

wb,c lwll2”™ /- [lwll2
= supc st. |w|ae<y - {(w,z%)+b},i€{l,...,n}.
w,b,c

We now substitute ¢’ = ¢ ||w||2 and obtain

= sup c/[|w|z st. /<y -{{w, 2ty +b},i€{l,...,n}.
w,b,c’
For any solution (w, b, ¢’), any scalar multiple (A w, A b, A ¢/) with A\ > 0 will also be a
solution. Assuming that there exists at least one solution with ¢’ > 0 (i.e., the data sets
can in fact be exactly separated), we can thus pick one of the solutions by forcing ¢’ =1,
and obtain

1
sup ———

st 1<y - {(w,2") +b},i€{l,....n}. (12.3)
wp [wll2
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Finally, maximizing ||w||~! is equivalent to minimizing % |lwl?, so we obtain
o1 ; ; .
1nlt;— lw|3 st 1<y -{(w,z")+b}, ic{l,...,n}. (12.4)
w,

This is convex problem with quadratic objective, and can be rewritten in SDP form (an

SOCP formulation is equally possible but leads to a different dual problem). In terms of
the framework in (12.1), the quadratic part %Hw |3 constitutes the regularizer R, while the

indicator function of the constraints is the loss function g — in effect, the loss for a correct
classification is always 0, while incorrect classifications have infinite loss and are therefore
prohibited.

Dual problem and optimality conditions.
Rewriting the primal problem as

inf{k(w,b)+h<M( Y ) 1)} k(w,b):%HwH%, h(z) = 0s0(2), (12.5)

w,b

and using (note the conjugate of k with respect to b),
1
K (u,c) = 3 llull3+do(c), h*(v) =b<o(v),

from Ex. 7.13 and Prop. 7.6 we obtain the saddle-point form

inf sup k(w, b) + <M ( 1;} > ~1, z> — h*(z)

w,b
= ingsup% |lw||*+ <M< Qg ) — 1,z> —d<o(2), (12.6)

and dual problem

n n 2 n
1 o 4
Slip—z Zi—(SgQ(Z)—i _Z Ytz —5(](2 y22i>.
i=1 i=1 2 1=1
We get the dual formulation of the linear SVM,
1 n 2
zielg" 5 Z yizlz|| +elz (12.7)
i=1 2
s.t. <0,
n

Z Yz =0.
i=1

Support vector machines are generally solved in their dual form (we will later see why
exactly). As in Ex. 7.15, the primal-dual optimality conditions can be stated in terms of
the Lagrangian in (12.6) in complementarity form,

0<<z\04<qg>1>u<0. (12.9)

Again as in Ex. 7.15, as all terms in the last equality cannot be positive due to the preceding
two conditions, the complementarity condition reduces to n scalar equalities of the form

(y' - {{w,z") +b} —1)-2; = 0. (12.10)

0€<w>+MTz, (12.8)
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Therefore, any point x? with z; # 0 must satisfy y* ((z*,w) +b)=1, i.e.,

Hwllz/ w2

wlly’
which by (12.3) is the minimum distance between any point 27 and the separating hyper-
plane. Therefore, the 2" with 2*# 0 have minimum distance.

Zi#o =

Evaluating the linear function.

In order to classify a new incoming sample = using hy in (12.2), we need to compute
the linear term (w, z) + b. Fortunately, given a dual solution z, we can easily recover w
from the optimality conditions (12.8). In fact,

n

(w,x) = <Z ziyixi,x> = fz 2yt (xt x). (12.11)
=1 7

To recover b, we can use (12.10) and plug in any support vector (having z; # 0), or take

the mean over all support vectors to increase numerical stability.

12.3 The Kernel Trick

The trouble with linear classifiers is that in practice, data can very rarely be separated by
a hyperplane, i.e., the decision boundary must be of a more complicated shape. Extending
the maximum-margin approach as in the previous section to non-linear decision boundaries
is entirely non-trivial, and generally impossible except for special cases. But fortunately
it turns out that we actually do not need to — instead, we transform the samples z* before
applying a linear classifier:

We transform the original training samples 7 = {(x!, !),..., (#, y™)} using a nonlinear
embedding 7: F — F, where F C R™ is the original feature space and F C R™ is some
higher-dimensional feature space, usually with m > m:

T = {@hy"), ... @y} 3h=n().

The SVM approach then gives us a linear classifier function ho(Z) =sgn({w,z) — b) in the
space JF, which induces the nonlinear decision function

ho(z) = sgn((w,n(x)) —b)
in the original space. For example, for two-dimensional data we could define
n(x) = (x%,x%,\/ﬁxl $2,\/§$1,\/§$2,1). (12.12)
The decision boundary can then be any polynomial of degree 2 or less:
ho(z) = sgn(wi o} +ws 23+ w3 vV2 21 12+ ws V2 21 + w5 V2 29+ W — b).

