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Abstract

We present bounds on various quantities of interest regarding the central trajec-
tory of a semi-definite program (SDP), where the bounds are functions of Renegar’s
condition number C(d) and other naturally-occurring quantities such as the dimen-
sions n and m. The condition number C(d) is defined in terms of the data instance
d = (A,b,C) for SDP; it is the inverse of a relative measure of the distance of the
data instance to the set of ill-posed data instances, that is, data instances for which
arbitrary perturbations would make the corresponding SDP either feasible or infeasi-
ble. We provide upper and lower bounds on the solutions along the central trajectory,
and upper bounds on changes in solutions and objective function values along the
central trajectory when the data instance is perturbed and/or when the path pa-
rameter defining the central trajectory is changed. Based on these bounds, we prove
that the solutions along the central trajectory grow at most linearly and at a rate
proportional to the inverse of the distance to ill-posedness, and grow at least linearly
and at a rate proportional to the inverse of C(d)?, as the trajectory approaches an
optimal solution to the SDP. Furthermore, the change in solutions and in objective
function values along the central trajectory is at most linear in the size of the changes
in the data. All such bounds involve polynomial functions of C(d), the size of the
data, the distance to ill-posedness of the data, and the dimensions n and m of the

SDP.
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1 Introduction

We study various properties of the central trajectory of a semi-definite program (SDP)
P(d) : min{C e X : AX = b,X > 0}. Here X and C are symmetric matrices, C & X
denotes the trace inner product, A is a linear operator that maps symmetric matrices into
R™, b e R™, X = 0 denotes that X is a symmetric positive semi-definite matrix, and the
data for P(d) is the array d = (A,b,C). The central trajectory of P(d) is the solution
to the logarithmic barrier problem P,(d) : min{C e X — plndet(X) : AX = b, X = 0}
as the trajectory parameter p ranges over the interval (0,00). Semi-definite programming
has been the focus of an enormous amount of research in the past decade, and has proven
to be a unifying model for many convex programming problems amenable to efficient so-
lution by interior-point methods, see [1], [14], [27], and [2], among many other references.
Our primary concern lies in bounding a variety of measures of the behavior of the central
trajectory of P(d) in terms of the condition number C(d) for P(d) originally developed by
Renegar.

By the condition number C(d) of the data d = (A,b,C), we mean a scale-invariant
positive measure depending on a given feasible data instance d = (A, b, C) and with the fol-
lowing property: the condition number approaches infinity as the data approaches the set
of data instances for which the problem P(d), or its dual, becomes infeasible. In particular,
we say that a data instance is ill-posed whenever its corresponding condition number is
unbounded, that is, whenever the data instance is on the boundary of the set of primal-dual
feasible data instances. This notion of conditioning (formally presented in Subsection 2.3)
was originally developed by Renegar in [17] within a more general convex programming con-
text, and has proven to be a key concept in the understanding of the continuous complexity
of convex optimization methods (see for instance [4, 5, 6, 7, 8, 9, 16, 17, 19, 20, 21, 28, 29]
among others). In this paper we show the relevance of using this measure of conditioning
in the analysis of the central trajectory of an SDP of the form P(d).

More specifically, in Section 3 we present a variety of results that bound certain be-
havioral measures of the central trajectory of P(d) in terms of the condition number C(d).
In Theorem 3.1, we present upper bounds on the norms of solutions along the central
trajectory. These bounds show that the solutions along the central trajectory grow at
most linearly in the trajectory parameter p and at a rate proportional to the inverse of
the distance to ill-posedness of d. In Theorem 3.2, we present lower bounds on the values
of the eigenvalues of solutions along the central trajectory. These bounds show that the
eigenvalues of solutions along the central trajectory grow at least linearly in the trajectory
parameter p and at a rate proportional to C(d)2.

In Theorem 3.3, we present bounds on changes in solutions along the central trajectory
under simultaneous changes (perturbations) in the data d as well as changes in the trajec-
tory parameter p. These bounds are linear in the size of the data perturbation, quadratic
in the inverse of the trajectory parameter, and are polynomial functions of the condition



number and the dimensions m and n. Finally, in Theorem 3.4, we present similar bounds
on the change in the optimal objective function values of the barrier problem along the
central trajectory, under data and trajectory parameter perturbations. These bounds are
also linear in the size of the data perturbation and in the size of the change in the trajectory
parameter.

The use of continuous complexity theory in convex optimization, especially the theory
developed by Renegar in [17, 19, 20, 21], has added significant insight into what makes
certain convex optimization problems better- or worse-behaved (in terms of the deforma-
tion of problem characteristics under data perturbations), and consequently what makes
certain convex optimization problems easier or harder to solve. We believe that the results
presented in this paper contribute to this understanding by providing behavioral bounds
on relevant aspects of the central trajectory of a semidefinite program.

The results presented in this paper are a non-trivial generalization of related results for
the linear programming (LP) case presented in [15]. One reason why we have found the
extension from LP to SDP to be mathematically challenging has to do with the lack of
closedness of certain projections of the cone of positive semi-definite symmetric matrices.
This lack of closedness prevents the use of “nice” linear programming properties such as
strict complementarity of solutions. Another difficulty arises in the linear algebra of certain
linear operators that arise in the study of the central trajectory. In the case of LP, we have
XX = XX whenever X and X are diagonal matrices. Matrix products like this appear
when dealing with solutions = and Z on the central trajectory of a data instance and its
perturbation, respectively, thus streamlining the proofs of results in the LP case. When
dealing with analogous solutions in the case of SDP, we no longer have the same commu-
tative property of the matrix product, and so it is necessary to develop more complicated
linear operators in the analysis of the central trajectory. We therefore believe that the
proofs of the theorems presented in this paper for the SDP case are not straightforward
generalizations of the corresponding proofs for the LP case.

