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Boundary Conditions for Linear Exit Time Gradient
Trajectories Around Saddle Points: Analysis and
Algorithm
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Abstract—Gradient-related first-order methods have become
the workhorse of large-scale numerical optimization problems.
Many of these problems involve nonconvex objective functions
with multiple saddle points, which necessitates an understanding
of the behavior of discrete trajectories of first-order methods
within the geometrical landscape of these functions. This paper
concerns convergence of first-order discrete methods to a local
minimum of nonconvex optimization problems that comprise
strict-saddle points within the geometrical landscape. To this end,
it focuses on analysis of discrete gradient trajectories around
saddle neighborhoods, derives sufficient conditions under which
these trajectories can escape strict-saddle neighborhoods in linear
time, explores the contractive and expansive dynamics of these
trajectories in neighborhoods of strict-saddle points that are
characterized by gradients of moderate magnitude, characterizes
the non-curving nature of these trajectories, and highlights the
inability of these trajectories to re-enter the neighborhoods
around strict-saddle points after exiting them. Based on these
insights and analyses, the paper then proposes a simple variant
of the vanilla gradient descent algorithm, termed Curvature
Conditioned Regularized Gradient Descent (CCRGD) algorithm,
which utilizes a check for an initial boundary condition to ensure
its trajectories can escape strict-saddle neighborhoods in linear
time. Convergence analysis of the CCRGD algorithm, which
includes its rate of convergence to a local minimum, is also
presented in the paper. Numerical experiments are then provided
on a test function as well as a low-rank matrix factorization
problem to evaluate the efficacy of the proposed algorithm.

Index Terms—Boundary conditions, gradient descent, linear-
time exit, Morse function, nonconvex optimization, saddle escape,
strict-saddle property.

I. INTRODUCTION

The gradient descent method and its (stochastic) variants
have been at the forefront of nonconvex optimization for
nearly a decade. Many of these variants stem from the
earliest works like [1]—[3]], the interior-point method [4]-[6],
and their stochastic counterparts. But the highly complicated
geometrical landscape of many nonconvex functions often puts
the efficacy of these algorithms to question, which otherwise
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have robust performance in convex settings. Indeed, problems
involving matrix factorization [7]], neural networks [8]], rank
minimization [9], etc., can be highly nonconvex, wherein
the function geometry can possess many saddle points that
create regions of very small magnitude gradients, something
which the gradient-related methods rely upon heavily. As a
consequence, travel times for trajectories generated by these
methods in such regions could be exponentially large, thereby
defeating the purpose of optimization. However, the large
travel times around saddle points for gradient-based methods is
not always the case; see, e.g., [10] that gives a linear exit-time
bound for first-order approximations of gradient trajectories
provided some necessary boundary conditions are satisfied by
the trajectories. Such analysis suggests existence of gradient-
based methods capable of ‘fast’ traversal of geometrical land-
scapes of nonconvex functions under appropriate conditions.
Development of such methods, however, necessitates a deeper
geometric analysis of the saddle neighborhoods so as to
leverage any initial boundary conditions required by the faster
gradient trajectories around saddle points in order to reduce
the total travel time on the entire function landscape.

To this end, we first study in this paper the problem of devel-
oping sufficient boundary conditions for gradient trajectories
around any saddle point x* of some nonconvex function f(x)
that can guarantee linear exit time, i.e., Koy = O (log(e™ 1)),
from the open saddle neighborhood %, (x*). This problem
focuses on a closed neighborhood % (x*) around the saddle
point x*, with the current iterate Xy sitting on the boundary
of this neighborhood, i.e., Xg € e (x*)\ %, (x*). Suppose also
that the gradient trajectory starting at X has approximately
linear exit time from this region % (x*). (Existence of such
trajectories is guaranteed because of the analysis in [10].)
Then, the question posed here is what are the sufficient
conditions on Xg such that the trajectory can escape %e(x*) in
almost linear time of order &'(log(e¢~")). Once the sufficient
conditions have been derived, we next study the question
of whether it is possible to get linear rates of travel by
the same gradient trajectory in some bigger neighborhood
PBe(X*) D Be(x*). Note that unlike the matrix perturbation-
based analysis in [[10]], the radius & of the bigger neighborhood
needs to be characterized by a fundamentally different proof
technique. This is since the eigenspace of the Hessian V2 f(x)
for any x € Z¢ (x*)\He(x*) cannot be obtained by perturbing
the eigenspace of V2f(x*) since the series expansion of
V2f(x) about V?f(x*) may not necessarily converge from
matrix perturbation theory. Third, after such linear rates have
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been obtained, we then study whether it is possible to develop
a robust algorithm that leverages the boundary conditions so as
to steer the gradient trajectory away from %, (x*) in almost
linear time. Finally, we seek an answer to the question of
whether the developed algorithm converges to a neighborhood
of a local minimum and, if so, what would be its rate of conver-
gence within the global landscape of the nonconvex function.

To address all these problems effectively, we engage in
a rigorous analysis of trajectories of the vanilla gradient
descent method, starting off directly where we left in [10]F_-]
First, we utilize tools from the matrix perturbation theory
to develop sufficient conditions on xg € % (x*)\ Ze(x*) for
which the subsequent gradient trajectory has linear exit time
from %, (x*). Next, we prove a rather intuitive yet extremely
powerful result, termed the sequential monotonicity of gradient
trajectories, which establishes that the gradient trajectories in
a neighborhood of the saddle point first exhibit contractive
dynamics up to some point and there onward strictly expansive
dynamics. Next, we provide an analysis of the travel time for
the gradient trajectory in the region % (x*)\%,(x*) using
the sequential monotonicity result. Finally, we develop a
novel gradient-based algorithm, termed Curvature Conditioned
Regularized Gradient Descent (CCRGD), around the idea of
sufficient boundary conditions with a robust check condition
guaranteeing almost linear exit time from %, (x*). In doing
so, we also prove certain qualitative lemmas about the local
behavior of gradient trajectories around saddle points. There-
after, the asymptotic convergence and the rate of convergence
for CCRGD to a local minimum is proved using these lemmas.
Finally, the performance of CCRGD is evaluated on two
problems: a test function for nonconvex optimization and a
low-rank matrix factorization problem.

A. Relation to Prior Work

Since this work directly extends the results in [10], we steer
away from repeating the discussion in [10, Sec. 1.1] in relation
to existing convergence guarantees for gradient-related meth-
ods in nonconvex settings. Instead, we primarily focus in this
section on presenting comparisons and highlighting key differ-
ences between our contributions and the existing literature. In
addition, given the vast interest of the optimization community
in nonconvex optimization using gradient-related methods, we
also discuss some additional relevant works in here.

Similar to [11f], which focuses on the first order methods,
we prove in Theorem [3] that the trajectories generated by the
proposed CCRGD algorithm (see Algorithm [I)) converge to
a local minimum. But unlike [11], which fundamentally uses
the Stable Manifold Theorem [12]], we also develop in this
paper a proof of convergence of CCRGD to a local minimum
and obtain algorithmic convergence rates using the geometry
of function landscape near saddle points and in regions that
have sufficiently large gradient magnitudes. Though this idea

