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ABSTRACT. The Burer-Monteiro method is one of the most widely used
techniques for solving large-scale semidefinite programs (SDP). The ba-
sic idea is to solve a nonconvex program in Y, where Y is an nxp matrix
such that X =YY7. In this paper, we show that this method can solve
SDPs in polynomial time in an smoothed analysis setting. More pre-
cisely, we consider an SDP whose domain satisfies some compactness
and smoothness assumptions, and slightly perturb the cost matrix and
the constraints. We show that if p 2 1/2(1+n)m, where m is the number
of constraints and >0 is any fixed constant, then the Burer-Monteiro
method can solve SDPs to any desired accuracy in polynomial time, in
the setting of smooth analysis. Our bound on p approaches the cele-
brated Barvinok-Pataki bound in the limit as n goes to zero, beneath
which it is known that the nonconvex program can be suboptimal.

Previous analyses were unable to give polynomial time guarantees
for the Burer-Monteiro method, since they either assumed that the crit-
icality conditions are satisfied exactly, or ignored the nontrivial problem
of computing an approximately feasible solution. We address the first
problem through a novel connection with tubular neighborhoods of al-
gebraic varieties. For the feasibility problem we consider a least squares
formulation, and provide the first guarantees that do not rely on the
restricted isometry property.

1. INTRODUCTION

Consider a semidefinite program (SDP) in the space of nxn symmetric
matrices S™, involving m equality constraints:

I = -
(SDP) )I(Iélé}LCoX such that  A(X)=0b, X =0,

where C€S™, beR™ and A: S" —-R™, X  (AjeX,..., AeX) is a linear
map. Though interior point methods can solve (SDP) in polynomial time,
they typically run into memory problems for large values of n. The Burer-
Monteiro method [10,11] is one of the most widely used procedures for large
scale problems. Several papers have worked in understanding the practical
success of this method, see e.g., [8,9,11]. Although several results have been
shown, they all fall short of showing that one can reach an approximately
optimal solution of (SDP) in polynomial time. In this paper we prove the
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first polynomial time guarantees for the Burer-Monteiro method, under a
compactness and smoothness assumption on the domain.

The Burer-Monteiro method consists in writing X =Y Y7 for some Y €
R™ P, and solving the following nonconvex optimization problem:

(BM) }1}161% CeYYT — where M:={Y eRP:AYYT)=0b}.

Let (k) := (k'gl) be the k-th triangular number. It is known that prob-
lems (SDP) and (BM) have the same optimal value for any p such that
T(p) > m; this is known as the Barvinok-Pataki bound [3,29]. But due to
nonconvexity, local optimization methods may converge to a critical point
of (BM) which is not globally optimal [34]. In this paper we are mainly
interested in 2nd-order critical points (abbreviated: 2-critical points).

Boumal et al. [8,9] showed that (BM) has no spurious 2-critical points
when 7(p) > m, assuming that the feasible set 9t is a smooth manifold
and that the cost matrix C' is generic. The result of Boumal et al. gives a
strong indication that, for any p above the Barvinok-Pataki bound, a local
optimization method for (BM) should lead to the global optimal of (SDP).
However, there are two serious technical obstacles to derive polynomial time
guarantees.

The first obstacle is that numerical algorithms must be terminated after
finitely many iterations, and hence the criticality conditions are not satis-
fied exactly. This issue has been addressed by Pumir et al. [30], though
for values of p larger than the Barvinok-Pataki bound. They introduce
a smoothed analysis [32] setting in which the cost matrix is subject to a
small random perturbation of magnitude . The purpose of this perturba-
tion is to introduce genericity to the problem. They then defined a notion
of exactly feasible approzimately 2-critical (EFAC) point, and showed that
any EFAC point of (BM) is also approximately optimal for (SDP) when
7(p) 2 §mlog(Qy/n/c)) with high probability. Note that this bound gets
worse when the perturbation magnitude o decreases.

In this paper, we consider the same smoothed analysis setting (the cost C
is perturbed), and we improve upon [30] by matching the Barvinok-Pataki
bound. To do so, we provide a deterministic characterization of the spurious
EFAC points of (BM) in terms of tubular neighborhoods around algebraic
varieties. This deterministic characterization, given in Proposition 3.8, is
of independent interest. By using effective bounds for the volume of such
tubular neighborhoods [12,22,27], we derive the following theorem.

Theorem 1.1 (critical = optimal | Informal). Consider this setting:

e The rank p satisfies T(p) > m.
o Apply a perturbation of magnitude o to the cost matriz C.

Then, with high probability, any EFAC point for (BM) with bounded norm is
also approzimately optimal for (SDP), provided that the criticality precision
is sufficiently small. The precise statement appears in Theorem 3.5.
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The second obstacle we need to overcome is the efficient computation of
EFAC points. Feasibility is the main impediment. Indeed, the set 90t is
defined by quadratic equations, and solving quadratics is NP-hard. Hence,
finding EFAC points is computationally intractable. To address this issue,
we relax the feasibility requirement and define a notion of approzimately
feasible approximately 2-critical (AFAC) point. We show that Theorem 1.1
remains valid for AFAC points. Importantly, AFAC points can be computed
in polynomial time (see Theorem 2.6), provided that an approximately fea-
sible solution is known. This leads to the following theorem.

Theorem 1.2 (Polytime optimality | Informal). Consider this setting:

The rank p satisfies T(p) > (1+n)m, for a fized constant n > 0.
Apply a perturbation of magnitude o to the cost matriz C.

Assume that MM is compact and smooth (LICQ holds).

Let Yy be an approximately feasible point, i.e., Yy is close to IN.
Solve (BM) using a constrained optimization method with 2nd-order
guarantees (e.g., Theorem 2.6) initialized at Y.

Then, after poly(n,o~1) iterations, the algorithm produces with high prob-
ability a point Y such that YYT is approzimately optimal for (SDP). The
precise statement appears in Theorem 5.1.

The above theorem applies to SDPs with compact and smooth domains
for which a feasible solution is known. Observe that it requires a slightly
larger bound for p, compared to Theorem 1.1. This is needed to ensure that
the criticality precision remains polynomially bounded. Also note that the
perturbation magnitude o appears in the complexity of the algorithm (as is
usual in smooth analysis), but does not appear in the bound for p.

In order to fully address the computation of AFAC points, we need to
find an approximately feasible solution of (SDP). To do so, we consider the
least squares problem

(SDPy,) min [|A(X) - b|> such that X >0,
e n
and the corresponding Burer-Monteiro problem
(BM,) min_ [JA(YYT) - b
Y eRnxp

We can analyze problem (BMj,) using similar techniques as for (BM). We
consider a smoothed analysis setting in which the constraint map A is
subject to a small perturbation. We will show in Theorem 4.5 that, for
7(p) >m, any approximately critical point of (BMj,) is approximately opti-
mal for (SDPj). This leads us to the following theorem.