Literature Review: The study of perturbation theory and continuous complexity for
convex programs in terms of the distance to ill-posedness and condition number of a given
data instance was introduced by Renegar in [17], who studied perturbations in a very gen-
eral setting of the problem (RLP) : sup{c*z : Az < b,z > 0,z € X}, where X and )
denote real normed vector spaces, A: X — ) is a continuous linear operator, ¢* : X — R
is a continuous linear functional, and the inequalities Az < b and = > 0 are induced by any
closed convex cones (linear or nonlinear) containing the origin in X and Y, respectively.
Previous to this paper of Renegar, many papers were written on perturbations of linear

programs and systems of linear inequalities, but not in terms of the distance to ill-posedness
(see for instance [12, 22, 23, 24, 25]).

Even though there is now a vast literature on SDP, there are only a few papers that



study SDP in terms of some notion of a condition measure. Renegar [17] presents a bound
on solutions to RLP, a bound on the change in optimal solutions when only the right-hand-
side vector b is perturbed, and a bound on changes in optimal objective function values
when the whole data instance is perturbed. All of these bounds depend on the distance
to ill-posedness of the given data instance. Because of their generality, these results also
apply to the SDP case studied in this paper. Later, in [20] and [21], Renegar presents upper
and lower bounds on the inverse of the Hessian matrix resulting from the application of
Newton’s method to the optimality conditions of RLP along the central trajectory. Again,
these bounds depend on the distance to ill-posedness of the data instance, and they apply
to the SDP case. These bounds are important because they can be used to study the
continuous complexity of interior-point methods for solving SDP (see [20]) as well as the
use of the conjugate gradient method in the solution of SDP (see [21]).

Nayakkankuppam and Overton in [13] study the conditioning of SDP in terms of a
condition measure that depends on the inverse of certain Jacobian matrix. This Jacobian
matrix arises when applying Newton’s method to find a root of a semi-definite system of
equations equivalent to the system of equations that arise from the Karush-Kuhn-Tucker
optimality conditions for P(d). In particular, under the assumption that both P(d) and its
dual have unique optimal solutions, they present a bound on the change in the optimal so-
lution to P(d) and P(d+ Ad), where Ad is a data perturbation, in terms of their condition
number. This bound is linear in the norm of Ad. Their analysis pertains to the study of
the optimal solution of P(d), but is not readily applicable to the central trajectory of SDP.

Sturm and Zhang [26] study the sensitivity of the central trajectory of SDP in terms of
changes in the right-hand-side of the constraints AX = b in P(d). Given a data instance
d = (A,b,C) of SDP, they consider data perturbations of the form d+ Ad = (A, b+ Ab, C).
Using this kind of perturbation, and under a primal and dual Slater condition as well
as a strict complementarity condition, they show several properties of the derivatives of
central trajectory solutions with respect to the right-hand-side vector. The results pre-
sented herein differ from these results in that we use data perturbations of the form
d+Ad=(A+AA b+ Ab,C+ AC), and we express our results in terms of the distance to
ill-posedness of the data. As a result, our results are not as strong in terms of the size of
bounds, but our results are more general as they do not rely on any particular assumptions.

2 Notation, Definitions, and Preliminaries

2.1 Space of Symmetric Matrices

Given two matrices U and V in R"*", we define the inner product of U and V as U eV :=
trace(UTV), where trace(W) := Y7 W,; for all W € ®**. Given a matrix U € R**",
we denote by o(U) = (0y,...,0,)" the vector in ™ whose components are the ordered



singular values of U, that is, each ¢; is a singular value of U, and 0 < 0y < -+ < 0oy,
Furthermore, we denote by o;(U) the j-th singular value of U chosen according to the
increasing order in o(U). In particular, o,(U) and 0,(U) are the smallest and the largest
singular values of U, respectively. We use the following norms in the space ™*™:

Ul = Yoo )

1

J

n 1/2
Ul = ( oj(vf) = W), ®)
”U“oo = ma's}%o'j(U):an(U)a (3)

for all matrices U € R**™. The norm (1) is known as the Ky Fan n-norm or trace norm
(see [3]); the norm (2) is known as the Hilbert-Schmidt norm or Frobenius norm and it
is induced by the inner product e defined above; and the norm (3) is the operator norm
induced by the Euclidean norm on R". Notice that all of these norms are unitarily invariant
in that |U|| = ||PUQ)|| for all unitary matrices P and Q in ®**™. We also have the following
proposition that summarizes a few properties of these norms:

Proposition 2.1 For all U,V € R™"
(1) Holder’s inequalities (see [3]):
UeV] < [[UlllIVI, (4)
UeV] < [[U[2lIV]2. (5)
(i5) UV ]z < U1V ]2

(i) [|U]lso < |Ul2 < v/2[|U|oo-

() =V < U2 < 1U]s.

From now on, whenever we use a Euclidean norm over any space we will omit subscripts.

Hence, ||U]| := |U]|2 for all U in R™*".

Let S, denote the subspace of R™*™ consisting of symmetric matrices. Given a matrix
U €S, let U > 0 denote that U is a positive semi-definite matrix, and let U > 0 denote
that U is a positive definite matrix. We denote by S;' the set of positive semi-definite
matrices in S,, that is, S& = {U € S, : U = 0}. Observe that S is a closed convex
pointed cone in S, with non-empty interior given by {U € S, : U > 0}. Furthermore,
notice that the polar (S;)* of the cone S is the cone S itself. When U € S,,, we denote
by A(U) := (A1, ..., A\)T the vector in ™ whose components are the real eigenvalues of U
ordered as follows 0 < |A\;| < --- < |\,|. Moreover, we denote by \;(U) the j-th eigenvalue

S



of U chosen according to the order in A(U). In particular, notice that o;(U) = |A;(U)]
whenever U € S,,.

