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Abstract. We present efficiently verifiable sufficient conditions for the validity of specific NP-
hard semi-infinite systems of Linear Matrix Inequalities (LMI’s) arising from LMI’s with uncertain
data and demonstrate that these conditions are “tight” up to an absolute constant factor. In par-

ticular, we prove that given an n x n interval matrix U, = {A | |A;; — A;‘j\ < pCj;}, one can build
a computable lower bound, accurate within the factor g, on the supremum of those p for which

all instances of U, share a common quadratic Lyapunov function. We then obtain a similar result
for the problem of Quadratic Lyapunov Stability Synthesis. Finally, we apply our techniques to the
problem of maximizing a homogeneous polynomial of degree 3 over the unit cube.
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1. Introduction. In this paper, we focus on the following “Matrix Cube” prob-
lem: ;
MatrCube: Given an affine mapping u — B(u) = B® + 3" u,B* from
=1
R" to the space 8™ of m x m real symmetric matrices and p > 0,
check whether the image

Clo) ={A] 3w [luflc <p) : A= B(u)}

of the box {||u|lcoc < p} under this mapping is contained in the cone
S'!" of positive semidefinite matrices.
Problem MatrCube is closely related to what is called uncertain semidefinite pro-
gramming with interval uncertainty. Specifically, consider a Linear Matrix Inequality
(LMI)

(1) Ao+ > wjA; = 0;

Jj=1

here z € R" is the vector of variables, Ag,...,A, € 8™, and A = B means that
A—DB e 8. Assume that the data [Ay, ..., A,] of the LMI “are uncertain” — we only
know that the data belongs to a given uncertainty set Y. Our aim is to find robust

solutions of the resulting “uncertain LMI”, i.e., solutions x of the semi-infinite system
of LMTI’s

(2) Ao+ > wjA; =0 V[Ag,..,Ax] €U.
j=1
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We say that the uncertainty is interval, if U is the image of a box under an affine
mapping:

L
3) U=U,= {[Ao,...,An] = [AD, ., A0) + D welAf, ., AL] | oo < p}.
{=1

As an example, consider the following Lyapunov Stability Analysis problem.

(LSA): Given an uncertain linear time-varying system

d
(4) am(t) = A@t)z(t), A(t) € AV,
where A is a given compact set of matrices, check whether the system

admits a quadratic Lyapunov function, i.e., whether there exists a positive
definite matrix X such that

d, r -1
a(ﬂc X z(t) <0

for all nonzero trajectories z(t) of (4).
Recall that the existence of a quadratic Lyapunov function is a standard sufficient condition
for the stability of the system (i.e., for the fact that xz(t) — 0,t — oo , for every trajectory
of the system, whatever is a (measurable) choice of A(-) taking values in A). It is easily seen
that the existence of a quadratic Lyapunov function for (4) is equivalent to the solvability
of the semi-infinite system of LMI’s

(b) AX+XAT < -1 VA€ A,

and every solution X of the latter system defines a quadratic Lyapunov function for (4).
Note that (5) is of the form of (2), so that to find a quadratic Lyapunov stability certificate
for uncertain linear dynamic system (4) is exactly the same as to solve a semi-infinite system
of LMIs (2) associated with an appropriately chosen uncertainty set &. Note also that the
latter set is an interval uncertainty, provided that A is so, e.g., provided that A4 is an interval
matrix:
(6) A=A, ={A:|Ay — Ajj| < pDi; Vi, j}
(A" is the “nominal” matrix, D = [D;; > 0];,; is a “perturbation scale”, and p > 0 is a
“perturbation level”).

The Lyapunov Analysis example, same as other examples which can be found in
[1, 2, 4, 6], demonstrate the importance of robust solutions to semidefinite problems
affected by data uncertainty, in particular, an interval one. Theoretically speaking,
the major difficulty with this concept is that (2) is a semi-infinite system of LMI’s
and as such it can be computationally intractable. However, the set X of solutions
to (2) clearly is closed and convex; it follows that, essentially (for details, see [8]),
“computational tractability” of (2) (i.e., ability to find efficiently a point in X or to
maximize efficiently a linear function over X) is equivalent to a possibility to solve
efficiently the associated Analysis problem:

Anal[z]: Given a candidate solution x, check whether it satisfies (2).

The role of the Matrix Cube problem in the context of uncertain semidefinite pro-
gramming comes from the evident fact that in the case of interval uncertainty (3),
problem Anal[z] is equivalent to problem MatrCube with the data

B = Af+ ) ;A% 0=0,1,.., L.
j=1
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Unfortunately, the Matrix Cube problem in general is NP-hard. This is so even
in the case when all “edges” Bl, ..., BY of the “matrix box” C[p] are of rank < 2 (see
[9] or Section 4 below). Consequently, one is enforced to look for verifiable sufficient
conditions for the inclusion C[p] C S'}". The simplest condition of this type is evident:

(S) Assume that there exist matrices X1, ..., X, satisfying the system
of LMI’s

&
o
Y

+pBf ¢ =1,..,L,

(7) 0 S X < B

PN

Then C[p] C S}
In the context of semi-infinite system of LMI’s (2) with interval uncertainty (3), (S)
results in the following system of LMTI’s in variables x, { X,}:

X, = +p L 0=1,..,L,

n
j=

(8) . .
=1 j=1

This system is a “computationally tractable conservative approximation” of (2) in the
sense that whenever x can be extended to a feasible solution of (8), x is feasible for
(2) (by (S)).
The main result of this paper is as follows:
(N) The simple sufficient condition (S) for the inclusion C[p] C S™" is
not too conservative, provided that the edges B, ..., BY of the matrix
box Clp] are of small ranks. Specifically, if (S) is not satisfied, then
Y(p)-enlargement C[Y(u)p] of the box Clp] is not contained in S'}".
Here

p= max rank(BY),

[RRRE}

and ¥(p) is certain universal function such that

B(1) =1; 9(2) = T = 1.57...; ¥(3) = 1.73...;9(4)

5 =

I(p) < T vp.

