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1 Introduction

For X € R"*", Tr(X) denotes the trace of X,

n

Tr(x):= Z Xi;

i=1
For X, S € R"*", a commonly used inner-product is :

(X,8) :=Tr(X"T9)

=22 XSy
i=1 j=1
=Tr(SX7)
Using the above, we deduce: for every nonsingular matrix P € R™*",
Tr(PXP ') =Tr(XP'P)=Tr(X),vX € R™"
Given X € R™ ", the roots Ay, Ao, ..., A\, (exactly n) of the polynomial equation

det(X — \) =0

are the eigenvalues of X
We denotes by S”, the space of n-by-n symmetric matrices:

S"i={XeR”": X =X"}
For every X € S", every eigenvalue of X is real. We usually order them:
MX) > X)) > o2 ()

Sometimes, we consider A : S” — R".

Diag : R — S",
x
i) O
Diag(x) := '
0 n
diag : S" — R",
X1
X
diag(X) := ,22
Xnn



Theorem 1: Spectral Decomposition Theorem

For every X € S", 3Q € R™*", orthogonal (Q* () = I) such that

X = QDiag(A(X))Q"

In the above, columns of () are eigenvectors of X. E.g.,j € {1,2,...,n}, X = Q Diag(A\(X))Q".
Then,

X(Qej) = QDi&g(A(X))@ej = N (X)(Qej)

-1
Definition 2

X € S is called positive semidefinite if hYXh > 0, Vh € R*. X € S" is called
positive definite if A* Xh > 0, Vh € R™ \ {0}.
We denote the set of p.s.d. matrices in S”, by S}

4 1
X:=1125
1

Let i € R? be arbitrary. Then

_ o O
>

1 30
WXh=h"[|1|[1 1 1]+ |0 4
1 00

3 2
- (Zm) + 3h3 + 4h% + h2 > 0,Vh € R?
j=1

Therefore, X is positive semidefinite. In fact, it is positive definite.
1

What about S? Consider h := |—1{,
0

K'Sh=1[1 -1 0] |4|=-10>0

Therefore, S is not positive semidefinite.




Theorem 3: Cholesky Decomposition Theorem

Let X € S™. Then,
1. X isp.s.d. iff 3B € R™ ", lower triangular such that X = BBT

2. X isp.d. iff 3B € R™*", lower triangular and nonsingular such that X = BBT

Proposition 4

Let X € S". Then TFAE:

1. X isp.s.d.
2. A(X) > 0, which is the same as saying every eigenvalue of X is non-negative.

3. 3p € R" (non-negative vector) and A, b, ... 1™ € R™ such that
. i T
X = Zﬂih() (h( ))
=1

4. 3B € R™" such that X = BBT
5. For every nonempty J C {1,2,...,n}, det(X;) > 0, where X, := {[X;] : 4,5 € J}

6. Forevery S € S, Tr(XS) >0

What are Semidefinite Programming Problems?
Let’s recall Linear Programming problems first. a € R", o € R are given; z € R" is our variable
vector. Then, a linear constraint is

>

n
E ajxj = (6]
Jj=1

<

LP is the problem of optimizing (minimizing or maximizing) an affine function of finitely many
real valued variables subject to finitely many linear constraints.

SDP is the problem of optimizing (minimizing or maximizing) an affine function of fintiely many
matrix variables with real entries, subsject to finitely many linear constraints and some symmetry
and positive semidefiniteness constraints on these matrix variables.



To appreciate the power of the generalization from LP to SDP, it is useful to note

LP +~—— SDP

T1,T2,..., 0 €R XO eRmmi i e {1,... k}

Ty 2 0 my =ng, X@ €S2 AN(XP) >0
21y — w3+ a3 2 10 (A + Aoy + Azws — 101)

is p.s.d. whereA;, Ay, A3 € S™ are given (part of data)

LP «— SDP,CeS"
min ¢’z inf Tr(CX)
Az =b Tr(AX)=0b;,Vie{l,2,...,m}
z >0 XeStreSre... .ok

where S' & S1? @ ... &S * isthe set of all (ny + ...+ ny) X (ny + ...+ ny) matrices where the
digonal is made of matrices in S"", ..., S

ny X Ny O

No X Ny

O N X Nk

More on the power of SDP in mathematical modeling:

Suppose in your application, the variable are vV v, ... v e R, and your objective function
and the constraints involve only affine functions of (v, v¥)) i j € {1,2,...,n}. Then, we can
express such a nonlinear and nonconvex optimization problem as an SDP.

Define a new matrix variable X := VV7 € S where VT := [vM) 0@ ... o™] € R

Then X;; = (v v@) Vi j € {1,2,...,n} and we can rewrite the original optimization problem
using only X variable as an SDP.

E.g.

2<f0(1)7 fu(3)> — <'U(1),U(2)> g 64

2X15 — X35 < 64, X € S?

We denote the set of n-by-n symmetric positive definite matrices by S |



Lemma 5: Schur Complement Lemma

Let X € S",T € S,. Then,

T UT

M::{U X

} eSS «— (X -UT'U") eSt

Moreover, M € S7{" <— (X —UT'U") e S,

Proof. Suppose X € S" andT' € S, . Then,

v T U _[ 1 o 0 I TUT
“ v x| " |ur? 1|0 X-ur w0 I
——

=T LT
Then, Vh € R™t7,
T 0
0 X-— UT‘lUT] (L7h)

Since L is nonosingular (det(L) = 1), M € S7™" <= T € ST and (X — UT'UT) € S".
Similarly M € ST{" <= T € S7and (X —UT'UT) € S7, O

h"Mh = (L"h)" [

For A, B € S", we will also use the notation A = B to mean (A — B) € S} and the notation
A~ Btomean (A — B) € S} . A very special case of the above lemma (m = 1,7 = 1):

1 Z'T T
T X =0 <<= X —zz' =0

11’T T
. X =0 << X —zz =0

Semidefinite Programming Problems in Standard Equality Form and their Duals:
Given C € S, b € R™ and a linear transformation A : S* — R™, we define

(P) inf (C, X)
st.: AX)=b
X =0

and its dual

(D) sup by
st. A(y)+S=C
S0

where A* : R™ — S” is the adjoint of A:
(A*(y), X) == yT A(X),VX € S",Vy € R™

8



In more explicit form: for every linear transformation A : S — R™, 4A;, As, ..., A, € S” such
that

AX)], = (A, X) =Tr(A,X),Vie {1,2,....,m}
and thus, A*(y) = >, y; A;. Therefore,
(P) inf Tr(CX)
st. Tr(AX) =b,ie€{1,2,...,m}
X %0

(D) sup b"y
st. Y yAi+S=C

i=1

S=0

cmf e Yo s 2=

Then,
(P) inf Tr(CX) = 3X3; + 2X9; + 3X9
s.t. TT(AlX) = X11 + X22 =1
T?“(AQX) == Xll — 2X21 + 5X22 =2
Xes?
and

(D) sup y1 + 2y

Y1+ Y2 —Y2 3 1
1. + .5 =
i [ Y2 U+ 5y2} [1 3]

Ses?

Theorem 6: Weak Duality Relation — SDP

Let X be feasible in (P) and (7, S) be feasible in (D). Then (C, X) — b5 = (X,S) > 0

Proof. Suppose X, (7, S) are feasible in (P) and (D) respectively. Then,
(C.X)=bg=(A@+5,X)-bgby A () +S=C

= (5, X) +(A"(y),X) - 'y

= (X,9) +7"AX) - by

=(X,S) > 0by A(X) =b,X = 0,5 = 0, Proposition 4(f)

)



1. If (P) is unbounded, then (D) is infeasible.
2. If (D) is unbounded, then (P) is infeasible.

3. If for feasible solutions . X of (P) and (7, S) of (D), we have (X,S) = 0 then X is
optimal in (P) and (7, S) is optimal in (D),

Note: Dual of (D) is “equivalent” to (P). So, SDP duality is an involution. To prove this (and
rigorously define “equivalent”), we can put (D) into the form of (P), apply the definition of dual,
and then simplify to obtain (P).

Alternatively, we may assume, 3X € S"and § € R™, S € S" such that

AX)=b, A*()+ 8 =C,Null(A) = {X e S": A(X) =0} =: L
Then, the feasible region of (P) is (L +{X }) NSh.

L={Ses": (X,8)=0,VX € L}

Note that Range(A*) = L*. Therfore, y € R™, S € S" satisfy A*(y) + S = C if and only if
(S — S) € L*. Thus, S € S™ is a part of a feasible solution of (D) if and only if

S e (LL + {5‘}) ns:
Objective function of (P) for X satisfying A(X) =
(C.X) = (A1) + 5, X) = Vg +(5,X)
N

constnat
So,
(P) inf {(S,X) X € (L + {f(}) N Sz}
Objective function value of (D) for (y,S) : A*(y) + S =C'is

( )Ty <X’A*<y)>:<X70_S>:<07X>_<X7S>

constant

Therefore, (D) is “equivalent” to
inf{<X,S> .S e (LL + {S}) ms¢}
Another attractive standard form for SDPs:
Let linear transformation A : S — S¥, C' € S", B € S* be given. If
(P) inf (C, X)
A(z) = B
X =0

10



, then its dual is equivalent to
sup (B,Y)
A (V)< C
Y =0

Let X € S7. Define its symmetric positive semidefinite square root by applying the spectral
Decomposition theorem to X, X = @Q Diag(\(X))QT and then

X3 = Q[Diag(\(X))]? QT

Proposition 8

Let X, S € S%. Then (X, S) = 0if and only if X.S = 0.

Proof.
* ( <=) is straight forward, since 77(0) = 0
* (=) Suppose X, S € S?, (X, S) = 0. Then
0="Tr(XS) = Tr(X%SOXé) since S = 0, X2 € S”
-

Thus, by Prop.4(b), A\(X 38X %) > 0, by the above, these eigenvalues add up to zero
(trace is the sum of eigenvalues). Therefore, \(X 25X %) — 0and 0 = X25X2 =

1 1 T 1
(X%s%) (XESE) . Hence, X3S% = 0. Finally, XS = X3 (X%S%) S5 =0
O

Proposition 9

1. S%, =nt(Sh)
2. Let X € S™. Then TFAE

(a) X is positive definite
(®) A(X) >0
(¢) 3p € R?_and bW, h@ . . K™ € R linearly independent s.t.

X = Z 11 h @ (RNT
i—1
(d) 3B € R™" nonsingular s.t. X = BBT
© YJp = {1,2,... Kk}, ke {1,2,... ,n},det(X;) > 0
(H) VS e s\ {0},(X,S) >0
(2) X =0and rank(X)=n

11



Ty T2 I3
Let X € RG,X = |X2 T4 Xy|.
T3 Ts L
Then by Prop.6 part(e), X € Si 4 if and only if

.7)1>0
x1x4—x§>0

T1X4Tg + 209T3T5 — x§x4 — xlxg — :Uﬁxg >0

12



2 Duality Theory

Duality theory is very useful in many aspects of optimization including applications, effective
utilization of algorithms, the design and analysis of efficient and robust algorithms, and The devel-
opment and powerful utilization of the theory. For example,

* We can generate (using the Weak Duality Relation) concise and robust evidence/proof that
our feasible solutions are optimal or near-optimal.

* We can derive optimality conditions which help design efficient, robust algorithms, including
stopping criteria for such algorithms

* We can perform sensitivity and what-if analysis

* Depending on the application, optimal and near-optimal solutions provide information and
insights based on our primal optimal solutions (e.g. shadow prices, fair distribution or pricing
of resources, outlier defection, infeasibility detection)

e etc

Some notions of duality:

Dual Cone: Given K C R¢,

K*:={seR? (z,s) >0,Vz € K}

1. K := Ri, under the usual Euclidean inner-product,

K* = {s € ]Rd,:st > 0,Vx € Ri} :Ri

2. K := S, under the trace inner-product,

K*={SeS":Tr(XS)>0,vX €St} =S%

3. Exercise: Let

K= {(i) cROR": En:|xj|< t}

j=1

What is the dual cone of K, under Euclidean inner product?

Polar Set: Given K C R¢,

K°:={seR": (z,s) <1,Vz € K}

13



Note: if K is a cone, then K° = —K*
Legendre-Fenchel conjugate of a function
Given f : R? — R U {+o0},

f«(S) :=sup{—(s,z) — f(z): x € Rd}

fiS" 5 RU{+o0},

FX) = {—lndet(X), ifXesn,

+00, otherwise

[i(8) = sup{=Tr(SX) — f(X) : X € §"}

) —Indet(S) —n, ifSeS},
B 400, otherwise

If S ¢ St we can find {X®} C S"_ such that Tr(SX*)) —constant and f(X®) —
—00.

IfSeS?

tothen—f(X)=8 = X 1=5 < X=5"1

Theorem 10: Hyperplane Separation Theorem for Closed Convex Sets

Let G C R? be a nonempty, closed convex set. Suppose 0 ¢ G. Then Ja € R?\ {0} and
a € R, such that
GC{reR: a"z>a}

T e—

—

G

—

=
2 //
ohezol

14



Let G1, Gy C R? be disjoint, nonempty closed convex sets. If G or G5 is bounded then
Ja € R4\ {0} such that

inf{a’z: 2 € G} >sup{a’x: 2 € Gy}

If both sets GG, Gy are allowed to be unbounded, we cannot guarantee the strict inequality
above.

Let G C R? be a nonempty convex set. Suppose 0 ¢ G. Then, Ja € R¢\ {0} such that

GC{reR: a"z >0}

Let G, G5 C R? be nonempty, disjoint convex sets. Then Ja € R¢\ {0} such that

inf{a’z: 2 € G1} > sup{a’z : v € Gy}

15



Recall,

(P)inf Tr(CX)
st. AX) =0
X =0
(D)sup by
st. A"(y) +S=C
S =0

Definition 14

We say that (P) satisfies the slater condition , or (P) has a slater point, if 3X € S"_ such

that A(X) = b. (D) satisfies the slater condition, or (D) has a Slater point if 37 € R™ and
S € S, such that

Ay +5S=C

Theorem 15: A Strong Duality Theorem

Suppose (D) has a Slater point and the objective value of (D) is bounded from above. Then
(P) attains its optimal value and the optimum values of (P) and (D) are the same.