ISince this work is a continuation of [10], we refrain from elaborating
certain terminologies and definitions that were covered in detail in [ 10]], though
a summary of all the required concepts is provided in Sec. to make this
a self-contained paper.
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of rate analysis has been well summarized in [[13]] for gradient-
related sequences and more recently in [14] for Newton-
type methods, yet these works do not utilize the nonconvex
geometry to its fullest extent. Specifically, we categorize the
function geometry in our work into ‘regions near’ and ‘regions
away’ from the stationary points so as to better analyze ‘escape
conditions’ from saddle neighborhoods and at the same time
generate convergence guarantees to a local minimum. Within
the regions of ‘moderate gradients’ around saddle points, i.e.,
the shell B¢ (x*)\Pe(x"), we show using the sequential mono-
tonicity property (detailed in Theorem [2) that the sequence
{||xx —x*||} is strictly monotonic whenever the iterate {x;}
has expansive dynamics with respect to x*, while the func-
tion value sequence {f(x;)} satisfies the Polyak-f.ojasiewicz
(PL) condition [15] whenever the iterate sequence {x;} has
contractive dynamics with respect to x* (see Lemma [I)). Con-
sequently, linear rates of contraction to a point on the boundary
PBe(x*)\PBe(x*) are derived using the PL condition and linear
rates of expansion to a point on the boundary % (x*)\ % (x*)
are obtained using the sequential monotonicity property from
Theorem [2] both of which aid in our convergence analysis.
Note that the PL condition cannot be applied directly around
a saddle point since that would yield a trivial lower bound of 0
on the gradient norm (see Lemmal [I). This particular analytical
approach of separately analyzing the contractive and expansive
dynamics locally around a saddle point and exploiting the
PL condition restricted to contractive dynamics is in contrast
to the existing works that focus on the problem of escaping
saddle points for nonconvex optimization. In addition, while
the PL condition or the more general Kurdyka—tf.ojasiewicz
property [16] are often used for local or even global analysis
such as in [17] and [18]], they have not been used in the
context of analyzing local contractive dynamics of iterates
w.r.t. a strict saddle point. In terms of the analytical tools used,
regions near the saddle points in this work are analysed using
the matrix perturbation theory, yielding sharp bounds (’sharp’
in terms of the condition number, problem dimension, and
spectral gap) on the initial conditions, whereas regions away
from the saddle points utilize properties like the sequential
monotonicity (cf. Theorem[2). Such local analysis distinguish-
ing sufficiently small saddle neighborhoods from moderately
small saddle neighborhoods seems to be quite novel and has
not been carried out in any previous work to our knowledge.

Next, to the best of our knowledge, no other work has
provided sufficient boundary conditions for escape from saddle
neighborhoods for the case of discrete-time gradient descent-
related algorithms. Though the idea is not necessarily new and
has been explored while dealing with continuous-time dynam-
ical systems, specifically the boundary value problems, yet it
is still nascent when it comes to analyzing saddle points. The
continuous-time works such as [[18]-[20] have been discussed
in detail in [10]. However even these works do not analyze
the boundary conditions for continuous trajectories. The work
[20] does take into account cascaded saddles encountered by
continuous trajectories, which gets a detailed treatment in our
work in Theorems [6] and [7] for discrete trajectories.

The Stochastic Differential Equation (SDE) setup has also
been utilized in a recent work [21] to study gradient-
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based (stochastic) methods for nonconvex optimization in the
continuous-time setting. Interestingly, this work considers the
set of index-1 saddle points in the function’s geometry and
thereby obtains a stochastic rate of convergence to a global
minimum, where the rate is of the order ‘a constant term
plus a geometric term’. While the rate is linear/geometric, [21]
assumes the coercivity condition (sufficient growth condition
on the function away from the origin) and the Villani condition
(growth of gradient’s norm), whereas only the former condi-
tion of coercivity is assumed in our work. Also, the constant in
the non-geometric term of the rate is dependent on the horizon
T obtained from discretization of the SDE, which could be
large. Moreover, it is not clear how the SDE approach in [21]]
would apply to the discrete-time setting of this paper.

Recently, within the class of discrete-time non-acceleration-
based methods, [22] studies saddle escape in the context
of tensor decomposition, [23[], [24] provide the rates for
escaping saddles using perturbed gradient descent, [25]] utilizes
the notion of variational coherence between stochastic mirror
gradient and descent direction in quasi convex and nonconvex
problems for obtaining ergodic rates of convergence to a
local/global minimum (under certain conditions), and [26] pro-
vides rates and escape guarantees under certain strong assump-
tions of high correlation between the negative curvature direc-
tion and a random perturbation vector. However, none of these
stochastic variants explore the idea of initial boundary condi-
tions near saddle points so as to obtain linear rates. It should be
noted that the work in [23]] shows the time to escape cascaded
saddles scales exponentially with dimension, whereas we show
in Theorem [/ that the time to escape cascaded saddles is
not exponential in dimension. Rather, the number of cascaded
saddles encountered by the trajectory is upper bounded and
this bound scales only linearly with the inverse of the gradient
norms in regions away from the stationary points of the
objective. Further, this upper bound on the number of saddles
encountered is independent of the problem dimension.

The next set of related discrete-time gradient-based meth-
ods includes first-order methods leveraging acceleration and
momentum techniques. For instance, the work in [27] pro-
vides an extension of SGD to methods like the Stochastic
Variance Reduced Gradient (SVRG) algorithm for escaping
saddles. Recently, methods approximating the second-order
information of the function that preserve the first-order nature
of the algorithm have also been employed to escape the
saddles. Examples include [28], where the authors prove that
an acceleration step in gradient descent guarantees escape
from saddle points, and the method in [29], which utilizes the
second-order nature of the acceleration step combined with a
stochastic perturbation to guarantee escape rates. Moreover,
both [30]], [31] build on the idea of utilizing acceleration as a
source of finding the negative curvature direction. Due to the
low computational cost of evaluating gradients, we also make
use of such connections between the curvature magnitude and
the gradient difference in our proposed algorithm (Algorithm
EI). In the class of first-order algorithms, there also exist trust
region-based methods. The work in [32] is one such method
that presents a novel stopping criterion with a heavy ball
controlled mechanism for escaping saddles using the SGD
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method. If the SGD iterate escapes some neighborhood in a
certain number of iterations, the algorithm is restarted with
the next round of SGD, else the ergodic average of the
iterate sequence is designated to be a second-order stationary
solution. In a similar vein, we formally derive in Lemma E]
the escape guarantees from a neighborhood around a saddle
point and utilize that result within the proposed Algorithm

Lastly, higher-order methods are discussed in [33], [34],
which utilize either Hessian-based approaches or a second-
order step combined with first-order algorithms so as to reach
local minimum with fast speed while trading off with com-
putational costs. Going a step even further, the work in [35]
poses the escape problem with second-order saddles, thereby
motivating the use of higher-order methods. Though these
techniques optimize well over certain pathological functions
like those having ‘degenerate’ saddles or very ill-conditioned
geometries, yet they suffer heavily in terms of complexity;
e.g., the work [35]] requires third-order methods to solve for a
feasible descent direction. This further motivates us to develop
a hybrid algorithm for the saddle escape problem that captures
the advantages of a Hessian-based method and at the same
time is low on computational complexity.

Table [[] draws comparisons between our work and other ex-
isting works within the realm of saddle escape in deterministic
nonconvex optimization problems. Though there is a plethora
of works that study the saddle escape problem, only those
works are listed here that address the simple unconstrained op-
timization problem of minimizing a smooth nonconvex func-
tion f(-) and propose perturbation of deterministic gradient-
based methods for saddle escape. Many of the other related
works discussed in this section tackle stochastic optimization
problems and are therefore not included in the table.

B. Our Contributions

This work starts off directly from the point where we left off
in [10]], where we obtained exit time bounds for e-precision
gradient descent trajectories around saddle points and derived a
necessary condition on the initial unstable subspace projection
value for linear exit time. The first novel result in this work is
the development of a bound on the initial unstable subspace
projection value in Theorem [I] that approximately guarantees
the linear exit time bound from [[10, Theorem 3.2]. Our second
contribution is Theorem[2] in which we analyze the behavior of
gradient descent trajectories in some region % (x*) D He(x*)
where the approximate analysis from matrix perturbation the-
ory may not necessarily hold. In such augmented neighbor-
hood of the strict saddle point x*, we prove that the gradient
descent trajectories have a sequential monotonic behavior, i.e.,
there exists some & such that the trajectory inside e (x*)
first exhibits contractive dynamics moving towards x* and
then has expansive dynamics for the remainder of the time
as long as it stays inside % (x"). Though this property may
appear to be trivial for trajectories around saddle points, yet
it is extremely important in developing improved rates/travel
times of the gradient descent trajectories inside % (x*), which
follows from our next contribution. Our third contribution is
Theorem [3] in which we obtain upper bounds on the travel
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TABLE I
SUMMARY OF THE SIMILARITIES AND DIFFERENCES BETWEEN THIS WORK AND SOME RELATED PRIOR WORKS.