Note that in typical semi-infinite systems of LMI’s arising in Control, perturbation
of a single data entry results in small rank perturbations of the LMI’s; whenever this
is the case, (S) and (N) allow to build “tight” (up to a moderate absolute constant
factor), computationally tractable conservative approximation of the semi-infinite sys-
tem in question, provided that the uncertainty is an interval one. For example, in
the Lyapunov Stability Analysis system (5), by perturbing a single entry in A, we
perturb the left-hand side of the semi-infinite LMI (5.b) by a matrix of rank < 2; as
we shall see, this observation combined with (N) allows to build efficiently a lower
bound, tight up to the factor 7, for the “Lyapunov Stability radius” of an interval
matrix (i.e., for the supremum of those p > 0 for which all instances of the interval
matrix (6) share a common quadratic Lyapunov function).

The rest of this paper is organized as follows. In Section 2, we prove our main

result (N). Section 3 is devoted to Control applications of this result, specifically,
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those in Lyapunov Stability Analysis and Synthesis. In Section 4, we establish links
between the Matrix Cube problem and the problem of maximizing a positive definite
quadratic form over the unit cube; in particular, we demonstrate that (N) allows to
re-derive the “Z Theorem” of Nesterov [12] stating that the standard semidefinite
bound on the maximum of a positive definite quadratic form over the unit cube is
tight within the factor 5. In concluding Section 5, we apply our techniques to the
problem of maximizing a homogeneous polynomial of degree 3 over the unit cube.

In what follows, we frequently use the semidefinite duality; for reader’s con-
venience, we list here the relevant results (for proofs, see, e.g., [11]). Consider a
semidefinite problem

min { ¢’z : ijAj —Ap>=0p; (Pr)
j=1

here x € R", Ay, ..., A, € §™. It is assumed that no nontrivial linear combination of
the matrices Ay, ..., A, is zero.
The semidefinite dual of (Pr) is the problem

max {Tr(AoX) : Tr(4;X) =¢;, j=1,..,n, X = 0}. (D1)

The duality is symmetric: (Dl) can be straightforwardly rewritten in the form of
(Pr), and the semidefinite dual of this reformulation is (equivalent to) (Pr). The
Semidefinite Duality Theorem says that if (Pr) is bounded below and strictly feasible
(i.e., > z;A; — Ag > 0, for certain Z, where A > B means that A — B is positive

j
definite), then (Dl) is solvable and has the same optimal value as (Pr).

2. The Matrix Cube problem. The formal statement of our main result (N)
is given by the following.

THEOREM 2.1. Consider problem MatrCube along with system of LMI’s (7) in
matriz variables X1, ..., Xy, and let

= k(B
L 11;1%XL rank(B")
(note 1 < £ in the max!). Then
(i) If system (7) is solvable, then the matriz box Clp] is contained in the positive
semidefinite cone S"';

(ii.a) If system (7) is unsolvable, then ¥(u)—enlargement C[9(u)p] of the matrix
box C[p] is not contained in the positive semidefinite cone, where the function 9(-) is

given by
T
—k/2 exp {_u2u} du

(ii.b) The function 9(-) satisfies the relations

k
Zaz Z\ai\ =1
i=1

O =

T k: ™

(10) I(k) < —— Yk 9(2) =5
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Proof. (i) is evident: if {X,}F | solve (7), then uyB* = —X, for all £ and all
ug € [—p, p] by (7.a), so that

4 L
[ullo <p= B°+> uwB"=B"=>" X, 0
=1 (=1

(we have used (7.b)), and so C[p] C S

(ii.a): Assume that (7) is unsolvable, and let us prove that in this case C[9(u)p] ¢
St

19, Since (7) is unsolvable, the optimal value in the semidefinite program

L

r{n}i{p} {t | tI + B° > ZXE, X, = +pB', 1= 1,...,L} (P)

t,{ Xy
=1

is positive. Since (P) is strictly feasible, it follows from the Semidefinite Duality
Theorem that the semidefinite dual of (P), i.e., the program

L Te(U)=1,U = 0,
max < p» Tr([Yy— Z]B") = Te(UB%)| Yi+Z,=U, (=1,.., L, (D)
UvYeZeh | S Y, Ze =0, £=1,..,L.

is solvable with a positive optimal value.

20, To proceed, we need the following simple result:

LEMMA 2.2. Let U = 0 and B be a symmetric matrix of the same size as U.
Then

(11) max Te([Y — Z]1B) = max  Tr(VUY2BUY?) = |INUY2BUY?)||,
Y, Z=0:Y +2=U V=T |V|<1

where A(Z) is the vector of eigenvalues of a symmetric matric Z (counted with their
multiplicities) and || Z|| = [|M(Z) || is the operator norm of Z.
Proof. We clearly have

max  Tr([Y — Z]B) = max  Tr([UY2PUY? - UY2QU'/?|B)
Y, Z-0:Y+2Z=U P,Q=0:P+Q=I

_ _ 1/2 pri/2
pg i TP = QIU2BU)

= max  Tr(V[UY2BU'/?)),
v=vTiv]<1

as stated in the first equality in (11). To get the second equality, it suffices to consider
the case when the matrix U'/2BU'/2 is diagonal, where the equality becomes evident.
0

In view of Lemma 2.2, the fact that (D) is solvable with positive optimal value
means that there exists U > 0 such that

L
(12) P INUYEB UV > Te(UY2BUY?).
=1

We are about to provide a probabilistic interpretation of (12), and this interpretation
will lead us to (ii.a).
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30, Let us write & ~ N(0,1;) to express that ¢ is a random Gaussian k-
dimensional vector with zero mean and unit covariance matrix, and let

pr(u) = (277)_k/2 exp{—uTu/2}

be the corresponding Gaussian density. We need the following fact:

LEMMA 2.3. Whenever k is an integer, B is a symmetric m X m matriz with
rank(B) < k and § ~ N (0, I,,), one has

[AB) 1
E{|§TB§|} > W

Proof. 1t suffices to consider the case when B is diagonal, and in this case the
relation in question immediately follows from the definition of ¥(-). O
40, Let & ~ N(0, I,,). We have

E{ﬁ(“”’ ZL3"STU”QB‘U”QEI} = S UWE €U BT e}
£=1 /=1

L
p > INUYEBUY)|
=1
[by Lemma 2.3 and in view of rank(U'/2B‘U"/?) < rank(B*) < y]
> Tr(UY?2BUY/?) [by (12)]
= E{{"UYV2BUY%¢} [evident]

%

)

so that there exists r € R such that

L
Z I(w)plrTUY 2B UY ?r| > vTUY2BOUY/?p,
=1

Consequently, there exists a collection {e, = +1, £ =1,..., L} such that

L
T > 9(w)pe UV BNV | v > U2 BOU 2,
(=

1

L
i.e., the matrix B® — 3" 9(uu) pe, B is not positive semidefinite. Thus, C[d9(u)p] ¢ ST,
=1

as claimed in (ii.a).