Unfortunately, such spaces can become huge very quickly for moderately large m — for
polynomials of degree 2 or less, we already need

(3)-nin

terms. As this defines the size of the optimization problem (12.5) and of the coefficient
vector w, it becomes too large very quickly.

The first key insight is the following: The size of the z in dual problem (12.7) does
not depend on the size m of the feature space — the size of z is defined by the number of
samples n instead!
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Unfortunately, the objective

2
+elz

2

1
inf =
z€Rn 2

n
> yin(h) z
=1

still requires to map 2’ into the high-dimensional space F. We start by rewriting the
quadratic part as

n 2 n
% Z yin(ah) z|| = Z yiy? (n(x?), n(z9)) 2 2,
i=1 2 i,j=1
= Y yyia(aad) zizy, R(a,a’) = (n(z), n(y)). (12.13)
ij=1

This is where the second key insight comes into play: By carefully choosing 7, the kernel
can be evaluated without computing n: For n as in (12.12),

p(z,z) = a¥a'? 4. +2xxh+1=((z,2/) +1)?
does the trick. Once we have solved the dual problem, the inner product (w, n(x)) is,
according to (12.11),

n

(w,n(z)) = *Z 2yt (@', n(x))

z?Ll
= —Z 2yt k() x). (12.14)
i=1

From a solution z € R™ of the dual problem we can therefore compute b and evaluate the
decision function hy(z) = (w, n(x)) — b without ever evaluating n! This concept is known
as the kernel trick.

In order to evaluate hy we still need to store the training vectors z* in order to compute
the terms x(z, ). But from (12.14) we see that we can discard any vectors with 2* =0,
and only need to store vectors z where 2+ 0. Any such vector must be a support vector
and thus minimizes the distance to the separating hyperplane, which in practice is a very
rare occurence — in order to evaluate (12.14), we will usually have to store only very few
of the !, rather than the whole training data set.

We have shown that by solving the dual problem, we can find and evaluate an optimal
non-linear classifier in the potentially very high-dimensional space F without ever having
to evaluate 7. In fact, looking at (12.13), we find that we do not even have to know n
explicitly: We can substitute any kernel k, as long as the dual problem stays convex. A
sufficient condition for this is that the matrix M € R"*", M;;=r(x?,27) is symmetric and
positive semidefinite for all choices of n and {x!,...,2"} (the 3 correspond to multiplication
with diagonal matrices and do not affect positive semidefiniteness).

Additionally, the extended feature space F can be infinite-dimensional. It can be shown
that for any positive definite x, an embedding 7 into a so-called reproducing kernel Hilbert
space can be found that defines k through 7 and its inner product (see for example [7]).

Within these bounds, the kernel can be chosen freely to suit the application. Popular
choices are:

k(z,2")=(x,z')9 (monomials of degree q),

k(z,z")=({xz,z') +1)?7 (polynomials of degree ¢ or less),
k(z,z") =exp <—%Hx - x’H%/02> (Gaussian kernel),

and many more, see [Bis06, Chapt. 6.3] for an overview.






Chapter 13
Total Variation and Applications

13.1 Functions of Bounded Variation

In this section we will have a more detailed look at one of the most-often used non-smooth
regularizers, the total variation (TV) of a function. Details can be found in [AFPO00].
As a motivation, for C'' functions we can formulate the regularizer

f = [ Va2 da. (13.1)

We have already seen in practice that this regularizer can be very useful. To motivate the
choice of the term “total variation” for f, consider the one-dimensional case, and assume
that u monotononeously non-decreasing between two points a and b, i.e., u’(x) >0 for all
x € [a,b]. Then

[ vu@lads = [ w@iar= [ @ dr=u) - o)

The same argument can be made if u is non-increasing, in which case we get u(a) — u(b).
This means that if v is monotonous between two points a and b, then f(u) = |u(a) —
u(b)|, and the behaviour of u between the points is completely irrelevant, as long as it is
monotonous. Hence f counts the the differences between extreme points of u, which gives
rise to the term “variation” of wu.

For general functions that are not necessarily differentiable (and may even be discon-
tinuous), we use the following definition. We generally assume 2 to be an open Lipschitz
domain in R".

Definition 13.1. For u € L'(Q,R™), the total variation of u is defined as

TV(u) = sup /(u,Divv)dx, (13.2)
vEC(QR™ ™), [|v]l0o<1 /€2

where v(x) = (v'(z),...,v™(x))T, Dive = (divel, ..., dive™), and for ve CHQ,R™*"),
[0]loc = sup [[v(z)]]2.
e

The space of functions of bounded variation is defined as

BV(Q,R™) := {ueLY(Q,R™)|TV(u)<+oo}.
This can be understood as follows: If v € CL, i.e., Vu exists as a function, then

/QHVU(HC)szm = A)U(x) sup (Vu,v(z))dz,

ER™X™,[[v]l2<1
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which is just rewriting the norm using its dual norm. It is possible to show that the
supremum and the integral can be swapped and v can be restricted to C} functions:

[ 19ut@)lds - sup [ wuva.