References Method of saddle escape Base algorithm

Explicit dependence on
number of saddles

Convergence rate Type of convergence rate

(24 One-step noise Gradient descent method X oL log4 € probabilistic
£ &
(28 One-step noise with Accelerated gradient method X ﬁ(ﬁ% log6 (é)) probabilistic
negative curvature search
133 One-step noise with Second-order Newton method v 0| Tlog %) + T'loglog (%)), probabilistic
negative curvature search T is the number of saddles encountered
136 Multi-step noise with Accelerated gradient method X ﬁ(k% log (%)) probabilistic
negative curvature search
137 Multi-step noise with Adaptive negative curvature descent X ﬁ(i) probabilistic
negative curvature search
138 One-step noise followed by Accelerated gradient method X (T(E% log (%)) probabilistic
multi-step negative curvature search
This work One second-order step only Gradient descent method v (I(Tlog (%)) + ﬂ(Tlog (%)) + ﬁ(ﬁ) deterministic
when curvature condition fails for locally analytic, coercive Morse functions;
T =0( & | is the number of saddles andﬂi € [0,1)

The parameter v is defined in Proposition [5|and it controls the function geometry in regions away from its critical points.

time of gradient trajectory inside the shell g (x*)\%e(x")
that we denote by Kj.;;. This particular region is specifically
of great importance since we can categorize it as a region
of “moderate” gradients (gradient magnitude not too small)
that still inherits certain geometric properties such as the
minimum curvature from the smaller saddle neighborhood
A (x*). Without taking such properties into consideration, the
journey time in this shell could only be naively upper bounded
as Ky = O(€72) using the gradient Lipschitz condition.
Hence, it is imperative to separately analyze the journey time
inside the shell % (x*)\%e(x*) so as to improve upon the
standard nonconvex rate of &(g72).

Our next set of contributions corresponds to Lemmas [2H6]
in which we provide insights into certain qualitative properties
of the gradient descent trajectories around saddle points.
Lemma [2] talks about the approximate hyperbolic nature of the
gradient trajectories near saddle points, while Lemma 3] proves
that trajectories with linear exit time approximately never
curve around saddle points. Lemma [ shows that the gradient
trajectory can only exit %.(x*) at those points where the
function value is strictly less than f(x*). Lemma [5|establishes
that the gradient trajectory, once it exits the neighborhood
PBe(x*), can never re-enter it, while Lemma E] extends the
same result to the bigger neighborhood % (x*) under certain
stricter conditions. Our next contribution is the development
of the Curvature Conditioned Regularized Gradient Descent
(CCRGD) algorithm (cf. Algorithm [T that provably escapes
saddle neighborhoods and gives second-order stationary solu-
tions. The asymptotic convergence of the proposed algorithm
is established from Theorem 5] which is proved using Lemmas
[ [10} [T1] and the Global Convergence Theorem (Theorem )
from [39]]. The algorithm checks for a curvature condition near
the saddle neighborhood and makes the decision of whether
to perform a second-order iteration for one step or continue
using the vanilla gradient descent method. The curvature
condition (Step [15]in Algorithm [I}) is derived from our proof
of convergence of the algorithm; in addition, Algorithm [T] is
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tested for its efficacy on a modified Rastrigin function (a test
function for nonconvex optimization) and the matrix factoriza-
tion problem as part of numerical experiments. Last, but not
the least, the final contribution of this work is derivation of
the rate of convergence of an iterate sequence generated from
Algorithm [1| to a local minimum. The rates are obtained for
a more general setting of cascaded saddles where the number
of saddles encountered and the total time of convergence are
bounded from Theorems [6] and [7] respectively. Finally, the
convergence guarantees in Theorems [5] and [7] are extended
to functions which are not globally gradient and Hessian
Lipschitz continuous based on Theorems [§] and [9]

C. Notation

All vectors in the paper are in bold lower-case letters, all
matrices are in bold upper-case letters, 0 is the n-dimensional
null vector, I represents the n x n identity matrix, and (-,-)
represents the inner product of two vectors. In addition,
unless otherwise stated, all vector norms ||-|| are ¢, norms,
while the matrix norm || - ||, denotes the operator norm.
Further, the symbol (-)7 is the transpose operator, the
symbol & represents the Big-O notation and sometimes we
use a < b <= a= 0(b), the symbol Q is the Big-Omega
notation and ® represents the Big-Theta notation, ® represents
the kronecker product, i.0. means infinitely often, id represents
the identity map, and W(-) is the Lambert W function [40].
Throughout the paper, k£ and K are used for the discrete time.

Next, £ and  represent the ‘approximately greater than’
and ‘approximately less than’ symbols, respectively, where a
b implies a < b+g(€) and a L b implies a+ g(g) > b for
some absolutely continuous function g(-) of € where g(-) >0
and g(g) — 0 as € — 0. Also, for any matrix expressed as
Z+ O(c) with ¢ being a scalar, the matrix-valued perturbation
term ¢(c) is with respect to the Frobenius norm. Finally, the
operator dist(-,-) gives the distance between two sets whereas
diam(-) gives the diameter of a set.

s://www.ieee.org/publications/rights/index.html for more information.
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II. PROBLEM FORMULATION

Consider a nonconvex smooth function f(-) that has strict
first-order saddle points in its geometry. By strict first-order
saddle points, we mean that the Hessian of function f(-) at
these points has at least one negative eigenvalue, i.e., the
function has negative curvature. Next, consider some (open)
neighborhood %, (x*) around a given saddle point x*, where
the neighborhood radius € is bounded above by @(LM~!)
(see [10, Theorem 3.2] for the exact form) with L and M
being the gradient and Hessian Lipschitz constants of f(-).
Also, it is given that the initial iterate xy of the gradient
trajectory sits on the boundary of the neighborhood, i.e.,
X0 € Be(x*)\ Be(x*), and the gradient trajectory exits Be (x*)
in linear time bounded by [10, Theorem 3.2]. With this
information, we are first interested in finding the sufficient
conditions on X that guarantee the linear exit time. In addition,
we need to analyze the gradient trajectories in some larger
neighborhood % (x*) O % (x*) such that the trajectories first
contract towards the saddle point and then expand away from
it. More importantly, we are interested in finding such & > €
for which the gradient trajectory has linear travel time in the
shell e (x*)\Pe(x"). Next, we are required to find certain
local properties of f(-) for which the gradient trajectories,
having escaped it once, can never re-enter the neighborhood
B (x*). Finally, we have to develop a robust low-complexity
algorithm that utilizes the sufficient conditions to traverse the
landscape of saddle neighborhoods in linear time and also
provide its rate of convergence to some local minimum.

Having briefly stated the problem, we now formally state
the set of assumptions that are required for this problem to be
tackled in this work.

A. Assumptions

Al. The function f:R" — R is coercive, i.e., lim|y| Ffx)=
oo, is globally €2, i.e., twice continuously differentiable,
and is locally €® in sufficiently large neighborhoods of
its saddle points, i.e., all the derivatives of this function
are continuous around saddle points and the function f(-)
also admits Taylor series expansion in these neighbor-
hoods Pl

The gradient of function f(-) is L—Lipschitz continuous:
IVf(x) =V )l <Llx—yl.

The Hessian of function f(-) is M—Lipschitz continuous:
[V2£(x) = V2 £(y)||, < M [x—yl|.

The function f(-) has only well-conditioned first-order
stationary points, i.e., no eigenvalue of the function’s
Hessian is close to zero around these points. Formally,
if X* is the first-order stationary point for f(-), then

A2.
A3.

Ad.

Vf(x*)=0, and
min|A;(V2f(x"))| > B,

where Ai(V2f(x*)) denotes the i'" eigenvalue of the
matrix V2f(x*) and B > 0. Note that such a function

2By sufficiently large neighborhoods, we mean that the diameter of such
neighborhoods is Q(1).
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is termed a Morse function. Also, there exists an open
neighborhood W of x* such that

vx € #, min|A;(V2f(x))| > B.

Remark 1. The coercivity of f(-) is only required from Sec-
tion[Vl| onward, where we prove the convergence of Algorithm
Also, Section @ requires f(-) to be only €? Hessian-
Lipschitz Morse function, unlike Section in which the
additional assumption of local analyticity is required around
saddle points.

Note that Assumption A1 may seem too restrictive since
it requires f(-) to be locally real analytic, while the theory
of nonconvex optimization is often developed around only the
assumption that f € €2 with Lipschitz-continuous Hessian.
It is worth reminding the reader, however, that many prac-
tical nonconvex problems such as quadratic programs, low-
rank matrix completion, phase retrieval, etc., with appropriate
smooth regularizers satisfy this assumption of real analyticity
around the saddle neighborhoods; see, e.g., the formulations
discussed in [41]. Similarly, many of the loss functions in
nonconvex optimization are coercive, i.e., they grow arbitrarily
large asymptotically due to the presence of some form of
regularization. As for the other assumptions, gradient Lipschitz
continuity (Assumption A2) and Hessian Lipschitz continuity
(Assumption A3) are invoked routinely in the nonconvex
optimization literatureﬂ while Assumption A4 implies f(-) is a
Morse function. In particular, since Morse functions are dense
in the class of 4 functions [42], we are not giving up much
by making this assumption. We now state two propositions
that follow from our assumptions and that will be routinely
used in our analysis.