Proof. Suppose 3y € R™, S € S, such that A*(y) + S = C. Further assume 3y € R such that
by <  for all feasible solutions (y, S) of (D).

Let 2* := sup{bTy : A*(y) +S = C,S 3= 0}. We may assume b # 0. (If b = 0, then X = O isa
feasible solution of (P); thus, X, (7, S)) are optimal in (P) and (D) respectively, by Corollary 7
par(C), and we are done).

Next, we utilize Corollary 13. Let

G1:=S},, Go:={SeS":5=C—A*(y),b"y > 2" for some y € R}

G: and G4 are convex, G # (). We can check Gy, # () (for example, using the Fundamental

Theorem of LP). Also, G; N Gy = 0 (if not, Iy € R™ s.t. A*() < C and b7y > 2*; letting

i := § + b for some ¢ > 0 small enough yields A*() < C and bTy = b'j +e|b]l5 > 2%, a
M~ =~

=z* >0
contradiction).

Therefore, Corollary 13 applies to Gy, G5. Thus, 3X € S™ \ {0} such that
inf{(f(,S) 1S e Si+} > SUp{(X,S) 1S € Gg}
Since G # 0, the LHS is bounded from below. Since S, is a cone, (X, Sy > 0,vS e St

(otherwise, the LHS would be —o0). Furthermore, <)~( ,8) = 0,VS € cl(Sh,) = ST. Hence,
by proposition 4, part (f), X € S’,. We already proved LHS > 0. Since we can take a sequence

16



{S®} c Sn, such that S® — 0, LHS = 0. Therefore,

0> (X,C) — (X, A(y)) forevery y € R™s.t. bly > 2*
— AX)Ty > (C, X) forevery y € R™ s.t. bly > 2*

Thus, A(X)Ty is bounded from below on the set {y € R™ : 4Ty > 2*}. LP duality theorem im-
plies A(X) = ab for some o € Ry. If o = 0, we get AX)=0and 0 > (AC,X'> = (A*(y) +

S, X) = AX)y+ (S,X) >0, acontradiction. Hence, @ > 0. Define X := LX € S7, we
—— ——

=0 >0, prop6(f)

=0
have A(X) = band A(X)Ty > (C,X) forall y € R™ s.t. b7y > z*. Therefore, (C, X) < 2*
and by the Weak Duality Relation (theorem 6), X is optimal in (P) and optimal objective values
of (P) and (D) are the same. O

Since we estabilished that the dual of (D) is equivalent to (P), we have

If (D) has a feasible solution and (P) has a Slater point, then (D) attains its optimal objec-
tive value, and the optimal objective values of (P) and (D) coincide.

If (P) and (D) both have Slater points, then both (P) and (D) attain their optimal objective
values and these objective ’ values are the same

Remark. The above theorem and its proof generalize to conic convex optimization setting where
we may pick our standard form as

(P) inf (¢, x)
A(x) =10
B(x)>d
re K
(D) sup (b,y) + (d, u)
A*(y) + B*(u) +s=c
u>=0
se K*

where c € R". b € R™ d € R™ A :R" — R"™ B:R" — R™, A B are linear transformations
and A, B, b, ¢, d are all given; K C R" is a closed convex cone.

For this more general set up we can use the following “restricted” notion of Slater point: * € R"
is a Slater point for (P) if 7 € int(K) and A(Z) = b,B(Z) > d. (We do not require that
Teint{reR":B(x)>d}={zecR":B(T>d)})

17



“Restricted” Slater Point (interiosity condition restricted to the nonpolyhedral constraints) for (D)
iS (ya ﬂ, E) S le D ng D Rn SUCh that

A (@) + B (@) +5 = c,u > 0,5 € int(K*)

How useful are these duality theorems of SDP (Weak Duality Relation and the Strong Duality Theorem)?
Very useful!

In many applications (engineering, big data, machine learning, statistics, computer science, other

areas of mathematics, ...) we construct a mathematical model that might be twoo hard or impossi-

ble to solve exactly:

(P) inf f(z)st.xed®

2 2

We can construct and SDP relaxation (the =" is by the assumption of Strong Duality Theorem)

(P) inf f(z), v € ® > inf (C, X), A(X) =b, X =0=supb’y, A*(y) +S=C, S=0

SDP SDD

Suppose we have a fast algorithm (heuristic) which provides feasible solutions to (P) that usually
have good objective function values. We run the heuristic and obtain € ®, we also solve (SDD)
approximately and obtain a feasible solution (7, 5) of (SDD). Then,

f@) =v>d'y

where v is the unknown optimal value of (P), then b7 is closed to the optimal value of (SDP) and
(SDD).

Pitfalls in SDP Duality:

In the statement of our Strong Duality Theorem (Theorem 15) the assumptions cannot be removed
(without changing the rest of the statement). Consider, for example, the statement of Corollary 16
and the following SDP instance.

18



Example 18

10 01
m:=1n:=20C:= (0 0),A1.— (1 0),6.—2

(P) inf Tr(CX) = X1
st.Tr(A1X)=b < 2X9 =2
X =0
(D) sup 2y

L -y
s.t. {—y 0}%0

which is
(P) 1nf X11
XH 1
s.t. ( 1 ng) =0
(D) sup 2y
I —y
s.t. <_y 0 ) =0

2 1

(P) has a Slater point X := (1 5

>, and (D) has a feasible solution 7 := 0. Thus,

Corollary 16 applies.

(D) attains its optimal value and the optimal objective values of (P) and (D) are the same.
Feasible region of (D) is a singleton {0}. Therefore, 7 = 0 is the unique optimal solution
of (D). Feasible region of (P):

X 1
{( 111 X22> X1 >0, X1 X9 2> 1}




Example: 18 continued

Hence the optimal obj. value of (P) is nonnegative.
Consider the following family of feasible solutions of (P).

X(e) = G 1) e>0

£

As e N\, 0, Tr(CX(g)) ¢ 0; however, there is no feasible solution of (P) with objective
value zero. Therefore, optimal obj. value of (P) is zero but it is not attained.

What went wrong with (P)?

Even thought the feasible region of (P) is a closed set (this is al-

. . . o RY .
ways true:  intersection of closed sets), its projection onto ( O) is not:

<_____-

WMinwaze X t

é__

Note that the statement of Theorem 15 does note directly apply to this (P) and (D). indeed,
(D) does not have a Slater point and (P) does not have an optimal solution.

Things can get worse:

20



Example 19

010
Considerm :=2,n:=3,C:=[1 0 0],
0 00
0 0 0 -1 0 0
Av=(o 1 0], 4=[=1 0 o ,b—[Q}
000 0 0 2 7
where vy € R, ;.
(P) inf 0
X 0 Xg
s.t. 0 0 0 ]*0
Xz 0y
000
Optimal value of (P) is zero, Vy € R, attained by X(7):= [0 0 0
0 0 ~v
(D) sup 2yys
0 14y O
st. [1+y2 —w 0 =0
0 0 —2u
Yo = —1,7 := {(ﬂ is an optimal solution of (D) with objective value —2-.
Both optimal values zero for (P), and —2- for (D) are attained. However, there is a duality
gap of —2~.

21



Pitfalls in SDP Duality (continued):

In the special case of Linear Programming problems, if (P) and (D) have feasible solutions then
they both have optimal solutions and for every pair of optimal solutions Z of (P) , (¥,5) of (D)
complementarity holds: Z,5; = 0, Vj. Moreover, 3 an optimal pair Z of (P) and (7, ) of (D) for
which strict complementarity holds: & + § > 0.

In the general set up of (SDP), we proved that if (P) and (D) have Slater points, then they both
have optimal solutions and for every pair of optimal solutions X of (P) and (7, S) of (D) com-
plementarity holds: XS = SX = 0. However, as you are showing in Assignment 1 4(c), strict
complementarity may fail to hold for some SDPs, even if both (P) and (D) have Slater points.

Why do we care about strict complementarity?
Very useful and/or necessary for:

—

. identifying the set of optimal solutions for (P) and (D)

\®]

. detecting infeasibility, unboundedness

3. establishing optimality conditions

4. robustness and fast local convergence of various algorithms for SDP

5. estabilishing sensitivity analysis, what-if analysis, stability results, error bounds
6. etc

Sort of good news:

Fix positive integers n > m > 1. Consider the set of data (A,b,c) € L(S",R™) & R™ & R" for
which (P) has a feasible solution. Among the elements of this set of data, ”almost” every instance
has a Slater point. Similarly, if we focus on the set of data (A, b, ¢) for which both (P) and (D)
have feasible solutions, then for ”almost” every such instance (P) and (D) both have Slater points
and they have a strictly complementary pair of optimal solutions. For a more rigorous statement,
see Theorem 2.20 (of the textbook).
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Certifying Infeasibility and Unboundedness in SDPs

. 01 10
a1 [0 )] e (3 0)x] =nxo

0
<1 O) Equivalently

)<
. 1 X21
(P) inf 2X21 s.t (X21 X22) =0
Y

ow

(D) sup y (

(D) sup y s.t. ( 1 O> =0 = (D) is infeasible.

Consider X (a) := i Oé ,Va € R. X(a) is feasible in (P), Voo € R and the objective

function value 2[X (a)]2; = 2a — —o0 as @« — —oo. Therefore, (P) is unbounded. All
seems well here, (P) is unbounded = (D) is infeasible.

Do we have certificate of unboundedness for (P) (equivalently, a certificate of infeasibility for

(D)) similar to those for LPs?(Generalization of Farkas’ Lemma?)
Recall, for every A € R™*" ¢ € R", exactly one of the following systems has a solutions:

1. ATy <¢c

2. Ad=0,d>0,c7d <0
Since in Example 20, (D) is infeasible, can we find D € S? such that A(D) = 0, and Tr(CD) <
0?

pus
nd A%,
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(D) is infeasible since (—11/ (1)) % 0 cannot hold no matter what y € R is. However, (D) is

”almost feasible”.

Definition 21

Let A : S® — R™ be a linear transformation and C' € S”. Then, we say that A*(y) < C
is almost feasible if for every ¢ > 0, 3C" € S™ such that ||C' — C'||< ¢ and A*(y) < C"is
feasible.

Note:A*(y) < C'is feasible — A*(y) < C is almost feasible.

Theorem 22

Let A:S™ — R™ be linear and C' € S™. Then
1. If 3D € S" such that A(D) = 0,Tr(CD) < 0 then #ly € R™ such that A*(y) < C;
2. If 3D € S" such that A(D) = 0, Tr(CD) < 0 then A*(y) < C is almost feasible.

Theorem 23
3D € S such that A(D) = 0,7r(CD) < 0if and only if A*(y) < C' is not almost feasible.

Proof.

e <— Theorem 22

* —> Suppose there exists such D. We may assume 7r(C'D) = —1 (replace D by
—|TT(ICD)|D). Then for every C’ € S" such that ||C — C'||p< m, A*(y) < C'is infea-

sible (if A*(y) < C, then (D, A*(y)) < Tr(C'D) = 0 = yTA(D) < Tr(CD) —
Tr[(C —C")D] < =1+ ||C = C'||r||D]|r< 0 a contradiction). Therefore, { A*(y) < C} is
not almost feasible.

]
Linear Programming SDP
ATy < cis infeasible | A*(y) < C is not almost feasible
iff iff
3d € R" such that 3D € S™ such that
Ad=0 A(D) =0
d=>0 D=0
cf'd <0 Tr(CD) <0

Another way to deal with possible dualitty gaps, dual attainment issues, infeasibility and unbound-
edness certificates, is to keep the statements of theorems analogous to the LP special case but
change the definition of the dual.
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Slater Condition, Facial Reduction, Extended Lagrange-Slater Dual

Definition 24

Let K C R be a closed convex cone. A convex conve G C K is a face of K if for every
pair u,v € K such that (u 4+ v) € G, wehave u € G,v € G.

For example, let K := R3. Then, G := {x €ER? : a3 = 0} is a face of K.

A face G of K is exposed, if Ja € R?\ {0}, such that
G={reK:{(az)=0}and K C {z € R?: (a,z) <0}.

Note:a € —K*.
A face G of K is a proper face of K if

{0} cGCK

Theorem 25

(a) Every nonempty face of S’} is characterized by a unique subspace L C R" such that

G={X €S} :Null(X)2D L}, relint(G) = {X € ST : Null(X) = L}

(b) Every proper face of S} is exposed.

(c) S is projectionally exposed. That is, every nonempty face G of S} can be expressed
as

G=(I-QS(I-Q)

where () € S" is the projecction onto the unique subspace L defining G.

The above theorem implies that every proper face of S’} is linearly isomorphic to S’_j for some
ke{l,2,...,n—1}.
So, G is a proper face of S" iff 3k € {1,2,...,n — 1} and ) € R™*" orthogonal such that

G:{Q[)O( S}QT:XGS’_?}

Given (A, b, c) suppose we find the minimal face (with respect to set inclusion) G of S7 which
contains the feasible region of (P).
Then our problem (P) is equivalent to
(P) inf Tr(CX)
AX)=b
Xed
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Let Q € R™™ be orthogonal such that G = {Q B O} QT : X e S’i}
Define C' € S*, A : S¥ — R™ using Q. Then (P) is equivalent to

(P) inf Tr(CX)
AX) =0
Xest

(P) satisfies the Slater condition!
To find the minimal face of S’} containing the feasible region of (P) is no easier than finding a
solution to (P) in the worst case. However, the following result is useful:

Let A :S™ — R™ be linear and b € R™. Then exactly one of the following two systems has
a solution

M AX)=b, X S,
(I A*(y) € S3\ {0}, by =0

Lemma 26 says: either (P) has a Slater point or, we ccan find a supporting Hyperplane { X € S" :
Tr(SX) = 0} of ST whichi contains the feasible region of (P). Here, if 7 € R™ is a solution of
system (I1), we can choose S := A*(7).