Theorem 1.3 (Polytime feasibility | Informal). Consider this setting:

e The rank p satisfies 7(p) > (14n)m, for a fized constant n > 0.
o Apply a perturbation of magnitude o to the constraint map A.
o Assume that the perturbed set 9 is nonempty and compact.
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e Solve (BMs) using an unconstrained optimization method with 2nd-
order guarantees (e.g., [13,14]).

Then, after poly(n,o~1) iterations, the algorithm produces with high prob-
ability a point Y such that YY 7T is approxvimately feasible for (SDP). The
precise statement appears in Theorem 5.3.

Theorems 1.2 and 1.3 together provide polynomial time guarantees for the
Burer-Monteiro method, assuming that both C, A are slightly perturbed and
that the domain is compact and smooth.

The structure of this paper is as follows. In Section 2 we introduce the
notion of AFAC points in nonlinear programming, and we discuss how to
compute them in polynomial time. In Section 3 we prove Theorem 1.1. In
Section 4 we analyze the least squares problem (SDPj). In Section 5 we put
together the results from the paper, and show Theorems 1.2 and 1.3. We
conclude with some experimental results in Section 6.

Related work. The Burer-Monteiro method applied to problems (SDP)
and (SDPy) has attracted much research in past years. Several papers have
tried to explain the practical success of the method, as we elaborate now.

For problem (SDP), early work by Burer and Monteiro [11] and by
Journée et al. [24] gave strong indications that (BM) has no spurious crit-
ical points above the Barvinok-Pataki bound. A formal proof was given
recently by Boumal et al. [4,8]. Subsequent work by Bhojanapalli et al. [4]
and Pumir et al. [30] investigated the case of approximately critical points
in a smoothed analysis setting. The work in [5] did not focus on (SDP),
but in a penalized version. The Barvinok-Pataki bound was recently shown
to be optimal up to lower order terms for general SDPs [34]. However for
structured families of SDPs a smaller rank might suffice [2,28]. As discussed
above, previous work has not yet shown polynomial time guarantees for
problem (BM).

Problem (SDPj) has been well studied in the matrix sensing community.
Bhojanapalli et al. [5] showed that (BMj) has no spurious local minima
under the restricted isometry property (RIP), and they also provided poly-
nomial time guarantees. Similar results have been derived later, e.g., [21,26].
Note that RIP is a very strong assumption about the condition number of
the linear map A, particularly since the RIP constant is small [35]. In con-
trast, our result in Theorem 1.3 simply assumes a small perturbation around
a worst-case instance A. This is a nondegeneracy condition, much weaker
than RIP. To the best of our knowledge, this is the first paper that shows
that (BMjs) has no spurious local minima without relying on RIP.

2. CRITICAL POINTS IN NONLINEAR PROGRAMMING

In this section we revisit the notion of critical points in unconstrained and
constrained optimization. We also discuss notions of approximately critical
points, and review methods with finite-time complexity guarantees.
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2.1. Unconstrained case. Consider the optimization problem

(Pun) min f(y),

with f : R™ — R twice continuously differentiable. A vector y € R" is a
2nd-order critical point for (Pyy,), abbreviated 2-critical, if it satisfies:

Viy) =0, V2f(y) = 0.

In the unconstrained case any local minimum of f is also a critical point.
Practical optimization algorithms cannot obtain a solution satisfying the
above equations exactly. Hence, we consider a relaxation of these conditions.

Definition 2.1. Given €1,e5 € Ry, we say that y is (e1,2)-approzimately
2-critical (AC) for (Pyy) if:

(1) IVl < e, V2f(y) = —ealy.

Several algorithms for unconstrained optimization with provable conver-
gence guarantees are known. Recent work has focused on deriving algorithms
with finite-time guarantees. In particular, the trust region method com-
putes an (£1,2)-AC point in O(max{e; %51, £5%}) iterations [14], and the
adaptive regularization with cubics (ARC) method takes O(max{e;?,¢5°})
iterations [13]. We formally state the result for the ARC method.

Theorem 2.2 ( [13]). Assume that there exists o > 0 such that:

o A point yo with f(yo) < a is known.
o f.Vf, V2f are uniformly bounded and Lipschitz continuous on the
lower set {y : f(y) < a}.
The ARC method initialized at yo requires O(max{e;?, e5%}) iterations to
produce an (e1,e2)-AC point y. Furthermore, each iteration requires O(1)
evaluations of f and its derivatives.

2.2. Constrained case. Consider the nonlinear program

(Peon) min f(y), where 9 :={yeR™:h(y) =0},
yeM

with f : R® > R, A : R"™ - R™ twice continuously differentiable. The
Lagrangian function is L(y, \) = f(y)+A-h(y). A vector y€R™ is a 2-critical
point if there are multipliers A€ R™ such that

h(y) = 07 VyL(yv A) = 07
uTVyQyL(y, Au >0, Vusuch that Vh(y)u = 0.

In the constrained case, for a local minima to be a critical point we need
some regularity conditions. One such condition is the linear independence
constraint qualification (LICQ), that states that VA(y) is full rank. This
is equivalent to 91 being smooth at y for the case of complete intersections
(i.e., codim Mt = m).

We now consider a relaxation of the criticality conditions.
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Definition 2.3. Given € = (gg,e1,€2) € Ri, ~v € Ry, we say that y is
(e,7)-approximately feasible approrimately 2-critical (AFAC) for (Peon) if
there exists A € R™ such that:

(2a) 1R(y)ll < eo, IVyL(y, M| < ex,
(2b) uTVy2yL(y, ANu > —e9, Vu of unit norm such that ||[Vh(y)u|| < 7.

Our subsequent analysis requires a bound on the Lagrange multipliers A.
We can obtain such a bound through a quantitative version of LICQ.

Definition 2.4. For p > 0, we say that o-LIC'Q) holds at y if the smallest
singular value of Vh(y) is at least .

Lemma 2.5. Let (y, \) be such that |V, L(y, \)||<e1. If 0-LICQ holds at y,
then [|Al < o~ (e1+[Vf(»)I])-

Proof. Let J := Vh(y). Since VL(y,\) = Vf(y)+JTA, and J is full rank,
then A\ = (JHT(VL(y,\)-Vf(y)), where JT is the pseudo-inverse of .J.
Hence [|A]] < o™ Her+IVF()I). O

Several local optimization methods for (P.o,) with provable convergence
guarantees are known. In particular, augmented Lagrangians [1] and trust-
region methods [19, §15.4] converge to 2-critical points. Recent work has
focused on finding algorithms with finite-time guarantees. The complexity of
computing approximately 1-critical points was studied in, e.g., [6,15,16,20].

As for approximately 2-critical points, we are only aware of [17,31]. But
both papers use a different 2nd-order condition, which is not easy to trans-
late into our setting. Nonetheless, in Theorem 2.6 below we show that AFAC
points can be computed in polynomial time. The proof of this theorem is in
Appendix A, and relies on a variant of the method from [17]. To the best
of our knowledge, this is the first polynomial time bound for computing
2-critical points that works with the standard notions of criticality.