Proposition 1. Under Assumption A4, the function f(-) has
only first-order saddle points in its geometry. Moreover, these
first-order saddle points are strict saddle, i.e., for any first-
order saddle point xX*, there exists at least one eigenvalue A;

of V2f(x*) that satisfies (V> f(x*)) < —B.

Proof. For any %™-smooth function f(-) with m > 2, if
x* is its second- or higher-order saddle point then it must
necessarily satisfy Vf(x*) =0 and V2f(x*) = 0, where at
least one of the eigenvalues of V2f(x*) is 0. But this is not
possible in our case because of Assumption A4. The fact that
such an eigenvalue A; exists is also a direct consequence of
Assumption A4. |

Proposition 2. Under Assumption A4, for any sufficiently
small € where € < B, we can group the eigenvalues of the
Hessian V2 f(x*) at any strict saddle point X* into m disjoint
sets {41,%,..., %y} with 2 < m < n based on the level of
degeneracy of eigenvalues (closeness to one another) such that
for some 8 = Q(e'~) where a € (0,1], we have the following
conditions:

dist(¥,,9,) > 6 V 9,9, st p#q, and
max{diam(%,)} = 0(¢'%).
p

(D
2

3Note that later in this work, we will show that Assumptions A2, A3 can
be removed based on Theorems E] and E}

1 U germission. See https://www.ieee.org/publications/rights/index.html for more information.
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Proof. From Assumption A4, the eigenvalues of the Hessian
V2 f(x*) at any strict saddle point x* can always be separated
into two distinct groups, one consisting of positive eigenvalues
and the other comprising negative eigenvalues. By this con-
struction, the distance between these groups will be at least
2f3. Since € < B, we get a 6 =2f3 for this construction which
satisfies the constraint 6 = Q(1). Next, we check whether the
diameter of these two groups is larger than @(g'~4); if yes
then we split that particular group into two more groups at the
first eigenvalue where the consecutive eigenvalue gap within
that group exceeds ®(e'~¢). This eigenvalue gap becomes
our new 8 and by construction it will satisfy the constraint
5 =Q(e'~*) for some a > 0 since § > @ (! ~%). Repeating this
process recursively, we would have constructed the disjoint
sets {4,%,...,49,} with 2 <m <n. Since n is finite, this pro-
cess will terminate in finite steps (maximum »n — 1 steps) and
therefore after the final splitting, we will obtain § = Q(e!~%)
for some a € (0, 1] such that max,{diam(%,)} = 0(¢' ). R

Proposition [2] describes a fundamental property of any
¢? function that arises due to the algebraic multiplicity /
(approximate) degeneracy of the eigenvalues of its Hessian
at the saddle points. Note that, as a consequence of the
strict-saddle property (Assumption A4 / Proposition and
Proposition [2] we get the following necessary condition:

o
B> 7 (3)

III. BOUNDARY CONDITIONS FOR LINEAR EXIT TIME
FROM A SADDLE NEIGHBORHOOD

A. Preface

Given a saddle neighborhood %, (x*) for some strict saddle
point x* and € > 0, the goal is selecting those gradient
trajectories in e (x*) for which the exit time is of the
order K, = O(log(e™")), i.e., of linear rate. Formally, the
exit time for an iterate sequence {x;} of some trajectory in
the ball % (x*) is defined as the smallest positive index K
such that ||xg —x*|| > € and we are required to obtain such
sequence {x;} generated by the gradient descent method for
which the exit time from the saddle neighborhood %, (x*)
is linear. To conduct such analysis, certain essential concepts
and definitions need to be elaborated, most of which were
developed in a previous work (for reference see [[10]).

First, due to the strict-saddle property, for any x in an é&-
neighborhood of x*, i.e., x € %, (x*), the vector x —x* belongs
to a vector space & = &5 Eys, where

&s = span{vi|A; > 0}, A5 = {i|A; > 0},
&ys = span{vi|A; < 0}, Ays = {j|A; <0},
and (A;,v;) are the i'" eigenvalue—eigenvector pair of the
Hessian V2 f(x*).
Second, using the ‘degenerate’ matrix perturbation theory

[43]], [44], the Hessian sz(x) at any point X = x* -+ pu, where
p€0,1] and ||u|| < &, can be given as

V2f(x) = V2 f(x") +plul| H(@) + O(€?), )

© 2022 IEEE. Personal use is
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6
where u := x —x* is termed the radial vector, & = ﬁ is the
unit radial vector and we have that

n A
Ly N T (vi, H(0)v;) T T
H(u) = ; (<V[,H(U)V[>V,’V[ + A«i lgzg. TM Viv; +V,’Vl
(5

with % ={ j | Aj=A+£0(¢)}. For details, see Lemma 3.3
from [10].

The third concept can be regarded as the most important
tool for developing the proof machinery of linear exit time; see
Lemmas 3.4 and 3.5 from [[10] for details. Specifically, it can
be summarized as the “Approximation Lemma” for a linear
dynamical system. Given some initialization of the radial
vector ug and sufficiently small &, we have for any iteration

K that ug =TI~ |Ax+ &P |ug, where Py = By + O(€?),

B, = O(¢) for x; € HBe(x*), {Ar} and {By} are sequences of
real symmetric matrices, and A’s are invertible.

When Ke < 1 and € < HA‘IH;IHPHZ_I, we have the
condition

a5 (1-ke TP p((kep)) << <vi <
? A1,
K P, )
||A||2 1+Ke + 0| (Ke) ,
1A]l

where v, < --- < v are absolute values of the eigenvalues

of matrix Hngol {Ak +£Pk] and supp<;<x_| lAkl, = l|A]l,,

SUPg<k<Kk—1 ||A1:1 H2 = HA_1| 5> SUPg<k<k—1 [Pxl, = [P, for

some matrices A and P. Hence, ug = HkK;OI A +€P;|ug can

be expanded to first order in € with the first-order approxima-
tion called fix and the trajectory generated by the sequence
{lix} is termed e-precision trajectory. Thus the gradient
update Xk = xg — ¢V f(xg) near x* can be written as ug =

Hf;ol A; +€Py [ug for ug =xg —x*, Ax =I— aV2f(x*) and

ePx = — Wl H(ag) + 0(e2).

Fourth, from Lemma 3.6 of [10]], the ‘minimal’ e—precision
trajectory has the maximum exit time. More rigorously, let

KT,

Se = {{ﬁ,f(} i ‘uo} be the set of T-parametrized e—precision
trajectories generated by expanding ug to first order in &€,
where 7 varies with variations in the perturbation sequence
{P 3K . Let K;%” be the exit time of the T-parametrized
trajectory {ﬁf(}?:""l from the ball %, (x*), where we have

K' . =infg> {K ‘ [ag||* > 82}. Let K' be defined as

exit —
e . ) 2
K' = inf {K ‘ 1nf{|uK }>£ }
K>1 T

Then the following inequality holds:

Klzsup{K;,.,} {K ‘ ||flf<||2>82}.
T

Finally, the linear exit time theorem for the e—precision tra-
jectories (Theorem 3.2 in [10]) states that for gradient descent
with @ = % where € < % and some minimum projection

(6)

= sup inf
Tp K>1

Authorized licensed use limited to: Igutgers University. Downloaded on March 01 ,2053 at 20:57:22 UTC from IEEE Xplore. Restrictions apply.

ermission. _See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Information Theory. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIT.2022.3213607

value ) ;c %5(9}”)2 > A of the initial radial vector uy on
Sys with g = €Y ic 4. Vi + €Y je 46 6}”Vj, there exist &—
precision trajectories {ﬁK}?zi with linear exit time. Moreover
their exit time K, from . (x*) is approximately upper
bounded as

In [10, Theorem 3.2], we provide a necessary initial condition
for the linear exit time bound, which is

MLn

A> 875(14—&-[3)

=0(e),

where it is required that ¥ ;c %8(9}4‘?)2 > A. In this work we
provide the sufficient boundary conditions for linear exit time
&—precision trajectories.