’UEC&(Q,RmX"),”UHOO<1

As all v have compact support, we can use the divergence theorem applied to u; v (which
is just partial integration):

0 = /div(uivi)dx#/ <Vul-,vi>dx:—/ u;divoldaz,
Q Q Q

and get

/HVu(x)Hgdx = sup /(u,Divv>dx:TV(u).
Q vECHQ,R™*") ||lv]|00<1 /8

The is also sometimes referred to as the dual formulation of the total variation. The space
BV can also be defined as the space of all v € L' so that the gradient of u exists as a finite
radon measure in €2, denoted by Du, but we will not go into these details. The importance
in formulation (13.2) as opposed to (13.1) is that it does not require u to be differentiable,
or even continuous.

An important property of the total variation is that for characteristic functions of sets,
it reduces to boundary length/area of the set:

Proposition 13.2. Assume A C Q is a set so that its boundary is C' and satisfies
HP 12N OA) < co. Define

1, x€A,
La(@) = {o rgA

Then

TV(14) = H" HQNOA).

Proof. The idea is that

TV(1a) = sup / ladivode
UECQ(QJRTLL”U”OOgl Q

= sup / divudz
vECH(Q,R),||v]loo<1 /A

= sup / (v,n)yds
vECHQRM),[[v]lo<1 /0A

by Gauss’ theorem. This immediately show the lower bound TV(14) < H" }(0A). The
upper bound is slightly more difficult, intuitively we need v(z) =n on the boundary, but
have to show that v can be made sufficiently smooth, for example by constructing as a
suitable L! function and approximating it using C! functions, see [AFPO00] for general
remarks. O

Penalizing boundary length is a very natural way of favouring smooth contours, which
makes the total variation a good candidate for the problem of finding an optimal set, such
as in segmentation problems.
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Theorem 13.3. (Coarea Formula): If u € BV(Q2), then
TV(1{1|U(1)>2§}) < 400 for L'a.eteR,

and

+oo
TV(u) = / TV(1psy) dt.

—00
Proof. See [AFP00, Thm. 3.4]. O

This can often be used to reduce the study of functions of bounded variation to the
study of their (super-)levelsets {u >1}.

Analogous to the definition of BV, we can define higher-order BV spaces by applying
this idea to the gradients of W¥:! functions as follows. For simplicity we assume the scalar
valued case, i.e., u: 2 — R.

Definition 13.4. For QCRY and k > 1, we define the space BVF(Q) as
BVF :— {u € W"“_l’l‘vk_lu e BV(Q, Rd’“”)}

and the higher-order total variation as

TVEu) = sup /udivkvdx, (13.3)
vECE(Q,Symk(RY)), |00 <1 /€
= TV(VF~1y)

where Sym*(R?) is the space of symmetric tensors v of order k with arguments in RY:

v = (Uih---7ik)i1,...,ik:1,...,d7

and v(z', ..., 2%) :v(z”(l), . z’r(k)) for all permutations w of {1,...,k}. The k-divergence
s defined as

sk, o
diviv = g 8331,1---81%1)@1,_,,%.
[:(Zlyylk)e{:hyd}k

For k=1 this reduces to the usual total variation, as then v € C°(Q, R%), the symmetry
condition disappears, and
diviv = Z 8961-11)1'1 = divo.
i1€{1,...,d}
Note that all functions in BV¥ must have a (k — 1)-th derivatve in L!, which means a
certain regularity (see, e.g., the Sobolev embedding theorem).
In practice, TV¥ can again be implemented by discretizing the k-th order derivatives

using a matrix G¥ € R"® *" and using a special norm defined as the sum of 2-norms over
the rows of G u:

TVHw) = [Grulle:=)  [(GFu)ille,
i=1

or the equivalent dual formulation

TVF(u) = sup {(u, (Gk)Tv>‘v e R¥" xn, v.; € Sym*(IRY), [Jv.i]|2 < 1}.
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Usually finite-difference discretizations of G* will lead to a symmetric tensor (e.g., for
d =2 we would expect the discretization to only produce symmetric Hessians). If this is
the case, then (G*u); € Sym*(IRY), which is a linear subspace of R, and for an arbitrary,
possibly non-symmetric tensor v € de, we can replace the inner product (G*u,v) by <Gk u,
Hsymr(re) (V) ). Since || Hsymk(Rd)(U)H 5 < ||lv||2 (the projection onto linear subspaces can only
decrease the norm), this shows that we can drop the symmetry constraint on v, and get

TVFu) = Sup{(u,(Gk)Tv>

v e RT ™ |vp|l2 < 1}, (13.4)

which is very similar to the formulation for the “plain” TV regularizer, and can in most
cases be easily substituted.