Theorem 2.6. Assume that there exist 3,0 € Ry such that:
o A point yo in the set Mg := {y : ||h(y)||<B} is known.
o [, Vf,V2f and Vh;,V?h; for i € [m] are uniformly bounded and
Lipschitz continuous on 9Mg.
e 0-LICQ holds at all y € Mg.

Let € = (eg,e1,62) € RY, v € Ry be such that
(3) g0<B, <1, &< %Rxl g0g2, 72 < 1%3;\3 €0 €2,

where Ry :=2+20 'L¢, Ly:=maxy,||Vf(y)|l. There is an algorithm that,
when initialized at yo, requires O(max{ey?e1?, e5° e5°}) evaluations of f,h
and their derivatives to produce an (e,7)-AFAC pair (y, \), with ||A|| < Ry.

Remark. Theorem 2.6 assumes that o-LICQ holds everywhere in 91g. This
is a strong assumption, that can only be guaranteed when [ is very small.
Hence the initial point y¢ must be approximately feasible.
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3. OPTIMALITY OF CRITICAL POINTS

In this section we consider a smoothed analysis setting in which the con-
straint variables A, b are fixed, and the cost matrix C' is subject to a small
random perturbation. We will show that problem (BM) has no spurious
approximately critical (AFAC) points with high probability. This means
that any AFAC point of (BM) is approximately optimal for (SDP). We
will restrict our attention to AFAC pairs (Y, A) of bounded norm. Hence,
we assume that ||Y|| <Ry and ||| <R, for some fixed constants Ry, Ry.

A crucial step toward our theorem is a geometric characterization of the
spurious AFAC points in terms of tubes around algebraic varieties. We then
take advantage of known effective bounds for the volume of such tubes [27].

From now on, we use the Frobenius norm for all matrices.

3.1. Spurious approximately critical points. We proceed to describe
the optimality conditions of problems (SDP) and (BM). Consider first the
convex problem (SDP). Its conic dual is

max b'A such that S(\) >0,
)\GRTIL

where
S(A\) == C—A"(\) € S*  is the slack matrix,
A* R —S", )\»—>Zi N A;  is the adjoint of A.
The optimality conditions for the dual pair of SDPs are:
AX)=b, X0, SN =0, SANX=0.

The first three conditions correspond to primal and dual feasibility, and the
last one is complementary slackness. We define an approximately optimal
solution as a relaxation of the above conditions.

Definition 3.1. Let € = (g0,£1,2) € R3. We say that X € S" is e-
approximately optimal for (SDP) if there is A € R™ such that:

4)  [AX) —bll <0, [ISNX[|<er, X =0, SA) =z —e2ln.
It is known that an e-approximately optimal solution is at distance O(||e||)

from an optimal solution under nondegeneracy assumptions [33]. We can
also give a simple bound on the optimality gap.

Lemma 3.2. If (X, \) is e-approxzimately optimal for (SDP) then
CeX < CeX +eolM +e1vn+e| X]|vVn V feasible X.
Proof. The lemma follows from the following equations:
CoeX =X-AX)+SN)eX > A-b—(e2I,) ¢ X = \-b— ]| X||V/n,
Ab > A AX) = [IAIb—AX)I > A AX) = eol AL

Ab >
NAX) > A AX) SN e X — [SO)X| > CoX —ev/n. O
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We proceed to problem (BM). This is a special instance of the nonlinear
program (Peon) with f(Y) = CeYYT and h(Y) = A(YYT)—b. The La-
grangian function is L(y, \) = S(\)eY YT+ bTX. The criticality conditions
for (BM) are obtained by specializing (2).

Definition 3.3. Let € = (g0,£1,62) € R3, y € R;. We say that Y € R™*P
is (e,7)-approzimately feasible approzimately 2-critical (AFAC) for (BM) if
there is A€ R™ such that:

(5a) JAYYT) = b < e, [SNY] < e,
(5b) S(\) e UUT > -y, VYUEeR™? with |U|| =1, JAUYD)| <.

Remark. By fixing €9 =0 we get a notion of exactly feasible approximately
2-critical (EFAC) point, which was used in [4,30].

We are ready to formalize the concept of spurious critical points.

Definition 3.4. Let Ry, Ry € Ry be fixed constants. For arbitrary € =
(€0,€1,€2) € Ri, v € R4, we say that a pair (Y, ) is spurious (g,v)-AFAC
if:

e (Y, \)is (g,7)-AFAC for (BM).

e (YYT )\)isnot e’-approx. optimal for (SDP), with &’ := (g9, Ry€1, €2).

e |[Y|| < Ry and ||\]| < Ry.

A pair (Y, \) is spurious ezactly critical if the above holds for e = 0,y = 0.

3.2. Statement of the theorem. We present the main result of this sec-
tion. Let A, b be fixed, and let C be obtained from a random perturbation
of magnitude o around some fixed C. Concretely, C' is uniformly distributed
on the Frobenius ball B,(C) C S" of radius o centered at C. Consider the
set Gy C S", consisting of all cost matrices for which there is a spurious
AFAC point:

Cery = {C€S" :3(Y,\) an spurious (g,7)-AFAC pair} .

We show that if 7(p) > m, then the matrix C avoids the “bad set” € ., with
high probability. More precisely, the probability Pr[C' € ¢, 5] is vanishingly
small as the ratio €1/ goes to zero.

o . . 3
Theorem 3.5 (critical = optimal). Let p such that 7(p)>m. Let e €R7,

vER,. Let C be uniformly distributed on the Frobenius ball B,(C'). Then
Pr[C € 6.,] < 8¢ P (3k)™ (2en® /o)),
where & := e1||A|| /v and k := R)||Al|, provided that § < o /4en?.

The following corollary shows that when the stronger condition 7(p) >
(14n)m holds, where 7 is a fixed constant, then we can derive a high prob-
ability bound while maintaining § polynomially bounded.
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Corollary 3.6. Consider the setup from Theorem 8.5. Assume that
7(p) > (4mm+nt,  §< (1/3r)"(0/2en®) 1/,
for some arbitrary constants n,t > 0. Then
Pr[C € %] < 8e(o/6ren?)".
Proof. 1t is a straightforward manipulation. O

3.3. Tubes around varieties. Our proof of Theorem 3.5 relies on a geo-
metric characterization of the set 4. ,. Such characterization is known for
the case € = 0,~ = 0, corresponding to ezxactly critical points. It was shown
in [9], see also [18], that the existence of a spurious exactly critical point
implies that C lies in a certain algebraic variety of S”, as follows:

3 (spurious exactly critical point) = (eSS, ,+ImA",
where S}, := {X : rank X < n—p} is a variety of low rank matrices, and
Im A* is the linear space spanned by Ai, ..., A,,. Hence, we have that

%070 C Szfp + Im A*.

When 7(p) > m, the variety S;_ +Im A" is properly contained in S". It
follows that %po has measure zero and hence, for generic C, there are no
spurious exactly critical points.

We show below that for approximately critical points the situation is
analogous, except that we need to consider a tubular neighborhood around
the variety Sj;_,+Im A*.