Recursive application of the above idea and Lemma 26 eventually results in an SDP like (P) above
which does satisfy the Slater condition.

Note that with each application of Lemma 26 k in S’i goes down by at least 1, so n applications of
Lemma 26 suffices.

This process is sometimes called facial reduction.

A related, alternative approach is to write down a modified dual problem directly (instead of doing
the computations required to find @ above, possibly n times).

Suppose the problem we want to solve is

(D) sup by A*(y) < C

Define its Extended Lagrange-Slater Dual as

(ELSD) inf Tr(C(U +W))
st. AU+W) =0
Wew,
U=0

where W,, C S™ a linear subspace defined using A and C, n(m + 1) linear equations and n p.s.d
matrix inequalities (7 = ") on 2n-by-2n matrices.
Detailed description of W, is Given in the textbook on page 42 (before Theorem 2.28).
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Theorem 27

If (D) has a finite optimal value, then the optimal values of (D) and (E'LSD) are the same
and (ELSD) attains its optimal value.

Theorem 28

Let A : S"™ — R™ linear, C' € S". Then, exactly one of the following systems has a solution.
L A (y) < C
2. AU+W)=0,WeW,, U=0,Tr(C{U+W))=-1

Theorem 29

In the real number computation model, the problem of deciding SDP feasibility is in NP N
co—NP

Open Problems:

1. Does there exist a more efficient representation of the subspace WV,, in (ELSD)?
2. Is SDP feasibility in NP in the Turing machine model?

In many application of SDP, our SDP is not an exact formulation but a relaxation of a much
harder problem. So,

When does the Slater Condition hold in SDP relaxations?

Given ¢ € R", our hard optimization problem is

inf 'z, st.x € F

, where F' C R" a difficult nonconvex set.
We can also consider
inf "o +27Cx, st.xeF

, where C' € S" is also given.

Homogeneous Equality Form:
Suppose 3A : S**1 — R™ linear, such that

T
F:{xER":A(l “;T)zo}
r I

Which sets £ can be represented in Homogeneous Equality Form?




Proposition 30

Every system of finitely many multivariate polynomial equations and inequalities can be put
into Homogeneous Equality Form.

Proof ideas:

First, show that we can handle systems of multivariate quadratic equations and quadratic inequali-
ties.

Multivariate Quadratic Equations

Given ) € S",q € R", v € R,

0=2"Qx +2¢"x +~
T T
Y oq Iz _
=1r(( 9) (s sr)] 0
=y +q¢'z+ Tr(qa:T) + TT(QI(L‘T>
=y +qlz+ Tr(:qu) + TT(mTQx)
=y +2¢"x 4+ 27 Qux

Multivariate Quadratic Inequalities
Given ) € S",q € R", 7 € R,

2TQx +2¢"x +~v <0

iff
2TQr 4+ 2¢Tx +v+ 352 =0
iff
v ¢F 0 1 2T 3
Tr|llq Q 0| |2 a2t 352|| =0
0 0oF 1 5 sl 32
Note the right matrix in the T[] is [1 27 3]T[1 27 3].
Higher degree multivariate polynomials
Ex: 22f + 23 + 23 —5 =0
222 + x576 + 25 —5 =0
z? — 1y =0
T1T9 — Ty =0
T3 — 76 =0

and

T
F:{xéR”:A(l %):o}
r I
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SDP relaxation:

If conv(F') is full dimensional, then the Slater condition holds for the SDP relaxation above.

Proof. Suppose conv(F) is full-dimensional. Then Fv™, v®) .. ™+ ¢ F that are affinely
. 1 1 1 . . . =
independent . <= (v(l)) , (U(Q)) ey (v(” +1)) are linearly independent. Consider X :=

HLH Z?:f (v%)> (1 U(i)T>. By Proposition 9, part (c), X € S'!;!. Moreover,

I n+1 »
X € conv . €S xeFy CP

xxl

Therefore, X is a Slater point for the SDP relaxation. O]

Given ¢ € R", our hard optimization problem is
inf 'est.xeF

, where F' C R" a difficult nonconvex set.

If dim(conv(F)) = n, then a very large class of SDP relaxations for the above-mentioned difficult
nonconvex optimiztion problem will have Slater points.

What if dim(conv(F)) < n —1?

We first determine the affine hull of £ (the smallest affine space containing F', equivalently, the
intersection of all affine spaces containing F').

Suppose dim(conv(F)) = d < n — 1. Then, we find L € R¥" [ € R" such that rank(L) = d
andz € F = x =1+ LTy for some y € R<.

Define a linear transformation £ : S"*! — S¢*1,

=, D)o () 2)

Its adjoint £* : S¥1 — S"*+1 is given by

con- (1 5w (3 )

Define A : S — R™,



Then,

o T
Fz{l—i—LTy:A(; yny) :0,y€]Rd}

which leads to the SDP relaxation

A (1 y" a1 (1 v\ _ (1 9"
PL._{(y Y)GS A Y =0, Y =0

P NSt £ 0

That is, we can always guarantee the Slater condition holds in a wide class of SDP relaxations,
provided we can identify the affine hull of F'. Moreover, in many cases we decrease the size of the
SDP.
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3 Solving SDP Problems

3.1 Ellipsoid& Ellipsoid Method
E C R%is an ellipsoid if 3¢ € R? (centre) and A € Si  (shape & size) such that
E={zeR":(z—c)"A(x—c) <1} = E(A,¢)
Note:
E(A,¢) = {x R [|A3 (2 — o)|2< 1}
= {A%z +c: |z 1,z € Rd}
= ¢+ A2By(0, 1) the B is unit ball in R? centred at the origin

So, ellipsoids are simple convex sets in that they are affine images (under symmetric positive
defintie maps plus a shift) of Euclidean unit balls.
Many attributes of ellipsoids are easy to handle

vol(E(A,c)) = /det(A)vol(B4(0,1)),

longest axis of F(A,c) corresponds to an eigenvector of A determining A;(A); shortest axis of
E(A, c) corresponds to an eigenvector of A determining A\;(A).
However, ellipsoids are versatile enough to approximate any given convex set well:

Theorem 33

For every compact convex set in R? with nonempty interior, there exists a unique mini-
mal volume ellipsoid containing that set. Moreover, shrinking that min. volume ellipsoid
(around its centre) by a factor of at most d gives an ellipsoid contained in the convex set.
(Lowner-John Theorem, John Theorem, Lowner-John ellipsoid).

The factor d in the statement above is tight: use as the convex set, d-dimensional simplex.

E.s. 5 in TRQ ln- val-
a / v:,\(utsa.;&
c.'.\-a.i-\\\:a A

sheuak.
dﬂ:.‘rio?*
(L a f‘ém-
57
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Ellipsoid Method does not require an explicit description of the feasible region, it suffices to have
a weak separation oracle.

Let G C R? be a convex set. Given & > 0, §-relaxation of G is

relax(G, 6) := {u € R?: ||u — z||»< & for some z € G} which is convex by definition

refax CG, SB

A weak separation oracle for G takes as input 7 € Q%, § € Q. and it outputs:

» 7’7 € relax(G,§)” OR
e a € Q% such that ||a||.= 1 and
(a,T) = {(a,z) — 6,Vz € relax(G, 9)

3.1.1 Ellipsoid Method for finding a feasible solution

Input: A € S?_ ¢ € R? such that E(A,c) O G (where G C R? is a convex set, we want to
compute T € G), e € Q.
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Proposition 34

Algorithm:
1. Call the separation oracle: "is c € G?7”

» if c € G, STOP

* else retrieve a € QY, ||a| o separating ¢ from G.
2. o Ifwol(E(A,c)) <e, STOP (vol(G) < €)

eelse £ :={zx € E(A,c): (a,z) < (a,c)}.

3. Compute the minimum volume ellipsoid F(A, ¢) (A, ¢ are updated) containing E; go
to stepl.
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E (A-,c\

= CA-,c.\

NZW) smalle— \IO-Eu.rv\.QJ
WRd containlng G,

& A dSc ko)
de—*q{ﬂl—ok lod l'\e.nuA} hew < (kfad{a \\aM ! @
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. Lema3s ..

Let AL € S1,, ¢y € R%such that (A4, c;) is the minimum volume ellipsoid containing
E={zecE(Ac): {a,z) < {a,c)}.

Then

1 d? 2
—e— Ao, A, = -2 |4 — =
T Ay yvara cﬂ—l[ (d+ DaTAa

Aaa’ A

Moreover,

vol(E(Ay,cy)) 1
n( ol (E(A,¢)) ) S 7o

The last lemma tells us that

* every iteration of Algorithm 34 can be implemented efficiently, and

* the volume of the current ellipsoid decreases “’significantly enough”.

Theorem 36

Let G C R? be a convex set such that
(i) We have access to a weak separation oracle for GG,
(ii)) G C B4(0,R), R € Q. is given.

Then, for every given ¢ € Q. ., after O(d? In(R/¢)) iterations of Algorithm 34, we either
compute T € relax(G, ) or prove that vol(G) < ¢.

We can extend Algorithm 34 to handle convex optimization problems of form:
inf f(z)st.xeG

where f : R? — R is a convex function. Just like set G, accessing f via an oracle will suffice.
A subgradient oracle for f takes as input 7 € R?, returns f(Z) and h € R? such that

f(x) > f@) + h''(z — 7),Vr € R

foo

¥
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Theorem 37

Let G C R™ be a convex set and f : R — R be a convex function such that
(i) J a weak separataion oracle for GG,
(i) 3 a subgradient oracle for f,

(iii) » and R € Q. are given such that B;(Z,7) C G C By(0, R) for some not given
T e R4

Then after O (d? [In(R/r) + In(uo/€)]) iterations of an ellipsoid method, we obtain T € G
such that
f(@) <inf{f(z):x € G} +e

In the above,

poi=ct+ s {f@)} = inf (/@)

2€By(0,R) x€B4(0,R
Wow! This is nice and applies to all convex optimization problems, including SDPs. 5
Suppose (P) and (D) have Slater points X, (7, S) respectively. Then, we can replace (P) by (P).

(P) inf (C, X)

st. AX)=0b
(S, X) <2(X,5)
X =0

Theorem 38

(a) The SDPs (P) and (P) have optimal solutions.

(b) The optimal solution sets of (P) and (P) are the same.

(c) Let G C S denote the feasible solution set for (). Then G is compact and convex.
Moreover,

Bo(X, M(X)) € G C Bq (o, 2§7<§)>>

where B denotes the Euclidean ball in a f f[G].

‘ . , 1n)Cl> (X 5)
(d) max{(C,X) : X € G} —min{(C, X) : X € G} < ™S

Theorem 38 and the reformulation of (P) as (P) (significantly aided by the given Slater points X,
(7, S)), show that we can apply Theorem 37 to SDPs.

Thare are many other approaches for utilizing algorithms like Ellipsoid Method and resulsts like
Theorem 37 for SDPs.
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3.2 Primal-Dual Interior-Point Methods

Consider algorithms which start with X (© = 0, y(® € R™ S » 0, and generate {(X k) k) S | Z+}
such that X*) = 0, S®) ~ 0,Vk € Z, ..
Assuming (P) and (D) have optimal solutions and their optimal values are the same, we wnat

o [JA(X®) — b||— 0 with (X*) = 0) Primal Feasibility.
o || A*(y*)) + S®)||— 0 with (S = 0) Dual Feasibility.
J (X(k), S(k)> — 0 with (X®) 0, SK) w 0) Complementarity Slackness

For simplicity of presentation, we will assume A(X(©®) = b, A*(y°) + S©© = C and that A is
surjective. Define f : S" — R U {oco} by

) = {—m(det(X)), if X €8y,
400, otherwise

Note: For every sequence { X} C S such that X® — X € bd(S%),
FIX®) = too

So, we can use [ to reformulate our problem (P).

Proposition 39

The above defined function f is strictly convex on S’} | . Moreover, for every X € PD" and
H € S™, we have

(f'(X),H) = -Tr(X"'H)

(f"(X)H, H) =Tr(XHX'H) =Tr {(X—éHX‘éﬂ

F"(X)[H, H, H] = —2Tr {(X—éHX—éﬂ

3.2.1 Central Path

For each ;1 > 0, we define
1
(P,) inf ;(C,X) + f(X) st AX)=5b

Necessary and sufficient optimality conditions for (P,) (under the Slater point assumptions for

(P)&(D)):



y < py, S := puX 1. Then, necessary and sufficient conditions for optimality (for (P,)) become

A(X) = b, X = 0
A*(y)+S5=C
S=pX"1!

For each x> 0, the unique solution (X (), y(x), S(r)) defines the primal-dual central path:

{(X(p),y(1),S(n)) € S"@R™ B S" : > 0}

Theorem 40

Suppose (P) and (D) have Slater points and A is surjective. Then, for every ;1 > 0, (P,)
has a unique optimal solution X (). Moreover, the following system

AX)=b,X =0
A*(y)+S=C
S=pX"1!

has a unique solution (X (u), y(1), S(w)).

The above system also characterizes the unique otpimal solution of (D,,) sup {ibTy + f(S): A (y)+S=C }
Consider the solutions (X (u), y(u), S(p)) for g > 0, and focus on

S(p) = plX (W]~ = (X(w), () = (X (), p[X ()] ") = pTr(I) = np
So, as ;1 N\ 0, (X (p), S(p)) 0.
AT pra:

e {.{n{o:\m‘h‘%
s heunded.

i)l

) boll path os 0.
" Path- Followive, Algotthus By i 25

To derive path-following algorithms, one can use Newton’s Method and its variants locally on the
system of (nonlinear) equations:
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AX)=b, AX)=0,
A*(y)+S=C, or, A*(y) + S =C,
S=puX"t, X=pSt

or on some equivalent system with the conditions X*) = 0, S*) » 0 enforced by the step size
selection rules.

Given a pair of Slater points X, S for (P) and (D) respectively, we can easily measure how close
(X, S) is to the central path.

