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Planning of the course

Online course (30h, 3 ECTS)

First week : March 23-27

Second week : March 30 - April 3

Third week : April 6-10

Fourth week : April 13-17

holidays : April 20-24

holidays : April 27-30

Fifth week : May 4-8 (Exam on thursday™)

* there could be modifications due to the covid-19 epidemic



Online platform

T he course material and all official communications are uploaded
on the Moodle platform

7 Community

In particular, we are going to use the following online tools

Forum — to post questions/answers, students are encour-
aged to use it

BBB (BigBlueBotton) — for exam and some real-time classes

Devoir — to send solutions to the exercise sheets


https://community-sciences.unilim.fr/course/view.php?id=3007

Grades

The final grade (over 7 20) is given by the formula

where

TP = exercise sheets (due on the 3rd and the 5th weeks)
P = class participation through @ Community
E = written exam (5th week)


http://www.pantheonsorbonne.fr/fileadmin/Relation_international/1-Fichiers-textes/3-Etudiants/3-3-Etudiants-en-echange/3-3-3-Echanges-Partants/20150212b-tableau-de-conversion-des-notes.pdf
https://community-sciences.unilim.fr/course/view.php?id=3007

References for LP

Barvinok “A course in convexity”
Vol. 54. American Mathematical Soc., 2002.

Matousek-Gartner “Understanding and using Linear Program-
ming"” Springer-Verlag, Berlin Heidelberg 2007

Jansen “Theory of LP" Vol. 6, Applied Optimization

My slides available on @ Community or on my ¢ web page


https://community-sciences.unilim.fr/course/view.php?id=3007
https://www.unilim.fr/pages_perso/simone.naldi/

References for SDP

Boyd-Vanderberghe “Semidefinite Programming”
SIAM Review — Vol. 38, No. 1, pp. 49-95, March 1996

De Klerk "Aspects of Semidefinite Programming: Interior Point
Algorithms and Selected Applications” Springer, 2006

Anjos, Lasserre “"Handbook on Semidefinite, Conic and Polyno-
mial Optimization” Springer Science & Business Media — Vol.
166, 2011

My slides available on @ Community or on my © web page


https://community-sciences.unilim.fr/course/view.php?id=3007
https://www.unilim.fr/pages_perso/simone.naldi/

Outline of the course

1st week : Recaps and intro to LP

2nd week : Simplex and IPM for LP

3rd week : Preliminaries and intro to SDP

4th week : Algorithms for SDP



This course in a nutshell/1

Linear and Semidefinite Optimization (aka Linear and Semidef-
inite Programming or simply LP, SDP) are convex conic opti-
mization problems. They model include several important classes
of opt. problems (such as quadratic programs).

Several problems in mathematics can be cast exactly as LP or
SDP. There are countless applications of such problems e.q. in:
control theory, (combinatorial) optimization, quantum informa-
tion ...



This course in a nutshell/2

On the other hand, many classes of problems can be relaxed to (a
sequence of) LP or SDP. For instance polynomial optimization
(minimize a polynomial function over polynomial inequalities)
or many combinatorial optimization problems (e.g. the MAX-
CUT).

Barrier functions and IP methods are known for LP/SDP. Whereas
LP can be solved in polynomial time, for SDP an approximate

solution can be computed in polynomial time but, on the other

hand, the complexity status of SDP in exact models (e.g. Tur-

ing) is still unknown.



A hierarchy of optimization problems

semidefinite
second-order cone
quadratically constrained
quadratic

[courtesy of 7 meboo.convexoptimization.com]



https://meboo.convexoptimization.com/access.html

General notation
Q,R,C : usual fields of rational, real and complex numbers.
R>,R> nonnegative/positive real numbers
S; = S, (R) : vector space of d x d real symmetric matrices

K is typically a (convex) cone (ex K =RY : nonn. orthant)



PART 1

Recaps on linear algebra and convex geometry
and introduction to linear programming




Vector spaces

Basic objects of linear algebra are vector spaces V over a field
F (for instance F=R or F = C). A non-empty set V is a vector
space if it satisfies the properties

aclFveV=aveV
V1,02 €V = v F+v0 €V

Elements vq,...,v, are linearly independent if
MU+ F+FAmuopn=0 = A =---=Ay =0

The supremum of all n for which there exist n linearly indepen-
dent vectors in V is called the dimension of V (it can be +o00).

Lines, planes, hyperplanes are examples of vector spaces.



Finite dimension

A real vector space V of dimension n is isomorphic to R", but
the isomorphism is non-canonical, that is, it depends on a choice
of basis B = {v1,...,vp} C V:

p: V. — R”
v, ey

and extended linearly (> a;v;) := > a;e;, where eq1,...,en is the
“canonical basis” of R" (e; has i-th coordinate equal to 1 and O
otherwise).

We will only consider real vector spaces, and often assume that
a choice of a basis is done, hence we will consider that V is
presented as R™ through some isomorphism .



Dual vector space

Let V ~ R"™ be a fin.-dim real vector space. Its dual vector space
is defined as the set of R-linear forms defined on V, that is:

VV={£:V = R:/linear}
V'V is n-dimensional, hence (non-canonically) isomorphic to V.

Each element ¢ of VV can be associated to the null space
(t={zeV l(z)=0t={z eV :v]z=0}

which is the hyperplane in V orthogonal to vy. We use this dual
point of view to define objects in the primal vector space V (e.g.
hyperplanes, subspaces, convex sets...)



Subspaces

Each vector subspace U C V =~ R"™ has a primal/image definition
and a dual/kernel) definition, as follows:

Primal/image : U= {My:y €V} =span(MD) ... M)
Dual/kernel : U = {z: Nz =0} = N(ll) n--. ﬂN(Ln)

where M, N € R™*"™ are matrices, that is linear maps V — V.
Compactly this means that U = im(M) = ker(IV).

Sets of type p+ U where p € V and U C V vec subspace, are
called affine subspaces.



Theorem of the alternative in linear algebra

This result was proved by Gauss (1809) and represents an ex-
ample of “theorem of the alternative”

Theorem. Let A € RM™*"™ and b € R™M*X", The system Az = b has
a solution if and only if

(*) y'A=0 = ylb=0

proof. If b = Ax for some z, then y’b = (y" A)z, hence (*) holds trivially.
For the converse, let U = {Ax : x € R"} = im(A) C R™ be given in its primal
representation. Then there exists B € R™"™ such that U = {y € R™ : By =
0} = ker(B). Thus BA = 0 (the null matrix). If (*) holds, then Bb = 0,
hence b € ker(B) = im(A).