Definition 3.7. For a set YW C S"™ and a positive number § € R, we define
tubes W = {X € S": || X —W| < for some W € W}.
Proposition 3.8. Let § :=e1||A||/y and By := {\€R™ : |A[|<Rx}. Then
Cery C tubes(Sy_,) + A*(By) = tubes(S;_,+A"(B))).

The next lemma is the key ingredient for Proposition 3.8. It shows that
if Y is a spurious AFAC point, then its smallest singular value o,(Y") is
bounded from below. This is a generalization of a previous result by Burer

and Monteiro [11] about exactly critical points. An analogue of this lemma
is found in [30, Lem.3.2] for the case of EFAC points.

Lemma 3.9. LetY be an (g,7v)-AFAC point of (BM). If 0,(Y) < ~/|A]l,
then YYT is €'-approzimately optimal for (SDP), with €' := (g9, Ry¢e1,2).

Proof. Let (Y, \) satisfy (5), and let us show that (YY7,\) satisfies (4).
The first three conditions in (4) are easy to check. We proceed to show the
last one: S(\) = —eol,. Given a unit vector u € R", we need to show that
u?'S(A\)u>—es. There is a unit vector z € RP such that ||Yz|| = 0,,(Y). The
matrix U:=uz’ satisfies |U]|=1 and

IOY TN < Mull[[Y 2l = 0p(Y) < 7/IlAll.
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Then |A(UYT)|| <+, so by (5b) we have
—g9 < SN eUUT = |22 (T S(N)u) = u? S(\)u. O

Proof of Proposition 3.8. Let C € %, so there is a spurious (e, 7)-AFAC
pair (Y, ). By Lemma 3.9, we must have 0,(Y") >~/||A|. Let S := S(A),
and note that ||SY||<e;=~d/||A|| by (5a). Then

(6)  dist(S,81_,) = /30402 1(8) < ISY[/op(¥) < 6,
and hence C' = S(A )+A*( ) € tubes(Sy,_,)+A*(By). O

By Proposition 3.8, the set of “bad” cost matrices €¢ - is contained in a
tube around a variety. To prove Theorem 3.5, we need an upper bound on
the probability mass of this tube. The computation of integrals over tubes
has a long history in differential geometry [22]. Effective bounds for these
integrals were shown in [12,27]; they were used for smooth analysis in the
first reference. The following bound follows from [27].

Theorem 3.10. Let V. C RF be a real variety of codimension ¢ defined

by polynomials of degree at most D. Let x be uniformly distributed on the
Euclidean ball By(z) C R¥. Then

(7) Prle € tubes(V)] < 4Z< > <2D5> <1+§>M < 8¢ <26ff5>c,

where in the second inequality we require that max{4ekDd/co,kd/o} <1.

Proof. We start with the left inequality. This was shown in [27] in the case
that V is a complete intersection. Assume now that V is not a complete
intersection. Then V = V/(f) with f € R[z|™ and m > ¢. For a generic
matrix A € R°™ we have that f' = Af € R[z]¢ is a complete intersection
by Bertini’s theorem [25]. Since V' C V(f’), the result follows from the
previous case.

We proceed to the right inequality. Since k < ¢/§ then (1+5/0)F < e
Denoting y := 2ekDJ/co, the summation in (7) is less than

k

k\ (2D5Y’ ke 2D§
4 — ] <4 —— ) < 4
() ) < wp (1) < wtv -
where we used that y < 1/2 by assumption. O

Proof of Theorem 3.5. Let By C R™ be the of radius R) centered at zero.
Consider an e-net N of By, where € := §/||A]|. It is known that (3Ry/e)™ =
(3k/0)™ points suffices for the e-net. Observe that

(8a) A*(By) C A*(tubec(N)) C tubes(A*(N)),

(8b) ey C tubes(Sy,_,)+A"(By) C tubeys(S;_,)+A"(N).
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Recall that §j,_, is a variety of codimension 7(p) defined by equations of
degree n—p+1. For any £ € N, Theorem 3.10 gives

det(n) (n—p—i—l)é)T(p) (267135)T(p)
< 8e .
T(p)o o

Pr[C—A"({) € tubegs(Sy_,)] < 86(

Finally, the union bound gives
Pr[C € Cc,] < #N - Pr[C € tubeys(Sy_,)+A™(0)]
< (3k/6)™ - 8e (26n35/0)T(p) . O

4. FEASIBILITY OF CRITICAL POINTS

In this section we address the computation of a feasible solution for (SDP).
To do so, we consider the least squares problem (SDPj) and its Burer-
Monteiro relaxation (BMj). Note that if (SDP) is feasible, then the optimal
value of (SDPj,) is zero. Nevertheless, the results of this section apply to an
arbitrary instance of (SDPj), even if the optimal value is nonzero.

We consider a smoothed analysis setting in which b is fixed, and A is sub-
ject to a small random perturbation. We will show that problem (BM,) has
no spurious approximately critical (AC) points with high probability. This
means that any AC point of (BMj,) is approximately optimal for (SDPj).
We will restrict our attention to AC points Y of bounded norm. Hence, we
assume that ||Y|| <Ry for some fixed constant Ry .

4.1. Spurious approximately critical points. We proceed to describe
the optimality conditions for (SDP;,) and (BM;,). Let f(X) := || A(X)—b|?
be the least squares objective function. The optimality conditions for the
convex problem (SDPj,) are:

S(X)X =0, X=0, SX)=0,
where S(X) is the gradient of the objective function
S(X) := Vf(X) = 24" (A(X)—b) € S".

We call X approximately optimal if either f(X) is very close to zero, or the
above conditions are approximately satisfied.

Definition 4.1. Let € = (g0,£1,2) € R3. We say that X € S" is e-
approximately optimal for (SDPj) if X = 0 and either

9) JAX)=b|| <eg or (||S(X)X]||<e; and S(X) = —e21,).
The following lemma bounds the optimality gap for the second case in (9).
Lemma 4.2. Let X €ST such that |S(X)X| < e, S(X) = —eal,,. Then
f(X) < f(X)+evn+elX|vn VXeSh.
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Proof. Let L(X) := f(X)—SeX, with S := S(X). This is a convex function
with VL(X) =0, so X is its global minimum. Note that

FX) = LX) + 5o X > L(X) — (e2ln) e X = L(X) — el| X[V,
L(X) = f(X)-SeX > f(X) - |SX|. > f(X) - e1v/n.

Since L(X) > L(X), the result follows from the above equations. O

We proceed now to the Burer-Monteiro problem (BMj). This is a special
instance of the unconstrained optimization problem (P,y). The criticality
conditions for (BMj) are obtained by specializing (1).

Definition 4.3. Let (e1,e2) € R2. We say that Y € R"™? is (e1,e9)-
approximately 2-critical (AC) for (BMy,) if

(10a) ISYYT)Y|| < e,
(10b)  SYYT)eUUT +4||AUYT)|?> ey, YUER™?, |U|=1
We are ready to formalize the concept of spurious critical points.