Given matrices Ay, ..., A, € S,, we define the linear operator A = (A4,,..., A,,) from
S, to R™ as follows:
AX = (A1 e X,...,Apn e X)T, (6)

for all X € S,. We denote by L,,, the space of linear operators from S, to R™ of
the form (6). Given a linear operator A = (Ay,...,An) € Lyn, we define the rank
of A as the dimension of the subspace generated by the matrices Aj,..., A,,, that is,
rank(A) = dim (< Ai,...,An >). We say that A has full-rank whenever rank(A) =
min{m,n(n — 1)/2}. Throughout the remainder of this paper we will assume that m <
n(n — 1)/2, so that A has full-rank if and only if rank(A) = m. The corresponding adjoint
transformation AT : ®™ — S,,, associated with A, is given by

ATyl =3 wA,,
=1

for all y € ™. Furthermore, we endow the space L,,, with the operator norm ||A|| :=
max{||AX|| : X € S,, || X|| < 1}, for all operators A € L,,,. Finally, if we define the norm
of the adjoint operator as ||AT|| := max{||AT[y]|| : y € R™, |ly|| < 1}, then it follows that
LA} = [IA]l.

2.2 Data Instance Space

Consider the vector space D defined as D := {d = (A,b,C) : A€ L,,,,b € R™,C € S,.}.
We regard D as the space of data instances associated with the following pair of dual
semi-definite programs:

P(d) : min{CeX :AX =b,X = 0},
D(d) : max{b7y: ATy +S=C,S = 0}.
where d = (A,b,C) € D. To study the central trajectory of a data instance in D, we use the
functional p(-) defined as p(U) = —Indet U, for all U > 0. Notice that, as proven in [14],
p(-) is a strictly convex n-normal barrier for the cone SF. Furthermore, the Legendre
transformation p* of the barrier p is the functional p itself [14]. Given a data instance
d = (A,b,C) € D and a fixed scalar g > 0, we study the following parametric family of
dual logarithmic barrier problems associated with P(d) and D(d):
P,(d) : min{CeX + up(X): AX =b,X » 0},
D,(d) : max {bTy —up(S): ATy +S=C,S ~ 0} .

Let X (u) and (y(g), S(p)) denote the optimal solutions of P,(d) and D,(d), respectively
(when they exist). Then the primal central trajectory is the set {X(u) : x> 0}, and is a
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smooth mapping from (0,00) to S7 [10, 27]. Similarly, the dual central trajectory is the
set {(y(p), S(w)) : 1> 0}, and is a smooth mapping from (0, c0) to R™ x S;.

We provide the data instance space D with the norm

]| := max {[| A, [|ol], I}, (7)

for all data instances d = (A4,b,C) € D. Using this norm, we denote by B(d,d) the
open ball {d+Ad € D : ||Ad|| < 6} in D centered at d and with radius é > 0, for all d € D.

2.3 Distance to Ill-Posedness

We are interested in studying data instances for which the programs P(-) and D(:) are
both feasible. Consequently, consider the following subset of the data set D:

F={(AbC) €D :be AS]) and C € AT[R™] + ]},

that is, the elements in F correspond to those data instances d in D for which P(d) and
D(d) are feasible. The complement of F, denoted by FC, is the set of data instances
d = (A,b,C) for which P(d) or D(d) is infeasible. The boundary of F, denoted by 0.F,
is called the set of ill-posed data instances. This is because arbitrarily small changes in a
data instance d € OF can yield data instances in F as well as data instances in F¢.

For a data instance d € D, the distance to ill-posedness is defined as
p(d) .= inf{||Ad|| : d + Ad € OF},

(see [17, 18, 19]), and so p(d) is the distance of the data instance d to the set of ill-posed
instances OF. The condition number C(d) of the data instance d is defined as

cld) ;={ e if p(d) > 0,
oo if p(d) =0.
The condition number C(d) can be viewed as a scale-invariant reciprocal of p(d), as it is
elementary to demonstrate that C(d) = C(ad) for any positive scalar a. Moreover, for
d=(A,0,C) ¢ 0F, let Ad = (—A,-b,—C). Observe that d + Ad = (0,0,0) € F and
since OF is a closed set, we have ||d|| = ||Ad|| > p(d) > 0, so that C(d) > 1. The value of
C(d) is a measure of the relative conditioning of the data instance d.

As proven in [24], the interior of F, denoted Int(F), is characterized as follows:
i F) = {(A,b,C) € D : b € A(Int(S}})), C € AT[R™] + Int(S), A has full-rank} . (8)

In particular, notice that data instances in Int(F) correspond to data instances for which
P,(-) and D,(-) are both feasible (for any u > 0). Also, observe that d = (A,b,C) € F and
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p(d) > 0 if and only if d € In¥(F), and so, if and only if the characterization given in (8)
holds for d. We will use this characterization of the interior of F throughout the remainder
of this paper.

3 Statement of Main Results

For a given data instance d € Int(F) and a scalar p > 0, we denote by X (d, 1) the unique
optimal solution to P,(d), and by (y(d, 1), S(d, 1)) the unique optimal solution to D, (d).
Furthermore, we use the following function of d and p as a condition measure for the
programs P,(d) and D,(d):
— 2, HD

K(d,p) :=C(d)* + )" (9)
As with the condition number C(d), it is not difficult to show that K(d, ) > 1 and K(d, i) is
scale invariant in the sense that K(Ad, Ax) = K(d, ) for all A > 0. The reason why we call
K(d, 1) a condition measure will become apparent from the theorems stated in this section.

Our first theorem concerns upper bounds on the optimal solutions to P,(d) and D,(d),
respectively. The bounds are given in terms of the condition measure K(d, ;) and the size
of the data ||d||. In particular, the theorem shows that the norm of the optimal primal
solution along the central trajectory grows at most linearly in the barrier parameter u, and
at a rate no larger than n/p(d). The proof of this theorem is presented in Section 4.