(ii.b): Let a € R*, |lafi = 1, let 3 = [ _aa } e R*, and let & ~ N(0, Iy).
Setting
k
1= [[3: vt
=1
we have

2k
2
> Gaig

i=k+1

_|_

2k
> &8
=1

(13) E{

k
} gE{ S éa,
=1

}:u
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On the other hand, setting n; = (& — &4r)/ V2, G = (& + &ir)/ V2, we get

k a1 G
(14) = 20imiGi| =2]7"¢|, 7= : s C=
=t Qe C
oy |
Note that ¢ ~ N (0, I;) and 7, ¢ are independent. Setting 77 = , we have
||
B{7¢} = E{lil) [tp0a
[since 7, ¢ are independent and ¢ ~ N(0, I)]
(15) = E{lill} & = ZE{lnl:}

2
zﬁwmwﬁ%gﬁwﬁ>%-
Combining (13), (14) and (15), we get 2J > < vk
relation in (10).

The second relation in (10) is given by the following computation:

f? ie., % , which yields the first

. 2 2 . 2 2

ﬁ = arenll{% {/ |a1u1 —|—a2u2|p2(u)du} = 0161%(1){11]/|0u1 - (1- 0)u2|pg(u)du
llaly =1

= l/ |ui — u3| p2(u)du

[since the functlon to be minimized is convex in 6 and symmetric w.r.t. § = 1/2]

[fom] -2

Let us reformulate Theorem 2.1 in a more convenient form as follows:
COROLLARY 2.4. Consider a semi-infinite system of LMI’s (2) with interval data
(3):
1)

Ao + Z Q?jAj t 0 V[Ao,Al, ...,A7J clu
7j=1

L
U, = {[Ao,Al, e An] = [A3, A7, ..., AY) +éz up[ AL, AL, ..., AY)
=1

Hmuép}

(Sys|pl)
and let

B'[z] Ab + Z z; AL 0=0,1,...

p = max rank(Be[ D

1<£<L

(note 1 < ¢ in the max/).
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The system of LMI’s in variables x,{X,}:

Xy +pBtx], L =1,....L,
L
E X, < Bo[x] (APPY[P])
=1

Y

is a Y(p)-tight approzimation of (Sys[p]), i.e.,

(i) If x can be extended to a feasible solution of (Appr|p]), then x is feasible for
(Sys[pl):

(ii) If x cannot be extended to a feasible solution of (Appr[p]), then x is not feasible

for (Sys[9(u)p])-

2.1. Simplification of (7). From the computational viewpoint, a shortcoming
of the sufficient condition (7) for the inclusion C[p] C ST is that the sizes of the LMI
system (7), although polynomial in the sizes of MatrCube, are “large”: the system
has 2L 41 “big” (m x m) LMI’s and has M scalar decision variables. Our local
goal is to demonstrate that in the case when p = max rank(B*) is small, (7) can be

reduced to a much smaller system of LMIs.
PROPOSITION 2.5. (i) Let S € 8™ be a matriz of rank k > 0, so that

S =PTRP

with invertible k x k symmetric matriz R and k x m matriz P of rank k.
(i.1) A matriz X € S™ satisfies the relation X = £S5 if and only if there exist
k x k symmetric matrices Y, Z satisfying the relations

(a) X = IPT(Y+2)P

(b) [2 g] = 0.

(16)

(i.2) In particular, X = £S5 if and only if there exists U = +R such that X =
PTUP.

(ii) Consequently, the solvability of (7) is equivalent to the solvability of the system
of LMI’s

pRe 7

(a) [ Ye ”Rf} - 0,0=1,..1,
(17) L
) X P (Yet+Z)P = 2B°

=1

in matriz variables Yy, Zy € 8%, ¢ = 1,...,L. Here k; = rank(BY) (without loss of
generality, we can assume that ky > 0), and Py, Ry = R{ are kp x m and kg X ky
matrices of rank ky such that B = PIRPy, £=1,..,L.

Proof. (i.1), “if” part: Assume that XY, Z satisfy (16); we should prove that
then X > +S. To this end it suffices to verify that if Y, Z satisfy (16.b), then
(Y 4+ Z) = £R, which is immediate:

(16.b):{0§{§§}T[)]; g][é] v(geRk,e:il)}

= {o < €T(Y + 2)¢ + 2e€TRE V(€ € R, e = il)} =LY +2) = +R.
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(i.1), “only if” part: Let X = +S. We should prove that there exist Y, Z satisfying
(16). Assume, on the contrary, that the system of LMI’s (16) in variables Y, Z is
unsolvable, and consider the semidefinite program

tI+2X — PT(Y +Z)P = 0,
(18) t* = min ¢ ¢: Y R
R z|="

Since P is of rank k, the intersections of the levels sets of the objective with the
(nonempty!) feasible set of the problem are bounded, whence the problem is solvable;
unsolvability of (16) implies that the optimal value t* in the problem is positive. Since
(18) clearly is strictly feasible, it follows that the semidefinite dual of (18), which is
the semidefinite program

V = PUPT
W = PUP”
(19) min { —2Tr(UX) — 2Tr(RQ™) : { V.o } =0
UV.W.Q QT W |~ '
T (U) =1
UV,W =0

is solvable with the same positive optimal value t*. In other words, there exists U = 0
and @ such that

(a) Tr(UX) < Te(RQT),
(20) PUPT  Q

From (20.b), by standard arguments, it follows that Q = PU'Y/2MU'Y2PT for appro-
priately chosen M such that MTM < I. Consequently, (20.a) reads

Te(UY2XUY?) < Te(RPTUYV2MTUY2P) = Te(UYV2SUY2)MT).
X S

Since MTM < I, the quantity Tr(SMT) is < |A(S)||1, and we come to the relation

Tr(X) < ||A(S)|l;. This is the desired contradiction, since from X = £ it follows
that X = £S5, whence Tr(X) > ||A(S)|1 (look what happens in the orthonormal basis
where S becomes diagonal). (i) is proved.