Definition 4.4. Let Ry be fixed. For an arbitrary e = (g, 1, €2) ER%’F, we
say that a point Y is spurious e-AC if:
o Y is (e1,e2)-AC for (BMy).
e YYT isnot &’-approx. optimal for (SDP;,), with &’ := (g9, Ry¢1, 5¢2).
e |[Y] < Ry.

A pair (Y, \) is spurious ezactly critical if the above holds for € = 0.

4.2. Statement of the theorem. We assume here that b € R™ is fixed,
and we vary the linear map A. We identify A with the tuple of matrices
(Ay,...,A;), and hence view it as an element of the Euclidean space (S™)™.
We assume that A is uniformly distributed on the Euclidean ball B,(A) C
(S™)™ of radius o centered at A. Consider the set o C (S®)™, consisting

of all A for which there is a spurious AC point:
e = {A€(S")™ :3Y a spurious e-AC point}.

We show that if 7(p) > m, then the probability Pr[A € 7] is vanishingly
small as the ratio 51/\/5 goes to zero.

Theorem 4.5 (critical = feasible). Let p such that 7(p)>m, and e € R3.

Let A be uniformly distributed on the Euclidean ball B,(A). Then
Pr[A € o] < 8¢ (3k)™ (en®/oey)™P),

where § := e1Ra/\/E2, k = 2(RAR:+|b||)Ra, and R4 = || Al|+0, provided
that § < oeg/4en3.

As before, we can derive a high probability bound with § polynomially
bounded when 7(p) > (1+n)m.
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Corollary 4.6. Consider the setup from Theorem 4.5. Assume that
7(p) > (1+n)ym +nt, &< (1/3x)Y"(pc?/e*n®) TV 20> po,
for some arbitrary constants n,t,p > 0. Then
Pr[A € o] < 8e(po?/3re*nd)t.

4.3. Tubes around varieties. As in Section 3, our proof of Theorem 3.5
relies on a geometric characterization of the spurious AC points. First con-
sider the simpler case of spurious ezactly critical points (¢ = 0). The fol-
lowing equation is a consequence of our analysis:

3 (spurious exactly critical point) == S;_, NImA" is nontrivial.

This implies that the set <% has measure zero when 7(p) >m. Hence, for
generic A, there are no spurious exactly critical points.
The case € > 0 is similar, but we need consider a tube around S;;_,,.

Proposition 4.7. Let § := e1Ra/\/e2, Dy := {AN€R™ : 269 < ||A|| < Ra},
Ry :=2(RAR2 +||b||). Then for A € </ we have that

tube(g(Spr) N .A*(D)\) =+ .
The above proposition relies on an analogue of Lemma 3.9.

Lemma 4.8. LetY be an (e1,£2)-AC point of (BMy,). If 0,(Y) < \/€2/Ra,
then YY1 is & -approzimately optimal for (SDPy), with €' := (0, Rye1, 5e2).

Proof. Let Y satisfy (10), and let us show that YY7T satisfies (9). The first-
order condition is easy to check. We proceed to show that u? S(X)u > —&}, for
any unit vector u € R"™. Let z€RP be a unit vector such that ||Yz|| = a,(Y).
The matrix U := uzT satisfies |U| =1 and |[UYT|| < |Jul|[|[Yz]| = 0,(Y).
Then ||A(UYT)|| < /22 and by (10b) we have

u'S(X)u=S(YYT) e UUT > —eo—4||AUYT)||> > —5es. O

Proof of Proposition 4.7. As A € /., there is a spurious e-AC point Y. By
Lemma 3.9, we must have o,(Y) > /2/R4. Note that [[S(YYT)Y| <e;.
Together with (6), we conclude that S(YYT) € tubes(S!!_,). Let A :=
2(A(YYT)—b). Note that ||\|| > 29 and

IA = 2[AQYT) — bl < 2([A[[[Y 1> + [1Bl]) < Ra.
Then A € Dy and A*(A) = S(YYT) € tubes(S;_,). a
Proof of Theorem 4.5. The result in Proposition 4.7 can be expressed as:
e C {A€(8")™:0 € tubes(S;_,) +A"(DA)},

which is closer to the formula in Proposition 3.8. Consider an e-net N
of Dy, where € := §/R4. It suffices to take (3Ry/e)™ = (3x/9)™ points for
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the e-net. A reasoning similar to (8) gives
e C {AE€ (S§")™:0 € tubeys(Sy,_,) + A"(N))}

= [ J{A e (s")™: A*(() € tubeys(Sp_,))}-
LeN
Let ¢ € N, and consider the linear map

G (S —=S", A A*(L).
This is a surjective map. Moreover, the scaled map ﬁ ¢¢ gives an isometry
(ker ¢p¢)*= = S™. It follows that

oe(A) € tubegg(SZ_p) — Ac tube%/w (qf)zl(SZ_p)).
Since ||¢]| > 2ep, we conclude that

e C | tubes)ey(Ve),  with V= ¢, (Sh_,).
LeN
The final part of the proof is similar to the one in Theorem 3.5. The
variety V; is a cylinder over S;_, so it has the same codimension 7(p) and

degree n—p+1 as S;;_,,. Using the union bound and Theorem 3.10, we get
Pr[A € o] < #N - Pr[A € tubes,., (Vy)]
< (3k/0)™ - 8e (en35/a€0)T(p) . O
5. OVERALL COMPLEXITY ESTIMATES

In this section we will derive polynomial time guarantees for the Burer-
Monteiro method. In particular, we will formalize and prove Theorems 1.2
and 1.3 from the introduction.

We introduce some notation that will be used throughout this section.
We consider two constants o > 8 > 0 and associated sets 9, D Mg, where
My = {Y : JAYYT)—b|| <t}. We assume that 3 is small enough so that
p-LICQ holds globally on 9tz. On the other hand, o > 0 is sufficiently large
so that a point Yy € 9, is always known. We further assume that 9, is
compact. This compactness assumption is satisfied, for instance, if one of
the constraints matrices A; is positive semidefinite.

5.1. Optimality. We assume first that an approximately feasible solution Y
is known. Consider the following setting:

e p satisfies 7(p) > (14+n)m+nt for some given constants n,t€R .

e A, b are fixed and C is uniformly distributed on a ball B,(C).

e J3 € Ry such that: Mg is compact, a point Yy € Mg is known, and
0-LICQ holds on Mg.

e Ry, Ly € Ry are constants that bound ||Y]| and ||CY], for Y € M.

e (BM) is solved with the method from Theorem 2.6 initialized at Yj.

The next theorem shows that the Burer-Monteiro method solves (SDP)
in polynomial time with high probability.
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Theorem 5.1 (Polytime optimality). Let p€(0,1] arbitrary, and let
coi=v:i=¢, e1:=¢, e9:=16R3e, with e:= K ' p(c/2en®) T/,
where Ry and K are the problem dependent constants

Ry:=2+20""'L;, K:=|A|@Br)Y", with r:=Ry|A|

The algorithm from Theorem 2.6 returns a pair (Y, \) after O(e~%) function
evaluations. With probability at least 1—O(c/n3)t, the pair (YYT \) is
(e, 2Ry, 16 R3€)-approzimately optimal for (SDP).