Theorem 3.1 Let d € Int(F) and p be a positive scalar. Then

1X(d,m)l < K(d,p), (10)
ly(d, W) < K(d,p), (11)
1S(d, )|l < 2||dIK(d, p), (12)

where K(d, 1) is the condition measure defined in (9).

As the proof of Theorem 3.1 will show, there is a tighter bound on || X(d, 1t)||, namely
1X(d )| < M(d, ), where

4

c(d) if Ce X(d,p) <0,
M(d, ) = { max{C(d), 25} if0< CeX(dp) <pn, (13)
| C(d)2+;’z—;‘) if un < C e X(d, pn),

whenever d € Int(F) and g > 0. Notice that because of the uniqueness of the optimal
solution to P,(d) for p > 0, the condition measure M(d, 1) is well-defined. Also, observe



that M (d, 1) can always be bounded from above by K(d, 1).

It is not difficult to create data instances for which the condition measure M(d, p)
is a tight bound on ||X(d,u)||. Even though the condition measure M(d,p) provides a
tighter bound on || X(d, p)|| than K(d, ), we will use the condition measure K(d, ) for
the remainder of this paper. This is because K(d,p) conveys the same general asymp-
totic behavior as M(d, 1) and also because using K(d, 1) simplifies most of the expressions
in the theorems to follow. Similar remarks apply to the bounds on ||y(d, 1)|| and ||S(d, w)|]-

In particular, when C = 0, that is, when we are solving a semi-definite analytic center
program, we obtain the following corollary.

Corollary 3.1 Let d = (A,b,C) € Int(F) be such that C = 0 and p be a positive scalar.
Then
1X(d, |l < C(d).

The following theorem presents lower bounds on the eigenvalues of solutions along the
primal and dual central trajectories. In particular, the lower bound on the eigenvalues of
solutions along the primal central trajectory implies that the convergence of X (d,p) to an
optimal solution to P(d), as p goes to zero, is at least asymptotically linear in u, and at a

rate of 1/(2]|d||C(d)?).

Theorem 3.2 Let d € Int(F) and p be a positive scalar. Then for all j =1,...,n,

7
A(X(d, i) = Wa
(S(d,pw) > ;c—(ﬁf—m

The proof of Theorem 3.2 is presented in Section 4.

The next theorem concerns bounds on changes in optimal solutions to P,(d) and D, (d)
as the data instance d and the parameter u are perturbed. In particular, we present these
bounds in terms of an asymptotically polynomial expression of the condition number C(d),
the condition measure K(d, i), the size of the data ||d||, the scalar u, and the dimensions
m and n. It is also important to notice the linear dependence of the bound on the size of
the data perturbation [|Ad|| and the parameter perturbation |Ap|.

Theorem 3.3 Let d = (A,b,C) be a data instance in Int(F), p be a positive scalar,
Ad = (AA,Ab,AC) € D be a data perturbation such that ||Ad|| < p(d)/3, and Ap be a
scalar such that |Ap| < p/3. Then,

1Ad]| 640n/mC(d)*K(d, n)* (1 + [|d]))

1X(d+ Ad, p+ Ap) — X(d,p)|| < o



6nlld|K(d, »)*

+ Ay o : (14)
lo(a-+ad o+ ) -yl < faa) ST LI L 14D

o LTI -
I1S(d+ Ad, p+ Ap) — S(d, )| < |Ad] 640ﬁC(d)2ICLi,#)5(M+ ]}

+ oy B/ mIdECE A u) (16)

12
The proof of Theorem 3.3 is presented in Section 5.

Finally, we present a theorem concerning changes in optimal objective function val-
ues of the program P,(d) as the data instance d and the parameter p are perturbed.
We denote by z(d, 1) the optimal objective function value of the program P,(d), namely
z(d, pu) == C o X(d, p) + pp(X(d, 1)), where X (d, i) is the optimal solution of P,(d).

Theorem 3.4 Let d = (A,b,C) be a data instance in Int(F), p be a positive scalar,
Ad = (AA,Ab,AC) € D be a data perturbation such that |Ad|| < p(d)/3, and Ap be a
scalar such that |Ap| < /3. Then,

|2(d + Ad, p+ Ap) — 2(d,p)] < [|Ad]| 9K(d, 1)
+ |Ap| n(In16+ |Iny| + |In||d||| + 1In K(d, 1)) .

Notice that it follows from Theorem 3.4 that changes in objective function values of
P,(d) are at most linear in the size of the perturbation of the data instance d and the
parameter p. As with Theorem 3.3, the bound is polynomial in terms of the condition
measure K(d, 1) and the size of the data instance d. Also observe that if Ad = 0, and we
let Ay go to zero, from the analytic properties of the central trajectory [10, 27], we obtain
the following bound on the derivative of z(-) with respect to u:
0z(d, 1)

“on <n(Ini6+ |lnp|+|n|d| +nK(d,un)).

The remaining two sections of this paper are devoted to proving the four theorems
stated in this section.

4 Proof of Bounds On Optimal Solutions

This section presents the proofs of the results on lower and upper bounds on sizes of optimal
solutions along the central trajectory, for the pair of dual logarithmic barrier problems P,(d)

10



and D,(d). We start by proving Theorem 3.1. Our proof is an immediate generalization
to the semi-definite case of the proof of Theorem 3.1 in [15] for the case of a linear program.

Proof of Theorem 3.1: Let X := X(d, 1) be the optimal solution to P,(d) and (g, S) =
(y(d, ), S(d, 1)) be the optimal solution to the corresponding dual problem D, (d). Notice
that the optimality conditions of P,(d) and D,(d) imply that C e X = b7§ + un.