(i.2): If X = PTUP with U = 4R, then of course X = +PTRP = £5. Vice
versa, if X = £, then by (i.2) there exist Y, Z satisfying (16). Setting U = 1(Y +2),
we have X = PTUP by (16.a), and applying (i.1) to R rather than to S, we have
U*>=+R.

(ii) is an immediate consequence of (i). O

Note that when the ranks k, of the matrices BY, ¢ = 1,...,L, are much less
than the size m of these matrices, system (17) is much better suited for numerical
processing than (7). Indeed, the latter system has 2L + 1 “big” (m x m) LMI’s and
totally Lm(m+1) gcalar decision variables, while the former system has a single “big”
LMI, L “small” ones (of the sizes at most 2u X 2u, p = max k¢), and has no more

than Lu(p + 1) scalar decision variables. A shortcoming of the reformulated system,
as compared to the original one, is that when the matrices B¢ depend affinely on
certain vector of parameters x (as it is the case in the semi-infinite LMI (2) with
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interval uncertainty (3)), system (7) always is a system of LMI’s in variables z, {X,}
(cf. (A[p])), while (17) is a system of LMI’s in x, Y7, Z; only under the additional (and
restrictive) assumption that the matrices Py are independent of x. In Section 3.2 we
shall see that in certain important applications this shortcoming can be avoided.

3. Application I: Quadratic Lyapunov Stability Analysis and Synthesis.

3.1. Lyapunov Stability Analysis/Synthesis. Consider a controlled time-
varying linear dynamic system

(a) da(t) = A(t)x(t)+ B(t)u(t) [open-loop system]

(21) (b) E“(ﬂ = Kz(1) [feedback]
() ga(t)

I
[A(t) + B(t)K]x(t) [closed-loop system)]

(x is n-dimensional, u is m-dimensional) which is uncertain in the sense that the
dependency t — [A(t), B(t)] is not known in advance; all we know is that
vt [A(t), B(t)] € Uy = {[A, B | |Aij — Bjj| < pCij, |Bie — Bjy| < pDi¢ Vi, j, L}
(22)
Here A*, B* are given “nominal” data, C, D are given “scale matrices” with nonneg-
ative entries, and p > 0 is the “perturbation level”.

Consider the following pair of problems:
Lyapunov Stability Analysis: Given A*, B* C, D and a feedback K, find the supre-
mum R? of those p > 0 for which all instances A+ BK, [A, B] € U, of the closed-loop
system matrix (21.c) share a common quadratic Lyapunov function:

R*=sup{p: X = I,[A+ BK|X + X[A+ BK|" < —I, V[A,B] € U,}

p,X
X1
V(uij, lug| < pouts[u] < p) i ‘ ‘
S uy; Oy [EYX + XEV)+ 3w Dy[FKX + XKT (F')T]
=sup{ p: % il - ,
0, X A [X] A¥[X]
< [~I— (A" + B*K)X — X(A* + B*K)7]
A[X]

(LA)
where E% are the basic n x n matrices (1 in cell ij, zeros in other cells), and F* are
the basic n x m matrices;

Lyapunov Stability Synthesis: Given A*, B*,C, D, find the supremum R of those
p > 0 for which there exists a feedback K such that all instances A+BK, [A, B] € U,
of the closed-loop system matrix (21.c) share a common quadratic Lyapunov function:

R = sup {p: X = I,[A+BK|X + X[A+ BK]" < —1I, V[A,B] € U,}
p, X, K

=sup {p: X = [LAX + XAT + BZ+Z"B" < -1, V[A,B] € U,}
0, X,Z
[Z = KX]
X1
V(uij, luij| < pou',Ju'] < p) : ‘ } (LS)
Suiy CylBY X + XEV]+ 3wl Dyg[F*Z + 27 (F*)"]
= Sup § p: “i il ,
0. X,Z Bi;[X] Bit[Z]
<[~ - A*X - X(A)T — B*Z — Z(B*)7]
B[X,Z]
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where E% are the basic n x n, and F* are the basic n x m matrices.
As we see, both problems (LA) and (LS) deal with solvability of semi-infinite
systems of LMI’s. Consider the approximations of these systems as follows:

AU[X] < Xijv_Aij[X] < Xijv VZ,_],
AMX] <Y —AMX] <Y VLG

pr=max  {p: (ALA)
P, X, { X3, Yt} p EXij + Zyié < A[X]
7 @0
B*[Z] <Y™ —B"[Z] <Y, Vi,
= max (ALS)
P X B XY p | X X9+ YY" < BIX, Z].

ij il

Note that both (ALA) and (ALS) are Generalized Eigenvalue problems (see [3, 10])
and as such are “computationally tractable”.

Taking into account that the ranks of the matrices A;;[X], A*[X], B;;[X], B¥[Z]
never exceed 2 and applying Corollary 2.4, we come to the result as follows:

THEOREM 3.1. (i) Consider the Lyapunov Stability Analysis problem and assume
that the matriz A* + B*K of the nominal closed-loop system is stable (i.e., all its
eigenvalues are in the open left half-plane). Then problem (ALA) is an approzimation
of (LA) (i.e., the p, X -component of a feasible solution of (ALA) is a feasible solution
of (LA)), and the optimal value of (ALA) coincides with the one of (LA) within the
factor 5 :

a a ™ a
pr S OSSP
(ii) Consider the Lyapunov Stability Synthesis problem and assume that the nom-
inal system is stabilizable (i.e., there exists a feedback K* such that the matrix A* +
B*K* is stable). Then problem (ALS) is an approzimation of (LS) (i.e., the p, X, Z-
component of a feasible solution of (ALS) is a feasible solution of (LS)), and the
optimal value in (ALS) coincides with the one of (LS) within the factor % :

Py <R < gpi-

3.2. Simplifications of (ALA) and (ALS). Although the dimensions of the
approximating SDP-problems (ALA) and (ALS) are polynomial in the dimensions of
the original system (21), they are nevertheless of huge design dimension (they have a
matrix variable per every uncertain entry in the data of (21)). This fact may render the
approximating problems too difficult for practical use. We are about to demonstrate
that the design dimensions of (ALA) and (ALS) can be reduced dramatically.