One way would be p(X, S) := Tr(XS)/n and consider

IS — u(X, S)X 7.
Another way, more directly relating to f(-) is:

Tr(XS)

(X, 8S) :==nln + f(X) + f(9)
(=)

and if X, 5 € S%_, then f(X) + f(S) = —In(det(X)) — In(det(S5)).

Theorem 41

For every (X, S) € ST, & S, ¥(X,S) > 0. Moreover, the equality holds iff S = X!

with p = X.5)

n

Note:

Tr(SzXS?)

n

arithmetic mean(Ay, Aa, ..., A\y)
=nln - >0
geometrix mean(Ay, Ag, ..., \y)

(X, S) =nln ] — Indet(57X5?)

where \ := A (S3X5%).
We will use two attributes for judging how good a pair of Slater points (X, S) is:

(i) want small duality gap (X, S).

(ii) want to be close to the central path (small ¥)( X, S)).

3.3 Primal-Dual Potential function
0q(X,S) == qIn(X,S) + (X, S), where ¢ > 0
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Theorem 42

Suppose X, 5@ ¢ St are Slater points for (P), (D) respectively and they sat-
isfy (X©, SO) < /nin(1/¢), for some ¢ € (0,1). If we generate a sequence
{(X®), S®)) 1 of feasible solutions for (P), (D) respectively such that ¢ (X*), S®)) <
Oum (X(’“l), S(kfl)) — 9, for every k € Z,, for some absolute constant o > 0, then for
some k = O(y/n1n(1/¢)), we have

<X(k)75(k)> < 5(X(0),S(0)>, Vk >k

We will design an algorithm that will have the

* property described in the assumptions of Theorem 42,
* primal-dual symmetry property,

* scale-invariance property.
Given the current iterate (X *) S®)) we will find a pair of search directions Dy, Dg such that for
all o € R (step size), (X® + aDy), (S® + aDy) satisfy A(X) = band A*(y) + S = C (for
some y € R™). <= A(Dx) =0, A*(d,) + Ds = 0 (for some d, € R™).
To achieve primal-dual symmetry and scale-invariance in an elegant way, for every pair X, S €
St ., we will find 7" : 8" — S™ linear such that

() T € Aut(S?),
(i) T(S) =T (X) =V,
(i) 7 X H =T (S H=v""1
Then, we transform the X -space via T8 -space via 7.

(X, S) gets mapped to (V, V).

A() == A(T(-),
C:=T(C),
EX = Tﬁl(Dx),
ﬁg = T(Ds)

Then (P), (D) become
(P) inf(C, X) s.t. A(X)=b, X e T7H(S}) =S}
(D) supb’y st. A (y)+S=0C,S € T(Sh) =S"
For every pair of X, S € §% ,, 3T € Aut(S';) such that
(i) T(S)=T"1(X) =V,
(i) T(X ) =TS =V-1
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Proof. Let X, S € S ,. We will find W € S"  suchthatT : S" — S", T(Z) := WZW satisfies
the desired condition. Note that forsucha W, Vz € S",T(Z) € S"and Z € S, <= T(Z) € S'}.
Therefore, T' € Aut(S?).
Let us try to solve the equation T'(S) = T~!(X). For our choice of T, this equation is:
WSW =W xw!

= W2SW? = X

= STWISIW3S2 = §2XS>

— (S%WQS%)Q — 3 XS

s AW = (séxsé)é

1

— W= 53 (Séxséf =

[N

We have W € S} | such that
WSW =W lXWw! =V

and
WSW=WI'XW'=V = Ww's'w'!l=wx'w=v"
N ~~ g s
T-1(5-1) T(X-1)
[
3.4 Finding a Good Search Direction
Recall, we
(i) want small duality gap (X, S).
(ii) want to be close to the central path (small (X, .S) = nIn(Tr(XS)/n) + f(X) + f(9)).
Let Dy, Dg € S™ denote the search directions.
X(a) =X +aDx
eR,,.
S(a) := S + aDsg } oE T
(X (), S(a)) = (X, S) + a[(X, Ds) + (Dx, S)] + o® (Dx, Ds)
=0
= (X, 8) +a[(T"H(X), T(Ds)) + (T (Dx), T(S))]
—— —— ——— ——
=V =Ds =Dx =V
= (X,S) +a(V,Dx + Ds)
Idea: For the largest rate of decrease in the duality gap, take Dy + Dg = —V (and Dx as

the orthogonal projection of —V onto Null(A), Dg as the orthogonal projection of —V onto
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Range(A)).
It remains to control the distance to the central path.

Let X € S}, D € S" such that
ID||x:= (D, X 'DX 12 < 1.

Then,

F(X)+ (f(X),D) < f(X + D) < f(X)+(f(X),D) +%

Note that the assumptions of the lemma, X € S, D € §”, || D||x< 1 imply

1

1 1/2 1 1
= [rrxipxap] = [ xipxs

=

1> (D, X 'DX™)

F

This further implies 1 > HX*%DX*%

. This is equivalent to
2

<X DX :<] < XFDx=0

(We applied Xz - X2 € Aut(S") to all sides).
Focusing on the first-order part of the estimate from Lemma 44 for [f(X («)) + f(S(«))], we
compute

(f'(X), Dx) + (f'(S), Ds) = (X1, Dx) + (=57}, Dg)
=—(T(X™), T~ (Dx) —(T"(S7), T(Ds)

— (V"' Dy + Ds).

So, we should set o o
Dx + Ds =K,V =K,V
, for some I, Ky > 0.
_ W)

Setting Ky =1,y := ’Z;‘g? with a suitable choice for step size like o := =" yields

1
¢ m(X(a), S(a)) — ¢ m(X,5) < ——, an absolute constant, recall Theorem 42

12’
~ _1_n+\/ﬁ
U=V"—xs"

U .= g/l
U

where U = 0 iff F55V = VUiff RV, V) = (V1 V) = Tr(I) = n. Therefore, [[U||r> 0.
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3.5 A Primal-Dual Interio-Point Algorithm

Input: X SO € §" ¢ € (0,1) such that X S are feasible in (P)&(D) respectively,
(X, 5O) < ynln(1/e).

k:=0
While(X®™ Ky > (x© 5Oy
W2 = (S®))=z[(Sk))2 x B (5k))z]2(5*)) =2
A= AW -W), [A; = WAW,Vi]
V= wskHw
U=/ r
Solve the linear system of equations
;Rz%ﬁ==o
A'(dy) + Dg =0
Dx+Dg=U
Compute
@ := argmin {¢ (X (), S(a)) : a > 0}
XED = x®) L gD W, SED .= B L gD !
k:=k+1
end{while}

Theorem 45

The above algorithm terminates in at most 24/nIn(1/¢) (O(y/n1n(1/¢))) with X*) S®*)
feasible in (P), (D) respectively and satisfying

<X(’“), S(k)) < €<X(0), 5(0)>

How about the assumption that Slate points XV, SO for (P), (D) are given?
Introduce an artificial variable £ > 0 and construct an auxiliary SDP.

(Pauz) inf &

st AX) +E0b—A() =1
(I,X)<M
£=0
X0

where M is a large constant we pick, say at least M > n.
Then, (X(© &) := (I,1) is a Slater point for (P,,).
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The dual of (P,,;) is

(Dguz) sup by + Mn
st. A(y)+nl+5=0
by —Tr(A*(y)) <1
n<0
S = 0.

Here, (y©, S 1) := (0,1, —1) is a Slater point for (D).
For this pair,

b ) =(+1)n (fj;) —In(M —n)

To find a Slater point for (P) via (Puuz), (Daus), we need to further modify (P,,.) by picking
anotehr constant y (this time, tiny) and replace the constraint ” X = 0” by 7 X = vI”.

SO, if we find a solution of this modified (P,,,) with £ = 0, we have a Slater point for (P).

If the optimal value of ¢ is positive, all we can say is

(X €S": X =~land Tr(X) < M}

does not contain any feasible solution of (P).

In the case of linear programming problems with rational data (A € Q™" b € Q™,c € Q"), we
can pick v ~ 2% M =~ 2L where L is the number of bits required to express the data (A, b, c).
Write each rational number as p/q where p € Z, q € Z \ {0}, p and q relatively prime and express
p, q in binary.

However, we can construct instances of SDP with data only containing 0, 1 and 2 where

v A 272" (272" andlor M ~ 27" (22)

Linear Programming SDP
If we have a feasible solution of (P) Given a feasibnle solution
whose objective value is within of (P) we can compute
272L of the optimum, then ”’in practice” an extreme point
every extreme point of (P) solution whose objective value
with at least as good objective is at least as good, but
value is optimal, and we there may be infinitely many
can compute an (exact) extreme point solutions of (P)
optimal solution very efficiently. that are strictly better.
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Le SDP

in -h_l[(ﬁ mc_l_nj extreme
P;In‘['s eo.C[v\ SHC%
heHe han X(LB g

JMcit'_-j rocse M\Qf\
#'-2 °Pl‘7§W\QP 'Sﬂzﬁ"';ﬁn.‘_-\

Furthermore, SDP may have a unique optimal solution that is irrational.

Example

10 00 2 01
R T

(P) inf 2X21 s.t. ( 2 X21)

Ny

-y 1
Xy 1 0 (D) sup 2y; + yo s.t. ( 1 ) =0

X = (_?[ _1/5) obj. value = —2v/2,

SDP-Feasibility: Given Ay, Ay, ..., A,, € S"NZ"" and b € Z™, does there exist X € S7 such
that (A;, X) = b;,Vi € {1,2,...,m}?

Open Problem 3: Is SDP-Feasibility is P?

In theoretical applications, Ellipsoid Method is very powerful.

Interior-point algorithms have better complexity bounds and in applications requiring high accu-
racy, if we can perform one iteration in a reasonable time, they are hard to beat.

When we can’t even perform a single iteration of and interior-point algorithm (instance is huge
and does not have easily exploitable structure), we resort to first-order algorithms (but not ellip-
soid method). We will see some of these other first-order algorithms for SDP, after we discuss

Opt.Soln:

~

2
352) , obj. value = —2v/2
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some fundamental approximation algorithms based on SDP for some hard problems.
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4 Approximation Algorithms Based on SDP

Recall, in many applications (engineering, big data, machine learning, statistics, computer science,
other areas of mathematics, ...) we construct a mathematical model that might be too hard or
impossible to solve exactly:

(P) sup f(z)st.xe®
We can construct an SDP relaxation
{(P) sup f(X)X € ®} < {sup(C, X), A(X) =b, X =0} = {inf b"y, A*(y)—S =C S = 0}

where the equality is under the assumptions of Strong Duality Theorem.
Suppose we have a fast algorithm (heuristic) which provides feasible solutions to (P) that usually
have good objective function values. We run the heuristic and obtain & € ®, we also solve (SDD)

approximately and obtain a feasible solution (7, S) of (SDD). Then,
fl@) <v<b'y
where v is the unknown optimal value of (P), and b’y close to the optimal value of (SDP)&(SDD).
Next, we focus on a hard combinatorial optimization problem MaxCut (Maximum Cut): given
an undirected graph G = (V, E) and w € R¥, find U C V such that
Z wj; 1s maximized,
{i,j}es(U)
where §(U) :={{i,j} e E:ieU,jeV\U}

Suppose all weights are one.

G:=

1. Uy :={1,2,3} — cut of weight 6
2. Uy := {5} — cut of weight 5
3. Us :={2,5} — cut of weight 7

4.1 A formulation of MaxCut as a nonconvex optimization problem:

Withn := |V

, let’s represent each cut (U, V' \ U) by au € {—1,1}"™

1, ifi € U,
U; ‘=
—-1, ifi¢U.
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Also, set w;; = 0,V{i,j} ¢ E. Then MaxCut Problem:

max — Zwa —wuy) sit.oue {—1,1}"

zeV jev

4.1.1 Another, equivalent nonconvex formultaion:
Define W € S" by W; := w;;, Vi, j.

1 1
maXZ(VV, eel) — Z(W, X) <— linear

s.t.diag(X) =¢€
X =0
rank(X) =1

Note except the SDP constraints, we have rank(X) = 1 which is not convex.
To go between this nonconvex optimization problem and (P), use

X < uu”.

4.1.2 SDP relaxation and its dual:

(SDP) max — iTr(WX) (+iéTWa>

s.t. diag(X) =€,
X =0

1
(SDD) mine’y <+ZETW6>
. 1
s.t. Diag(y) — S = _ZLVV’
S=0
X := 1,7 := nje, where ) := 1eTWe + 1 yield Slater points for (SDP) and (SDD).

4.1.3 Goemans-Williamson Approximation Algorithms and Analysis:

If we find an exact optimal solutions of (SDP), X such that rank(X) = 1, then we are done! (We
have an optimal solution @ of (P) and thus, of MaxCut).

X =: BB”, where BT =: [vD, 0@ .. v™] 0@ e R d<n

so we have



4.1.4 Random Hyperplane Technique

Generate r € R? on the unit hyperplane randomly. Then setting U := {i € V : vrTv® > 0}
defines a cut in G.

Lemma 46

Let v and r be as above. Then,
o (7To®Y £ sian(rTp@) = 2
Prob {sign(r"v'V) # sign(r'v\?)} = —,
T

where 6 := arccos(v®, v\7)),

Forv € R, sign(v) € {—1,1}¢: [sign(v)]; := {

-1, ifv; <0.
) d
@) 4
v ¢ (s) m
v
9]
v
‘v@ N
‘\J’Ob
u :C{[;‘;;g)(&’ls
v(-:)

For every u € [—1, 1], we have

1
— arccos(u) >

- (1 —w),

N

and

1
1 — —arccos(u) = =(1 +u)

™

[\l et

where p ~ 0.87856.




Theorem 48

The expected weight of the cut generated by the Random Hyperplane Technique based on

X is at least
EZZ@U“ (1= (@@D,09))) = p-opt(SDP)

i€V jev

Proof. Let X € S” be an optimal solution of (SDP).

Opt SDP ZZWU - z] Zzwz] 7 (J)>)

(@) ()
E(RHT—Cut) _ Z Z wiy aI'CCOS< <2U , U >)
s

”Zwa L= (.00

=p- opt(SDP)

Theorem 49

Let G = (V,E) with w € QF be given. Then a cut of value at least p -
(optimal value of the MaxCut) can be obtained in polynomial time.