Before moving to the next section that details the sufficient
conditions, we show that the e—precision trajectory {ﬁK}?i"(’)
generated by expanding the matrix product in the expression
ug = ]_[kK;O1 Ay + €Py | ug to first order in € has a very small

relative error compared to the exact trajectory.

1) Relative Error Margin in the €—Precision Trajectory:
By the definition of the e—precision trajectory, we have that

K—1 r

K-1
Z HAkPr H Aku()a

r=0 k=0 k=r+1

K—1
ik = [] Awo+& (8)
k=0

which is obtained by expanding
<, {Ak + ePk]
“Approximation Lemma” discussed above for Ke < 1
and & < [|A~" [, [PIl, " where supo<cx 1 [[Adlly = [|A]L.

SUPo<r<k—1 HA]:%Hz = ’ Al 2> SUPo<k<k-—1 [P, = [P, for
some matrices A and P, we get that:

the matrix product

to first order in €. Now using the

K—1
ug = H |:Ak+8Pk:| ug )
k=0
K—1 K—-1 r K—1
=[JAmo+e ) JTAP: ] Acuot
k=0 r=0 k=0 k=r+1
K o2 IPI3
o\ Al (Ke) 5 [[aol| (10)
A2
:ﬁK+ﬁ(||A||§(Ke)zs>. (11)

Next, from the proof of [10, Lemma 3.4] we recall that

A= Y kvl + ¥ C?S(k)VjV]T where ¢j(k) =1 —
i€ JENUs

alrl+0(), cf'(k) =1—alAf + O(¢) and A, v; and A}°,v;

are the eigenvalue-eigenvector pairs corresponding to the sta-

ble and unstable subspaces of V2f(x*), respectively. Also,

Uy = €Yic 4 0;7Vi+ €L je 4, 0/°V) and for a = % we have
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the bounds 1+ £ — & < cs(k) <24 &4 and — &Y < ci(k) <

1— % + % (see [10, Lemma 3.4]). Hence we have that:

K—1
Juell = H[Aﬁepk}uo (12)
k=0
K—1 K—1 r K—1
> HAkuo — SZHAkPr H Apupl|| —
k=0 r=0 k=0 k=r+1
2
ol IAIK (k 2 [IPI; 13
AT (ke L3 | (3
A2
= |
> ||TT Acwo —ﬁ(Anf(Ks)”A'Z ||uo) (14)
k=0 2
K—1 K—1
= (Hcf(k))s ) 6;‘v,~+(]’[c;f“‘(k)>s Y, 6Fy;
k=0 €N k=0 j€NMys

o (181 (ke)e (s)

K : s 2K
>£(inf{c?5(k)}> (m) IZ (el:v)2_’_ Z (9]1‘”)2

€N J€ENMS

HEY (16)

y <e;‘s>2ﬁ(A||§<Ke>e),

JENMUs
(17)

J
—EM and 2K ~ 0 (here £ < 1 since Ke < 1). Simplifying (TT)
by using the substitution [[Al|, = sup{[|Ax||,} = sup{c’’(k)}
2+ % and taking norm yields

o~ = 0 (1AIE (Key'e ) = o (2+ ?Z)Kms)ze).
18

where we used inf{c"(k)} = (1 + % — ean/1> inf{c{(k)}

Finally, dividing (I8) by we get the following bound on
the relative error:

IA
Q
VR
VS
[\®]
_|_

m
S
N———

— N

>

o

=

o
N———

e(1+8-%) VEcna@ - oAl (kee )
(19)
(4
ﬁ(K(K8)2>
()
= (20)
)

SIRCIOE ﬁ(wmw)

K

Authorized licensed use limited to: Igutgers University. Downloaded on March 01 ,2053 at 20:57:22 UTC from IEEE Xplore. Restrictions apply.

ermission. _See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Information Theory. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIT.2022.3213607

21

=)
Vo7 (e (2)e))

where we have substituted the upper bound on K,,; from
into K. Now, if | /¥ je 4,5 (68}%)? > ﬁ<\/lg (log <é>£>> then

the relative error is of the order & < ﬁ <log ( ;) 8) ) , which

goes to 0 as € — 0.

B. Sufficient Conditions for Linear Exit Time

Our first theorem states that the first order approxima-
tion of any gradient descent trajectory starting from an &€
neighborhood of any strict saddle point x* will escape this
neighborhood in linear time, i.e., & (log(¢~")), provided the
projection value of its initialization on the unstable subspace
of V2f(x*) is lower bounded.

Theorem 1. The e—precision trajectory {ﬁK}I,%:“(’) generated
by the gradient descent method for step size o = % on any
function satisfying Assumptions AI-A4 has linear exit time
from the strict saddle neighborhood PBe(x*) provided the
projection value of the initialization uy onto the unstable
subspace &ys of the Hessian V2 f(x*), given by Zje/l@s(e}m)2’
is lower bounded as:

Z (6}”)2

JENMys

26{l/mog<1+§—€2f‘f)
M
(+8t) (——)
2 M
1 26<2+3’{’)1og<1+’23’{’)1%(”%32%)
 log +1

eM
eMnlog ( 2+51

)

14%

(22)

a e -
where /1L ] NPTER the pa
25| 2+8f Jlog | 1+ -4 | log ﬁ

L T
M
log <2+ & >

rameter a = and we require that:
log <2+‘€2AZ> —log <1+E£2AL/1>

e< min{ inf (limsup |
=1\ j—e
2p
— 4+ 0(e%),= 23
where we have rj(u) = ’ (d‘ivjjvzf(x* +wu) ) , the vec-
w=0 2

torug =€Yc 45 0;Vi+ €Y je y;,s 0/°Vj and v;,vj are the eigen-
vectors of the Hessian V> f(x*) and § is as in Proposition
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In terms of order notation, we require the following lower
o 2.
bound on the projection ¥ je 4, (0}):

Y (0720 )

j€Mys
The proof of this theorem is provided in Appendix [A]
Recall from (2I) that for the relative error in the
e—precision trajectory to be bounded, we require that

ERCTEE

(24)

log (é)e) . Howeyver, this con-

dition is already satisfied by the sufficient condition

Yje %S(Gfs)z Z 0 ﬁ in terms of order since
1 1 1

® W >0 ﬁ log(g)s as € — 0.

he above result can be interpreted as follows: for any
sufficiently small € bounded from (23) if a gradient descent
trajectory at the surface of any saddle neighborhood . (x*)

has a projection value of order ® : on the unstable

1
og(e™!)
subspace of V2f(x*), then this trajectory is guaranteed to
exit the saddle neighborhood in linear time. This result is
crucial since it furthers the findings of the state of the art
[45] where a non-zero projection value guarantees almost sure
escape from the saddle point but does not provide any insights
into whether a non-zero projection value could lead to fast
escaping trajectories, something which Theorem [I] establishes
rigorously. Moreover the projection value bound in Theorem
[ is insightful in the sense that it illustrates the dependency
to the quantities like condition number, problem dimension,
spectral gap, etc. Since this result ensures that fast escaping
gradient trajectories are indeed dense with respect to random
initialization on the surface of the ball % (x*), we can safely
say that fast escaping trajectories for gradient descent method
from small saddle neighborhoods of Morse functions will be a
generic phenomenon. In case if the sufficient condition is not
satisfied, one can perform a single step perturbation to land on
a point which satisfies this condition. Then reverting back to
gradient descent update, linear exit time from the saddle neigh-
borhood will be guaranteed. This particular idea will serve as
a basis for the development of a single step perturbation based
gradient descent method for escaping saddle points faster.

Remark 2. Note that there are several key differences between
the analytical approach of this work and the one utilized in
[122)]. First, Lemma 17 in [22|] works with gradient trajectories
on a local quadratic approximation of the nonconvex function,
which does not require an approximation of the Hessian.
In contrast, Theorem 1 utilizes an explicit approximation of
the Hessian—as opposed to a quadratic approximation of
the function—in order to approximate the gradient trajec-
tories around the saddle point. This approach later allows
us to establish that the linear exit time guarantees for the
approximate trajectories also hold for the exact trajectories
(see equation (337) in Appendix H). Second, our analytical
approach helps develop a theory that relates the linear exit
time of a gradient trajectory from a saddle neighborhood to
the angle between the initial radial vector of the trajectory
and the unstable subspace of V*f (x*), while such geometric
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connections are lacking in [22|]. In fact, to the best of our
knowledge, such analysis that helps study the relationship
between fast escaping trajectories and their initial angles with
the unstable subspace of V?f(x*) has not been carried out in
any of the prior works. Additionally, while the guarantees in
our work are deterministic in nature, Lemma 17 in [22)] is
probabilistic in nature. Finally, and perhaps most importantly,
our analytical approach leads to estimates of the exit time /
escape rate and boundary conditions that are sharp in the
sense that they depend on the spectral gap, condition number
and problem dimension also, something that is novel to the
existing nonconvex optimization literature.