13.2 Infimal Convolution and TGV

We consider the following reformulation of the basic ROF problem:

inf{lHugH%qL)\TV(u)} = inf {leH%ﬁL)\TV(u)} (13.5)
u 2 u,w,ut+w=g 2

Solving (13.5) can be seen as decomposing the given data g into two components u and
w, where w (the “noise”) is small with respect to the L? norm — essentially assuming that
the noise follows a Gaussian distribution — and v has a small total variation, i.e., it “looks
like” a natural image as measured by the regularizer.

This decomposition can be easily extended to more terms — in particular, as the total
variation favours piecewise constant images in practice, small affine changes in the image
may end up in the noise variable w instead, which is not ideal. On the other hand, TV?
favours affine regions, but cannot handle discontinuities. Adding TV? to the decomposition
allows discontinuities as well as affine structures:

inf {%\|wH%+>\TV(u)+MTV2(v)}.

u,v,w,u+v+w=g
We can then separately examine the piecewise constant (“cartoon”) part u, the piecewise

affine part v, and the noise w, or use v+ v to get a denoised version of g.

Definition 13.5. (infimal convolution) For Junctions f1,..., fu: X =R for any set X, we
define the inf-convolution (f10---0f,): X - R as

(10O fr)(x) = inf (f1(zY) + .o+ fe(29).

2l 2k 2l 4 2k=x

In this primal formulation, infimal convolutions are difficult to deal with, as even evalu-
ating them involves solving an optimization problem. Fortunately, they have a very concise
dual representation:

Proposition 13.6. (conjugates of infimal convolutions) Assume fi, ..., fr: R® — R are
proper, lsc, convex. Then

(i-Ofk) = (fT+..+f0)"

Proof. See example sheets. O
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Example 13.7. If f, ¢g:R"— R are proper, Isc, convex, and positively homogeneous — as
is the case if f and g are norms or seminorms — then by Prop. 6.17 we know that f=(d¢c)*
and g= (dp)* for some closed convex non-empty sets C', D CIR"™. Then

(fOg)* = dc+dp=dcnp,
and
(ng) = (5CmD)*-

For example, for discretizations G € R?"*"™ and H € R*"*" of the gradient and Hessian,
we can write

TV(u) = sup (u,—G T v) =sup {(u,v’) v'=GTv, U/iH2< 1Vi}
vER2XM||vi|| o< 1Vi A
= 04, C:={v'eR"FveR2*™v' =G v, ||v]2 < 1Vi}, (13.6)

TVZ(u) = 0h, D:={w cR"|FwecR>*™w' =H w,|w|s<1Vi}.
Then the combined regularizer
h=(TVOTV?)
has the set representation
h=6%, E:={zcR"FcR¥>*" wecR¥>":=GTo=H"w,||v)2<1, ||w|2< 1Vi}.

Solving a quadratic optimization problem with h as a regularizer amounts to a backward
step on h:

. 1
argnin (3 lu— g3+ A000) ) = Bu(o)
From the example sheets we know that Byf(x) =z — A By-14«(x/)), thus
Bn(g) = 9—ABx-15,(9/2)
= g—Alg(g/N).

This can be interpreted as splitting

g=u+ty,

u=argmin...=g — Allg(g/\),

y=g—u=Alg(g/N).

This has a very natural interpretation: For a given image g, we compute the noise by
(nonlinearly) projecting onto the set E — effectively, E defines the noise that we would like
to allow — and the original image by subtracting the noise.

The infimal convolution of two regularizers corresponds to intersecting their sets
of “allowed” noise.

In practice it was found that the combined (TVOTV?) regularizer can often be
improved upon by using the Total Generalized Variation (TGV) [SST11, BKP10] instead:

Definition 13.8. (Total Generalized Variation) For w € L', k > 1, and o = (ay, ...,
ag—1)> 0, the Total Generalized Variation is defined as

TGVE(u) = sup{/ udivk v
Q

v € CK(Q, Sym*(RY)), ||divi v o <j, 0< j <k — 1}
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with the convention that divlv =wv.

Comparing this to the definition of TV* in (13.3), the difference is in the additional
constraints on the lower-order divergences on v.