Note that we do not need an exact optimization solution of (S D P), an approximate solution X in
place of X would work.

The algorithm can be “derandomized.”

This approximation ratio is the best possible (polynomial time approximation algorithms for Max-
Cut) unless the Unique Games Conjecture” is false.

4.2 Maximum Satisfiability (MaxSat) Problem

* Boolean variables:zy, zo, . .., z, € {0,1}

Literals:z;, T; (complement of x;)

* Clauses:conjunction of a subset of literals e.g. (z3 V T4 V 7).

(satisfiability) Formula: disjunction of the clauses e.g. (x3 V T4 V 1) A (22) A (21 V Ta)

4.2.1 Satisfiability Problem (SAT)

Given a formula as above, decide whether 3 an assignment of values to the varaibles so that the
formula evalutates to “True”.
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An Integer Programming (feasibility) formulation: Suppose the given formulais C; ACoA. . .AC,.

Z T + Z (1—z;)>1,Vie{l,2,....,n},z € {0,1}"
jix; €C; jz;eC;
MaxSat: Given a Boolean formula C; A Cs A ... A (), and weights on the clauses w; € R, i €
{1,2,...,m}, find an assignment of values to the variables which maximizes the total weight of
satisfied clauses.
Note: A given formula is satisfiable iff Vw € R the corresponding MaxSat instance has the
optimal value e’ w.

* K-SAT: Satisfiability problem where every clause has at most k literals.

* Max k-Sat: MaxSat problem where every clause has at most £ literals.
Theorem 50

For every k > 3, k-Sat is N P-complete.
For every k > 2, Max k-Sat is N P-hard.

Max 2-Sat is closely related to MaxCut:

Let G = (V, E) be a given instance of MaxCut, assume every edge has weight one.

Make a variable z,, Vv € V,

make a clause (z,, V x,), V{u,v} € E,wy, = 2,

make a clause (7,),Vv € V,w, := [6(v)|.

Then opt(Maz2 — Sat) = opt(MaxCut) + 2|E|.

Approximation results for MaxCut extend to Max 2-Sat. Can we extend them to more general
nonconvex optimization problems? Yes!

4.3 Quadratic Optimization over Sign Vectors

Let W € S".
diag(X) =,
fW):= max 2"Wz=maxTr(WX)st {X =0,
ze{-1,1}"
rank(X) =
diag(X) =,
fW):= min "Wz =minTr(WX) st <X =0,
- ze{-1,1}"
rank(X) = 1.

SDP relaxations:

diag(X) =€,

F(W) :=maxTr(WX) s.t.
X = 0.

= mine’y Diag(y) = W

—N—

diag(X) = ¢
F(W) := min Tr(WX) s.t. { 08lX) =% _ paxe’y Diagly) < W



where the two equalities are from the Corollary of the Strong Duality Theorem (both (P) and (D)
have Slater points).

Proposition 51

For every W € S", we have

FOV) = =F(=W),
F(W) = ~F(~W), and
F(W) < f(W) < F(W) < F(W)

We can apply the Random Hyperplane Technique here!

Lemma 52

Let W € S™. Then

& = sign(Br)
AT .
T(W) = maXSTWé' s.t. ||B 61“2 1,v1
[rfle=1

B e R r € R"
¢ = sign(Br)
| BTe;||o= 1, Vi
[rfle=1
B eR™™ rcR"

= max E,(ETW¢€) s.t

Proof. First equations:” > 7 is clear since £ € {—1,1}" for every feasible solution.
7 <7 Let@ € {—1,1}" such that f(W) = 27W3. Pick any r € R™ with ||r|o= 1. Define

B € R™™" by
BT r, lfi‘Z =1
€; 1= A
r, ifz;,=-—1

Then & = 2.

Second equation: 7 > 7 is clear, since we are taking an expectation of the objective value over all
possible choices for  and B.

" <7 Letd € {—1,1}" such that f(W) = "W 3.

Define B € R™™" by

Then,
1 if 3, =2
E, [sign(rTBTe;) - sign(r' BTe )| =< ! J
ign ) ston 2 —1, ifd; # iy
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for the first equality, we used the fact that {r € B,,(0,1) : 7 is orthogonal to both B”¢; and B”e;}
has zero (n — 1)-dimensional measure. _
Therefore, E,(€TW¢) = 3, Y, Wiy = 27Wa = F(W). O

15 = T
.(“ “pad
r\las
n
_Lx
0

5

U\Do;"( oy

For every W € S”,

f(W) = max %(W, arcsin(X))

s.t. diag(X) =¢
X =0

Note that

max oz’ Wx, v € {—1,1}"
=maxTr(WX), s.it. diag(X)==¢, X =0, rank(X) =1

2
=max —Tr(Warcsin(X)), diag(X) =¢, X =0
T
Proof. Since X = 0, diag(X) = € imply |X,;|< 1, the optimization problem is well-defined.

Feasible region is nonempty and compact, the objective function is continuous over the feasible
region. Therefore, the maximum is finite and is attained.
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Given W, apply Lemma 52. Then
f(W) = max {Er(fTVVf) . & = sign(Br), ||BTei|la= 1,4, ||r|la= 1, B € R r € ]R”}

Let B € R™" be an optimal solution of this last problem.

A

BT = [vW @ p™)]
Then,
E,[sign(rTBTe;) - sign(r” BTe;)]
:PTOb {Sign<7’7 rU(Z)> — Sign<r7 'U(])>} _ Prob {87:gn<7", ,U(l)> # Sign(r’ 'U(])>}
=1—2Prob {sign(r, @ # sign(r, v(j)>}

2 . , 2 . ‘
=1 — Zarccos(v?, vy = Zarcsin(v®, v9)), Vo, j. by Lemma 46
T T

Thus, the optimal objective value is
. A 2 L, A
E, |[sign(Br)|"Wsign(Br)]| = = (W, arcsin(BB")).
™

Since X ::_BBT satisfies diag(X) =, X = 0, we proved” < 7.
7 > 7 Let X € S’} be an optimal solution of max {7'r(W arcsin(X)) : diag(X) =€, X = 0}. Let
BeRv™ X =: BB'. We have

2 — — —

=Tr(W arcsin(X)) = E, [[sign(Br)]" W(sign(Br)]]

™

Using Lemma 52, we have the desired inequality. [

For every X € S such that | X;;|< 1,Vi, j, we have

arcsin(X) = X.

Proof.

1 .
arcsin(X) =X+ —Xo0Xo X+

XOXOXO0OX0X+...
5.3 2.4'5(9@@@—1-

and recall Assignment 1. O
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Theorem 55

For every W € S, we have
— 2
F(W) = max =(I¥, X)
T
ot diag(X) =€
X =0
VW € 8%,
2_ _ _
—F(W) < f(W) < F(W)
T

The last theorem assume W € S, which includes MaxCut instances as a special case: Given
graph G = (V, E) and W € RE, define W € S as the Laplacian of G with respect to weight w.
(See page 105 of the textbook). Note that W is diagonally dominant, hence by Gershgorin Disk
Theorem (Theorem 1.12 in the textbook), W = 0.

What if W is not PSD?

4.3.1 Arbitrary W € S" (not necessarily p.s.d)

In SDP relaxation defining F'(W) amd F (W) we have the dual constraints [ — Diag(y)] = 0
and [Diag(y) — W] = 0 respectively. Moreover, we can make any I/ € S" positive semidefinite
by adding to it a diagonal matrix. o

This motivates investigating changes to f, f, F', F under diagonal perturbations.

Let y € R" be given. Then, N

f(W +Diag(y)) = min_ {z" Wz + 2" Diag(y)z}

- ze{-1,1}"

n
= min T W + E Y a7
ze{—1,1}" P ~—~

=1
—_——

constant

. T _T
= min {xz " Wzl+e
J:E{fll,l}”{ } y

= f(W) +e'y

Similarly, f(W + Diag(y)) = f(W) +&"y.

E(W + Diag(y)) = min § Tr(WX) + (Diag(y), X)
diag(X)=¢ m

=E(W)+e'y
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Similarly, F'(W + Diag(y)) = F(W) +e’y.

Theorem 56

For every W € S™, we have
EOV) < 10%) < 2000 + (1= 2) Fow)
(1 - %) (W) + 2F(wW) < F0v) <F(w)

For every W € S", the value v := (1 — 2) E(W) + 2F(W) satisfies

™

Proof. (for Theorem 56) B
Let 7 € R” be an optimal solution to the dual of the SDP relaxation determining F'(17) :

F(W) = max {Tr(WX) : diag(X) =€ X €S} }
=min {e"y : Diag(y) > W} =¢'7,
and Diag(y) — W = 0.

(—W) Defn of 7, strong duality, Prop51
) — W) Diagonal perturbation property

=
=
|
=
=
I
ol
~
<
_|_
|

I
~|
—~
<

(Diag

ol

(Diag(y) — W) Diag(y) — W = 0, Theorem 55

~

'y —

™

(W)] Diagonal perturbation, Prop51

|

(W) — F(W)] Definition of 7, strong duality

ERESERESEREN)

Therefore,

F(W) + (1 - —) F(W).

Similarly, defining § € R™ to be an optimal solution of the dual of the SDP describing £'(W), we
can prove

V) > (1 _ 2) FOW) + 2F(w).

™

The remaining inequalities are elementary. ]
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Now that we can handle any W € S", this also allows us to handle linear terms in the objective
function. Suppose W € S", w € R" are given. We have

max {Qwa + ZL"TWI} = max {onwa + :pTWx}
ze{-1,1}" ze{-1,1}"
zoe{—1,1}

0 w'l [z
_ T 0
o [zo w]Tren{a_j);l}n+l { [xo v } [w w {$:| }

4.4 Burer-Monteiro Approach for Solving MaxCut SDPs (and generaliza-
tion)

This is a first-order algorithm which has good practical performance in some very large-scale
instances. It involves a avery simple nonconvex reformulation.

max Tr(WX), diag(X) =€, X = 0= (Px) maxTr(WLL"), diag(LL") =€, (L € T")

where T" : The space of n-by-n lower triangular matrices.
Note that:

e any L € T" with no zero rows can be made feasible for (P ) by simply scaling each row by
its 2-norm.

L O
. . . la lpta
* we can restrict L to T™" (lower triangular matrices that n-by-r, r < n. E.g.| . .

ln l2n—1
T™?2). This way we are automatically restricting for X := LLT rank(X) = rank(L) < r.

Once we choose r, we can easily construct L(¥) € T™" such that diag(L?(L)T) =e.
Then, in each iteration k, we compute the gradient of the objective function at L*~1 project this
gradient so that a linearization of the constraints is satisfied:

diag ((L*Y +dp) (L% +d,)7) =@
Ignore the quadratic term in d.
diag(L*Vdl + d L") = 0

So, this projected gradient determines the search direction d;,. Then choose a step size v > 0 (
satisfying Armijo-Goldstein-Wolfe conditions, or similar) for the objectice function.

L®) = L*=D 4 ;.

Scale the rows of L so that every row has 2-norm equal to one (i.e., diag(L® L®)") = ). There
are very many first-order algorithms for solving the SDP relaxation of MaxCut problem, as well
as general SDPs. Among others, consider bundle methods, mulplicative weights based methods,
proximal point algorithms. Also consider the software: SDPNAL+
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S5 Geometric Representations of Graphs via SDPs

Let G = (V, E) be an undirected graph.

Definition 58

A map u : V — R? for some nonnegative integer d, is called a
geometric representation of G.

Definition 59

A geometric representation u of G is called a unit-distance representation of G, if

Ju(@) = u(i)lo=1,V{i,j} € E

A

So here G := 3-cluque, d := 2. This unit distance representation is contained in a ball of

V3
3

radiu




‘We can also have

@ G:= Petersen Gru?\:\ Conztrch = unit et . repe.
A e )] @f Mz PWo@cm, Then Pt
o Vet Y wattE sY=once rcFE‘
; g g{ o He agcle iaside
WA Pem%v\ oer- I‘L
TFLEﬂ ,\szfe S’}'ar‘

clockonse, ener | Hhe-
Geports of o egdes

be covn2- one .

g
V

or we consider bi partite graphs, d := 1

A natk dfsbence rQ,Pres,eh{zHoh o£ -(x\l ?c«[—crscr\ G-us\'\

N =

veV; @ v e Vs

where [V}, V3] is a bipartition of V.
Do unit distance representations exist for every graph G?

Theorem 60

Every graph G = (V, E') admits a unit distance representation in R"~!, where n := |V/].

Proof. 1t suffices to prove that for every positive integer n, the clique on n vertices admits a unit
distance representation in R" 1,

Embed the n-clique as the vertices of a simplex in R"~! where every edge of the simnplex is of
unit length [

Our first example above has n = 3 and the 3-clique.

Geometric representations of graphs have an amazing range of applications:
Graph embeddability, graph realization, matrix completion, molecular confirmation, structural en-
gineering (tensegrity theory), dimensionality reduction, data sparsification, computer vision, data
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clustering, multi-class learning, signal processing, coding theory, communication complexity, rec-
ommender systems, outlier detection, some combinatorial packing and covering problems, ...
We can dim(G) := mind € Z,, for which G admits a unit distance representation in R,

Theorem 61

Deciding whether dim(G) < 2 is N'P-hard.

Consider instead, computing a unit distance representation of G which is contained in an Euclidean
Ball with smallest possible radius. (Recall the first example in this subsection again). Let ¢,(G)
dentoe the square of this minimum radiu.

Theorem 62

For every graph G = (V, E),

tb(G) = min t, s.t. Xu + ij - QXZ] = ]_, V{Z,j} S E,
X esy.

Next, consider computing a unit distance representation of G contained in a hypersphere of mini-
mum radius. Let ¢,(G) denote the square of this minimum radius.
Let discuss some of the main ingredients for a proof.

* Construct Slater points for the SDP in the theorem statement and its dual SDP. Then use a
corollary of the Strong Duality Theorem.