Consider a “generic problem” of the same structure as (ALA), (ALS):

We are given p > 0 and L + 1 symmetric m x m matrices BY[z],
Bllz],...,B*[x] affinely depending on vector x of design variables,
with B'[x], £ > 1, of the form

(23) B[z] = agbj [z] + be[z]ay ,
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where ap # 0 and the vectors by[z] # 0 are affine in x. We asso-
ciate with these data the following semi-infinite system of LMI’s in
variables x,u:

L
(24) Bl + Y wiB'la] = 0 W(u: |lull < p)
/=1

along with its “tractable conservative approximation” — the system
of LMTI’s in variables x and additional matrix variables X1, ..., X, as
follows:

(a) X +pB'x], L =1,...,L,
B S X, < B (Ple])
/=1

1Y

The problem is to simplify (P[p]), i.e., to pass from this system to a
system of LMI’s in variables x and, perhaps, additional variables \ in
such a way that the new system, let it be called (S[p]), is of smaller
design dimension than (P|[p]) and is equivalent to (Pp]) in the sense
that an = can be extended to a feasible solution of (S[p]) if and only
if x can be extended to a feasible solution of (P|p]).

Note that both (ALA) and (ALS) are of the form of (P[p]).

The simplification of (P[p]) to follow is similar to the construction presented in
Proposition 2.5; it turns out that the specific form (23) of the dependence of B*
on z allows to end up with an analogy of (17) which is a system of LMI’s in x
and additional variables. The key to our simplification is the following simple fact
(which can be viewed as certain strengthening of Proposition 2.5.(i) for the case when

S = ab? + bal).

LEMMA 3.2. Let a,b € R™ be two nonzero vectors, and let X be an m X m
symmetric matriz. Then X = £[ab” + ba™] if and only if there exists a positive real

A such that

(25)

X = daa® + %bbT.

Proof. “if” part: It suffices to prove that if A > 0, then Aaa” + } = +[ab” + ba™],

which is immediate:

e £ €7 aa” + $0HIE = A(@TE)? +  (7)7 > 2alI67¢] > €7 [ab” + baT e

A

“only if” part: Assume that a,b # 0 and X = +[abT + ba’]; we should prove that
there exists A > 0 such that X = [Aaa” + %bbT], or, which is clearly the same, that

the system of LMI’s

(26)

is solvable. Assume, on the contrary, that the system is unsolvable. Since a,b # 0,

X > daa” 4 pbdbT,

no1
K

the semidefinite problem

(27)

tI+X > Xaal + ubb”,

i t: 1
ki B A I
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clearly is solvable; but then infeasibility of (27) means that the optimal value in
problem(27) is positive. Since the problem clearly is strictly feasible, the problem

p = bIUb
g = d'Ua
(28) max { —Tr(UX) —2r: ™) = 1 )
U,p,q,r [p ’/‘:l - 0
roq -
U = 0

which is the semidefinite dual of (27), is solvable with positive optimal value. Since

at a feasible solution to this problem one clearly has |r| < \/pg = +/(aTUa)(bTUb),
the latter fact is equivalent to the existence of U = 0 such that

(29) 24/(aTUa)(dTUb) > Tr(UX).

Setting @ = U'/%a, b = U'Y/?b, X = U'/2XU"/? and taking into account that X >
+[abT + baT], we get

) @ X =40 Qeat i,
(b) Te(X) < 2lalzllb2.

This is the desired contradiction. Indeed, from (30.a) it follows that Tr(X) > [|A(Q)|1

(pass to the orthonormal basis where @ is diagonal); on the other hand, an immediate

computation demonstrates that || A(Q)|[1 = 2||a||2]|6]|2, which is > Tr(X) by (30.b). O

Lemma 3.2 underlies the following
PROPOSITION 3.3. The LMI system (P[p]) is equivalent to the following system
of LMT’s in variables x and additional variables Y € S™, A € RY:

[ Y —;L:l Meagal  bifz] bofz] ... by[z] ]
b} [a] M
(a) b3 ] Ao =z 0
(31) |
| ofl .
(0) pY =< BYxz].

Proof. We should prove that if 2 can be extended to a feasible solution of (P[p]),
then x can be extended to a feasible solution of (31), and vice versa.
19, Assume that z,{X,} is a feasible solution of (P[p]), and let J(z) be the set of
those ¢ for which by[x] = 0. Let us extend x to a feasible solution of (31) as follows:
1. For ¢ € J(z), we set A\; = 0.
2. For £ & J(x), ar # 0, be[z] # 0 and p~' X, = £[asb] [x] + be[x]a]]. Applying
Lemma 3.2, we can find A\¢ > 0 such that p~1 X, = Ajagal + )\Zlbg[x]b{[x].
3. After we have defined \p > 0 for all £ =1, ..., L, we set

Y = Z [/\WWT + )\e_lbg[x]bg[x]] .
(T (z)
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Let us prove that z,Y, {\;} is feasible for (31). Indeed, (31.a) is readily given by the
definition of Y and the Schur Complement Lemma (note that a zero A, on the diagonal
of the left-hand side matrix in (31.a) corresponds to a zero row and a zero column).

L
Further, from the origin of Ay, £ & J(z), it follows that Y < Y>> p71X, < p71 3 X,
¢ (z) =1
and since z {X,} is feasible for (P[p]), we conclude that pY =< B°[z], i.e., (31.b) is
valid. Thus, z,Y,{\} is feasible for (31).