Consider the case n=2 and a=(1,1), and assume that the discretization of the gradient
can be decomposed as G2 = G2G1, where G1 € R2"*" discretizes the first-order derivatives
of u, and G € R*"*?" discretizes the first-order derivatives of a vector field (in particular
Vu) with suitable boundary conditions. The suitable discretization for div! is then —Gs,
which leads to (again assuming symmetric discretization of the gradient)

TGV3(u) = sup {(u, (G T v)|veCy, (~G3 )vely}
Cy = {veR"™"||jvil2<1Vi},
Co = {z€R* " ||z4]l2<1Vi}.
We can rewrite this as follows:
TGV3(u) = sup {(u,(G2G1)" v) — 3¢, (v) — 6c,(—G3 v) }
= sup {(-G1u, fG;rv> —dcy(v) — 502(767;2})}
= sup {—(G1u,w) — ¢, (v) = bcy(w) — 610y (G3 v +w)}

v,w

— Sup{<G1u,w>501(U)5sz{0}<< (?27 §>< ZIJJ ))}

This has standard duality form, and we obtain
TGV?(u) = ilan 06, (—Go y?) + 5{0}(y1 +1y?—Gru) + 562(y1)
yly
Iy e+ 1G2y?lley. (13.7)

inf
2yl +y?=Giu

This is also known as the “differentiation cascade” formulation of TGV?2, and can be
extended to TGV*. Comparing this to the standard infimal convolution,

(TVOTV?)(u) = | inf  (TV(y)+TVa(uw))
= inf — (|Grulle, +|G2Grulley), (13.8)

21,22 214-22=y

we see that TGV? is again a certain kind of infimal convolution, but instead of splitting
u into multiple components, the gradient of u is split. The cascading formulation is also
a convenient way of converting the dual energy in (13.8) into a form that can be handled
by most solvers.

13.3 Meyers G-Norm

Meyer’s G-norm [Mey01l, AC04] was introduced as a regularizer adapted to textured
regions, and is defined as

lullg = inf{||v|o|divv=2u,v € L¥(RY)}.
After discretization, we again get

”u”G = ilgf {58’(7}) + 57GTv=u}'
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In saddle-point form:

lulle = inf {05(0) +6_gro_y)
— infsup {65 (v) + (w, GT v+ u)}
= sqtjlpilrvlf{é*c(v)wL(w,GvaLu)}
— sup —sup {{v, Gw) — 88:(v) — (w, u)}
— sup {(w, u) — 6(G w)}
— sup {(w, u)] |G wo < 1}
— sup{(w, u)| TV(w) < 1}.

The G-norm is the dual norm to the total variation, i.e., the norm associated with the unit
ball with respect to TV. In particular,

Il = fuirviwy<iy=0Bry(u),  Brvi={u[TV(u)<1}.

In the same way, we get (compare (13.6))
sup {(u, =G )] [l <1}

TV(u) = sup{(u, G v)|[|Jv]l <1}, Be:={ul Julle<1}.
= sup {(u,w)|Fv: |v|| <L, w=~-G" v}
= sup {(v, w)|[wlle <1}
= Ope(u), Be={u[|ule<1}.
Consider the problem of finding
argmuin%Hu — fl3 st. ueABg,

i.e., separating the “texture” component of f with the assumption that the texture “level”
as measured in the G-norm is at most A. The solution is just the projection IIxg(f),
which we can already relate to the ROF problem: From the example sheets we know that
By=1— By, and obviously if TV (u) =05, then ATV(u)=dxg., so

. 1
e = f_BATV(u):f_arngn{iHu—fH%—i-)\TV(u)}.

This explains why the G-norm is a good candidate for regularizing data containing texture:
Solving L%||-||¢ removes the part of an image that can be explained by a “structure”
component with low total variation.

In the same way, we can rewrite T'V-constrained problems as

1 .1
arg min 7 lu—fl3st. TV(u) <A = fargm1n{§ lu— Fl3+ X ||qu}
u u

13.4 Non-local regularization

Total variation regularization is inherently local, in the sense that for each point a small
neighbourhood is considered to contain enough information to determine the regularization
cost at that point. While this is very convenient for analysis, on real-world images this
assumption may not always be justified: Many images contain textured regions that are
highly oscillatory, but in a very regular sense — such as striped or checkedboard patterns.
Such regions would be highly penalized by a total variation regularizer, even if they contain
no noise.
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In order to better cope with such situations, nonlocal regularizers have been pro-
posed [BCMO05, GOO08|. The idea is to measure the regularity of the image at a given
point not by the dissimilary of its gray value to its immediate neighbours, but to other
points in the image that are in a similar location of the repeating pattern. These points
can be potentially far away, which gives rise to the name, non-local regularization.

In a discrete setting, this can be achieved as follows.

Definition 13.9. Denote Q ={1,...,n}. For u € R" and z, y € R" and a nonnegative
weighting function w: Q? — Rso, we define the non-local partial derivative dyu(z) as

Oyu(z) = (uly) —u(z))w(z,y).
The non-local gradient of u at x for the weighting function w is the n-vector
Vu: R"— R"*",
Vwu(z) = (0yu(x))zcq-

The difference between V,, and a usual discrete gradient is that V,u(z) is an n-vector
of all “partial derivatives” to all other points in the image, instead of a (usually) 2-vector
of the partial derivatives in z- and y-direction.