Observe that since 5 = C — AT[§], then ||S|| < [|C|| + | AT||||9]. Since ||AT|| = ||A]|, we
have that ||3]| < ||d||(1+ ||§]}), and using the fact that K(d, ) > 1 the bound (12) on || S]]
is a consequence of the bound (11) on ||g||. It therefore is sufficient to prove the bounds
on || X|| and on ||§||. Furthermore, the bound on ||§|| is trivial if § = 0; therefore from now
on we assume that § # 0. Also, let X = X/||X|| and § = §/||§||. Clearly, X « X = || X|,
1% =1, 579 = lgl, and gl = 1.

The rest of the proof proceeds by examining three cases:

(i) CeX <0,
(i) 0 < C @ X < pn, and
(i) un < C e X.

In case (i), let AA; := —b;X/||X||, for i = 1,...,m. Then, by letting the operator A A
= (AA,,...,AA,,) and Ad := (AA,0,0) € D, we have (A + AA)X =0, X > 0, and
C e X < 0. It then follows that D,(d + Ad) is infeasible, and so p(d) < lAd|| = [|AA] =
181l /I1X 1 < {1l /| X[l Therefore, [|X|| < [|d||/p(d) = C(d) < K(d, u). This proves (10) in
this case.

Consider the following notation: 6 := b4, Ab:= —05/||3|l, AA; == —4:C/||§]|, for i =
L,...,m, AA:=(AA,...,AA,), and Ad := (AA, Ab,0) € D. Observe that (b+Ab)T§ =
0 and (A + AA)T[§] < 0, so that P,(d + Ad) is infeasible. Therefore, p(d) < |Ad| =
max{|C1l, 61}/13]. Hence, 3] < max{C(d), 6]/p(d)}. Furthermore, [6] = 73] = |C o
X —pn| < || X||IC|| + un < C(d)||d|| + pn. Therefore, using the fact that C(d) > 1 for any
d, we have (11).

In case (ii), let Ad := (AA,0,AC) € D, where AA4; := ~b,X/||X|, fori=1,...,m,
and AC := —unX/||X||. Observe that (A + AA)X =0 and (C + AC) « X < 0. Hence,
D,(d + Ad) is infeasible, and so we conclude that p(d) < ||Ad| = max{||AA]], ||AC||}
max{[[bll, un}/| X < max{||dll, in}/||X]|. Therefore, |X| < max{C(d), un/p(d)}
K(d, ). This proves (10) for this case.

Now, let Ad := (AA,Ab,0), where AA; := —3,C/||g||, for i = 1,...,m, and Ab :
png/||g]l. Observe that (b+ Ab)T§ = bTg+ un = C ¢ X > 0 and (A + AA)T[j] <
As before, we have P,(d + Ad) is infeasible, and so we conclude that p(d) < ||Ad]|
max{[|AA[, [|Ab]|} = max{||C||, un}/||§ll < max{l|d]|, un}/||7]|. Therefore, we obtain ||g]
< max{C(d), un/p(d)} < K(d,p).

In case (iii), we first consider the bound on ||§||. Let Ad := (AA,0,0) € D, where
AA; == —5,C/||9|), for i =1,...,m. Since (A + AA)T[§] <0 and 7§ =C e X — un > 0,

IA

<

S
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it follows that P,(d + Ad) is infeasible, and so p(d) < ||Ad|| = ||C||/]|g|l. Therefore,
ol <c@) <kdp). o

Finally, let AA; = —b,X/||X]|, for ¢ = 1,...,m, and AC := —0X/||X||, where
6 := C e X. Observe that (A+AA)X =0 and (C+ AC)e X = 0. Thus, we conclude that
D,(d + Ad) is infeasible and so, p(d) < ||Ad|| = max{||AA], ||AC||} = max{||b]|, 0}/ X]||,
so that ||X]| < max{C(d),0/p(d)}. Furthermore, § = C'o X =bTg+ pn < [Bl|[|9]] + pn <
|d||C(d) + un. Therefore, || X|| < K(d, 1)
q.e.d.

The following corollary presents upper bounds on optimal solutions to P,ya,(d + Ad)
and D, na,(d + Ad), where Ad is a data instance in D representing a small perturbation
of the data instance d, and Ay is a scalar.

Corollary 4.1 Let d € Int(F) and p > 0. If ||Ad|| < p(d)/3 and |Ap| < p/3, then
[X(d+ Ad,p+Ap)|| < 4K(d, p),

ly(d+ Ad,p+ Ap)l| < 4K(d, 1),
15(d+ Ad,p+ Ap)l| < 6]|d|K(d, p).
Proof: The proof follows by observing that
ja+ad) < fa) + 22,
p+Ap < %i,
p(d+ Ad) > %éi).

From these inequalities, we have C(d+Ad) < £(||d||+p(d)/3)/p(d) = 3(C(d)+1/3) < 2C(d)
and ||d + Ad|| < 3|ld|| < 1.5||d||, since C(d) > 1. Furthermore, (u + Ap)n/p(d + Ad) <
2un/p(d). Therefore, K(d + Ad, p + Ap) < 4K(d, 1), and the result follows.

q.e.d.

Proof of Theorem 3.2:  Because of the Karush-Kuhn-Tucker optimality conditions
of the dual pair of programs P,(d) and D,(d), we have X(d,p)S(d, ) = pI. Since
X(d,p) € Sp, there exists an orthogonal matrix U such that X(d,u) = UDU7T, where
D = diag(A(X(d, 1))). Then, if S := UTS(d, u)U, we have ul = DUTS(d, ,)U = DS,
and so, \;(X(d,p))S;; = p for j = 1,...,n. Thus, for each j = 1,...,n, Ai(X(d,p) =
1155 > /1Sl = u/IS(d oo > w/15(d, ), and the result for Xy (X(d, ) follows
from Theorem 3.1. On the other hand, there exists an orthogonal matrix V such that
S(d,p) = VEVT, where E = diag(A(S(d,p))). Then, if X := VTX(d,n)V, we have
pl = EVTX(d, n)V = EX, and so, \;(S(d,u))X,; = p, for j = 1,...,n. Thus, for each
J=1...m X(S(d,p) = /X5 > p/l|Xlleo = /11X (d, 1)l > 1/1X(d,p)]|, and the
result for ;(S(d, 1)) follows again from Theorem 3.1.