Proof. The smoothness assumptions in Theorem 2.6 are satisfied since Mg
is compact. Then (Y, )) is an (e,v)-AFAC pair with ||A|| < R). Note that

5= erllAl /v = €|l A|| < (1/3@1/77 (0/26n3)1+1/77

is as in Corollary 3.6. Hence (YYT, A) is (20,1 Ry, €2)-approximately opti-
mal for (SDP) with probability 1—O(o/n3)t. O

The above theorem shows that YY7 obtained is approximately optimal
for the perturbed problem (SDP) with high probability. Let (SDP) denote
the SDP problem in which we use the unperturbed cost matrix C. We can
also show that Y'Y is also approximately optimal for (SDP).

Corollary 5.2. Consider the setup of Theorem 5.1. With probability at
least 1—O0(o/n3)t, the pair (YYT N) is (e}, eh)-approzimately optimal
for (SDP), where £(,€/ el = O(0).

Proof. Let X := YYT. We know that (X, \) is (€0, €1, €5)-approximately
optimal for (SDP) with high probability. Let S := C—A*(\), S := C—A*()\)
be the slack matrices for (SDP) and (SDP). Observe that

(11) IAX)=b] < &5 < O(0),

(12) ISX| < ISX[[+[[(S=9)X| < &1+ ol X] < O(0),

(13) S = 8 —|5=8S|I, = —(eh+0)I,, = —O(0)1L,.

So the optimality conditions of (SDP) hold with 7, e/, = O(0). O

5.2. Feasibility. We now consider the computation of a feasible point.
Consider the following setting:

p satisfies 7(p) > (14+n)m~+nt for some given constants n,t€R .
b is fixed and A is uniformly distributed on a ball B,(A).

Ja € R4 and a matrix Yy such that 91, is compact and Yy € 9,
Ry € R is a constant that bounds ||Y||, for Y € M.

(BMjs) is solved with the method from Theorem 2.2 initialized at Y.

Theorem 5.3 (Polytime feasibility). Let pe€(0,1] arbitrary, and let

€1 = 63/27 €9 1= €, with € = K*l (p0,2/62nﬁ)1+1/777
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where K is the problem dependent constant
K :=Rao(3:)"",  with &k :=2(RsR>+||b|)Ra, Ra:=|A|+o0.

The algorithm from Theorem 2.2 returns a point Y after O(e=3) function
evaluations. With probability at least 1-O(c/n)?t, we have that YY7T is
(po, 2Ry, 5e)-approzimately optimal for (SDP).

Proof. The smoothness assumptions in Theorem 2.2 are satisfied since M,
is compact. Therefore Y is an (£1,e2)-AC point. Note that

§ 1= c1Ra/\/E2 = €Ra = (1/36)/"(po?/e2n®)1+1/n

is as in Corollary 4.6. Hence YY 7 is (po,e1 Ry, 5¢2)-approximately optimal
for (SDP;,) with probability 1—O(c/n?). O

Remark. The above theorem holds even if the optimal value of (SDPy)
is nonzero. In the special case that the optimal value is zero, then by
Lemma 4.2 we have that

JAYYT)—b|| < max{e), n'/*(|+e4Ry)"/?}.

Let (SDPj;) denote the instance of problem (SDPjs) in which we use the
unperturbed constraints A. We next show that YY7 is also approximately
optimal for (SDPj).

Corollary 5.4. Consider the setup of Theorem 5.8. With probability at
least 1—0(o/n3)?, the matriz YYT is (ef), €, ey)-approzimately optimal
for (SDPy), where (), €7, ¢4 = O(o).

Proof. We know that the matrix X := YY7 is (g}, e}, 5)-approximately
optimal for (SDP) with high probability. There are two cases. The first
case is that [ A(X)—b|| < &}, which implies that

IAX) =0l < [IAX)=b]| + [(A=A)X]| < £+ o[ X] < O(0).
This means that ¢ = O(c). Consider the following variables:
Ai=2(AX)=b), S:=A*(N), A:=2(AX)-b), S:=A*N).
The second case is that ||SX|| < e; and S > —ea1,,. Observe that

A=Al < 2 A-A[HIX]| < O(o),
<

IS=SII < A" A=N)][ + [(A"=ADA| < O(o).

From (12) and (13) we get that [|[SX|| < O(c) and S = —O(o)I,. So the
optimality conditions of (SDP;s) hold with €fj, €], ¢4 = O(0o). O
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6. EXPERIMENTS

We present some experimental results to complement our theorems. We
rely on the open source library NLopt [23] to solve the nonlinear prob-
lem (BM). Concretely, we use the augmented Lagrangian method (ALM)
implemented in NLopt (which is based on [7]), and we use the preconditioned
truncated Newton method as the subroutine. We also rely on Mosek to solve
semidefinite programs.

For our first experiment we consider a random SDP with a planted so-
lution. More precisely, we consider a matrix Xy € S, Xy > 0 of rank 7,
where n := 50 and r € {4,7,12}. We then generate a random SDP for which
Xy is an optimal solution. To do so, we first generate m := 7(r) random
constraints that are satisfied at X(y. Afterwards, we find a cost matrix C' in
the normal cone of X (this requires solving an auxiliary SDP).

For each r € {4,7,12} we generate 100 random SDPs as above. We solve
these SDPs with the Burer-Monteiro method, using different values of p
(the rank of Y') and random initializations. Figure 1 shows the percentage
of experiments solved correctly for each value of r and p. We regard an
experiment as “correct” if the criticality conditions from (4) are satisfied.

n=>50, m=7(r)

Lo T T lll‘
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o 40 ;," -1
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g —+r=4
Q - = .
5 20 % r=7
A er=12| 1
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Rank of the factor matrix (p)

FIGURE 1. Performance of the Burer-Monteiro method for a
class of random SDPs with a planted solution of rank 7.

Figure 1 illustrates that there is a sharp phase transition at the Barvinok-
Pataki bound p = r. Above the Barvinok-Pataki bound, the Burer-Monteiro
method solves most instances. Beneath the Barvinok-Pataki bound, it is not
just that our techniques stop working, but that the method itself usually
fails. Note that previous work [4, 30] required p to be larger than 3r/v/2.
However, we see from experiments that the phase transition is much sharper
than this. It remains an interesting open question to investigate for what
types of structured SDPs having a smaller p might suffice [2,28].

Observe that, even for p > r, the number of experiments solved is always
below 100%. Nonetheless, the number of bad instances seems to get smaller
for larger values of p. This agrees with our result from Theorem 3.5.
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For the second experiment we fix the parameters n := 50, m := 28, and
p:=1r:= 7. Among the 100 random SDPs considered in Figure 1, we take
an instance for which the Burer-Monteiro problem performed badly. We
then perturb this seemingly bad SDP by adding varying amounts of noise o.
For each noise level we solve 70 random experiments, in which both the
perturbations and the initializations are random. Figure 2 summarizes the
results obtained.