« Given an optimal solution X of the SDP, define X =: BBT(B € R™** k < n—1) and then

BT =: [u(1) w(2) ... u(n)], where u(i) € R¥,Vi € V. Then (u(i), u(i)) = X, Vi €
v,
lu(é) — u(s)l3= X + Xj5 — 2X35,¥{i, j} € E.
« Given a unit distance representation v : V — R¥ (k < n), BT =: [u(1) w(2) ... u(n)],
X :=BBT, ..

Theorem 63

For every graph G = (V, E),

diag(X) = te,
th(G) = min t, s.t. ¢ X + Xj;—2X;;=1, VWi, jle€FE
X esY.

Moreover, t,(G) = t,(G).
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These two SDPs provide exact mathematical models for their respective problems (not relaxations
or approximations). Moreover, we may use (for other applications) X;; +X;; —2X;; = l;;,{i,j} €
E, for any [ € RY given.

Let us prove the following statement

1
——<

For every graphGG = (V, E), t,(G) < t,(G) < o)

DN | —
DN | —

For every graph G, every unit distance representation of G that is contained in a hypersphere of
radius 7, is also contain in an Euclidean Ball of radius r. Thus,

t(G) < th(G).

Let G = (V, E),n := |V|. Then t,(G) < t,(n-clique). For every € > 0 consider

X(e) = %I —cee’ t(e) == % — ¢. Then,
(X (e)]ii = t(e),Vi € V and
X (@it X@ly ~2X @)y = 5~ 45—+ 2= LVi#]

Moreover, Vh € R", s.t.||hl|2= 1,

1
on’

N

1 1
W' X (e)h = §Hh\|§—5(éTh)2 > 5 —ne>0,¥e <

Therefore, [ X (5),t(5-)] is a feasible solution to the SDP in Theorem 63, for the n-clique...

5.1 Orthonormal Representations of Graph

Definition 64

Given a graph G = (V, E)), v : V + R% is an orthonormal representation of G if

{||U(@)||2: 1, VieV ani
(v(i),v(4)) =0, V{i,j}ek

Le., unrelated pairs of vertices of G are represented by orthogonal unit vector. And E =
edges in GG, which is the complement of G (G = (V, E)).
So we moved from unit distance hypersphere representation of GG to the orthonormal representation
of G by

1 1
u : V — R hypersphere radius = /%, (t < 5) =v: V= RY (i) =2 [ 2
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Then Vi € V,

and, V{i,j} € E,

=1(2t-1)

Therefore, v : V — Rt is an orthonormal representation of G.

We essentially proved

Theorem 65

Every graph G = (V, E) admits an orthonormal representation in R", where n := |V|.
Moreover, all orthonormal representations of GG can be realized in R".

We moved from orthonormal representation of G' to the unit distance hypersphere representa-
tion of GG by
1
v: VR = u: V=R u(i) = —=v(i),VieV
(4) 7 (4)
Then, V{i, j} € E,
1 1

i) — u(7)l= 5 +5 - 0=
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YieV,

1 1
N2 D () 12— —
()= 511000 I3=
Therefore, u : V +— R?is a unit distance representation of G that lies on a hypersphere of radius

N
>

A very important application of orthonormal representations of graphs is to the Stable Set Problem

S C V is a stable set in G if for every {i,j} € F, at most one of 7, j is in S.

Another common term for “’stablet set” is “independent set”.

a(G) := max {|S]: S is a stable set in G'}

stability number of G
STAB(G) :=conv{z € {0,1}" : z is an incidence vector of a stable set in G}
N——

stable set polytope of G

FRAC(G) ={z€[0,1]V : 2, + z; < 1,¥{i,j} € E}

———

fractional stable set
polytope of G

Note:
STAB(G) = conv (FRAC(G)n{0,1}")

For every clique C in G, the clique inequality > ., z; < 1 is a valid inequality for STAB(G).
Let A.,(G) denote clique-node incidence matrix of G (it has the number of cliques rows and
number of vertices columns) so each row represents if a vertex in the clique or not. Then,

CLQ(G) = {zeRY:Au(G)x<e}
—_——

clique polytope of G

5.1.1 Theta Body of (G, Lovasz Theta Number

Vi
TH(G) =qzeRY: Z[CT ())?z; <1, Ve € R” s.t. ||¢|5= 1 and Vu : V + R", ortho. repr. of G
Theta Body of G 3 =1 .,

Vv
orthonormal repr. constraint

Theorem 66

For every graph GG, T'H(() is a nonempty, compact convex set such that

STAB(G) C TH(G) € CLQ(G) C FRAC(G)

Proof.

* "CLQ(G) C FRAC(G)”
By definition, every pair {i,j} € FE is a clique; thus, CLQ(G) C FRAC(G) for every
graph G.
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* "TH(G) C CLQ(G)
Let C C V be aclique in G. pick any ¢ € R" with |[|c||s= 1. Define u(i) := ¢, Vi € C. For
all other nodes, i € V' \ C, choose an orthonormal system of vectors in (span{c})*. Then
u : V — R" is an orthonormal representation of G and hence the inequality

[V]
1> Z[CTU(j)]zxj =) (") ;=)

Jj€G jec

is valid for TH(G). Since TH(G) C RY, all constraints defining C'LQ(G) are valid for
TH(G). Therefore, TH(G) C CLQ(G).

e Since CLQ(G) C [0,1]V, we conclude TH(G) is bounded. Since TH(G) is defined as
the intersection of closed convex sets (intersection of the nonnegative orthant with closed
half-spaces), T'H(G) is closed and convex.

« "STAB(G) C TH(G)”
Let S C V be a stable setin G, x5 € {0,1}" denote its incidence vector, u : V +— R" be
any orthonormal representation of G and let ¢ € R™ satisfy ||c||3= 1. Then

Vi

Yl u()P(xs); = ol ()P < Q7 ellz= fell3= 1

j=1 JES

where () € R™*" is an orthogonal matrix defined by @ := |u(1) u(2) ... u(|S])

orthonorn‘lral system complete to an orthonormal basis

Since ys = 0, and it satisfies all orthonormal representation constraints for G, ys € TH(G).
Since we proved that T'H (&) is convex,
conv ({xs : Sisastable setin G}) C TH(G)

—~
=STAB(G)

Since 0 € STAB(G), TH(G) is nonempty.

Given w € RY,
I(G,w) =max{w'z:2zeTH(G)}
———
Lovasz Theta Function
Define W € SV by
Wij == Jw; -~wj, Vi,j €V
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Theorem 67

Let G = (V, E), w € RY. Then, the following are equal:
D) 9(G, w);
(i) minimum,,.y,,gr ortho. repr.ceRm:||cfla=1 MaAX;ey {[CTZ)W},
(iii) min {7 : diag(S) =0, S;; = 0,V{i,j} € E, nI + S = W};
(iv) max {Tr(WX): X;; =0, V{i,j} € E, Tr(X) =1, X e SV }.

In the above, if w; = 0 then [CTZ’—I)]Q = 0.
Using the above theorem, we can prove that (G, w) can ba approximated to any precision in

polynomial time (in |V| and In(1/¢)) via approximately solving an SDP.

Definition 68

A graph G = (V, E) is perfect if for every node induced subgraph H of G,

where w(H ) is the clique number of H (max. cardinality of a clique in H) and y (H) is the
chromatic number of A (min. number of colours required to colour all vertices of H).

An odd-hole is a chordless cycle of length at least five. An odd-antihole is the complement
of an odd-hole.
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Theorem 69

Let GG be a graph. Then, TFAE
(i) G is perfect;
(i) G is perfect;
(iii) G does not contain an odd-hole or an odd-antihole;
(iv) STAB(G) = CLQ(G);
(v) STAB(G) =TH(G);
(vi) TH(G) = CLQ(G):
(viil) TH(G) is a polytope;
(viii) {Aqy(G)x <€,z > 0} is Totally Dual Integral(TDI);

(ix) TH(G) = {y e SV vy = 1, diag(Y) = Yeo, Y;; = 0, {4, j} € E} is SDP-
TDI. (see de Carli Silva and Tuncel (2020) SIAM Journal on Discrete Mathematics)

Theorem 70

For every graph G = (V, E), the theta body of the complement of G is equal to the an-
tiblocker of the theta body of G:

[TH(G))°NRY =TH(G)

Recall, [TH(G)]° = {s e RV : 2Ts < 1,V € TH(G)}.
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Theorem 71
For every graph G = (V, E'), we have

TH(G)= {x cRY : CU) = Yeq, forsome Y € Tﬁ(G)}

v

5.1.2 Products of Graphs, Kronecker Products

Given graphs G = (V, E) and H = (W, ),
GoH:=V(G®H),EG®H))

which is called the strong product of G and H, and

VIGRH) =V x W

{i,j}€FE and {u,v}eF
ori=j and {u,v}EF

E(G®H):= {{(@,u), (4,v)} ¢ or{ij}eE and u=v

5.1.3 Stable Set Problem and Shannon Capacity

Suppose we are trying to communicate through a noisy channel. We are using an alphabet and
some letters may be confused with each other. Let G = (V, £') model this situation:

V' <= the set of letters in the alphabet
{i,j} € E iff letter i&j may be confused with each other.
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Example

G:=

What’s the maximum number of letters that can be safely used? (What is the maximum
number of letters such that no pair may be confused with each other?)

The answer is :a(G).

Now, suppose we want to know the maximum number of k-letter words (using the same
alphabet given by () so that no pair of words may be confused with each other.

Word1 and word2 may not be confused with each other if there exists a position at which
wordl and word2 have different letters AND these different letters do not share an edge.
GF .= G® G...® G. Then the answer is a(G").

k

Definition

Shannon Capacity of G is

B(G) = klim sup|o(G")]*
We can show, a(G*) > [a(G)]*,Vk € Z,,, Vgraphs G which implies (G) > a(G).

Using the fact that Kronecker products of orthonormal representations for G and H give rise to
orthonormal representations for G ® H, we can prove;

For every pair of graphs G and H,

I(G ® H) = 9(G)I(H).

For every graph G and every k € Z, ,
I(G") = [0(G)]"

where ¥(G) := ¥(G, e).
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Theorem 74

For every graph G = (V, E),

9(G) = max e’ Xe min ¢
Xi;=0V{i,jteE  diag(2)=(t—1)e
TT(X) =1 - Zij = _LV{Z?]} €F
X esY Zesy

Moreover, o(G) < ®(G) < 9(G) < x(G). Finally, we have equality all the way through
if G is a perfect graph.

Let’s discuss some elements of a proof of Theorem 73. The SDPs in the statement are dual to
each other and they are specializations of the SDPs from Theorem 67 with w := € (and hence
W :=eel). Both SDPs have Slater points.

Let S C V be a stable set in G. Then X € S defined by

L . . .
X, ifiand j € S,
0, otherwise

yield a feasible solution of the first SDP and €7 Xe = |S|. Thus, a(G) < 9(G).

We also consider @ < ¥(G), Note, STAB(G) C TH(G), so any incidence vector for a stable
set will be in T'H (), and the inner product of € and the incidence vector is just the cardinality of
the stable set, and it will be less than or equal to ¥(G) (by the definition of it), so a(G) < 0(G),
because a(G) = a’e for some incidence vector a of a stable set.

Then,

9(G) = lim(9(G*))* = lim sup(9(G*))/* > lim sup(a(G*))V* = B(G)

Suppose we have a colouring of G with k colours. Then, for the dual SDP, define  :== k, Z € SV
such that

— -1 if colour (i) # colour(j)
YU Y (k—1), if colour(i) = colour(j)

(Z,1)isa feasible solution of the dual SDP with objective value k. Therefore, J(G) < x(G).
To see that Z = 0, note that under a suitable permutation (which groups vertices in the same colour
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class together) we have the matrix

[(k—1) ... (k—1) -1 -1 i
: : -1 -1
(k—1) ... (k—1) -1 -1
(k—1) . (k—1)
-1 ... -1
k=1) ... (k—1) 0
(k—1) ... (k—1)
-1 ... -1 : :
i (k=1) ... (k=1)|]
<~
[(k—1) -1 -1 7
-1 (k-1) -1 —1
—1 : »= 0, this is psd since diagonally dominant
| -1 -1 (k—1)

By theorem 69, G is perfect iff G is. Thus, if G is perfect, we have a(G) = w(G) = x(G) which
estabilishes the last statement of Theorem 74.

70



6 Lift and Project Methods

Recall Theorem71, where we project T]T{(G) c SV into RY. It estabilished a representation
of the theta body of GG (a compact convex set which requires infinitely many linear inequalities
to describe in R™, n := |V|) as a projection of a spectrahedron in S'™" which is described using
O(n?) linear equations and a single positive semidefiniteness constraint.

This kind of efficiency gain in representations of convex sets can be seen in many settings, includ-

ing polyhedra.
I in ﬂ?g

2.
- R

7///// i




Can we generalize the approach to other combinatorial optimization problem? Yes!
Given a polytope P C [0, 1]¢, suppose we are interested in

Py = conv(P N {0,1}%)

Examples: P := FRAC(G), P, = STAB(G).
Introduce a new variable x and define

Consider the set

Yep=diag(Y)
M, (K) = {Y = §1++d : YeiEKO,WG{%,Z ..... d} }

Y(eo—ei)eK Vie{1,2,...,d}

Suppose T € P N {0, 1}¢. Define

Then, Y € Sffd,?eg = diag(Y),Ye; = 7 F} € K, Y(eg —¢) = (1 —7) [;} e K.\Vi €

{1,2,...,d}.
Therefore,

PN{0,1}* C LS, (P) := {:c cR%: (i) = Yeg, forsomeY € M+(K)}

Since M, (K) is a spectrahedron, it is convex. Since LS, (P) is a projection of a convex set,
LS. (P) is also convex. Hence,

conv(P N {0,1}%) C LS, (P).