We can equally define a corresponding non-local divergence, which sums up all partial
derivatives:

divar(e) = 3 (vl ) o(y, @)z, y).
yeN
With the usual Euclidean inner products in R"™ and R™*™, it can be seen that we have a
discrete “divergence theorem”,

(—divyv,u) = (v, Vyu).
We can now define regularizers based on the non-local gradient.

J(w) = Y g(Vau). (13.9)
e
Most gradient-based regularizers that involve norms can be immediately extended to this
setting. There is some freedom, for example in the TV case we could define the gradient-
or difference-based versions

VL) = [Vaule or TVE =S [Vyull.
zeN €N
For the ordinary total variation regularization, the 2-norm approach gives better results as
it better respects the isotropy of the total variation, but non-local regularization is inher-
ently anisotropic in any case due to the weighting function w, so there is no obvious “better”
candidate.

A relevant difference in practice is that while TV, only contains terms of the form
l(u(y) — u(z)) w(z, y)| and is separable otherwise, TV, is a sum of 2-norms of n-
dimensional vectors and is therefore much less separable, which makes it less attractive
from an optimization viewpoint. Nevertheless, both regularizers are convex and can be
reformulated in SOCP (TV;) or LP (TVy) form.

In the same way, it is possible to generalize many other gradien-based regularizers such
as the p-norm, the G-norm to nonlocal gradients.

The defining feature is the choice of the weighting function w. First we note that (13.9)
includes most usual discretizations of the total variation — setting w(x, y) :% (where h is
the grid spacing) if = and y are neighbours, and w(z, y) =0 otherwise, leaves the nonlocal
gradient essentially as the local gradient, extended with zeros.
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The intuition is that w(z, y) should be large if the neighbourhoods of x and y are
similar, as measured by a patch distance. A classical choice is to consider the patch distance

du(z,y) = /Q Ko(p) (u(y +1) — ulz +1)2dt,

which is just the ¢? distance weighted by a Gaussian K, centered at zero with variance
o2. While it would be possible to set, e.g., w(z,y) =1/(c + du(z, y)), this leaves us with a
very large optimization problem: For TV%;, the objective would contain at least n? non-
smooth terms. Even for moderately-sized images with na 100000 this is clearly not feasible.
Therefore the weights are usually pruned before. The original choice is to define the set

A(z) := argnﬂn{z du(z,y)

yeN

ACS(x), |A|:k}

for a given search neighborhood S(x), which consists of the k points around = with smallest
distance. The weights are then simply set as

w(z,y) = {1, y€ Ax) or z € A(y),

0, otherwise.
The reason for introducing the search neighbourhood S(z) is that computing d,(z,y) for
all pairs of points x, y can already be too expensive.

Generally non-local regularizers tend to work very well in practice, but they also require
more parameters to be chosen. In particular, the search window weights K, should be large
enough for the noise error to average out when comparing patches, but small enough to get
a good resolution. The main obstacle when implementing such methods is computational,
i.e., how to quickly compute the patch distances and how to prune the weights in a way
that keeps the optimization problem tractable.






Chapter 14
Relaxation

Many real-world problems are inherently non-convex. A typical example is the problem
of segmenting an image into two regions: For given image data g, find a set C' C 2 that
best describes the foreground in the sense that it fits to the given data, but also adheres
to some prior knowledge about the typical shape of the foreground.

A typical energy is the Chan-Vese model [CVO01],

fev(C, e, )= {/C (961)2dx+/ﬂ\0 (gC2)2d$+>\Hd_1(C)},

where H~1(C) is the perimeter (i.e., length or area) of the boundary dC, and minimization
is performed over (C', ¢y, c2). The constants ¢; and ¢y describe the typical value of ¢ inside
(c1) and outside (c2) of C, i.e., the problem consists in identifying the foreground and
background region together with model parameters (c1,c2) for each region.

The Chan-Vese model is in fact a special case of the Mumford-Shah model [MS89], one
of the best-studied — but still not fully understood — models in image processing:

fas(K,w) = / (g—w2detp / IVul3de+v R (K),
Q O\K

where K C( is closed and u is differentiable outside of K, i.e. u€ C'(Q\ K). Essentially,
this corresponds to the L2 — L? denoising approach (), with the exception that u is allowed
to be discontinuous on a “boundary” set K that should be “small” as measured by the
Hausdorff term.

If one requires that u is piecewise constant, and furthermore assumes at most two values
c1 and cg, the term involving ||Vu||? vanishes, and Mumford-Shah energy simplifies to the
Chan-Vese energy.