20, Now assume that z,Y, {\,} is feasible for (31), and let us prove that x can be
extended to a feasible solution of (P[p]). Let, as above, J(z) be the set of those ¢ for
which b,[z] = 0. Note that from (31.a) it follows that A\, > 0 for all £ and A > 0 for
¢ & J(x). Let us set

X, 0, le J(x)
ET P Meagal + A be[x]bl (2], 0 & J(x)

Applying Lemma 3.2, we see that (P[p].a) holds true. Now, by Schur Complement
Lemma from (31.a) it follows that

P Xe= > [Measaf + N belzlb 2] 2V
¢ (67 (x)

this observation combined with (31.b) implies the validity of (P[p].b). Thus, x,{X,}
is feasible for (P[p]). O

We have reduced the system of LMI’s (P[p]) to (31). In the original system, there
are (dimz 4+ L dim X) scalar design variables, while in the resulting system there are
just (dimx + dim X + L) design variables. To realize how large the reduction in the
design dimension can be, consider the case when (P[p]) is the problem (ALS). Here
x = X is a symmetric n X n matrix, and L is the total number of uncertain entries
in the underlying uncertain interval matrix [A, B]. Here the original system (P[p])
has L + 1 symmetric n X n matrix variables, i.e., totally % scalar design
variables, and (2L 4 1) “large” (n x n) LMI’s. The reformulated system (31) has just
two symmetric n x n matrix variables X,Y and L < n? + nm scalar variables A, i.e.,
totally L + n(n + 1) < 2n% + n(m + 1) scalar design variables. As about LMI’s, (31)
has one “large” (n x n) LMI (b) and one “very large” ((n + L) x (n+ L)) LMI (a);
note, however, that this LMI is of very simple “arrow” structure and is very sparse.
Thus, (31) seems to be much better suited for numerical processing than (P[p]).

3.3. Extensions. An LMI region is a set H in the complex plane C representable
as

H={zeC| fu(z) =P+ Qz+Q"z <0},

where P = PT and ) are real k x k matrices and Z is the complex conjugate of z.
The simplest examples of LMI regions are:
1. Open left half-plane: fy(z) = z + Z;
2. Opendisk {z | |z+¢q| <r},q€ R,r >0: fr(z) = (z_:q Z_—l—rq>;
3. The interior of the sector {z | m — 6 < |arg(z)| < 7} (—7 < arg(z) < m,
0<6<3):

I

[ (2+2)sinf —(z—Z2)cosb
fr(z) = ((2—2)0059 (z+ 2)sinf )
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0 (z+2) — 2hy

It is known (see, e.g., [5]) that the spectrum ¥(A) of a real n x n matrix A belongs
to M if and only if there exists X € 8™, X = 0, such that the k x k block matrix
M[X, A] with the m x m blocks

4. The stripe {z | hy < R(2) < ha}: fr(z) = <2h1 —(z+2) 0 )

Mij[X, A] = PL'jX + Q,’jAX +jSXAT, 1,] = 1,....m

is negative definite. We can treat such an X as a certificate of the inclusion ¥(A) C H,
and by homogeneity reasons we can normalize this certificate to satisfy the relations
X = I, M[X, A] < —I. From now on, we speak about normalized certificates only.

The problem we are interested in now is as follows. Given an LMI region H and
an “uncertain interval matrix”

Z/{p — {[A,B] c RTLXTL X RTLX’m |

|Aij — Aj;| < pCij, |Bie — Bjy| < pDig, 1 <d,j <n,1 << m}

of the open-loop system (21), we ask what is the supremum R, of those p > 0 for which
there exists a linear feedback K € R™*" such that all instances A+ BK, [A, B] € U,,,
of the uncertain matrix of the closed-loop system share a common certificate X of the
inclusion (A + BK) C ‘H. This important problem in Control is a natural extension
of the Lyapunov Stability Synthesis problem. The problem can be treated in the
same fashion as Lyapunov Analysis/Synthesis. Indeed, X > I certifies the inclusion
Y(A+ BK) C H for all [A,B] € U, if and only if (X, K) solves the semi-infinite

system of matrix inequalities
M[X, A+ BK] < —-I V[A B]€lU,.

Passing from the variables X, K to X, Z = KX, we convert this system to the semi-
infinite system of LMI’s

V([A,B] €elU,):

N(X,Z,A,B) = [P; X + Qi AX + Qi;BZ + Q; X AT + jSZTBT]1<ij<k =-1
(32) -
where [M;;]1<; j<r denotes block matrix with blocks M;;. We see that (X, Z) solves
(32) if and only if (X, Z) solves the semi-infinite system of LMI’s

V ({wij, [ui| < 1}, {vie, [vie] < 17) -

p Z ’U’UNO(X5 Z7cleZjao)+ Z UiZNO(szaO7Di€Fw)
(4,4):Ci5>0 (i,0): D¢ >0
—I—N(X,Z,A*7B*) = Oa

NO(X, Z,A,B) = [QZ]AX + Q”BZ + Q]‘iXAT + jSZTBT] 1<ij<k

(Zlel)
where the basic matrices E¥, F* are the same as in (LA), (LS). As before, an evident

sufficient condition for X = I and Z to solve (Z[p]) is the existence of matrices X%/,
(i,7) € C = {(i,5) | Ci > 0}, Z%, (i,¢) € D = {(i,¢) | Dy > 0} such that
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(X,Z, X%, Z") solves the system of LMI’s

XU ENO(Xv Za Cz]EU7O)a XU t _NO(Xa Z7 Cl]Elj’O)v (Zaj) € Ca
Zi( tNO(X7 Z707Di€FM>7 Z’L'f t _NO(Xa Z507DMFM)7 (176) € Da

pl X X9+ X 7% <1 -N(X,Z A%, B, (ZZl])
(i,5)€C (i,£)eD
X1

Invoking Corollary 2.4, we arrive at the following result:
THEOREM 3.4. Let the system (Z[0]) (or, which is the same, (ZZ[0])) be solvable,
and let

1 = max [ max rank(N°(X, Z, C;;EY,0)), max rank(N°(X, Z,0, D;F*))| .
X,Z,i,j X,Z,il
Then
(i) If (ZZ[p]) is solvable, so is (Z[p]), and the (X, Z)-component of a solution of
the former system solves the latter system;
(i) If (ZZ[p)]) is unsolvable, so is (Z[F(u)p]), where ¥(-) is the function given in
(9)-

In particular,

sup{p : (Z[p]) is solvable} < 9(p).

33
( ) sup {p: (ZZlp)) is solvable} —

Note that the denominator in (33) is the optimal value in an explicit Generalized
Eigenvalue problem and thus is efficiently computable. Note also that one always has
u < 2k, and that for our list of the 4 simple LMI regions: p = 2 in cases 1 and 2
(“half-plane” and “disk”), and p = 4 in cases 3 and 4 (“sector” and “stripe”).