We now move to the next section which provides a rate
analysis in regions outside the small saddle neighborhood
PBe(x*) where the local analyticity property no longer exists
and we are only left with the class of %2 gradient and
Hessian Lipschitz, Morse functions, i.e., functions satisfying
Assumptions A2—-A4.

IV. SEQUENTIAL MONOTONICITY

The first theorem in this section establishes a monotonicity
property of the gradient descent trajectories in a strict saddle
neighborhood. This property is termed as “sequential mono-
tonicity” which implies that within some neighborhood of the
strict saddle point x* any gradient trajectory, which does not
converge to x*, first continuously contracts towards x* up to
some point and from there onward expands continuously away
from x* until it escapes this neighborhood.

Theorem 2. On the class of €° gradient and Hessian Lip-
schitz, Morse functions, if a gradient trajectory with respect
to some stationary point X* has non-contractive dynamics at
any iteration k = K, then it has expansive dynamics for all
iterations k > K provided ||x;, — x*|| is bounded above by some
& > 0 where {x;} is the sequence that generates the gradient
trajectory. This property of the sequence of radial distances
{lIxx —x*||} can be termed as the sequential monotonicity.
Moreover, in the case of X* being a strict saddle point,

. . . . . 1
we have for gradient trajectories with step size o0 = 1 that

<<1+‘Z)2+ s 22)
1 ) 2. Specificall
&< o 5 for some ¢ > 2. Specifically,

consider the tuple (x,xT,x™) that is equivalent to the tu-
ple (Xi,Xei1,Xk12) for any k. Let ||x* —x*|| > [[x—x*|| and
|Ix —x*|| < &. Then the following holds:

a. |xTT x| >px)|x" —x*||-0(x), and (25)
b |xTT x| > [xT—x", (26)
where  o(x) = O(|x—x*|]*) and p(x) > 1 +
(<1+§)2+4(1+'%)22
)

The proof of this theorem is given in Appendix
Remark 3. The upper bound on & given by the quantity

By2 1 5
1+8)2+ —3
1 (+1) a2 . .. .
— 5 for ¢ > 2 is always positive and is

M
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equal to 0 only when B = 0. Moreover, for Morse functions that
are well conditioned at their stationary points, i.e., 0 K % <1,
this quantity can be treated as a constant. Moreover this bound
on & also makes sure that there cannot be any other critical
By2 1 5
1+8)2+ -

U . 1 (+1) s+ B2 3
point within a radius of o 5 for ¢ >2
from x*. If another stationary point did exist within this radius
of X' say x; then |[Vf(x}}]| = B|x* —xj| >0 from (I58)
which contradicts the fact that X} is a critical point of f.
This seemingly trivial result will be of utility in Proposition
where we define separation between critical points.

In words, Theorem states that within any & neighborhood

1+ +—1——3

of the saddle point where & < giM 46(HZ) for
some ¢ > 2, every gradient descent trajectory first contracts
continuously towards x*. The first iteration after the end of
contraction phase is either marked by expansion or preserva-
tion of radial distance, i.e., no expansion or contraction. In both
cases the trajectory from here onward expands continuously till
it exits B¢ (x*) where in the latter case it is assumed that the
trajectory didn’t already contract to x*. Furthermore expansion
happens at an almost geometric rate as evident from part (a.)
of the theorem which can be leveraged to obtain linear rate
for the expansion phase of trajectories inside % (x*).

So far we have been able to develop a machinery that will
help us in providing linear rate of expansion inside % (x*).
It remains to develop a proof technique which can generate
linear rates of contraction inside % (x*). In order to do so we
introduce certain terms that are required for better understand-
ing the contraction and expansion dynamics of the trajectory.
In this regard, let K, be the first exit time of the gradient
descent trajectory from the ball % (x*), where we assume that
the trajectory starts at the boundary of the ball % (x"), i.e.,
Xo € B (x*)\ By (x*) and & is bounded from Theorem Next,
for any & < £, let g (x*)\HBe(x*) be a compact shell centered
at x*. Let k = K, be the last iteration for which the gradient
trajectory has contractive dynamics inside the shell and k£ = K,
be the first iteration for which the gradient trajectory has
expansive dynamics inside the shell. Note that K. and K, are
equal iff either the trajectory starts expanding before reaching
the ball %, (x*) or the trajectory just touches the surface of
the ball %, (x*) and then expands from there onward.

The next lemma provides further insights into the behav-
ior of function sequence {f (xk)}f;o associated with iterate
sequence {xk},’f(:'o where 0 < k < K, are the iterations with
contraction dynamics.

Lemma 1. On the class of €* gradient and Hessian Lipschitz,

Morse functions, the function sequence {f (Xk)},’:;() associated
2

with iterate sequence {Xk}kK‘:’O Sor ||xk, — x*|| < % and K. <

K, satisfies the Polyak—t.ojasiewicz condition [|I5]] where for

any 0 < k < K. we have that:

0<f(x) —f(x*) < 575

The proof of this lemma is given in Appendix Using
this lemma, it can be readily checked that the function
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sequence {f (Xk)},’:;() is strongly monotonic in the contraction
phase of the trajectory. Formally, for 0 < k < K. using
Lemma || and the gradient Lipschitz condition we will have

2

the inequalty f(xcr) —70x7) < (15 ) () 1060
Therefore linear rates for the contraction phase of trajectory
can be recovered using this result. It should however be
noted that the function sequence {f (xk)}kKi‘;}g associated with
the expansion phase of the trajectory does not satisfy the
Polyak—Ft.ojasiewicz condition from Lemma [I| and therefore
we require Theorem [2| to generate linear rates of expansion
for the trajectory in its expansion phase (see discussion within
the proof of Lemma [I] for details).

Before stating the final theorem of this section we introduce
the term ‘sojourn time’. It is defined as the time the trajectory
spends inside the shell B (x*)\%,(x*) before leaving this
region. The sojourn time will be the sum of contraction
time (derived using Lemma [I) and the expansion time (de-
rived using Theorem for any trajectory inside the shell
%75 (x*)\ P (x*). We are now ready to state the theorem.

Theorem 3. The sojourn time K,.;; for a gradient trajectory
inside the compact shell By (x*)\Be(X*) for a strict saddle
point X* of any €? gradient and Hessian Lipschitz, Morse
function is bounded by

2
log <§§2> —log <§L£2 — 2§”£3>
Kshent <

-1
2
log (1 — lz2>

log(&) —log(e)
1%(mmmm>

+

+3, (27)

1+ME

where the sojourn time Kgeo = R + K. — K, with

2
log %52 —log g—LszszMﬁ

< -
log (1%)

—log®)=logle) _ 4 o g infimum in the term inf{p(x;_»)}
1 inf{p(x;_5)}
T+ME

is taken over the indices K, +2 < k < R,y Further,
Koir — K, is the time for which the gmc{ient trajectory
has expansive dynamics inside the shell e (x*)\%e(X"),
and K. is the time for which the gradient trajectory has
contractive dynamics inside the shell B (x*)\%Be(x"). Also,

Kc + 1: Ieexit - Ke S

and

(B o3
1 ( 414572 . 3B2
é{ﬁ(w} T wn‘hg>2,s<%
inf{p(x¢_2)

el 1.

In terms of order notation, Ky, has the following rate:

Kspet1 = ﬁ<10g (i)) +0(1),
where K, = ﬁ’(log (E)) and Ko — K, = ﬁ(log <§)> +

o(1).