An efficient way of reformulating fcy in a way that can be handled numerically is to
represent the set C' using its indicator function 1¢, and require 1¢ € BV(Q2). As the total
variation of an indicator function is just the perimeter of the set, we obtain

fev(Cier,00) = /Q lo(g—c1)?+ (1—1¢) (g — e2)?dz+ATV(1¢).
We can now introduce a function u: Q — {0,1},u € BV(2), and minimize

inf —c1)?+(1- —c2)?dz+ATV
u:Q—>{o,1},gleBV(Q),cl,02/Qu(g a)’+(1—u)(g—c2)?da (u)

u((g—c1)?=(9—c2)?) + (9 —c2)?dz+ATV(w).

inf
u:Q2—{0,1},ueBV(Q),c1,c2 JQ
There are two difficulties to overcome:

1. The optimization problem is of combinatorial nature, i.e., the constraint set consists
of a discrete set of points. This makes it difficult to apply optimization methods
that rely on taking small steps towards a minimizer based on derivative information.

91
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2. Even if the constraint set was convex, the objective is not jointly convex in (u, c1,c2).

The second problem cannot be easily overcome. However, if we fix either u or ¢y, co, then the
problem is convex in the other variable. In the remainder of this chapter we will therefore
assume that ¢; and ¢z are known and fixed. A possible way to obtain a (at least local)
solution for unknown ¢y, ¢z is to alternate between minimization with respect to v and ¢y, cso.

The first point can be addressed by a relaxation approach: Instead of our original,
nonconvex constraint set

{ueBV(Q)|u(x) € {0,1} a.e.}
we pass on to the convex hull of the constraint set:
{ueBV(Q)|u(x) €[0,1] a.e.}.

We obtain the energy

i —e1)’ = (g9-c2)*) drt(g — c2)* + ATV (u).
o = e (g ) e - )P ATVG)

This is in fact a convex problem. Moreover, we can set s(x):= (g — c1)? — (g — c2)? and

ignore the constant term (g — c2)? as it does not change the set of minimizers, and obtain

u:Q—)[O,H,IIfLEBV(Q)f(U% fu):=(u,s) 1+ ATV (u). (14.1)
This is even more appealing once one realizes that this problem is still convex if we replace
the terms (g — ci)2 by arbitrary (integrable) functions h; and hg, and set s:= hj — ha. We
have found a variation of the problem that is always convex, no matter how complicated
the data term is.

There is a slightly ambiguous understanding of what is meant by a convez relazation
approach — while it is frequently used to loosely describe the process of constructing some
convex problem from a non-convex problem, in other publications it is understood in the
strict sense of replacing a non-convex function f by its convex hull con f.

The cost of removing the non-convexity is that minimizers of f are not necessarily
indicator functions anymore. We can say the following:

Proposition 14.1. Assume c1, c2 are fixed. If u is a minimizer of f, and u(x) € {0, 1}
a.e. (in particular, u=1¢ for some set C CQ), then C is a minimizer of fov(-,c1,c2).

Proof. Assume that u=1¢ for some set C,
fe) = fov(C e, ca).
Since C' is a minimizer of f, for every set C’ we have
fev(Cliere0)=f(1er) = f(le)= fov(C,er, ),
i.e., C must be a minimizer of fov. O

Unfortunately, the minimizer v of f may not be a characteristic function.

Definition 14.2. Denote C :=BV(9, [0, 1]) := {u € BV(Q)|u(z) € [0, 1] a.e.}. For ueC,
and o €(0,1], define

B 17 u\x >O4,
Ua = lyusa) 1{u>a}(ﬂ$):{ 0, ugxgéoz-
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We say that a functional f:C— R satisfies the generalized coarea condition iff
1
= / f(ue)da VuecC.
0

Proposition 14.3. Assume that s € L>®(Q2) and ) is bounded. Then the function f in
(14.1) satisfies the generalized coarea condition.

Proof. For f(u) = TV(u), the condition is exactly the coarea formula (Thm. 13.3). As
the condition is additive, we only have to show it for the linear part:

/Q s(@)ulz)de = / s(x) /0 Lu(yoayda
_ / / ) Lpumysaydar.

Swapping the integral using Fubini’s theorem requires to show that [s(z) 1{yz)>a}| 18
bounded, which holds since [ o [s(2) 1{u(z)>a}l < |80 [©2] <00 due to s € L>(9). O

The most important result in this section is the following, generalized from [CENO6]:

Theorem 14.4. (Thresholding Theorem) Assume that f: BV(, [0, 1]) — R satisfies the
generalized coarea condition, and u* satisfies

w € g ueB\rf%I,l[OJ])f(u)'

Then for almost every a € [0,1], the thresholded function up, =1~} satisfies

Ta € AT pvimoay’