If Ax = b is feasible, then there is a solution y to the alternative
system : y1 A =0,y1b # 0, that “separates’ b from im(A).



Metric spaces

One can define norms and distances on finite-dimensional vector
spaces. On V = R"™ the Euclidean inner product is given by

v,w e R 1 (v,w) ==Y, vw;
and the corresponding Euclidean norms and distances
o]l = y/(v,v)  and d(v,w) = |lv —w]| .

Different norms can be defined over R", all are asymptotically
equivalent in the sense that for two norms ||-||1 and || - ||2 there
are two constants ¢y, co s.t.

ci|lvll1 < vll2 < eollv]l2, for all v € R™.



Convexity

A set C' C R" is convex if
Ve, ye C, Vt € [0,1] onehas tz+(1—-t)yeC

— closed under intersection, not closed under union
— closed under Minkowski sum: C1+Cyr={x+y:xz € Cq,y € Cr}
— ACV convex, and f:V — W linear, then f(A) is convex

— linear, affine subspaces, disks, segments, balls ... are convex

The smallest (for inclusion) convex set containing a set S is
called the convex hull of S and denoted by conv(S).



Separation

In convex geometry there are several results that yield ‘separa-
tion properties” for pairs of (convex) sets. The main question
is, given two (convex) sets Sq,S55, can we ‘separate” them by
providing a (elementary) function f that is positive on S; and
negative on S, 7

For an affine hyperplane Hog = {x € R" : ¢(xz) = a}, we denote by

Hg_z{:cERnZE(:c)>a} Hy ={z e R" : {(x) < a}.

Isolation theorem. Let S C R™ be a non-empty convex set, and
let a & S. Then there is an affine hyperplane Hg C R™ which

contains a (Hg = a+ H where H is a hyperspace) and such that
S belongs to HC")" or Hy .



Geometry of convex sets

We work with the Euclidean topology (a base is given by open
balls). The interior of a convex set is convex, which comes as a
corollary of the following

Theorem. Let S C R"™ be convex, and u € Int(S). Then for all
ve S, and for all A€ [0,1), one has (1 — XA)u+ \v € Int(S).

If a set S has empty interior, one can a priori find an affine
space that contains S and such that the ‘relative” interior is
non-empty.

Theorem. Let S C R™ be convex, and assume Int(S) = 0. Then
there is a proper affine space L C R™ such that S C L.

The dimension of a (convex) set S is the dimension of its affine
hull, that is, the smallest affine space that contains it.



Cones

A set K C R" is a (convex) cone if
a,be K and a,8€R>g = aa+pbeK

The smallest cone containing S is called its conical hull and
denoted by cone(S). Interesting examples of cones :

the nonnegative orthant : R ={zeR":2; >0,Vi}
polyhedral cones : cone({v1,...,vs})

the second-order cone : L= {(z,t) e R*TL: ||z|| <t}




Dual cones

Let K C V be a convex cone in a R—vector space V. Let VV be
the dual vector space of V (space of R—linear functionals on V).

The dual cone of K is the set of those R—linear functionals that
take nonnegative values on K :

Kf={¢tcVV: :4(z)>0, Vre K} CcVV

A cone K is self-dual whenever K = K* under isomorphism.



Faces

Let S C V be a convex set. A convex subset F' C C is called a
face of C if for every x € ' and y,z € C one has

ifx e (y,2z) ={ty+ (1 —-t)z:t€(0,1)}, then y,z € F.
A face is exposed if there exists an affine space L C V such that

F=SnL. For C = RY (and polyhedral cones), Sj and £
every face is exposed.

unexposed face

E




Extreme points

Let C C R™ be a convex set. A point =z € C is called an extreme
point if the following holds

ifx e (y,z) ={ty+ (1 —-t)z:t€(0,1)}, then y =2 = =.
Two crucial theorems :

Krein-Milman theorem. A compact convex set is the convex hull
of the set of its extreme points.

Theorem (Minima of linear functions). Let C C V be convex
and f:V — R be linear (f € VV). Let ¢* = ming f(x), and let
Fx ={zx e C: f(x) = c*}. Let u € Fx an extreme point of F.
Then uw is an extreme point of C.



Polyhedra

Polyhedra are the simplest example of convex sets after linear
spaces. In a nutshell, a polyhedron P C R" is a finite intersection
of half spaces:

P={zxecR": Az < b}

where A € R™*™ b € R™, and “Ax < b’ means that b — Az € R7.
This is a dual definition because it uses linear inequalities on R™.

For m = 1 one gets hyperspaces (which are special cases of
polyhedra). More generally one has intersections of hyperspaces.

Polyhedra can be unbounded, but are convex and their faces are
exposed. Very interesting combinatorial objects (cf. the book
by Ziegler, out of scope of this course).



A polytope

If the polyhedron is compact (in which case it is also called a
polytope) there is a primal definition through convex hulls:

P =conv({ay,...,a})

for fixed ay,...,ar € R".

Representation theorem. A set P C R" is a polyhedron if and
only if P = + C where Q C R"™ is a polytope and C C R" is a
polyhedral cone.



Example: Platonic solids

simplex cube octahedron (crosspolytope)



Vertices

The extreme points of polyhedra are called vertices. They are
characterized by the following theorem.

Theorem. Let P = {x € R" : (a4,z) < b;,i = 1,...,m} be a
polyhedron. For p € P, let

I(p) = {i:(a;,p) = b;}

be the set of active constraints at p. Then p is a vertex if and

only if {a; :i € I(p)} spans R".

simplex cube octahedron (crosspolytope)




Slack variables/1

Every polyhedron can be seen as a section of the nonnegative
orthant RT'. This is done by adding what we call slack variables,
that is, additional variables that allow to write the polyhedron P

in a special form.

We have seen that
P={zxeR": Ax <b}={zx e R":b— Ax € RT}.

Let s = (s1,...,sm) be new variables. Then one has

b—Aa:ERg’ & b— Axr = s and SERTZ”’



Slack variables/2

Hence the original x variables are now free from conical con-
straints, but have to satisfy some linear equations, and the con-
ical constraint is pushed to variables s.