(28)
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The proof of this theorem is given in Appendix The-
orem [3| provides an upper bound on the travel time of the
trajectory inside the shell % (x*)\ %, (x*). The upper bound
is linear since it is the sum of rates in the contraction and
expansion phase of the trajectory and both these rates are
linear by virtue of Lemma [I] and Theorem [] respectively. In
contrast to the linear exit time bound (7)) which only holds for
very small values of € from Theorem |I} this rate holds for
much bigger £ neighborhoods and at the same time does not
require the function to be analytic. The power of Theorem [3]
will become more apparent once we develop a fast algorithm
for escaping strict saddle points of Morse functions. This
theorem will facilitate in keeping the algorithm very close to
the gradient descent method since it proves that any escaping
gradient descent trajectory from some small ball %, (x*) will
leave a larger ball %¢(x") at a linear rate irrespective of its
exit point on %, (x*). Hence any algorithm, which exits some
small ball %, (x*) using the gradient descent update, can keep
on performing gradient descent updates so as to have linear
rate of escape from a larger ball % (x").

V. ADDITIONAL LEMMAS

We now discuss some additional yet important lemmas
instrumental in analysing the gradient trajectory/approximate
trajectory behavior in saddle neighborhoods of any strict sad-
dle point x*. Briefly, the first-order perturbations are ignored
only in Lemmas [2] and [3] whereas an exact analysis is carried
out in the subsequent lemmas. Moreover, the error introduced
by the zeroth-order approximations (see in Appendix
in Lemmas [2 and [3]is sufficiently small by virtue of the initial
conditions. Also, Lemmas E] and E] are qualitative in nature and
therefore not used in proving the convergence of Algorithm [I]
proposed in this work. For rest of the lemmas in this section
(Lemmas [AH6), exact analysis is carried out since they will
play a crucial role in the convergence analysis of the proposed
algorithm (Algorithm [T). We also note that Assumptions A2—
A4 hold for all the lemmas in this section where Lemmas
use the extra assumption of local analyticity around the strict
saddle point. The proofs of the lemmas in this section are
given in Appendix [E|

Lemma 2. The gradient trajectories {uK}E‘f(’) inside the

ball Pe(x*) with linear exit time and satisfying the initial

Er a7~ o
mately exhibit hyperbolic behavior in the sense that they first
move exponentially fast towards the saddle point X*, reach
some point of minimum distance from X*, denoted by X iical,
and then move exponentially fast away from x* for some
iterations so as to escape the saddle region. For the case
when Xcrirical — X*, their first-order approximation or the €—
precision trajectories can take very large time to exit the
ball PBe(x*), i.e., K' — o where K' is defined in (6). When
Xcritical = X°, we have Ko = K' = oo, which implies that the
e—precision trajectories and hence the gradient trajectory can
never escape the saddle region.

condition log <é> 8) ) approxi-

Lemma 3. In the ball %:(x*), gradient descent trajecto-
ries with linear exit time and satisfying the initial condi-
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tion ):je%s(e;”)Z > ﬁ(\}g (log (é) 8>> approximatel
never curve around the stationary point X*. Moreover, all the
linear exit time gradient descent trajectories lie approximately
inside some orthant of the ball % (x*), i.e., the entry and exit
point approximately subtend an angle less than or equal to 5

at the point X*.

Lemma 4. The function value at the exit point on the ball
Be(X*) for any gradient descent trajectory is strictly less than
f(X*) provided € is sufficiently small.

_2
Lemma 5. For any € < 2 «* where Kk = g a gradient

trajectory having exited the ball Be(x*) can never re-enter
this ball.

Lemma 6. The gradient descent trajectories exiting the ball
B (x*), where § is defined in Theorem 3| can never re-enter
this ball provided the gradient magnitudes outside the ball
B (x*) are sufficiently large with ||V f(x)[| >y > %Lé

Note that Lemma [4] is used in our analysis for establishing
that the function sequence { f(xk)}ka}gg associated with the
expansion phase of the trajectory inside % (x*) does not
satisfy the Polyak—}t.ojasiewicz condition from Lemma
Lemmas 5] and [@] are termed as the “no-return conditions” to
€ and & radius saddle neighborhoods respectively. Choosing
¢ from Lemma [5] will guarantee that any gradient trajectory
can visit the saddle neighborhood Z:(x*) at most once.
In particular, if the function satisfies the condition of large
gradient magnitudes for certain & from Lemma E] then any
gradient trajectory can visit the saddle neighborhood % (x*)
at most once, and such a function is called a well-structured
function (see discussion after Proposition [5] for details).

VI. PROPOSED ALGORITHM

Since we have established the preliminaries on our unstable
projection value and the sequential monotonicity property, we
propose a method called the Curvature Conditioned Regu-
larized Gradient Descent (CCRGD) (Algorithm [I)) that can
guarantee escaping saddle points in approximately linear time
for Morse functions, by virtue of Theorems || and |3} and that
is also guaranteed to converge to a local minimum.

We first establish that the proposed algorithm escapes any
saddle point of a function satisfying Assumptions A1-A4 at a
linear rate and the function values generated by the algorithm
decrease monotonically.

Lemma 7. The trajectory generated by the CCRGD algorithm
(Algorithm |1) in some € neighborhood B:(x*) of any strict
saddle point X* of a function satisfying Assumptions Al-
A4, where € is bounded by Theorem exits Be(x*) in
approximately linear time,E] with the exit time bounded by ().

The proof of this lemma is given in Appendix [F]

“When we say this condition holds approximately, we mean that it holds
for a first-order approximation of the gradient descent trajectory (see the proof
of Lemma E] for further details).

>The term “approximately linear time” implies Ko < O(log(e™")) +g(€)
where g(-) is some absolutely continuous positive function such that g(g) — 0
as € — 0. See the exact expression for g(-) in (340) within Appendix[ﬁ
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Algorithm 1 Curvature Conditioned Regularized Gradient
Descent (CCRGD)

Initialize {xo,yo,y1} to 0, a radius & bounded by Theo-
rem constants L, M, 3, 8, minimum unstable projection value
Puin(€) from the lower bound in (74), condition flag E = 0,
K = 7, and step size o0 = %

1: for k=0,1,... do

2: Get V f(x;) from first-order oracle

3: if |Vf(x¢)|| > Le then

4: Xpr] < Xp— OCVf(Xk)

5: if £ =1 then

6: E+0 > Update condition flag
7: else if |Vf(x¢)|| < Le and E =1 then

8: Xpp1 ¢ X — aVf(xg)

9: else if |Vf(x¢)|| < Le and E =0 then

10 1 > Update condition flag
11: Yo < Xg

12: Y1 < Yo— aV£(yo)

13: Vi < (¥1 —¥0,¥1 — Yo)

14: V2 <= afy1 —yo,Vf(y1) = Vf(yo))

15: ifz%zz<V1—V2< 0Fuin(e) 14 %then

> Curvature Check Condition
16: Get H + aV2f(x;) from second-order oracle

17: Xpy1 € argmin é(xxk)TH(xxk)>
Jxsy = LL0l
> Solve constrained eigenvalue problem
18: else if 0 < Vi — V5 < 22 then
> Curvature Check Condition
19: Get H + V2 f(x;) from second-order oracle
20: if A,in(H) < O then

21: Xpy+1 € argmin
V(%)
HX*XkH:” ﬁk H

(%(X —x) TH(x — Xk))

> Solve constrained eigenvalue problem
22: else break from the for loop

23: else continue
Output: Second-order stationary solution Xy

Lemma 8. The function value sequence {f(x;)} generated by
the CCRGD algorithm (Algorithm |l) in some € neighborhood
Be(x*) of any strict saddle point X* of a function satisfying
Assumptions AI-A4 where € is bounded by Theorem []|
decreases monotonically.

The proof of this lemma is given in Appendix [F}

Remark 4. Note that the second-order step after the Cur-
vature Check Condition of Algorithm |I| can be replaced
by Perturbed Gradient Descent (GD) type of update from
[124)] since one-step noise injection is known to escape saddle
points. However there is no guarantee that such replace-
ment will provably generate trajectories that exit the saddle
neighborhood in linear time. The best one can achieve with
a Perturbed GD type of update is fast escape with high
probability. Since the focus of this work is to develop a
deterministic algorithm that generates trajectories with linear
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exit time, we refrain from analyzing the class of Perturbed GD
type methods, which are designed for saddle escape but not
necessarily with a linear rate.

VII. CONVERGENCE RATES TO A MINIMUM

Now that we have developed an algorithm that escapes
saddle neighborhoods in approximately linear time, our goal
is to show that it (Algorithm converges to some local
minimum and obtain its rate of convergence.