12



q.e.d.

Corollary 4.2 Let d € Int(F) and u > 0. If ||Ad|| < p(d)/3 and |Au| < p/3, then for all
7i=1,...,n,

L
A (X(d+Ad,p+ A >
s R+ Ad &) 2 e o)
7
- >

Proof: The proof follows immediately from Theorem 3.2, by observing that ||d + Ad|| <
sldll, o+ Ap > 2, and K(d + Ad, p + Ap) < 4K(d, p).
q.e.d.

5 Proof of Bounds On Changes in Optimal Solutions

In this section we prove Theorem 3.3 and Theorem 3.4. Before presenting the proofs of the
theorems, we first present properties of certain linear operators that arise in our analysis,
in Proposition 5.1, Proposition 5.2, Proposition 5.3, Proposition 5.4, Proposition 5.5, and
Corollary 5.1.

Proposition 5.1 Given a data instance d = (A,b,C) € D and matrices X and X such
that X, X > 0, let P be the linear operator from R™ to R™ defined as

Pw:=A (X (AT[w]) X) ,
for allw € R™. If A has rank m, then the following statements hold true:

1. P corresponds to a non-singular matriz in R™*™,

2. P corresponds to a symmetric positive definite matriz in R™*™,
8. Pu=A (X' (AT[w]) X), for all w € R™.

Proof: By using the canonical basis for #™ and slightly amending the notation, we have
that the (¢, j)-coordinate of the matrix corresponding to P is given by

P, =A; o (XA;X). (17)

Hence, if w is such that Pw =0, then forall : =1,...,m:

Z( o (XA;X)

w; = 0,

)
f:(xl/z o (XA, X)) w; = 0,
)

j=1

i((xl/zAiXW) (XA X)) w; = 0.

J
j=1

13



It therefore follows that:

wiPw="> > w; ((X1/2A,-X'1/2) . (Xl/zAjX1/2)> w; = 0. (18)
i=13=1
This in turn can be written as:

IXY2(AT[w) X35 = 0,

from which we obtain AT[w] = 0. Using the fact that A has rank m, we have w = 0.
Therefore the matrix corresponding to P is non-singular, thus proving the first statement.

To prove the second statement, notice that from (17) we have P; = A; o (XA4;X) =
(XA;X)e A; = Aj o (XAX) = Py, for all 1 < 4,5 < m. Hence, P is a symmetric
operator. Furthermore, if we let A := (XY/24, X2 ..., X'/?A,,X'/?), we obtain from (18)
wTPw = ||AT[w]||? > 0, for all w € R™. Hence, P is a positive semi-definite operator.
Using that P is non-singular, we conclude the second statement.

Finally, to prove the last statement we use the following property of the trace operator:

trace ( XEF') = trace(EXF), (19)

for all symmetric matrices F, F and X in ®"*". By using (19), we obtain

trace (AiXAjX) = tmce( (XV2AXY%)( X_l/zXX'—l/z)()_(lﬂA-X'l/z))
= trace ((XV2XX-V2)(XV2AX?) (X2 4, X11%))
= trace (X A; X 4;)
= trace (A:XA;X),
for all 1 < 4,7 < m. Therefore, Pw = A (X' (AT[w]) X), for all w € R™, and the result

follows.
q.e.d.

Proposition 5.2 Let d = (A,b,C) € Int(F) and P be the linear operator from R™ to R™
defined as

Pw = A(A"w]),

for allw € R™. Then P is a symmetric positive definite matriz and

p(d) </ \i(P).
Proof: Observe that since d € Int(F), A has rank m, and so from Proposition 5.1, P is

non-singular. It is not difficult to show that P is also symmetric and positive semi-definite.
Therefore, P is positive definite.

14



Let A := A;(P). There exists a vector v € R™ with ||v|]| = 1 and Pv = Av. Hence,
vIPv = X. Let AA € L,,,, be defined as

A = (~0y(ATR0]), .., ~m(AT])

and Ab = ev for any € > 0 and small. Then, (A+AA)T[v] = 0 and (b+Ab)Tv = bTv+e £ 0,
for all € > 0 and small. Hence, (A+ AA)X = b+ Ab is an inconsistent system of equations
for all € > 0 and small. Therefore, p(d) < max{||AA|,[|Ab]|} = |AA| = [|AT[]|| = VA,
thus proving this proposition.

q.e.d.

Proposition 5.3 Given a data instance d = (A,b,C) € D such that A has rank m, and
matrices X and X such that X, X > 0, let Q be the linear operator from R™™ to R"*"
defined as

QV =V — X2 (AT [P A (X V2V X 2)|) X2,

for all V. € R™*" where P is the matriz from Proposition 5.1. Then Q) corresponds to a
symmetric projection operator.

Proof: Let RV := X'/2 (AT [P~'A(XY2VXY?)]) X'/2 for all V € R™". Since QV =
V — RV = (I — R)V, then Q is a symmetric prajection if and only if. R is a.symmetric
projection. It is straightforward to show that

RV = fj i P;' (Ao (X2VX12)) (X12A,X22) (20)
i=1 j=1
for all V € R™"*™. For a fixed matrix V' in R**", it follows from this identity that
W e (RV) = (i fj P;' (As e (XPW X)) (Xl/zAle/z)) oV,

i=1 j=1

for all W in R™*™. Hence, we have
RIW] =33 Py (Ao (XMW X)) (X124, X117),
i=1j=1

for all W in ®"*". By noticing that P is a symmetric matrix and using (20), we obtain
R = RT, that is, R is a symmetric operator.