Is LS, (P) a better approximation to conv(P N {0, 1}%) than P?
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Lemma 75
Let P C [0, 1]¢ be a convex set. Then,

d
conv(P N {0,1}%) C LS, (P) C ﬂ conv [(P N H)U (PN H)]

J=1

where H) := {z e R : 2; = 0} | H} := {z e R : z; = 1}.

E)ca.m\a_z %y

(]

7
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Proof. (lemma 75)
We proved the inclusion conv(P N {0,1}?) C LS, (P) before stating the lemma. To prove the

remaining inclusion, let 7 € LS, (P). Then 3Y € M, (K) such that Ye, = [;] .
By definition of M, (K),

|i1:| :?60: ?ei + ?(60-@) ,Vie {1,2,,d}
x ~~~ ———
eKN{yeRM iy =y}  eKN{ycRI+1:y,=0}
Thus,
T €conv [(PNH))U(PNH)],Vie{l,2,... n}

Therefore,

d

T € mconv [(PNH)U(PNH]
i=1
]

Define

LS¥(P) = LS (LS (...(P)))

k—times

Theorem 76

Let P C [0, 1]% be a convex set. Then
P D LS (P)2LSE(P)2...2 LSL(P) = conv(PN{0,1}%)
Moreover, if for some k € {0,1,...,d — 1}, LS% (P) # conv(P N {0,1}%), then

LS¥(P) > LSEH(P).

The last theorem indicates that in principle every 0, 1 integer programming problem can be solved
by solving some convex optimization problem based on SDPs.

» Not surprising in the sense that the number of variables and number of constraints can be
huge (and we can also derive methods achieving the same goal via LP problems).

* Still interesting, because these strictly improving convex relaxations are generated automat-
ically.
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6.1 Lift-and-Project Operator LS, applied to FRAC(G)
Recall, given a graph G = (V, E),
STAB(G) = conv{z € {0,1}" : z is an incidence vector of a stable set in G}
stable set polytope of G
FRAC(G) ={z€[0,1]V : 2, + z; < 1,¥{i,j} € E}
——_———

fractional stable set
polytope of G

Note:
STAB(G) = conv (FRAC(G) n{0,1}")

Let H be the vertex set of an odd-cycle in GG. Then the inequality

-1
S0 < [H]-1
; 2
1€EH

is valid for STAB(G).

OC(G) — {.I' c FRAC(G) . x satisfies all odd-cycle}

constraints for G
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Let H be the vertex set of an odd-antihole in GG. Then the inequality
PERE
ieH

is valid for STAB(G).

ANTI — HOLE(G) e {ZL‘ c FRAC(G) -  satisfies all odd-antihole

constraints for G

If we have an odd-wheel in GG with hub vertex represented by x5 o and rim vertices represented
by z1, %, ..., o1 then odd-wheel inequality

2k+1

kxokia + Z r; <k

i=1
is valid for STAB(G).

WHEEL(G) e {.I‘ c FRAC(G) -  satisfies all odd-wheel

constraints for G
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Theorem 77

For every graph G,

STAB(G)
CLS.(FRAC(G))
COC(G)NANTI — HOLE(G) "WHEEL(G) N CLQ(G) N TH(G)

Open Problem: Give a full, elegant, combinatorial charaterization for LS, (G), VG.

Note: The last inclusion in the statement of Theorem 77 is sometimes strict.

While the above theorem shows the impressive power of LS, operator on F'RAC(G), on many
much easier 0,1 integer programming problems LS, operator and many many other lift-and-
project operators do poorly. See chapter 8 of the textbook and the references therein.

6.2 Successive Nonconvex Relaxation

We can generalize our approach to lift-and-project methods to compute the convex hull of any
compact set, hence in principle solve any optimization problem

inf f(z),z e F

where f is continuous, F' is compact, by solving possibly a very very large scale SDP problem.
Introduce a new variable z,, 1,

inf 2,4
sit. f(x) < zp min ¢’z
o
r el rel

l<$n+1<u

where ¢ :=¢€,,41, F & [l,u] — F

Theorem 78

Every compact set in R? can be expressed as the feasible region of a system of quadratice
inequalities.

Proof. Let F C R? be a compact set. Then R? \ F is open, hence can be expressed as a union of
open Euclidean balls. Then,

F=R"\ (R*\ F) =N (acollection of quadratic inequalities ||z — Z||3> r?)

Recall, Prop 30 is a similar result.
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For every triple (Q,q,7) € S ® R @ R,

{z e RY: 2"Qx +2¢"x + v < 0}
1 2T 1 27
C d. ) < d+1
clacrir |l 9110 5] <o) %] st}
} = 1, then equality holds above.

1 27

If rank Lj b%

Suppose we are given a set P C S? @ R? @ R so that
F = {a: cRY: 27Quw +2¢" 2 +v <0,Y(Q,q,7) € 73}

Note that we may replace P by cone(P) or by the generators of cone(P) (because mulplication of
a positive real number won’t change the inequality).

Define P, := cone(P) N (ST &R R) (ie, collect all the convex quadratic inequalities from this
decription, so a convex relaxation of F).

Theorem 80

Let P C S?@® RY @ R be a clsoed convex cone containing (1,0, R ). Then the convex sets
>0

{z eR": 27Qx+2¢" 2 +~v<0,¥(Q,q,7) € Py}
and T T T
4 v oq 1 =z |1 d+1

are identical. Moreover, in the second description we may replace P by its generators.

6.3 Successive Convex Relaxation Method

Given P C S? @ R? & R containing (I, 0, R) for R > 0,
Co={zeR": 2" Qz +2¢"2+v<0,Y(Q,q.7) € Py}
Dl :{d € Rd : Hd”gz 1}

Dy :={e;,—e; i€ {1,2,...,d}}
k=0
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At iteration k:

Ya € Dy, a(a) := max{a’z : v € C}}
Vb € Dy, B(b) := max{b’x : v € C}}
Py, := coefficient of (o — a’ z)(b'z — 8) <0

Ok:—i—l = {Ji’ € ]Rd : xTQx + 2qT$ +7 < Oav(Q7Q77) € (P U Pk’)-i-}
E=kFk+1

Thas,
@@.3-5:_) (s -&) 70
it e vailid
(s
T ne el
- Ck .

Theorem 81

With the above definition, the sequence of convex relaxations C;, of F' generated by SCRM
satisfies

(a) Yk € Z,, conv(F) C Cry1 C C, moreoever,
Crr1 = Cr <= Cy = conv(F);

(b) N;—, Cx = 0 for some finite number 7, if F' = ();
(©) Nie; Ckx = conv(F)
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Theorem 82

Let I C {0, 1}¢ and the set C be defined by quadratic inequalities such that

conv(F) C Cy C [0, 1]d.
Suppose the quadratic inequalities 77 —z; < 0, —2?+x; < 0,Vi € {1,2,...,d} are included
in the quadratic inequality system. Let {C}} denote the sequence of compact convex sets

generated by the SCRM. Then,

Cy = LS¥(Cy),Vk € Zy

Why? Recall the definition of LS via M, :

( 3\

M (Cy) =X ...Ye;,Y(eg —e;) € cone(1 & Cy) ...
K

(. J/
-~~~

\ 1) J

where
[s0,s7]Ye; > 0 . 50
1) = NVied{l,2,...,d}, Y e K*
(1) [s0,8T]Y (eg —e;) = 0 red } S
Also,

{S;] c ¥ <— [30 ST} E] >0,V € C), < sy > —sla, Ve e Cy.

Our current descriptions of sets C} are as feasible regions of semi-infinite SDPs (in this case
infinitely many constraints on a matrix variable in S*1).

We can take a finite subset of D; =: {d € R*: ||d||;=1}. Then, if the initial system of quadratic
inequalities is finite, each C; will be a projection of a spectrahedron (a typical SDP feasible region).
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7 Convex Algebraic Geometry
How can I convince you that

f(z) :=8301087; + 21635 + 327 — 2x3w; — 32775 + 24a72)

What if I claim

f(z) =(z; — 2wy — 3)* + 25(25 — 21 — 1)?
+ 2i5(331 — To + da4)? + 2
> 2.V e R*

Given a polynomial f : R” — R of degree of 2d,d € Z, ., let

N
h(z) = [1, 21,29, ..., Tn, 22, 2129, 2123, ..., 25, ..., 20T € R
n+d ) .

where N : < :l_ > We are interested in the set

F(f) = {X e S" : [n(a)]" Xh(z) = f(2)}

Theorem 83

Letz € R and f be a multivariate polynomial over the reals. Then,

[f(x) —z] if SoS <— {X €F(f): X =Zere]}  #0

A feasible region of a tr1v1al SDP, even Z not given

f() = 2% + 422 — 4oy 29 — 621 + 1229 + 12, h(x) := [1, 21, 22] 7.
1 2

sup z

1 I T

1 /12—-2 -3 6
s.t. X1 < —3 1 —2)
To 6 —2 4

81



We can extend the idea of using SoS relaxations of nonnegativity of polynomials to PoPs
(Polynomial Optimization Problems):

inf P()(QS')
st. Pi(x) =0

P,(x) =20

We already have seen methods to handle such optimization problems (via Reformulating the prob-
lem by quardatic polynomials). We can also treat PoPs directly. We will explain on the feasibility
version of (PoP).

IsF:={zeR": P(z) >20,P(x) >0,...,P,(x) >0} =07
Theorem 84

Let P, P, ..., P, be given multivariate polynomials over n real variables. Then,

F:={zeR": P(z) >0,Vie{1,2,...,m}} = Qiff
3sg,...,87,... € SoS(n,*) such that
g = ZJQ{I,Q,...,m} SJ (Hz’eJ Pi) =—1

where SoS(n, ) denotes the set of sum of squares polynomials with degree bound x.

IN a way, Theorem 84 is a ’common’ generalization of Farkas’ Lemma and Hilbert’s Nullstellenstaz.

Theorem: Farkas’ Lemma

Let A € R™*" b € R™ be given. Then, exactly one of the following holds:
(i) dJreR": Az =b,x > 0;

(i) Jy e Rm: ATy > 0,01y < 0;

For this side only x € C".

Theorem: Hilbert’s Nullstellensatz

Given multivariate polynomials P, ..., P, : C" — C, exactly one of the following systems
has a solution (in C"):

(i) P(x)=0,Vie{1,2,...,m};

(i) d polynomials h; such that




Note that theorem 84 can be implemented computationally (although, in general, none of these
methods has been effective on nontrivial, large-scale instances).

Guess an upper bound on the degree of the polynomials s ;’s, treat the coefficients of the mono-
mial of S;’s as variables then we have an SDP to solve.

Considering larger degree certificates s;’s lead to very large scale SDP problems.
Recall Theorem 83. Suppose we guessed the maximum degrees of s;’s as two. Suppose n = 3.
Represent coefficients of monomials of

s7(1) := ag + a171 + apTo + azr3 + a4t + asT 9 + A6T1T3 + 7T 4+ agToT3 + AT by
1 T ) T3
1 ao 0,1/2 a2/2 a3/2
X .= T a1/2  ay  as/2 ag/2 = 0
o | az/2 as/2  ar  ag/2
xT3 CL3/2 CL6/2 CL8/2 (075}

Note: s;(x) is a degree 2, SoS if and only if X = 0.

Now if we recall the g in theorem 84, we will see that it actually requires the most of coefficients
after the summation becomes zero while we can represent the coefficient of each s; as a positive
semidefinite matrix.
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8 Extension Complexity

Recall facets plot and theorem 71 and theorem 77.
Given a polyhedra (or a family of polyhedra), what is the smallest number of linear inequalities
necessary to represent this polyhedron as a projection of another polyhedra?
Similarly, given a closed convex set which can be expressed as the feasible region of an SDP,
what is the smallest size and number of matrix variables and p.s.d. constraints which allow us to
represent the given convex set as a projection of a spectrahedron?
Let A € R™*4 b € R™,

P:={reR’: Az < b};

suppose dim(P) = d, P is bounded, and P has m facets, n extreme points.
Slack matrix of P is S € R™*™,

Sij = bz - <a(i)7v(j)>7Vi>j7

where a(? is the i** row of A, vU) is an extreme point of P.
Nonnegative rank of S (and P) is the smallest ineger k such that

S =FVT where F € R™* vV € RT*

Then rank, (P) := rank,(S) := k.

Theorem 85: Yannakakis[1991]

Let P C R? be a polytope, k := rank,(P). Then every lifted representation
(extended formulation) of P has at least k constraints. Moreover, there exists a lifted repre-
sentation of P with at most (k + d) constraints and (k + d) variables.

Note that in the above theorem, by “lifted representation” or ” extended formulation” we are only
refering to polyhedral representations. So, “number of constraints” refers to the number of linear
equations and inequalities.

Proof. Sketch
Note the every valid inequality for P is a linear consequence of facet defining inequalities for P.
Suppose all facets of P are expressed as { Az < b}. Let S be the slack matrix of P and

rank, (S) =k, S = FVT F ¢ R7™* vV € Rk,

N

P:z{(i) ERd@Rk:Aaz+FU:b,u>0}

Claim:P = {I e R?: (i) ¢ P for some u € ]Rf}

So, P is a lifted representation with (k + d) variables and (m + k) linear constraints.
We can eliminate (m — d) constraints from the description of P which finishes one direction of the
proof.
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For the other direction, suppose there exists a polytope P with ¢ facets so that the projection of P
is P. Consider the slack matrix S of p, but only focus on the submatrix of S whose columns cor-
respond to extreme points of P projecting to extreme points of P. Every facet inducing inequality
for P comes from a valid inequality for P which by our first observation is a . nononegative linear
combination of facet inducing inequalities for P. Collecting these facets of P in a matrix F, and
defining the submatrix of S as V, we have S = FV7T which is the slack matrix of P, which shows
rank;(S) < q. O

The smallest number of facets needed in a lifted polyhedral representation is called the extension complexity
of P, and is denoted by

xc(P).