Geometrically this corresponds to lifting P to a second poly-
hedron P* ¢ R"T™ so that P is the image of P* through the
projection on variables x:

P*={(z,s) ER"XR™:b—Ax —s5s=0,s € RT}

P:P*ﬁRn:{mERn:EISERm:b—Aa:—S=O,SER@}



Back to faces of polyhedra

For a system of inequalities Az < b, we say that A’x < bV is a
subsystem whenever A’ is obtaining from A by eliminating some
rows, and the same for b’ (corresponding rows).

Characterization of faces. Let P be a polyhedron defined by
Ax < b, and FF C P. Then F' is a face of P if and only if one of
the following (equivalent) properties hold :

— there exists a subsystem A’x < ¥ of P such that
F={zxeP:Az=10}

— there exists a vector ¢ € R™ for which F' is the set of points
in P where maxp ¢!z is attained, that is

F = argmaxp clz



Conic optimization (settings) /1
Let (V,VV) be a dual pair with a duality pairing (-, - )y, hamely
a non-degenerate bilinear map
(-, )y VYXV =R
that formally acts as follows:

(€, v)y = L(v).
For V =~ R™ =~ VV this is just the standard inner product 3 ; ¢;v;.

Let K C V be a convex cone in V, and let K* C VV be its dual
cone, with respect to (-, -)y,, meaning that

Kf={ceV: (cx), >0, Vx € K}



Conic optimization (settings) /2
Let now W be a second real vector space.
Let &/ V — W be a linear map to a vector space W, and let
(-, )y a duality pairing for (W,WV). Let &*: WY — V" be an
adjoint of &/, that is an operator satisfying

(A (x), Yy = (x, Z*(y))y forallzeV, yeWV.

This is unique when dimp(V) < oco. For instance in LP, & (x) =
Az (matrix-vector multiplication) and «*(y) = Aly.

In finite dimension, & is matrix-vector multiplication and &™* is
its adjoint (transpose for real v.s.).



Primal conic program

The primal conic program in standard form reads as follows:

p* = inf (c,x)y
s.t. &(x)=0b
r e K
Recall that « is linear hence @/ (x) = ({(a1,x)y ..., {(am, )y ).

In other words, CP is the problem of minimizing a linear function
over affine sections of convex cones, in a given real v.s. V. Every
such problem can be written in the form above for a cone K.



Examples

Conic programming includes classical optimization problems :
— K=RY (non-negative orthant, linear programming)
— K = 2" (Lorentz cone, second-order cone programming)
- K= Sc"l" (psd cone, semidefinite programming)
— Finite products : K = X, R’ x XjZ”J X Xzsdg

— The cone of nonnegative (multivariate) polynomials and the
cone of sum-of-squares (multivariate) polynomials



Lagrangian function

Define the Lagrangian function (y is a Lagrange multiplier) :

Z(y)

infxEK <Ca CB>V + <b - JZf(:IZ), y>W
= (b, y)w + Infrek (c,x)y — (Z(2), )W
= (b, y)w + Infrek (¢ — F*(y), z)y

Denote s := ¢ — & *(y), so that L(y) = (b,y)y + infrck (s, 2)y -
Remark that :

If s € K* then the above inf is equal to 0, whereas

if s € K*, then the above inf is equal to —cc.



Lagrangian dual conic program

The Lagrangian dual problem asks to maximize the Lagrangian
function over its domain :

d* = sup (b,y)w
st. c—F*(y) =s
s € K*

The dual variables are (y,s) — we use s as a slack variable in order
to have linear (¢ — &*(y) = s) and conical constraints (s € K*)
so that the dual of a conic program is still a conic program.



Feasibility and attainability

T he following sets can be defined from primal input data :

P={rxeV:.:xeKand &(x) = b} is the primal feasible set
D:={ye WV :c— o*(y) € K*} is the dual feasible set

Let L = {x €V : & (x) =5b} (so that P = KN L) and suppose
that Int(K) %= 0. We say the primal conic program is feasible if
KnNL#() and in particular

strongly feasible if Int(K) N L % 0

weakly feasible if feasible but Int(K)NL = (
We say it is infeasible if KN L = @ and in particular

strongly infeasible if d(K,L) >0

weakly infeasible if infeasible but d(K,L) =0

We say the infimum is attained if 3T € P s.t. p* = (¢, T)y,



Weak and strong duality

Suppose that P #= () and D #= () (primal and dual feasibility), and
let 7 € P and y € D. We know that 5 = ¢ — &*(y) € K*, hence
(5,x);, > 0. Hence one gets

<Ca f)V — <@{*(y) +§7E>V — <y7%(f)>w + <§: f>V — <g7 b>W + <§7 f>V > <y7 b>W

which implies that the following weak duality always holds :

* = inf (c,z)y, > sup (y,b)y, = d*
p x€7)< >V—y€g<y )W

Conclusion : the dual optimal value d* gives the best lower bound
for the primal optimal value, and viceversa p* gives the best upper

bound for d*.

We say that strong duality holds whenever p* = d*.



Example : absence of strong duality

In LP strong duality always holds, but this is false in general
conic programs, as shown by this example.

Let K = %2 x R>. One has K = K*, as product of self-dual
cones. Consider the primal-dual conic program

p*=inf—x1 . x1+x4a=1,20+23=0, €K
d* =supyy : y1+s1=—-1l,yo+sp=yo+s3=y1+s4 =0, sc K*

Remark that p* = 0 since for (z,y,z,w) € K : a:% < a:% — x% = 0,
and (0,0,0,1) is an optimal primal solution. The dual can be
rewritten equivalently

d* =supyr : —(1+y1,92,¥2,91) € K*
and since K = K* one gets (1 +y1)? < y5 —y3 = 0 hence

d"= -1



Sufficient conditions for strong duality

Theorem (Slater’s condition)

B If the primal program is strongly feasible and the dual is
feasible, then p* = d* and the dual supremum is attained.

B If the dual program is strongly feasible and the primal is
feasible, then p* = d* and the primal infimum is attained.

In the example above, the primal and dual feasible sets do not
contain interior points of the primal and dual cones, hence Slater’s
condition does not hold and strong duality cannot be guaranteed
(indeed, it fails).



PART 1II

Linear programming, simplex and interior-point methods




Goals of this part/week

e Give a precise description of LP, and of its duality

e Simplex method: construction

e Interior-point algorithms, barrier functions, central path...