There are many other applications of Theorem 2.1 to semi-infinite systems of
LMT’s (2) arising in Control, provided that the uncertainty set U/ in (2) is an interval
uncertainty. In a typical Control application, all matrices A; in (2) share a common
block-diagonal structure and are such that when perturbing a single data entry, every
diagonal block in the matrix Ag+ Y z,;A; is perturbed by a small rank matrix, which

J
is exactly the case considered in Theorem 2.1.

4. Application II: quadratic maximization over the unit cube. Here we
demonstrate that the MatrCube problem in its simplest form, where all the edge
matrices B¢ are very specific matrices of ranks < 2, is equivalent to the problem

(34) w.(Q) = max {z7Qu : |Jo]lo <1} [@ > 0)

of maximizing a positive definite quadratic form over the unit cube. On one hand,
this observation says that MatrCube (already in the case of “rank 2 edges”) is NP-
hard (since (34) is so). On the other hand, our observation allows to extract from
Theorem 2.1 certain statement on the possibility to build efficiently a tight bound on
the optimal value in (34). As it turns out, this bound is exactly the one given by the
standard semidefinite relaxation of (34), and the corresponding “tightness” statement
coming from Theorem 2.1 is nothing but the “Z Theorem” of Nesterov [12].

The link between the quadratic maximization over the unit cube and the Matrix
Cube problem is given by the following simple observation:
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PROPOSITION 4.1. Assume that @ in (34) is positive definite. Then

a) w > w(Q) = w‘Hr;lHaxquQx

(
(i )

(35) (b) wETQTIE > |3 Ve
(i) 0
() wQ'+{AeS™:|A;|<1,1<i,j<m}cCS}

Proof. Relation (a) means that the ellipsoid {z : 27Qz < w} contains the unit
cube {x : ||z|lcoc < 1}. Passing to polars, this is exactly the same as to say that the
polar of the ellipsoid, which is the ellipsoid {¢ : ¢TQ~1¢ < w1}, is contained in the
polar of the unit cube, which is the set {£ : ||¢||1 < 1}. But the latter inclusion is
exactly what is stated in (b). We have proved the equivalence (i).

Now, (c) says exactly that

(36) wETQ M+ min {€7AE: A= AT, |4y <1} 20 Ve

The minimum in the left hand side of this relation is equal to —|[|¢]|? (indeed, £T A¢ >
—|l€||17 whenever |A;;| <1 for all 4,7, and §T A¢ = —|[|€]|? for A;; = —sign(&;)sign(&;),
i,j =1,..,m). Thus, (36) is equivalent to the relation wéTQ=1¢ — ||£]|2 > 0 for all &,
which is nothing but (b). We have proved the equivalence (ii). O

Now, let S¥ be the basic symmetric matrices (so that S* has a single nonzero
entry, equal to 1, in the cell (i,4), and S¥, i # j, has exactly two nonzero entries,
both equal to 1, in the cells (4,7) and (j,4)). Relation (35.b) says exactly that the
matrix box

1 » ’ 1
—| = ;S < =
=307+ Y ws <

1<i<j<m

is contained in the positive semidefinite cone. According to Theorem 2.1, a sufficient
condition for this inclusion is the solvability of the system of LMI’s as follows:

X9 = £pSY1<i<js<m 1
(37) Y OXio o< Q! ==

1<i< <m w

Moreover, since the ranks of the edge matrices S are < 2, Theorem 2.1 says that the
solvability of (37) is a “tight, within the factor 7", sufficient condition for the validity
of (35.b). Taking into account that the smallest value of w for which (35.b) is valid is
exactly w,(Q) (Proposition 4.1), we arrive at the following

PROPOSITION 4.2. Let QQ = 0. Consider the semidefinite program

{ X = ipsij,1<i<j<m}
p: .

(38) p(Q) = max

Z Xij =< Q—l
1<i<j<m
The reciprocal of the optimal value in this problem is an upper bound on the optimal
value wy(Q) in the problem of quadratic mazimization (34), and this bound is tight
within the factor 5 :

1 s
(39) W*(Q) < m < §W*(Q)
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Proposition 4.2 says that certain efficiently computable via Semidefinite Program-

ming quantity (namely, ﬁ) is a tight, within the factor 7, upper bound on the
maximum w,(Q) of the positive definite quadratic form 27 Qx over the unit cube. We
are about to demonstrate that our bound is nothing but the standard semidefinite

upper bound
w'(Q) = maxx{Tr(QX): X; <1l,i=1,..,m, X >0}

() un{ 323D = )

on w,(Q).
PROPOSITION 4.3. For Q = 0, one has 5457 = w*(Q).

Proof. Let e; be the standard basic orths in R™, so that S¥ = 1+5 [ele +ejel],
where §;; are the Kronecker symbols. Applying Lemma 3.2, we see that

XY = dbleie] +ejel],1<i<j<m

.. 1+5
p(Q) = max < p:3IXY : S XU <@}
1<i<j<m
=max<{ p: H{Hij > 0}1§¢3j§m : Z s [H”e e; + H eJ j ] })Q—l} .
1<i<j<m

(41)
Let H be the set of all m x m matrices H = [H,;] with positive entries such that
H;;H;; > 1 for all 4,j. It is immediately seen that (41) can be rewritten as

(42) p Q) = min{w:3I(H eH): A(H) 2wQ '}
= min{w:3I(HeH):Q ZwA  (H)},

where A(H) is the diagonal matrix with the diagonal entries

m

H) = ZHij7 1= 1,...,m
j=1

LEMMA 4.4. The matrices which can be represented as A=*(H), H € 'H, are
exactly the positive definite diagonal matrices with trace < 1.
Proof. A matrix M = Diag{u;} with p; > 0 and s = Y p; < 1is A~1(H) for

K3
H given by H;; = S’%, note that H € H due to s < 1. It remains to prove that if

H € H, then Tr(A=(H)) < 1. To this end observe that
(*) For positive reals pi1, ..., ftm, one has

;M§1@\1{ai>0};;‘:jz(;am

2
Indeed, = is given by the evident relation ~ min > % = (3 a;)? for all a; > 0.
pi>0:3 <17 M i

i

2
To verify <, set a; = p; in the inequality Y 2—7 > (D a;)?.
i i
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In view of (*), in order to prove that H € H implies Tr(A~(H)) < 1, it suffices
to verify that if H € H and a; > 0, then > a?A;;(H) > (3 a;)?, which is immediate:

?