On the other hand, for a given V in R"*", let w := P71A ()—(1/2VX1/2). Thus, using
Proposition 5.1, statement 3, we obtain

RRV = X'2(AT[PA(XY*(RV)X'?)]) X1/
= X2 (AT [P—IA (Xrl/z (X—l/z (AT [P—IA (X1/2VX1/2)]) X1/2) X1/2)]) x1/2

15




= X'V2(AT[PTA(X (ATw]) X)]) X2
XV (AT [PiPu]) X2

— X2 (AT[w])Xl/z

= RV,

where the fourth equality above follows from part (3.) of Proposition 5.1. Therefore, from
[11] (Theorem 1, page 73), R is a projection and the result follows.
q.e.d.

Proposition 5.4 Given o data instance d = (A,b,C) € D and matrices X and X such
that X, X > 0, let P be the linear operator from R™ to R™ defined as

Pw:=A (X (AT[w]) X) )
for allw € R™. Then if A has rank m,
1P oo < 11X ool X ™ loo I (AAT) ™ oo

Proof: From Proposition 5.1, it follows that P is non-singular. Let w be any vector in ™
normalized so that |Jw}} = 1, and consider a spectral. decomposition of . X as

X = Z )\k(X)ukuf,
k=1
where {uy,...,u,} is an orthonormal basis for ™. Then we have:

wlPw = i i trace (AiXAjX') WW,

i=1 j=1

= trace (Z Z AiXAj)—(wiwj)

i=1 j=1

= trace (Xl/z (Z Aiwi) X (Z Ajwj) Xl/z)

= Y M(X)trace (Xl/z ( Aiwi> upur (Z Ajwj) X1/2>
k=1 j=1

i1

| X | trace (Xl/z ( Aiw,') (Z Ajwj) X’l/z)
i=1 j=1
= || XY ZLtrace ((Z Aiwi) X (Z Ajwj)) .
=1 =1

16
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Now, consider a spectral decomposition of X as

n
z Ukvk y

where as before, {vy,...,v,} is an orthonormal basis for R". Notice that from Proposi-
tion 5.1, it follows that the operator AA” is nonsingular. Then, we have

PTG > w Py > XY Z)‘k tmce((ZAiwz') vtk (ZAJ"‘”J')>
i=1 j=1

> XX trace ((iAsz (i:lAjw]))
> IX TG IX S I AAn) IS,

and the result follows.
q.e.d.

Corollary 5.1 Let d = (A,b,C) be a data instance in Int(F), p be a positive scalar,
Ad = (AA,Ab,AC) € D be a data perturbation such that |Ad|| < p(d)/3, and Ap be a
scalar such that |Ap| < p/3. Then,

1P < saym (SOML Y

7

where P is the linear operator from R™ to R™ defined as
Pw:= A(X(d,p) (AT[w]) X(d + Ad, p + Ap))
for allw € R™, and K(d, i) 1s the scalar defined in (9).
Proof: Let X = X(d, 1) and X = X(d+ Ad, u+ Ay). From Proposition 5.4 we know that
1P oo < N1X Hloo X ™ loo I (AAT) ™ lco-

From Theorem 3.2 and Corollary 4.2, respectively, we have

_ 2\|d||\K(d, p
HX 1”Do H “ ( ),
L
_ 16||d||K(d,
L
Furthermore, from Proposition 5.2 we have
1
AATY o < ——.
(A4 o <

By combining these results and using Proposition 2.1, we obtain the corollary.
q.e.d.
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Proposition 5.5 Let d = (A,b,C) be a data instance in Int(F), u be a positive scalar,
Ad = (AA,Ab,AC) € D be a data perturbation such that [|Ad|| < p(d)/3, and Ap be a
scalar such that |Au| < /3. Then,

|Ab— AAX (d+ Ad,p+ Ap)|| < 5l|Ad|K(d, p),
IAC — AAT[y(d + Ad, p + Al < 5| AdK(d, 1)

Proof: Let X := X(d+ Ad, u+ Ap) and § := y(d+ Ad, p + Ap). From Corollary 4.1, we
have

1ab— AAX| < [ad](1+)1X])
| Ad]| (L + 4K(d, 1))

5| Adl|K(d, ).

INIA N

IAC — AAT[g]| lad] (1 +[1gl)
1Ad] (1 +4K(d, 1))

5| Ad||K(d, 1),

IAIA N

and so the proposition follows.
q.e.d.

Proof of Theorem 3.3: To simplify the notation, let (X,y, S) = (X(d, ), y(d, i), S(d, 1)),
(X,7,5) = (X(d+ Ad, p+ Ap),y(d+ Ad, p+ Ap), S(d+ Ad, p+Ap)), and = p+ Ap.
From the Karush-Kuhn-Tucker optimality conditions associated with the programs P,(d)
and P,ya,(d + Ad), respectively, we obtain

XS = ul, XS = ul,

ATly|+ S = C, (A+AA)T[H+S = C+AC,
AX = b, (A+AAX = b+ Ab,
X = 0, X > 0.