The primal linear program

A linear program is the minimization of a linear function over
linear inequalities in R™ : for c e R", b€ R™, A € R™*" solve

p* = inf Ly = c1x1 + -+ chan
s.t. Az =10b (or equiv. Ax <b)
;>0 1=1,...,n

Remark that A defines a linear map R"® — R™ and that the last
constraint can be cast as x &€ RQO , the nonnegative orthant.

T

feasible
region




T he dual linear program

The Lagrangian dual of a linear program (as for the general conic
program) reads as follows:

d* = sup bly:=biy1 + -+ bmym
s.t. ¢c— Aly=3s (slack vars)
SZ'ZO i=1,...,m

Now the linear map is the transpose Al : (R™)V — (R™)VY, and
the constraint on the slack variables can be cast as



4
/
/
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Image from Schrijver’'s book “Theory of LP and IP”



Farkas lemma

A powerful result, a theorem of the alternative for polyhedra:

either a system of linear inequalities is feasible, or a second one
is feasible and certifies the infeasibility of the first one.

Theorem (Farkas, Minkowski). Let b € R™ and A € R™*™ One
of the two following systems is feasible

B There exists z € R" such that Ax =b and x € RY

B There exists y € R™ such that ATy € RZ and y'b< 0

Its natural generalization to CP (already in SDP) is false.
By the way there exist versions for the general conic program.



Absence of weak infeasibility
Theorem. An infeasible LP Ax = b,x > 0 is strongly infeasible.

proof. This essentially comes from Farkas lemma. Let C = cone(AM), ... AM)
is the (polyhedral) cone generated by the columns AM ... A™ of A. Then
if the program Ax = b,z > 0 is infeasible, it means that b € C'. By Farkas
lemma, there is a vector y such that ATy > 0 and y’b < 0. The first condition
means that p’y > 0 for all p € C (since C is generated by the columns of A)

and the second condition implies hence that b is strongly separated from C.



Strong duality in LP

As for every conic program, weak duality holds and implies that
if the primal and dual programs are feasible, p* > d*.

It happens that LP is a ‘“regular’ conic program in the sense
that strong duality always holds (with feasibility assumption).

Theorem (Strong duality). Let ¢ € R, b € R™ and A € R™Mx",
Then strong duality holds for the corresponding LP, that is

d* = sup{bTy - Aly < c} = inf{cTa: x> 0,Ar =b} =p"

provided both sets are feasible.



Equivalent formulations of LP

One can represent linear programs in different settings, essen-
tially varying equalities and inequalities, and membership to non-
negative orthant.

In particular the following systems are admissible formats for a
(dual) linear program:

supbly subject to Aly <c
supbly subject to Aly<ec,y>0

supbly subject to Aly=rc,y>0

supbly subject to Aly > c
supbly subject to ALy >c,y>0

supbly subject to Aly>c,y >0



Complementary slackness

Important duality property for linear programs.
Recall that strong duality holds:

p* = inf clz= sup bvly=d"

Ax=b,x>0 ATy<c

The following are equivalent for two feasible points xq, yo:
(i) g and yg are solutions to the primal-dual LP
(i) Tzg = blyg

(iii) complementary slackness for each component of zg, either
it is 0 or the corresponding inequality in ATy < ¢ is 0, that is

zg(c— Alyg) =0



Switching format of a LP
Often it can be useful to change format for a LP.

1. From inequalities to equalities:
a1r1 + apry < b <& a1(z11 — z12) +ax(wo1 —x22) <b
with x11,212,221,222 > 0
& a1x1 + ar»xo> < b
& a1(r11 —712) +ax(x21 —x22) +5=0
with 11,212,221, 222,5 > 0
2. From equalities to inequalities:
Ar =b,z >0« Ax <b,—Ax < -b,—x >0
& [A] — A| — Iz < [b] — b0].



L2

"The set of all solutions of Ax =b

P

. The set of all feasible solutions
(a triangle)

1

[from Matousek’'s book]



Geometry of polyhedra

Recall these basic facts:

Every face of a polyhedron is the optimal face of some LP
Extreme pts of faces are extr. pts of the whole polyhedron
Extreme points of polyhedra are exactly the vertices

Vertices are defined by maximal subsystems A’z < b of Az <b
(A’ is an invertible submatrix of A).




The simplex method

We are going to give a simple description of the simplex method,
which consists of drawing a path over the polyhedron, starting
from a given vertex, and along the edges (1-dimensional faces):

Suppose our goal is to solve the (dual) linear program
d* = max{bTy - ATy < c}

where the feasible set is the polyhedron P = {y € R™ : ATy < c}.
Assume that a vertex yg € P is known.



The simplex method (continued)

1. Let Aly < cp be a subsystem of Aly < ¢, such that

A%yo =cp and Ag IS non-singular

2. Compute u € R"™ such that Au = b and « is O at components
not corresponding to the rows selected by Ag. So one computes
(Aal)b and adds Os on the rest of the components to get u € R".

3. If u > 0, we are done. Indeed, this means that yg is optimal:

d* > bTyO = uTATyO =ulc > min e = p*> d* )
Ax=b,z>0

If w is not primal feasible (®), there is some work to do.

Here comes the core part of the simplex method: we are going to trace a path

on the boundary, along edges, and improve (increase) the objective value.






The simplex method (continued)

4. Let 1 be the smallest component for which Uz < 0. Let z €¢ R™

be such that a’z = 0 for all rows a of A} except the i-th, that

satisfies aga: = —1. [that is, z is the i-th column of —(AZ)~!]

Remark that the half-line {yg + Az : A > 0} either traverses an
edge of P, or it is outside P for all A > 0. Moreover by =
ul' ALy = —uz > 0.

5a. If al'z < 0 for each row a of AT, then
AT (yg 4+ Ax) = ATyg + XATx < ATyg < ¢, forall A>0

that is, yo+Az € P for all A. Thus bl (yo+Az) = blyo—Auz: — o0
for A — 400, hence the max is unbounded. We are done o



The simplex method (continued)

5b. Otherwise, al'z > 0 for some row a of AT. Now we compute
the largest X (call it A\g) such that yg + Az € P, which is

T
. bj — 4; Y0
Ao = min T :

j,ajT:L'>O a; T

Let 7 be the smallest index 5 attaining the minimum above, and
let y1 = yo+Aox (the new vertex). Let Al be the matrix obtained
from A{ replacing a: by as.

Now start again the process (go to point 1) with A{ and y.