-231 G?A”(H) = _ZlagHij = 2:1 a?Hii + ;[G?HU + a?Hﬂ]
i= i,j= = 1<j
> Y ai+2) aia;
% 1<j

[since H;; > 0, Hj; Hj; > 1]

()

By Lemma 4.4, as H runs through H, the matrix A~*(H) runs through the entire
set of positive definite diagonal matrices with trace < 1, so that the matrix wA~1(H)
runs through the entire set of positive definite diagonal matrices with trace < w.
Consequently, (42) implies that

]

p~1(Q) = min {Z Q= Diag{x}} :

so that p=1(Q) = p*(Q) by (40). O

Note that the fact that the bound (40) on the optimal value w.(Q) of (34) is
tight within the factor 7 is known; it is the “Z Theorem” of Nesterov [12] established
originally via a construction based on the famous MAXCUT-related “random hyper-
plane” technique of Goemans and Williamson [7]. Surprisingly, the alternative proof
we have developed, although exploits randomization, seemingly uses nothing like the
random hyperplane technique.

5. Maximizing homogeneous polynomial of degree 3 over the unit cube.
Let B[z!, 2% 23] be a symmetric 3-linear form on R™, and let P[z] = B[z, x,z] be
the associated homogeneous polynomial, i.e.,

Plz] = ij (zTBjz) where Bj € S™.
j=1
Consider the problem of computing
w(P) = max {Plz] : ||z]|e <1}

along with the semidefinite program

(43) w*(P) = . Z/\j : ZXj < Diag{\}, X7 = +B;,j=1,...,m p,
J=1 J
where B; are the matrices of the symmetric bilinear forms Blej,-,-]; here e;, j =

1,...,m, are the standard basic orths in R™. We intend to demonstrate that w*(P) is
an upper bound on w(P), and that the quality of this bound basically depends only
on the “width”

d(P) = max rank(B;).

1<j<m
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of P.
THEOREM 5.1. One has:

(44) w(P) < w*(P) < 4.6529(d(P)) In(m + 1)w(P) < 7.313/d(P) In(m + 1)w(P),

where 9(+) is given by (9).

Proof. The proof is very much in the spirit of the Matrix Cube Theorem 2.1;
it uses a probabilistic argument in order to validate the solvability /insolvability of a
certain deterministic inequality system.
19, Let A\, X1, ..., X;, be a feasible solution of (43). We have

|2]lco < 1= Plz] Zx](a: Bjz) < E|33]|( TX;x) < ZxTX T

TDlag{A}m < Z Aj,

A

which gives the first inequality in (44).

20, Let us prove the second inequality in (44); w.l.o.g. we may assume that P # 0,
so that w(P) > 0. Problem (43) is strictly feasible and bounded below, so that its
optimal value w*(P) is equal to that of its (solvable) semidefinite dual problem:

UayvjathO»
(45) w*(P) ZTr (IY; — Z;1By) : Y+ Z; =1,
YiZ; Ujj:Lj:l,...,m

Invoking Lemma 2.2, we see that there exists U such that

(a) U= 0,
46 (b) Uj = 1,j=1,..,m,
(4e) () DIMUVBUYR)i = w(P).

Now let V = U2 and let £ ~ N(0,1,,). By Lemma 2.3 and (46.c) we have

(47) HAPNE QY EVBVEl 6 = MV =w(P).

At the same time, by (46.b) the Euclidean norms of the rows of V' are equal to 1, so
that

[VElloo = max |¢;], ¢ ~N(0,1),

1<j<m
whence, as it is well-known,
(48) E{|Y¢|2.} <2In(m+1).

To make the paper self-contained, here is a derivation of (48). We
have
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t>0=
Y(t) =Prob{|¢;| >t} =2 \/% exp{—% }dr
<2[~ ﬁ%exp{—%z}ch = \/gt_l exp{—%}

=
Prob{rjnéal;( (5] >t} < min[1,mwy(t)] < min [1,m\/%t_1 exp{—% }
=
E{max|<j|2} =2 / tmin[l, my(t)]dt <2 [ min[t,m\/gexp{—% |dt
i<m t>0

t>0

T J/'n o Py

< 2ftdt+2\/gmfexp —5}at
0 T

<724 2\/gm7*1 exp{f%2 .

The resulting bound

2 2
(49) E {m<ax|Cj|2} <2y < 724240/ Zmr! exp{—%}
J<m ™

is valid for all m and all 7 > 0. Assuming m > 3 and setting

T = 4/2In(m/2), one can easily conclude from (49) that 2.J,, <

21n(m+1) for all m > 25. Numerical computation of J,,, for m < 25

demonstrates that the latter inequality holds true for all m.
Combining (47), (48), we get

w*(P)

(50) B VBV = 29(d(P)) n(m +

J

RAULEY,

and the left-hand side in this inequality is positive. It follows that there exists n € R™
and a vector € € R with entries +1 such that

. o (P)
B p> =
. Xj:QBﬂ > SH(P)) I ) and [|n]|e =1,
whence
w*(P)
. ') S 9 o S Z '
(51) mexc {Ble,n, 1 < elloe < 1, Inlloe <1} 2 g5y

On the other hand,
Bla + ty, x + ty, « + ty| = Bl, z,z] + 3tB[z, x,y] + 3t*Bla,y, 4] + t* B[y, 9],

whence
Vt # OVz,y :
Blz,y,y] = B[x+ty,w+ty,x+ty]+B[x6;§y,x—ty,x—ty]—QB[x,x,x]
It follows that
1+t +1
Hg%X{B[e,n,n] Hlelloo < 1 lInlloo < 1} < =5 5——w(P) vt>0,
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which combines with (51) to yield the relation

w*(P) . (1+t)3+1w

219(d(P)) ln(m + 1) — t>0 3t2 (P) S 2326(,0(]3)’

and the second inequality in (44) follows. The third inequality follows from ¥(d) <
’TT‘/&, see (10). O
REMARK 5.1. There are two simple cases when d(P) is small. The first is when

L

P[z] is “of small rank”: P[z] = Y (p} x)® with a small L (since clearly d(P) < L).
(=1

The second case is when P is of a “band” structure, i.e., the quantity

k= lgigeg]igm {k —i: Blei, ej,ex] # 0}

is small (since clearly d(P) < 2x + 1).
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