Proof. We define the set of « violating the assertion, S:={a €[0,1]| f(u})# f(u*)}. Since
g, €Cyo,1y and Cyg,13 € C, we have for any minimizer u, ;) of f over Cyg 1y,
fu”) < fufory) < f(a@7), (14.2)

thus S ={a €[0,1]| f(u*) < f(ua3)}. Moreover, if a ¢S, then f(u*)= f(ujo1y) = f(a3) by
(14.2). Therefore, in order to show the theorem it suffices to show that S is an £'-zero set.
Assume the contrary holds, i.e. £1(S)> 0. Then there must be ¢ > 0 such that

= {ae[0,1]f(u") < flua) —€} (14.3)

has also nonzero measure, since otherwise S would be the countable union of zero measure
sets, S=J, en S1/n, and would consequently have zero measure as well. Then

Fu) /[071]\35 f(u®) omL/Sg f(u*)da (14.4)
u* optimal e %
s /{01]\3 f(u“)daJr/sE F)de )
definition of S v —x\
< /[0 s f(ag)do+ /S (J(w) —e)da (14.6)
L 1
tincarity / faz)da e LY(S.). (14.7)
0

But we assumed £1(S.) >0, therefore

1
< /0 f(ak)da. (14.8)
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This is a contradiction to (7), therefore £!(S) =0 and the assertion follows. O

At the heart of the proof is the generalized coarea condition (7). It has the following
intuitive interpretation:

1. The function u may be written in the form of a “generalized convex combination”
of (an infinite number of) extreme points E, := {us|a € [0, 1]} of the constraint
set, i.e. the unit ball in BV(£2). As shown in [Fle57] based on a result by Choquet
[Cho56], and noted in [Str83, p.127]|, extreme points of this constraint set are (mul-
tiples of, but in this case equal to) indicator functions.

2. The extreme points (u,) and coefficients in this convex combination can be explicitly
found. In fact, the coefficients are all equal to 1/|[0, 1]| =1, i.e. u is the barycenter
of the points in F,,.

3. For any convex f, the inequality

1
/0 flan)da > f(u) (14.9)

always holds. The coarea formula (7) is therefore equivalent to the reverse
inequality.

In fact, the original proof of the coarea formula [FR60] relies on showing (14.9) and using
the fact that (7) holds for piecewise linear u [FR60, (1.5¢)]. Approximating an arbitrary
u € BV(Q) by a sequence of piecewise linear functions, this result is then transported to
the general case.

Remark 14.5. It is important to understand that Thm. 14.4 in its current form only
holds before discretization: Assume the problem is discretized according to
mliél fu), flu):=(u,s)+A||Gulls, s.t. u;€0,1], (14.10)
ueR"?
where ||Gul|, is a suitable norm implementing the total variation. From Thm. 14.4 one
might naturally assume that if u* solves (7), then for almost every a € [0, 1], the thresholded
minimizer @}, solves the combinatorial problem
min f(u) s.t. u;€{0,1}. (14.11)
ucR"
This is generally not the case! The reason is that in order to transfer Thm. 14.4 to the
discretized problem, the discretized objective functions needs to satisfy the generalized
coarea condition. While the linear term does not pose a problem, the usual “isotropic”
discretizations of the total variation, such as ). ||G;ul2, with G; implementing forward,
central, or finite differences on a staggered grid, do not have this property.
In finite dimensions, the integral

/0 ' b do

is also known as the Lovasz extension of an energy f: {0, 1} — R. Energies with a
conver Lovasz extension are called “submodular”, and play a central role in combinatorial
optimization, as a large problem class that can be solved efficiently.

Submodular energies that consist of a sum of terms involving at most two variables
u; can be solved by computing a minimal cut through a graph, which can be achieved in
polynomial time by solving the dual problem with specialized “maximum-flow” methods
[BVZ01, Ber98.
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The energy (14.10) can be made to satisfy a generalized coarea property, for example
by choosing a forward difference discretization for GG, and setting

IGulle = > NGiuli=>>" (1), — il + |ui 1) — i)
(2 ,]

(try to verify this as an interesting exercise). Unfortunately this discretization is not

isotropic anymore — i.e., it does not converge to the actual total variation as the grid

spacing goes to zero —, and shows a bias towards horizontal and vertical edges.

This appears to limit the usefulness of the thresholding theorem for practical purposes.
However, in practice it turns out that very often thresholded minimizers of (14.10) for non-
submodular (but isotropic) discretization generate better — in terms of visual appearance,
not in terms of the energy — segmentations than solving the combinatorial problem. Also,
in many cases it can be advantageous to drop the requirement that the discretized solution
should only assume the values {0, 1} and allow intermediate values in [0, 1] — later pro-
cessing steps such as computing statistics on the geometry (center, area, boundary length,
variance, higher-order moments, etc.) and extraction of a boundary contour can actually
benefit from the increased accuracy that comes from allowing non-integer labels.
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