An example

Problem: we aim at maximizing the function yq 4+ y» (that is,
b= (1,1)) over the following square (pictured below)

P = conv((0,0),(1,0),(0,1),(1,1)) C R?




An example /2

The cube is defined by the dual inequalities: ATy < ¢, Where

_|1-1 0 1 O T
A_[O 10 1] and ¢ =[0 0 1 1]

1. We start with the vertex (0,0), defined by Aly = cg with

_|-1 0 T _
AO_[O _1] and ¢ = [0 O]

2. Next we look for u = (uy,un,0,0) € R* such that Au = (1, 1).
This yields v = (—1,—-1,0,0). We expected this result, since
(0,0) is not optimal, and indeed w is not > 0 (actually, it is
the worst vertex, indeed all non-zero components are negative).
Hence we go to Step 4.



An example /3

4. Here 7 = 1. We get that z € R? must satisfy z, = 0 and
x1 = 1, hence x = (1,0) : this is the direction where the simplex
method is moving to, that is, it is going east |

5. We get that yg + Az = (A,0) and the maximum X\ for which
this is still in P is A\g = 1, yielding the new vertex y; = (1,0).

One then iterates, using this y; and its defining subsystem:

0 —1

AL = |4 O],q:(o,l)




Complexity of the simplex method

The simplex method, as many algorithms in mathematics, suffers
of the following paradox:

Practice. It works WELL in almost every instance (in prac-
tice, in a linear number of steps). By the way such efficiency
depends on the pivoting rule (Step 4). [what we used is Bland's
pivoting rule, which is not the most efficient, but prevents from cycling,

that is, to visit the same vertex more times]

Theory. It is NOT polynomial-time, at least for some choice
of pivoting rule (see example of Klee-Minty, next slide). It
is average polynomial-time, within a certain (natural) prob-
abilistic setting, and through the pivoting rule called Schat-
teneckenalgorithmus.



Klee-Minty cube

Example of a LP for which the simplex method reaches its worst
behaviour (exponential number of visits to vertices before opti-
mality, with Bland’s pivoting rule).

For n € N, the simplex method applied to the following linear
program performs exponentially many visits before optimality

d* ;= max 2" lg +2" 204+ .+ 22, 1+ 1y
s.t. 1 <5
41 + x> < 25
8xr1 + 4xo +x3 <125

2ngpy + 2"y oo+ 4g, 1+ xn < BT
X1,LD,...,Tn > 0

[The simplex method (with Bland's pivoting rule) is not polynomial time]



The Klee-Minty cube (from Matousek)




Ellipsoid method

Invented by Shor, Nemirovski, Yudin (1970's).
First polynomial time for LP (Khachyian, 1979).
Not interesting in practice, since less efficient than simplex.




Interior point methods

We now introduce a third class of algorithms that can solve linear
programming problems: interior-point methods.

Contrarily to ellipsoid (outer approximations) and simplex (bound-
ary path), IPM work in the interior of the feasible set.

Developed since the 50's for nonlinear optimization.



Logarithmic barrier function for LP
We consider the LP minp ¢z with P = {z € R" : Az < b}.

Remark that the polynomial p(z) = [];(b; — al ) vanishes on the
boundary of P, and is strictly positive on the interior.

The function log p(x) is called a logarithmic barrier, and
fu(@) = 'z + plog p(z) = 'z + pd log (b; — af z)
i
has the following properties:
for u >0, fu(x) - —oo whenever x — 0P (boundary of P)

fu(z) is concave in int(P) (the interior of P)

for 4 > 0, P bounded, f,(x) has a uniqgue max in int(P)



Logarithmic barrier for the unit square

e =a1+ o p = 100




Logarithmic barrier for the unit square

e =a1+ o p = 100




Logarithmic barrier for the unit square

c'r=ux1+ x> p =10




Logarithmic barrier for the unit square
c'r=x1+ x> =1




Logarithmic barrier for the unit square

e =a1+ 2o pn = 0.8




Logarithmic barrier for the unit square

e =a1+ 2o p = 0.5




Logarithmic barrier for the unit square

e =a1+ 2o p = 0.2




Logarithmic barrier for the unit square

e =a1+ 2o p=20.1

T T T T T T T T T T T T T T T T T T T 1
o 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.55 1



Logarithmic barrier for the unit square

e =a1+ 2o pn = 0.05

T T T T T T T T T T T T T T T T T T T 1
o 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.55 1



Central path for LP

The curve {z*(u) € R™ : u > 0} parametrized by u is called the
central path. It is an algebraic curve (zero set of some polynomial
equations).

The interior-point method (generally speaking, since there are
many variants, here we stress on the path-following IPM) then
consists of starting with a strictly feasible point 2*(u) with > 0,
and follow the path.

Actually, what one does in practice is to numerically trace the
path using Newton approximation or similar numerical methods.






Positive semidefinite matrices
X € S, is positive semidefinite (psd), resp. definite (pd), if:
v— vl Xv is globally nonnegative, (positive) v € R? (\{0})

The following conditions are equivalent (resp. blue ones) :

. X is psd (resp. pd)
. The eigenvalues of X are nonnegative (resp. positive)

. X = LLT for some full-rank L € RIX7 (resp. L € RdXd)

A W N K

. The (leading) principal minors of X are > 0 (resp. > 0)
The positive semidefiniteness induces the Lowner order on Sy

X >Y ifand only if X —Y is psd



Useful properties of (psd) symmetric matrices

Spectral dec. for X € Sy : X = QTAQ = S, Mi(X)qiq!

for X >0 a

S invertible :

nd v e R” : vI'Xv =0 if and only if v € kerX

X =0(>0) if and only if STXS > 0(>= 0)

(Schur complement) Let A= 0, and C € Sc. Then

A B
BT ¢

>0 (resp. = 0) iff C —=BTA-1B >0 (resp. >~ 0)



A metric on §;
The (Euclidean) inner product on S; is given by
X, Y €855:(X,Y)g, = Trace(XY)
where Trace(XY) = X X;;Y;; is the usual trace function on XY

Remarkable properties :

(-,-)—{(-,- >Sd is indeed an inner product on S,
If X = 0,Y =0 then (X,Y)s >0

(stronger) : If X = O then : Y = 0 if and only if (X,Y)s >0

If U is orthogonal then <U_1XU, U_lYU>8

Quadratic forms : v — vl Xv = <X, UUT>S
d



Semialgebraic sets

A basic semialgebraic set is a set S C R"™ defined by (multivariate)
polynomial inequalities:

S={z €R": fi(z) >0,..., fs(z) > 0}
Examples: linear spaces, circles, algebraic curves, polyhedra ...