100 n=50, m=28 p=r=7 Original SDP (¢=0) Perturbed SDP (¢=0.2)
— ’_—1
R 8ot e e =" _
- - ©
: - 3
z T . ] 2
3 60 —._,( o
a r >
c =
2 wof 1 ¢
o =
S 20F 1 ©
w -+ |~—mean -
0.04 008 012 0.16 0.2 2 4 6 8 10 12 2 4 6 8 10 12
Noise magnitude (o) Iteration Iteration
(a) Fraction of SDPs solved (b) Iteration progress

FIGURE 2. Performance of the Burer-Monteiro method after
perturbing a “bad” SDP with different levels of noise.

Figure 2a shows the percentage of instances for which the Burer-Monteiro
method succeeded for each noise level. The percentage is with respect to the
random perturbation and the random initialization. For the unperturbed
problem (o =0) the method succeeds only for 52% of the random initializa-
tions. This percentage increases as we add noise. For o =0.2 the method
succeeds 87% of the time. Figure 2b shows the progress of the algorithm for
the cases 0 =0 and ¢ =0.2. The progress is measured in terms of the resid-
ual of the criticality conditions. The figure shows the mean and standard
deviation of the residual for each iteration of ALM.

Figures 2a and 2b illustrate the advantages of smoothing a badly behaved
SDP. Theorem 5.1 predicts that the complexity of the algorithm is propor-
tional to o~ for some exponent d. So for a fixed number of iterations N,
we should set the noise level proportional to N~/4. However, our bounds
were shown for the algorithm from Theorem 2.6. We do not know if they
also apply to ALM.

7. DISCUSSION

The Burer-Monteiro problem is often solved in practice using ALM. In
particular, this was the method of choice in the original work by Burer and
Monteiro [10,11]. This motivates the following open problem.

Problem 7.1. If we solve problem (BM) using ALM, can we provably find
an approzimately optimal solution for (SDP) in polynomial time?
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In order to answer the above question, one would need an analogue of
Theorem 2.6. Namely, we need to show that ALM converges to an AFAC
point in polynomial time. A step in this direction was recently given by
Sahin et al. [31]. They proved that ALM computes a point satisfying the
2nd-order condition for the augmented Lagrangian function. However, this
does not imply that the 2nd-order condition holds for the original problem.

APPENDIX A. COMPUTING AFAC POINTS

In this appendix we prove Theorem 2.6, which states that AFAC points
can be computed in polynomial time.

A.1. The algorithm. Cartis et al. [17] proposed a method for computing
g-th order critical points for ¢ € {1,2,3}. However, they use a nonstandard
notion of criticality which is not easy to translate into our setting. We
present here a slight modification of this algorithm that accommodates more
general criticality conditions.

We focus on the constrained optimization problem (Peon). Consider the
least squares functions

v(y) = h)?,  wty) = (F)-1)+ [k

We denote p; = p(t,-) the function obtained by fixing the value of ¢. Al-
gorithm 1 below is a variant of the method from [17]. It consists of two
phases. The first phase attempts to find an approximately feasible solu-
tion through the unconstrained problem min, v(y). If successful, the second
phase minimizes f while preserving feasibility. To do so, it solves a sequence
of problems min, p(tg, y), where the values {t; }r>0 are decreasing.

Algorithm 1 relies on an inner method for solving the unconstrained prob-
lem miny ¢ (y), where 1 is either v or py=pu(t, ). Given e=(ey,... ) ERYL,
the inner method looks for a point y such that x (1, y) < €, for some critical-
ity measure X = (X1,.-.,Xq)- We assume that the j-th component x;(v,y)
only involves derivatives {dep(y)}dgj up to order j. For instance, the AC-
criticality condition from (1) corresponds to the case

(14) x*C(,y) = ([IVi(y)], —mineig(V>y(y))) -

Given an initial point y° and tolerances eG]Ri, the inner method produces
iterates {y*}¥;. We assume that the final point y” achieves these tolerances
and that the objective function decreases proportionately to IV:

(15) x(,y¥)<e and  ®(°) —v(EY) = Nkyple),

for some constant x, >0 and some function p. Hence, the number of itera-
tions N is proportional to p(e)~.

The next theorem provides guarantees for Algorithm 1. Our proof closely
follows that of [17, Thm.4.5] but has the advantage that it applies to a
general class of criticality measures, as opposed to [17], which relies on a
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Algorithm 1 Constrained optimization algorithm based on [17]

Input: Initial point yo € R"™, tolerances eg €R, eeR‘i, constant d € (0, 1).
Output: A point y € R™ and a number ¢ < f(y).

PHASE 1
y1 := local miny v(y) starting with yo
to == f(y1)
if v(y1) > (de)? then return (y;,t)
PHASE 11

t = fy) = (§—v(y))'/?
for k=23,4,... do
yy, = local miny pu(t,_1,y) starting with y_q
if p(te—1,yk) < (0e0)? then > case (a)
te = f(yr) — (§—v(y)"/?
if x(ue,,,yr) < € then return (y,ty)
if u(te_1,9k) > (6e0)? & f(yx) < tr_1 then > case (b)
te = 2f(yk) — th—
if x(ut,,,yx) < € then return (y,ty)
if u(ti_1,yk) > (6€0)?® & f(yr) > tp_1 then > case (c)
return (yg,ty), with 5 := tx_1

particular nonstandard measure of criticality. However our complexity is
larger than in [17] by a factor of ¢; .

Theorem A.1. Assume that:
o The inner method satisfies (15) for the function v with constant k, .
e The inner method satisfies (15) for the function g, and the constant
Ky 15 independent of t.
o There exists f>¢€y and fiow €R such that f(y)> fiow for ally € Mg,
where My = {y : [|h(y)]|<B}.
Then the total number of inner iterations made in Algorithm 1 is at most

(16) p(e)™" (1, v(yo) + eory' (1=0)"1 (f(y1)—fiow+5)) ,

and the algorithm returns a pair (y,t) such that:

(17a)  either t<f(y), [P < e, X1, y) < €,
(17b)  or t=1rw, @I >de0,  xi(vy) <e.

A.2. Proof of Theorem A.1. Let K be the number of outer iterations of
Algorithm 1. Consider the sets of indices:

A = {1} U{k:2<Ek<K and case (a) is applied},
B = {k:2<k<K and case (b) is applied}.

The following lemma gives a few properties of Algorithm 1. Its proof is
identical to [17, Lem.3.1].
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Lemma A.2. If the algorithm reaches Phase II, then:

(18)  wlyw) < plteyr) < ey 0 < flyr) —tr < e, fork>1,
(19) 1t yi) = €5, tp—1 —tp > (1-0)eo,  fork € A,
(20) (it yi) = p(te—1,Y%),  tho1 > ti, for k € B,
1) pltr, k) = (e0)?, X (b Yr) < €, for k=K.

Let (y,t) be the output of Algorithm 1, and let us show (17). Assume
first that the algorithm terminates in Phase I. Then y is a local minimum
of v, v(y) > (§e0)?, and t= f(y). Hence (17b) holds. Assume now that the
algorithm terminates in Phase II. By (18) and (21), we have

t< fy),  (6e0)® < mly)<ed,  x(m,y) <e.