Let AE := Ab— AAX and AF := AC — AAT[g]. Therefore,
_ 1 - —
X-X = —X(@S—-uS)X
Bl

= X (B(C ~ ATly]) - w(C + AC — (A+ AAT[g)) X

[t
1 _
= =X (BuC - u(AC — AATf)) - AT[ay — 1) X
Ap g 1 1 -
— ZEXoxX - SXAFX - —X (AT(ay — pg) X. (21)
pf Iz pefi

On the other hand, A(X — X) = Ab— AAX = AE. Since d € Int(F), then A has full-rank
(see (8)). It follows from Proposition 5.1 that the linear operator P from R™ to R™ defined
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as Pw = A(X(AT[w]))X), for all w € R™, corresponds to a positive definite matrix in

R™*™ By combining this result with (21), we obtain:

_ A4 (Rex) - La(x _ L ptay — g
AE = M_LA(XC'X) ﬁA(XAFX) =Py — k),

and so
A _ 1 _ 1
PAE = ZEP1A(XOX) - —P'A(RAFX) - —(y — ).
pfi fi pfi
Therefore, we have the following identity:
_ 1 _
i_(py — uy) = BHpo1y (XCX) - —P'A(XAFX) - P'AE.
pfi pf fi

Combining (22) and (21), we obtain

X-x = 2rox - Llxarx

- X (AT [%P‘lfl (Xcx) - %P‘IA (XAFX) - P‘IAED X
= i—g— (Xcx - X (AT [P'A(X0X)]) X)

+ f’( (AT [P'AE]) X

(XAFX - X (AT [P'A(XAFX)]) X)

pit
+ X (47 [P‘IAED X,

where by @) we denote the following linear operator from R"*" to R™*™:

QV) =V - X1/2 (AT [P—IA (XI/ZVXl/Z)]) X172,

Ap o _ 1~ _
_ —ﬁXl/zQ (XI/ZCXVZ) X1z _ ﬁXl/zQ (XI/ZAFXI/Z) x1/2

(22)

(23)

for all V- € R™*". By using Proposition 5.3, it follows that @Q is a symmetric projection
operator, and so [|QV|| < ||V|| for all V' € R™*". Since ||V'/2||2 < /n||V|, for all V in S},
from (23), Theorem 3.1, Corollary 4.1, Corollary 5.1, and Proposition 5.5, it follows that

_ A _ _ _
IX-x| < %||X1/2||2|10||||X1/2||2+ IRV APIX Y2 + X (AT(PAE)) X]|

1
i
n|Ap|
il
4
P e,y +
Bl

<

IN

20
nlAd],
I

19
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Therefore, by noticing that p > %p, we obtain
_ 6n 640n+/m
1% - X1 < Slaullape, u + Tfnmucw)%(d, WP (u+ i)

and so (14) follows. .
Next, we prove the bound on ||§ — y||. From the identities (A+ AA)T[g] +S = C+AC
and AT[y] + S = C, it follows that

§-8 = AF-A"[g—y],
AF — AT[g -y,
XX —pX)X™' = AF - AT[j—y).

=i

g
|
=

g
Il

Hence,
AX —pX = X (AF-AT[g-y])X
= XAFX - X (A"[g-y]) X.
By pre-multiplying this identity by A, we obtain
Apb— pAE = A(XAFX) - P(7 - y),
and so,
P(—y) = —Apb+pAE+A(XAFX),
g—y = —ApP7'b+uP'AE+P'A(XAFX).

Therefore, using this identity, Theorem 3.1, Corollary 4.1, Corollary 5.1, and Proposi-
tion 5.5, we obtain:

17 =yl < 1AplIP7HIBl] + el P IAEN + I PHIITANIX T AF X

- C(d)*K(d, in)? C(d)?K(d, )3
< savaaulal PG agoympag SUEEL.

C(d)2K(d, u)®
+ 640\/r_nHAdHlldl|Llp(—u)

(d)°K(d, 1)°

< s2mlauld)C - C(d)*K(d, )® (e + 1)

12 ’

+ 640+/m]| Ad]|

and so we obtain inequality (15). .
Finally, to obtain the bound on ||S — S||, we proceed as follows. Notice that S — S =
AF — AT[y — y]. Hence, from (15) and Proposition 5.5, we have

IS =Sl < [IAF]+1A%(lllg - yll
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< sladi,w+ ) (s2vmanla SR

4+ esoymlad) SO ) Ildll)>

Pz

C(d)*K(d, pu)? C(d)2K(d, p)° dIn2
< savmlala SOTELE | oo, aq SOKD LT D

which establishes (16), concluding the proof of this theorem.
q.e.d.

Proof of Theorem 3.4: To simplify the notation, let z := z(d + Ad,px + Ap) and
z = z(d, pt). Consider the Lagrangian functions associated with P,(d) and P,1a,(d+ Ad),
respectively,

L(X,y) = CeX+up(X)+y"(b— AX),
LX,y) = (CH+AC)e X + (u+Ap)p(X)+4yT(b+ Ab— (A+ AA)X).
and define M (X,y) := L(X,y) — L(X,y). Let X and (§, S) denote the optimal solutions
to P,(d) and D,(d), respectively; and let X and (g, S) denote the optimal solutions to
Piap(d+ Ad) and Dyya,(d+ Ad), respectively. Hence, we have
z = L(X,9)
mas L(X )

max {I_J(X,y) +M(X,y)}
L(X,9)+ M(X,g)
z+ M(X,7).

v v

Thus, z — z > M(X, 7). Similarly, we can prove that z —z < M (X,9). Therefore, we
obtain that either |z — z| < |M(X, )| or |z —z| < |M(X,§)|. On the other hand, by using
Theorem 3.1 and Corollary 4.1, we have

|M(X,7)|

I

IAC o X + Aup(X) + 77 Ab — jTAAX]|

IACHIX | + |Apllp(X)] + 171 Ab] + gl AAIX]
1ad) (1 X[+ 1]+ 171X + | ApllpX)]

9| Ad|IK(d, 1)? + |Apllp(X)].

IN N

IN

Similarly, it is not difficult to show that
|M(X,9)| < 9IIAIK(d, 1)* + |Ap||p(X)].

Therefore,

|2 — 2| < 9| AdIK(d, 1) + |Apu| max {[p(X)], ()]}
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By using Theorem 3.1, Theorem 3.2, Corollary 4.1, and Corollary 4.2, we obtain

—nln(K(d,p) < p(X) < -nln (m)

Thus, we have the following bound:

; - ;L
e {lpCOL PO < mama i (), o o)
< n(In16+ |lnp|+ |In||d|| +1InK(d, 1)),

and so the results follows.
q.e.d.
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