Being psd is a semialgebraic condition on &4, that is Sj‘ IS a
(basic) semialgebraic set. Ex (d = 3): X = (x;;); j<3 is psd iff

detX >0 (minors of order 3)
11222 — w%Q >0
211733 — 33 > 0 (minors of order 2)
T20T33 — T55 > 0
x11 > 0, o0 > 0, 33 > 0 (minors of order 1)



The psd cone

The set SO'Z" ={X eS;: X =0}, called the psd cone, satisfies
the following properties:

It is a convex cone, with non-empty (Euclidean) interior
It is a basic semialgebraic set, it induces the Lowner order

Every face of Sc‘l" IS isomorphic to some Se'", with e < d

Here's the picture of 85" as a subset of R3 ~ Sy:




A 3-dim affine section of Sj

K = 85" has dimension 6 (full-dimensional in Sé" ~ R%), and
taking the following section one gets the figure below

E3 =

T

Y
%

cR3: A=

1
T

Y

T
1
z

Y
Z

1

Q Sy

{(z,y,2) € R3: det(A) =0}



Faces of the psd cone

We want to characterize the faces of the psd cone Sc‘l".

Remark that for all M & S+, there is a unique minimal face of
Sj' containing M (take the intersection of all faces containing
M), call it Fyy;.

Theorem. For all M & S"‘, then:

e M belongs to the relative interior of F),

o Fiy =Ly NS, where Ly, = {U €S, : ker(M) C ker(U)}



The psd cone is self-dual /1

As for LP, the cone for SDP is self-dual, which will imply that
one can exploit duality for designing efficient methods.

Theorem. (Sc'l")* = Sc'l".

proof. First, let us identify Sj with S;, which is possible since §; has finite
dimension (what is this dimension?).

First, we claim that S is generated by rank-one psd matrices, that is S =
cone({vv? : v € R?}): indeed, this comes from the spectral decomposition
X =Q'AQ = >, \i(X)qq!, and by the fact that X\;(X) > 0.

Recall that Trace(ABC) = Trace(BCA). For all X € Sj and v € R%, one has

(X,vv") . = Trace(Xvv") = Trace(v' Xv) = v' Xv >0

Sa



The psd cone is self-dual /2

This implies that if Y =} vjvf € S}, one has (X,Y)s = > (X vl >0,
and hence that S c (S})*.

To prove that (S])* C S, the idea is the same. Indeed, if Y € (S))*, then
by definition the scalar product (X,Y)s is nonnegative, for all X € Sj.

In particular, for every v € R?

0< <’U’UT, Y> = v'Yw

Si

which proves that Y € 8. We conclude the equality (S])* = S}



LP as optimization over diagonal matrices

Consider the natural diagonal embedding of R< into the space of
symmetric matrices
I
. N

Remark that = € RZ if and only if diag(z) € S§ and that the
standard primal LP reads as follows

diag : R? —» 8¢, diag(zq,...,xq) =

p* = inf (¢, x)
s.t. Az =5b

diag(z) € S

How about optimizing over the whole psd cone, instead of just
the diagonal embedding of the nonnegative orthant 7

This is the idea behind the definition of SDP.



The primal SDP ...

Let Aq,...,An € S4, and define the linear map
o Sd — R"
X = <<A17X>Sd7"'7<AnaX>$d)

where we stress on the index )gs, for the trace inner product on
S4. The primal SDP in standard form reads as follows:

p* = inf (C,X>3d
s.t. F(X)=b
X >0

In other words, SDP is the problem of minimizing a linear func-
tion on S, subject to affine-linear constraints (&/(X) = b) and
conical contraints given by the membership to the psd cone SC'Z".



. and its Lagrangian dual

Remark that for the previous linear operator &/ one has
(A (X), y)rn = Livi (Ai, X)s, = (X, i 0idi)s, VX eS8, yeR”
which gives the (unique) adjoint map &*(y) = >; A;y;.

The Lagrangian conic dual of a semidefinite program is hence
the semidefinite program

d* = sup (b,y)pn
s.t. C— Zz Aiyi =S5
S=0

As above, the symmetric matrix S plays the role of a slack matrix,
allowing us to separate the affine and the semidefinite (dual)

constraints.



Spectrahedra and Linear matrix inequalities (LMI)

Both the primal and the dual feasible sets of a semidefinite pro-
gram are called spectrahedra, that is a set defined by a linear
matrix inequality :

The name comes from the fact that a spectrahedron is a polyhedron
in the space of eigenvalues, that is the spectrum, of a real sym-
metric matrix.

The matrix M(xz) = Mg+ Mixq1 + - -+ Mszs is called a linear
matrix, it defines the affine space

L=M0—|—<M1,...,M3>RCSd



Properties and examples

Let M be a linear matrix and S, it associated spectrahedron:
S)s IS a basic closed semialgebraic set
It is a convex set, as pre-image of Sj under M : R — Sy,

It is non-polyhedral in general, but its faces are exposed

Examples :

I, =«
1
The SOS cone X, 54 is a (projection of a) spectrahedron, while
its dual cone Z;;,Qd IS a spectrahedron.

The n—dim disk: {x e R": [|z]| < 1} = Sy with M =




Degenerate SDP /1

If A and B are two linear matrices, we denote by A® B the block-
diagonal matrix with blocks A, B. Then it is easy to see” that
SaeoB = SaNSp.

Using this fact, one can cook up examples of spectrahedra Sy,
which are “doubly exponentially far from the origin”, that is,
such that every point in §p; has exponential size with respect to

input size:
O A B YT S E )
1 r1 Io o I3 Tp—1 In

Remark that Sp;, is not contained in a ball of radius 22".

*Check it by exercise.



Degenerate SDP /2

Irrational solutions : there are examples of spectrahedra S, de-
fined with rational matrices, such that every point in Sy, is irra-
tional, for instance™:

11 x r 2
{\FQ}_{;UGR. [x 2]@[2 233] zo}
Recall that this is not the case for polyhedra (LP) : indeed, if a

polyhedron P C R" is defined over Q (with facet inequalities with
rational coefficients), then every vertex of P is in Q™.