How about lifted SDP representations and SDP extension complexity?
Given a convex set GG and a convex cone K do there exist an affine subspace V' and linear subspace
W such that

N~~~ N——
Projection Proper if

onto subspace :
W VNint(K)#0

We say that GG admits a lifted representation by K.
Suppose G is a compact convex set with nonempty interior. We may assume 0 € int(G). Recall
the polar

G%:={s:(x,s) <1,Vz € G}

Slack function of G:Sg : ext(G) @ ext(GY) — R, Sg(x, s) :=1 — (z, s).
A K-factorization of S is a pair of maps V : ext(G) — K, F : ext(G°) — K* such that
Sa(w,y) = (V(2), F(s)),V(x,s) € ext(G) & ext(G°).

Theorem 86: Gouveia,Parrilo, Thomas[2013]

If S has a K-factorization, then G has a lifted K -representation. If GG has a proper lifted
K -representation, then S has a K -factorization.

Where is the result about lifted-SDP representations?
Set K :=8% or K:=S7 @Sy ®... 0S| then K* = K.
For combinatorial optimization applications, G is a polytope in [0, 1]¢, such as ST AB.

85



9 An Application to Discrepancy Theory

Discrepancy Theory involves studying and quantifying regularities and irregularities in typically
discrete mathematical structures. These studies sometimes include approximations to discrete
mathematical structures by continuous structures.

Applications include those in other areas such as:

communication complexity, data analysis, design of polynomial time approximation algorithms,
computational geometry, computational complexity theory, Monte-Carlo algorithms, computa-
tional finance.

Let F be a family of subsets of {0, 1,..., (n—1)}. Givenz € {—1, 1}{%1"~1} the discrepancy of x

is
>

jeJ

n=>5F:={{0,2,4},{1,3},{2,3}},7 := [-1,1,—1,—1,1]". Then,

= Imax
JeF

A(T) =max{1,0,2} =2,A(F) ;= min {A(z)}

ze{-1,1}"

A(F) = 1, attained by & := [—1,1,1, —1, 1] among others.

We want to find a sign vector x (which partitions the ground set) so that the discrepancy is mini-

mized:
A(F):= min {A(x)}

ze{-1,1}"

Consider, as an approximation to A(F), instead of starting with A(z) = max,c7 |>;c; @i,
start with Ao (z) := >, r (Xics mi)Q, and define

) 1

We have Ay(F) < [A(F)]>
An integer programming formulation to compute A(F):

min ¢
—t<Zl€Jxl<tVJ€]:
re{—-1,1}"

Consider

mmm Z (Z xl> x € {—1,1}" as a lower bound

JeF \ieJ
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Equivalently,

ieJ jeJ
diag(X) =€
X €S}
rank(X) =1

Note in the above, we write X <> za” and we know (3°,;2;)? = Y af + 237, ax;.

If we represent 7; — v € R" with [[v@|s= 1, X € S? with diag(X) =eand X = VVT VT =
[0©@ @ D]

we have the SDP relaxation
-(mim{meCX)dmgxy:ax>o}mdem1

+ (D) sup {e"y : Diag(y) < +C}
Optimal objective value of (P) lower bounds Ay (F) whose square-root lower bounds the discrep-
ancy of F, A(F).
Primal SDP has the Slater point X := I and the dual SDP has the Slater point 5 := — (||C||»+1) e.
Therefore, by a corollary of the Strong Duality Theorem, both (P) and (D) attain their optimal
values and these values are the same.

Theorem 87: (Roth[1964])

For every partition [N7, Ny| of integers {0, 1,2,...,n — 1}, there exists an arithmetic pro-
gression G := {l,l + o, + 2c,...,l + ka} C {0,1,...,n — 1} such that

1

Ny|— N. —
1971 Nal-1G N Vol > -

We can prove this theorem, utilizing the SDP relaxation above.

We will prove something slightly stronger, that there exists an arithmetic progression of length
k= [y/n/8] suchthat o« € {1,2,...,8k} and the conclusion of the theorem holds.

We consider progressions modulo n (we allow them to wrap around). Note,

k—1)8k < [v/n/8 —1]V8n<n—1.

Thus, our arithmetic progressions never wrap around more than once.
Let ‘H denote this family of progressions.
Note, |H|= 8kn. So, our SDP relaxation is:

wing, 3 (L3

JeH \ied jed
diag(X) =
X eSSt
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The feasible region and the objective function of the above SDP are invariant under cyclic
shifts:
Xij = Xig1,j41,

where indices are interpreted modulo 7.

Using the above lemma, we can deduce 33 € R"~! such that an optimal solution of SDP is

[ 1 B B .. Bud]
ﬁn—l 1 61 ﬁn—2

| o

[ 1 B Bo oo Baoi]
B 1 B ... Ba

which means 3,,_; = [;.

L.e., SDP has an optimal solution that is a symmetric, positive semidefinite circulant matrix with
every diagonal entry equal to 1.

Using the structure of such a special optimal solution X of the SDP relaxation, we can prove that

/ _ 1
its objective function value is at least #. For all large n, this yields a proof that A(F) > 2.
We worked on the primal SDP; we could have worked on dual SDP instead:

Let A; € {0,1}™*™ denote the matrix whose i’" row is the characteristic vector of the arithmetic

progression with starting point ¢ and stepsize j € {1,2,...,8k}. Then,

8k

Ci=> AAT.
j=1

Our dual SDP is
max ETy
1
.t. Di < —
S iag(y) Skno

It turns out, if suffices to consider a very special family of dual solutions: y = ne for n € R.

We immediately have that

1
> — .
opt(SDP) > Skn)\n(C')

Note, C' is a symmetric, positive definite circulant matrix.
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10 SDP Representability and some other applications

On the spectrum of

1. Theory of SDPs: which convex sets can be expressed as feasible regions of SDPs (perhaps
allowing auxiliary variables)?

2. Applications of SDPs: which applications can be efficiently treated via SDPs?

[No bound on XCspp(-) is required]

Given a convex function f : R? — R U {co}, we can formulate convex optimization problems
involving f (either in the objective function as " inf f(xz)...” or in the constraints as ” f(x) <
g(x)” where ¢ is an affine function) via representing its epigraph,

epi(f) = {m ERDORY: f(2) <t}

we will focus on the latter.

Affine functions, polyhedra:
Given A € R™*? b ¢ R™,

{z € R": Az < b} = {x € R*: Diag(b — Ax) 3= 0}

Euclidean Norm:
[iRY =R, f(x) = ||z,

epi(f) = {m ERBR : ||z]l2< t}

:{m cROR?: {i fﬂ >0}.

Matrix 2-norm(Operator 2-norm)
[iR™ 5 R, f(x) = || X||2:= maxpern:|po=1/ X P||2.

epi(f) = {(t, X) e ROR™ - || X[lo< 1}

B mxn T XT
—{(t,X)eR@R .[X oI =0
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10.1 A Homogeneous Cone and Nuclear Norm Minimization:

Consider the convex cone
d{(t,U,X) eRORV" ®S" : tX —UU" = 0,t > 0}

T
:{(t,U,X)eR@R”Xm@S": E [ﬂ %0}

In many applications of data sparsification (finding sparse representations capturing “important”
parts of the data), compressed sensing and machine learning, problems of minimizing the nuclear
norm of a matrix over an affine subspace (or its variants) arise.

Given X € R™*"™, its nuclear norm is

min{m,n}

IXN=Tr (XXT)H) = 3 au(X),

i=1
where o;(X) denotes the i’ singular value of X.

(P) inf | X]. (D) sup by
st AX) = b A (9) o< 1

The dual problem can be formulated using the operator 2-norm formulation (U := A*(y),t := 1)
or the more general formulation (U := A*(y),t := I, X = tI).

{ tr (A ()"

A(y)  tI }?Oﬁtzl = A ()]2< 1

10.2 Maximum Eigenvalue of a Symmetric Matrix:
FiS" R, F(X) = M(X).
epi(f) = {(t, X) e R®S": M (X) <t}
={(t,X) ER®S" : t] — X 3 0}

10.3 Condition number of a symmetric, positive definite matrix pencil:

Suppoe Ay, Ay, ..., A, € S™ are given and we want a matrix of the form (Ap + >, y;4;) such
that the min. eigenvalue is at least one, and that its condition number is minimized:

inf ¢

1=1
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10.4 Sum of k-largest eigenvalues:
oSt =R F(X) = Kp(X) = 38, M(X).

epi(f) ={(t,X) e R® S} : Ki(X) < t}
(t—kn)—T Y) 0
(t,X)EREST : M (t,X,1,Y):= 0 Y
0 0

for some Y €S™ ,neR

Proposition 89

Let f and M(t, X,n,Y’) be as defined above. Then, (¢, X) € epi(f) if and only if there
exists » € Rand Y € S™ such that M (¢, X,n,Y) = 0.

Proof.

1. (<= ) Suppose In € R, Y € S" such that M (¢, X,n,Y") = 0. Then, Theorem 1.20 of the
textbook (variational charaterization of eigenvalues of symmetric matrices Courant-Fischer-
Weyl Theorem) and Y — X + 1/ = 0 implies

N(Y) = A (X) = —n,¥) € {1,2,...,n}

Summing up both sides of the first k inequalities, we obtain K (Y) + kn > Ki(X).
Since Y = 0, we have Tr(Y") > K (Y'). Combining this with 77(Y") + kn < ¢ (from (1, 1)
block of M (t, X,n,y) = 0), we conclude

Ke(X) <K Kp(Y)+kn<Tr(Y)+kn<t
We proved (¢, X) € epi(f).
2. (= )Let(t,X) € epi(f). Then, X = 0and K\ < t. Letn := A\x(X). We have

N(X —nl) >0,V5€{1,2,...,k} and
N(X —nl) <0,Vj e {k—l—l,...,n}.

Let M u® ... u™ € R" be the eigenvalues of (X — nI) corresponding to the eigenvalues
M(X —nl),..., \(X —nl) respectively. Let

k
Y=Y N(X - DD’ Z =Y — (X —nl)

j=1
Note, Y = 0and Y — (X — nl) = Z = 0. Finally,

t—knp—Tr(Y) =t — kM(X) — Ki(X) + kXp(X)
—t—Kp(X) >0

Therefore, M (t, X,n,Y") = 0 as desired. O
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We can extend the above SDP representation to handle f : R"™*" — R, f(X) := Zle (X)), epi(f) =
{(t, X) e RpR™™: Zle o:(X) < t}, the epigraph of sum of k-largest singular values of X.

T
Note that the eigenvalues of { )O( )g ] are the singular values of X and their negation.

10.5 Geometric Mean
iR SR, f(o) = — (T )

3=

1

epi(f) =< (t,X)eROR": — (Hx]>n <t

10.6 Determinant of X € S"
fiSt, =R, f(X) = [det(X)]n.

epi(f) = {(t,X) ER®S", : —[det(X)]* < t}

10.7 Determinant of X € S

foST 5 R, F(X) = [det(X)].
epi(f) = {(t,X) ER®S" : —[det(X)]* < t}

We will construct an SDP-representation for the above epigraph by utilizing an SDP-representation
for the Geometric Mean application. For ¢ € R™"t1/3 index its entries by ij, where i,j €

{1,2,...,n} so that £ gives a v ector representation of the entries of a lower triangular matrix
§u
V(€)= §a1 &2 O
gnl €n2 £nn

Let Z(t, ) denote the SDP representation of the set

2

n

epi(g) := (?g) eR@RMHD/2 ¢ > (H §ii> i = 0,1
i—1

That is, Z(t,&) = 0 if and only if {;J € epi(g). Define
A€ 0 0
M@, X8 =1 0 I [Y©r
0 Y X



Theorem 90

Let f and M (¢, X, €) be as above. Then, (g,) if and only if 3¢ € R™"*V/2 with &; > 0, Vi
such that M (¢, X, &) = 0.

Proof.

<= Suppose 3¢ € R""*D/2 with &; > 0,Viand t € R, X € S such that M (¢, Xi,&) =
0. Then, by the block structure of M (¢, X, &) and Lemma 5 (Schur Complement Lemma),
we have Z(t,€) = 0and X 3= Y ()[Y(9)]7.

The former impliest > — (§11 & ... &) ". Thelatter implies det(X) > det(Y (€))? =
€262, €2 Thus, —(det(X))n <t (¢, X) € epi(f) as desired.

* — Suppose (t, X) € epi(f). Let
Y00 , otherwise

Then, M (t, X, &) = 0, as desired.

10.8 Univariate, nonnegative polynomials

Given pg, p1, . . . , Pn, We have

p(t) = pitt, v = (Lt 8%, 1" € P
k=0

Then, p(t) = (p, vn).

Ko =< peP™:p(t) >0,Vt€R
——
p€R2n+1

E;, € S dentoes the k' cross-diagonal matrix k € {0,1,...,2n}:
0 ...]

0

oS = O

1
0
0 ,...,Egn:ene

~ T
E0:€1€1,E1: n

01
10
0

O = OO

Theorem 91

For every positive integer n,

Ky, = {p e R pi = (By, X), k€ {0,1,...,2n}, X € STl}'
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Proposition 92

(}{én)*

2n
{s € R¥HL . ZsKEk = O} .

B
o

Proposition 93

For every positive integer n,

int(Kan) = {p € R*" : py, > 0 and p(t) > 0,Vt € R}

Theorem 94

For every positive integer n, Ko, and K are pointed closed convex cones with nonempty
interiors.

Theorem 95

If p € int(Ks,) then the set
{X eSSt (B, X) =pi,Vk € {0,1,...,2n}}

is bounded and it contains some X = 0.

Univariate polynomials that are nonnegative on R, or on [0, 1] can be treated. Trigonometric
polynomials

p(t) = Zpk,(cost + _ ¢  sint) can also be treated
k=0 ii=v/—1

More open problems:
* characterize the set of convex cones that are spectrahedral.
* characterize the set of convex sets that are spectrahedral shadows.

* find new applications of SDPs in

approximation algorithms

quantum computing & information

graph theory

combinatorics

* settle the Unique Games Conjecture



* design faster and more robust algorithms for solving SDPs

— first-order
— second-order and higher but adaptive

— exploit sparsity and special structure better
* better understanding of the boundary structure of spectrahedra.

* applications, applications, applications. Data Science, Machine Learning, System&Control
Theory,. . .
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