If f(y) <t then ||h(y)|| </ 1e(y) <eo, so (17a) holds. Consider now the case

that f(y) =t. Note that u:(y) = v(y), Viu(y) = Vr(y). Then x1(u,y) =
Xx1(v,y), as they only involve derivatives up to order 1. Since ||h(y)| =

/ 1t(y) > dep, then (17b) holds.

We proceed to show that the number of inner iterations is bounded
by (16). Each outer iteration k of Algorithm 1 calls the inner method once.
Let Nj, be the number of inner iterations made in this call. The total number
of inner iterations is Y5 Nj.

We first analyze Phase 1. The inner method is applied to the problem
miny, v(y), starting with yo and terminating with y;. By (15), we have

v(yo) = v(yo) — v(y1) = Nikyp(e).

It follows that N1 < v(yo)/kup(€).

We proceed to Phase II. For each a € A, let n(a) be the next integer that
lies in A. For the largest a € A we define n(a) := K, where K is the final
iteration. We can group the indices k > 2 as follows:

{2,3,....K} = U K,, where K,:={a+1,a+2,...,n(a)}.
acA

We will show that for any a € A we have that

(22) N(K) = 3 N < &/ruple):
keK,

Consider an iteration k € K,. The inner method is applied to miny, p(tx—1,¥),
starting with yx_1 and terminating with yx. By (15), we have

p(te—1,Yr—1) — (to—1,yx) = Nikup(e).
Observe that K, \ {n(a)} C B. By (20), we have

p(te—1, ) = plte,yr)  for k€ Ko\ {n(a)}.
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Also note that (ts,ya.) = €2 by (19). Therefore,
53 > N(taa ya) - N(tn(a)_lv yn(a))
= Z (te—1,Yp—1) — p(te—1,yk) = Z Ni, k. p(€).
keKq keKq
By rearranging the above inequality we get (22).
Let us now upper bound the cardinality of A. By (19) and (20) we have

that tx_1 —t) is at least (1—9)eg for k € A, and is positive for k € B. Also
note that to=f(y1) and tx > f(yx)—€0> fiow—0 by (18). Then

K

F)=fowtB = to—tx = > (tem1—tx) = > (te1—tx) > |A] (1-6)eo,

k=1 keA
and hence |A| < (f(y1)— fiow+5)/(1=0)eo.
Combining everything, we derive

K
D Ni < N+ |A] - max N(K,)
acA
k=1
which is equal to (16).

o Vo) | f)—fowtB €
= Rup(e) (1=d)eo0  mup(e)’

A.3. Proof of Theorem 2.6. We finally show that AFAC points can be
computed in polynomial time. Let g, €1, 9,7, Ry be as in the statement of
Theorem 2.6. We consider Algorithm 1 with parameters

§ = 1/2, q = 2, € := (e1,€2),
€) ‘= &g, €1 = R;l gpél, €2 = %R;l EnE2.
For the inner method we use the ARC algorithm from Theorem 2.2, using the
criticality measure (14). Algorithm 1 returns a pair (y,t). The associated
multiplier is A := (f(y)—t)~! h(y) € R™, which is defined only if f(y) # t.
In order to apply Theorem A.1, we have to check that the functions v and
pe=pu(t, -) are smooth enough so that the inner algorithm satisfies (15).

Lemma A.3 ( [17, Lem.4.1)). Assume that {V/ f}I_o, {V/h}I_, are uni-

formly bounded and Lipschitz continuous on a set D C R™. Then
(i) {VJ:V}?:O are uniformly bounded and Lipschitz continuous on D.
(ii) {V’ Mt}?:o are uniformly bounded and Lipschitz continuous on DN By,
with By == {y : | f(y)—t|<1}, and the constants are independent of t.

The above lemma shows that v is smooth on 9 and p; is smooth
on Mg N By, with By := {y : | f(y)—t|<1}. Note that all points y;, produced
by Algorithm 1 lie in 9tg N By because of (18). Since v, y; are sufficiently
smooth, we can apply Theorem 2.2 (see also [13]). We conclude that the
inner method satisfies (15) with

p(e) = min{e}, &5} = Q(min{ej 7, g5 e5}).
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Hence, by Theorem A.1, the total number of inner iterations is O(p(e)™!) =
O(max{e;?e;%,e5% €5°}). Since each inner iteration requires O(1) function
evaluations (see Theorem 2.2), then the total number of function evaluations
has the same order of magnitude.

Let us see that the conditions (2) hold. Let (y,t) be the output of Algo-
rithm 1. By Theorem A.1, this pair satisfies either (17a) or (17b). Let us
see that (17b) cannot occur. Assume that

Rl > €0/2, Vvl < e
Observe that ||h(y)|| <ey < by (18), and hence p-LICQ holds at y. Then
oco < 20|h(y)ll < 2[|ay) VR()| = V()] < e

Also note that that
Ry' < 3o(14+Ly)~" < 3o, a/e = Ry'er < o1 <

The last two equations give a contradiction.
Then the output (y,t) satisfies (17a). Hence, t < f(y) and

Ih@)ll < @, IV < e, Vu(y) = —eln.

Let a := (f(y)—t)~!, so that A = ah( ). It can be checked that a?u;(y) =
(1, \)||?. Note that g (y) > (e0/2)? by (21), and hence
A)
)

0.

N[

a = u(y) I N < 261N

The Lagrangian function L(y, \)= f(y)+A-h(z) is closely related to p(y).
A simple calculation gives that

(23)  VL(y,A) = o 3Vu(y),  VL(y,\) = a (3Vuly)—J "),

where J := (g{bgz;) is the augmented Jacobian.

We proceed to verify (2a). We already have that ||h(y)|| < €. Note that
(24) VLN = salVu@)l < &' a = BN e
We claim that [|(1,A)[| < Ry. By Lemma 2.5 and R; ' <0/2, &1 <1, we have

A< o7 Ry el NI+ VWD < 5+ + o7 Ly

It follows that ||A| < 1+20 'Ly = Ry—1 and hence [|(1,\)|| < Ry, as we
claimed. Then [|[VL(y,\)|| < e1 by (24).

We now verify (2b). Let uw € R™ of unit norm such that ||Ju| <+, where
J:=Vh(y). We need to show that u” V2L(y, \)u > —ea. By (23), we have

(25) u' V2L (y, Nu = a(zuTVQMt( Ju — || Jul?).
Note that u? V2 (y)u > —ey = —QR;\ 0e2. We bound ||Jul| next:
5 (TIW) _ (VLN (-
~ \Vh(y)) 0 J )7

1Tull < VLM + 1@V Tl < er 71N < 5(Ry coe2)'/?,
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where we used that £; and yR) are at most %(R/(lso@)l/? by (3). Hence

o GV pue(y)u — | Ful®) = —255 [N - (B eoe2) = —ea.

Together with (25), we get that u’ V2L(y, \)u > —es.
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