The same for a 2 x 2 LMI in the following SDP:

V2 =infz s.t. [1 Tl 0

r 2

1 =z

*Indeed, in this case remark that the first LMI [x 5

] > 0 implies that 22 < 2,

and the second 2] > 0 imples that z2? > 2.

T
2 2x



Optimality
One has the following general result that ensure strong duality:

Theorem. Suppose that both the primal and the dual semidefi-
nite programs are strongly feasible (existence of primal and dual
feasible positive definite matrices). Then strong duality holds,
there exists a pair of primal-dual optimal solutions (X,S) satis-
fying the following system

X>0 S>>0 J(X)=b XS=0
Moreover, both X and S are singular matrices, their ranks satisfy

the relation rank(X) 4+ rank(S) < d (weak complementarity), and
for general data rank(X) + rank(S) = d (strong complem.).



Pataki inequalities

As we have seen, the solution to a SDP is a singular (psd) matrix.
Can we bound its rank?

Pataki inequalities. Under the assumption that strong comple-
mentarity holds for a pair of primal-dual semidefinite programs,
that is rank(S) = r and rank(X) = d—r for some 0 < r < d, then
the following inequalities hold

d—+1
)

<n and
2

S J+n<(

r+1
5 (

2



A statistical analysis of the optimal rank

d 3 4 5 6
s rank percent | rank percent | rank  percent | rank percent
3 2 24.00% 3 35.34% 4 79.18% 5) 82.78%
1 76.00% 2 64.66% 3 20.82% 4 17.22%
4 3 23.22% 4 16.96% 5) 37.42%
1 100.00% 2 76.78% 3 83.04% 4 62.58%
5 4 5.90% 5 38.42%
1 100.00% 2 100.00 % 3 94.10% 4 61.58%
6 5 1.32%
2 67.24% 3 93.50% 4 93.36%
1 32.76% 2 6.50% 3 5.32%
7 2 52.94% 3 82.64% 4 78.82%
1 47.06% 2 17.36% 3 21.18%
8 3 34.64% 4 45.62%
1 100.00% 2 65.36% 3 54.38%
9 3 7.60% 4 23.50%
1 100.00% 2 92.40% 3 76.50%

courtesy of J. Nie, K. Ranestad, B. Sturmfels “The algebraic de-
gree of Semidefinite Programming”, Math. Prog. 122(2):379-
405 (2010)



PART IV

Applications of SDP and interior-point method




On the power of semidefinite programming

SDP has become a central problem in math. programming:

e It can model a large class of problems, that is, many problems
can be cast directly or indirectly (relaxations) as SDP.

e Applications exist in combinatorial optimization, control the-
ory, mathematical engineering...

e One word about the “complexity” : interior-point algorithms
can solve SDP in polynomial time in finite precision. On the
other hand, the complexity status of SDP is fairly unknown
in Turing or other exact models of computation.



LP and SOCP are SDP

We have already seen that LP is a special case of SDP, indeed
we can re-write it as

p* — inf <C7X>Sd
s.t. (4, X) s, = bj, A; = diag(a,)
C = diag(c), X = diag(z)
X >0

where a; is the +—th row of the matrix A in the standard LP.

The same holds for the general second-order cone program (SOCP).
Indeed the Lorentz cone " = {(z,t) € R*»T1 : ||z|| < t} is a spec-
trahedron admitting the following LMI representation :

2

t]n xr
T

tl, x

= n+1 .

St

hence the cone constraint (z,t) € Z"™ becomes 1

T



QCQP is SDP

A (convex) quadratic programming problem of the form

f* = inf jo(x)
S.T. fz(w)éo, 1=1,....m

where f;(z) = (A4;x 4+ b)1 (A;jz +b) — ¢!z —d;, can be cast directly
as a semidefinite program :

f* == inf 0
I Aox + bp
s.t. ~ 0
(Aoz +b0)! fr+do+6 |~
| I Az + b, .
~0,i=1,...,
Az +b)T cfx+di] =5 "

By the way, from an algorithmic viewpoint, one prefers to cast
a convex QCQP as a second-order cone program.



Eigenvalues optimization is SDP

Let A be a symmetric matrix and let A\ < ... < )4 be its eigenval-
ues. Recall the following well-known inequality in linear algebra

vl Av < A\g|[v||?  for all v eR?

This implies for instance that AjI — A is positive semidefinite,
and more precisely the following semidefinite characterization:

Ay = inf 0
s.t. 0I;— A= 0

Remark that one can also solve the same problem for a symmetric
linear matrix M (x) = Mg+ >.; x;M;, in which case one minimizes
the max.eig. in the affine space L = Mg+ (M1, ..., Ms)p.

Similarly the sum of the k largest eigenvalues of M (x) is mini-
mized by

p* = inf k@—l—(Id,X>Sd
s.t. 0I;,4+ X — M(z) =0
X =0



Spectral norm minimization is SDP

The spectral norm of a (possibly rectangular) real matrix M is
the maximum singular value of M, that is the (square root of
the) maximum eigenvalue of the real symmetric matrix ML M.

Let M(x) = Mp+>_, z;M; be a (possibly rectangular) linear matrix
describing the affine space L = Mg+ (M1,..., Ms)p C RP*4.

Then the minimum spectral norm of a matrix in the affine space
L can be computed via the following semidefinite program

p* = inf 0

S.t. [MO(IE)T ]\gg) ] >~ 0

of size p+ ¢q in s+ 1 variables.



Lyapunov stability is a LMI/SDP

The linear dynamical system = = Ax for a given real matrix
A, is (exponentially) stable whenever the eigenvalues of A have
negative real part.

This is equivalent to the existence of a quadratic Lyapunov func-
tion that is a state function V(z) = 2! Pz such that its matrix P
satisfies

P=0 ATP4+ PA -0

which is equivalent to the strong feasibility of a SDP.

More generally one can use LMI to model the design of state-
feedback controllers minimizing the norm of input-output trans-
fer functions.



A general relaxation scheme for quadratic programs

Consider (with A; € S;) the quadratic optimization problem

* = inf zlAgz+ bjgaz + ¢o
S.t. a:TAia:—I—biw—l—ci <0,:1=1,....m
Remark that L' A,z = Trace(al A;2) = Trace(A;zz!) = <Ai, :m:T>S
d

and that zz! is a rank-one psd matrix. One gets

f* = inf (Ag, X)g, +bix+ co
s.t. (AZ-,X>Sd—|—b;rx—|—cz-§O,z'=1,...,m
X = gzl

and hence that the original problem can be relaxed by dropping
the rank constraint, obtaining

f* > inf <AO,X>Sd+b§a:+co
s.t. <Ai,X>3d+b§LTx+ci§o,7;=1,...,m

X =z

—
:le—O

(Remark that the LMI constraint is equivalent to X > zz!).



Relaxation for boolean optimization

A boolean or (0,1)-quadratic program is the opt. problem

f* = inf a2lAxz4blz
s.t. :ci2= ,t=1,...,d

whose feasible set is the set of vertices of the hypercube in R,

It can be relaxed as a semidefinite program by simply remarking
that if x is feasible, then the diagonal elements of X = zx! are
all equal to one (and, still, X has rank one and is psd).

The following is a semidefinite relaxation of the above boolean
program

f* > inf (A, X)s +blx
s.t. Xy, =1,:=1,...,d
X x

>_
! 1 =l




MAXCUT and its semidefinite relaxation

Let G = (V,E) be an undirected graph on a set of vertices
V ={vq,...,un}, with edges E. A cut on G is a subset S C V.
A maximum cut is a cut that maximises the number of crossing
edges (edges linking an element of S and another outside it).
The MAXCUT and its generalizations are NP-complete.

A maximum cut on the Petersen graph

[courtesy of de Klerk “Aspects of semidefinite programming’ ]



MAXCUT and its semidefinite relaxation

Say z; = 1 if the v; € S, —1 otherwise. Then 1 —x;x; = 2 if
(v;,v;) is a crossing edge and = 0 otherwise and

MAXCUT = argsupgcy Z 1 (1 — xia?j) ,r; = £1

(vi,vj)EE
Its semidefinite relaxation reads as follows

f* = Sup Z‘L,j%(l _S’i >
S.T. Sz'i:l,izl,...,d
S>>0

where the rank-constrained condition S = zz! has been relaxed
as above to S > zal. Goemans/Williamson proved that such a

relaxation gives an 87% approximation of the original solution,
in average.



Lovasz theta-function /1

One of the most celebrated (as MAXCUT) examples in combina-
torics is the computation of the Lovasz #-function (from Laszlao
Lovasz) of a graph G = (V, E).

We denote by:

x(G) the chromatic number of G, that is, the minimum num-
ber of colours needed to colour the vertices, no two adjacent
of the same one.

w(G) the clique number of G, that is, the size of a maximum
cligue (= subgraph whose vertices are 2-by-2 adjacent).



Lovasz theta-function /2

Let e = (1,1,...,1) € R™ and let X be a generic symmetric
matrix. The Lovasz 6-function of an undirected graph G = (V, F)
iIs defined as the maximum value of the following SDP:

0(G) = sup Trace(eel X) = el Xe
s.t. z;;, =0 forall (¢,j) ¢ E
Trace(X) =1
X >~ 0.

It satisfies the following inequalities:

w(G) < 0(G) < x(G)

where G is the complement of G (graph with same vertices and
complement edges). Hence it is used to lowerbound x(G) and
to upperbound w(G) in polynomial time.



Semidefinite relaxation of polynomial optimization

Let f € R[xq,...,xn], and let the global optimization problem be

f* = inf f(x) = sup A\
s.t. xeR" s.t. f—Xe PR

where P(R") is the cone of polynomials nonnegative on R,

A classical relaxation of this problem is to consider the subcone
of P(R™) consisting of sums-of-squares polynomials

2,24 = {fGR[wl,...,xn] . f:ZfZ.Q}

which gives a lower bound. By the way such lower bound can
be computed through SDP (whereas the computation of f* is
NP-hard in general) :

f%59% = sup A = sup M\
st. f—X€X, 04 st. f—A=vlXv
X >0



Interior-point methods in SDP

Interior-point methods for LP have been successfully extended
to the case of SDP:

e Alizadeh’'s PhD thesis (1991)

e Nesterov and Nemirovski (1990-1994), developed the general
theory of interior-point algorithms for conic programming

IPM for SDP are based on the logarithmic barrier function:
F(X) = —logdetX

defined for non-singular X € §;.



Central path

The central path can be defined in SDP as the set of solutions
(Xu, Su,yu), depending on a parameter p > 0, of the following
system of equations and inequalities:

A(X) = b

d*(y)+S = C
XS = pldny

X = 0

S > 0.

Theorem. If the primal and the dual semidefinite programs are
strongly feasible, then the central path exists and it is an analytic
curve.



Limit of the central path

Under the assumption of strict complementarity (there are solu-
tions X* and S* with X*S* = 0 and having complementary rank)
the limit of the central path for u — 0T is a feasible solution.

Lemma. For @ > 0, the set {(X,,Su) : 0 < p < @} is contained
in @ compact subset of P x D (cart. product of primal and dual
sets).

This implies that the limit of the central curve

(X07 SO) — ”m_'_(X,ua S,LL)

u—0

is a (primal-dual) feasible solution. Under some assumptions it
coincides with the analytic center of the optimal face, in which
case it can be computed by maximising the determinant over
suitable sections of the primal or dual feasible set.



Complexity of SDP / finite precision

For the problem d* = max{bly : y € Sy}, where A4, € S;, and
Sp={yeR": A(y) . =C —y1A1 —--- — ynAn = 0}, we denote by
L the total input bit-size and

S(A,e) =S4+ B(0,¢) and S(A,—¢) ={y: B(y,e) C Sy}

e If R > 0 is known such that either S, =0 or S4yNB(0, R) # 0,
then there is an algorithm that, for any ¢ > O decides that
S(A,—e) =0 or computes y € S(A, ¢) satisfying

bl 2z <bly4e, forall z e S(A, —e).

Its bit complexity is polynomial in d,n, L and log($).

e There are algorithms that given y such that A(y) = 0, and
R as above, compute z such that A(z) = 0 and Lz > d* — €.
Its arithmetic complexity is polynomial in d,n, L, Iog(%) and
log(R). No good bounds for intermediate bit size.



Complexity of SDP / exact models

If one is interested in the theoretical complexity of computing
the exact solution of a SDP, it is worth to say that it is an open
problem generally speaking. More precisely:

e In the bit model (Turing), SDP or its feasibility is not known
to be in NP.

e In general, it is known to be in NP if and only if it is in coONP.

e In the real numbers model (Blum, Shub, Smale) it is in NP
and in coNP.