A. Asymptotic convergence

First, we show that the iterate sequence {x;} generated by
Algorithm [T] avoids strict saddle points.

Lemma 9. The iterate sequence {x;} generated by Algorithm
or any of its subsequence on the class of €* gradient and
Hessian Lipschitz, Morse functions does not converge to a
strict saddle point.

The proof of this lemma is given in Appendix [G|

Remark 5. Note that in the proposed CCRGD algorithm (Al-
gorithm[I)) we always implicitly assume that the initialization
Xo does not belong to the set of strict saddle points of the
Sunction f(-). In particular since f(-) is a Morse function,
its critical points are isolated [42|] and hence are countable.
Since the probability that the initialization point, when chosen
randomly from R", falls into this countable set is zero, our
assumption is justified.

The next two lemmas establish that the function sequence
{f(x¢)} converges to a limit within a compact set in R” and
the trajectory of {x;} generated by Algorithm |1 encounters at
most finitely many saddle points. These lemmas will also be
instrumental in providing global rates of convergence.

Lemma 10. The sequence {f(xi)}, where {x;} is the iterate
sequence generated by Algorithm ()n the class of € gradient
and Hessian Lipschitz, coercive functions, converges to a limit
value while the iterates Xy stay in a compact set in R".

The proof of this lemma is given in Appendix

Lemma 11. The iterate sequence {x; } generated by Algorithm
on the class of €* gradient and Hessian Lipschitz, coercive
Morse functions stays within a compact subset of R" and
encounters at most finitely many saddle points.

The proof of this lemma is given in Appendix

It is needless to state that finite critical points imply iso-
lated critical pointﬂ The condition of isolated critical points
however holds in general for the class of Morse functions. We
now state the Global Convergence Theorem from [39] which
is instrumental in establishing the asymptotic convergence of
Algorithm I]to a local minimum. Its proof is detailed in section
7.7 of [39] so we do not present its proof here and directly
use this theorem.

5The condition of isolated critical points means that there is some separation
between the critical points.
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Theorem 4 (Global Convergence Theorem [39]]). Let A be
an algorithm on a vector space X, and suppose that, given
X the sequence {X;}y_ is generated satisfying Xi1 € A(X).
Let a solution set S C X be given, and suppose:
1) all points Xy, are contained in a compact set D C X,
2) there is a continuous function Z on X such that:
o ifX¢S, then Z(y) < Z(x) for all y € A(x),
o ifx€S, then Z(y) < Z(x) for all y € A(x),

3) the mapping A is closed at points outside S.

Then the limit of any convergent subsequence of {x;} is a
solution. If under the conditions of the Global Convergence
Theorem, S consists of a single point X, then the sequence
{xy} converges to x.

Using Theorem [] and Lemmas [OHIT] we now establish
the asymptotic convergence of the sequence {x;} to a local
minimum.

Theorem 5. The iterate sequence {X;} generated by Algo-
rithm |1| on the class of €* gradient and Hessian Lipschitz,
coercive Morse functions has a convergent subsequence that
converges to a local minimum. Since the local minimum is a
fixed point of Algorithm || the sequence {x;} also converges
to this local minimum.

The proof of this theorem is given in Appendix [G]

B. Global Rate of Convergence

To develop rate of convergence of the sequence {x;} to
some local minimum x;, ,;,., of f(-) we first introduce certain
propositions.

Proposition 3. In some compact domain %, let .7, be
the set of all critical points of a function f(-) satisfying
Assumptions A1-A4, where X}f € ., denotes the j’h critical
point with |.%| =1 and [ is finite. Then the distance between
any two critical points of the function f(-) is lower bounded

(1+%>2+ 15

By 4
by some R >0 where R > QLM 46(1“) for ¢ >2,

ie., ’Xj‘ —XjH > R for any X} and X;» in % and & is chosen
such that & < R where & is bounded from Theorem
Proof. Since a Morse function on a compact manifold has

finitely many critical points [42], the compact domain %
will have finitely many critical points. The lower bound

1 B2 1 _35
| (I+%) +4(l+%)2 z
R> —; 3 for ¢ > 2 follows from Re-

mark {[;31 |

Proposition 4. Let the sequence {x;} generated by Algorithm
on a function f(-) satisfying Assumptions AI1-A4 converges
to the local minimum XZptimal € Y% from Theorem |5| and

we have HXO*X:pzimal < & for some § >0, where xg is
the initialization point for Algorithm Also, without loss
of generality we can assume the following condition on the
initialization:

%o —xjl| < &
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for some strict saddle point x;f.

Proof. From Theorem [5| the sequence {x;} generated by
Algorithm |I| converges to some local minimum x(’;ptimal and
this local minimum lies in a compact set in R” from Lemma
[IT} Hence the compact set can be taken to be the compact
domain % from Proposition [3] where we have xo € % and
szﬁml € Y% C 7 . Finally on —
the compactness of 7.

X, primat || < ¢ follows from

Proposition S. For any Morse function, the gradient magni-
tude at any X € U \Uj’:l P (x;) for any sufficiently small §
is lower bounded by some Y where we have that:

IV = v=Q(8)

and & is bounded from Theorem Further, for any sufficiently
small € where € < 1, we can write Y= ©(e®) where v € [0,1)
is a & dependent parameter that controls the function geometry
in regions away from its critical poinmﬂ Hence, very small
values of v imply well-structured functions, i.e., functions
whose gradients are almost of constant order in regions away
from its critical points whereas v 1 1 implies ill-structured
functions, i.e., functions whose gradients are almost of € order
in regions away from their critical points.

Proof. For any Morse function on a compact domain
% , the region away from its critical points defined by
U \Uj':l B (x}) can be categorized into three sub-regions on
the basis of gradient magnitudes in these regions. Expressing
the gradient magnitudes as function of € and some & where
e <& and € < 1, we can write ||Vf(x)|| > y=0(g?) for any
Xew \Uljzl B (x7). The parameter v > 0 is a function of
& which controls gradient magnitudes in regions away from
the function’s critical points. Since & is a free variable that is
bounded above from Theorem [3] we can choose & such that
y=Q(&) so as to restrict v in the interval [0,1). Then based
on the values of v we have:

« regions with “large” gradient magnitudes when Y= 0O(g?)
is a constant for v | 0,

o regions with “moderate to small” gradient magnitudes
when y = ©(g?) is moderate or small for 0 < v < 1,
and

« regions with sufficiently “small” gradient magnitudes
when y= O(g?) is almost of € order for v 1 1.

Since only the above three cases or their combinations are
possible in regions away from critical points, Proposition [3]
captures every possible Morse function. When a function in
regions away from its critical points satisfies a combination
of two or more of these cases, then Y is automatically the
minimum of the occurring cases as ||V f(x)|| is lower bounded
by 7. ]

Note that from Proposition [35] for v close to 0 the quantity
y is of constant order, i.e., Y~ @(1) . Since ¥ = Q(&) and
Y is of constant order hence we will have that ¥ > & which
implies y > %L& for moderate values of & and therefore the

"The value of v cannot be greater than or equal to 1 since by definition
y=Q(&€) and £ > & which implies y = Q(¢).
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no-return condition to such &—saddle neighborhood holds
from Lemmal6] For all other choices of v we have y=0(e")
and therefore £ = O(e) where € < 1 due to which no-
return condition to a small §—saddle neighborhood holds
from Lemma

Remark 6. The gradient Lipschitz condition gives an upper
bound on the gradient norm within the function landscape,
whereas we require a lower bound on the gradient norm. The
reason is that in order to obtain rates of convergence for our
particular problem in some compact domain % , we need rates
in the following three regions:

e Region RI, given by U§:1 %} (X7)\Ze(x7),

e Region R2, given by UIj:l %g(xj), and

o Region R3, given by 02/\U5’=1 B (X7).
While one can derive optimal rates in regions RI
and R2 using only the Lipschitz assumption, the
rate in region R3 can only by | upper bounded by

ﬁ(<inkae%\ug_lgag(xf;) ||Vf(Xk)|2)
Lipschitz condition alone. We afterwards require a lower
bound on the gradient norm in the region R3 so as to upper
bound this Big-O term. It is clear that the gradient Lipschitz
bound cannot help us here since it gives an upper bound
on the gradient norm. Since iankE“ZZ\Ulj-:lﬁ?g(X_’}) IV f(xx)]]
can be arbitrary small, as the function could be extremely
flat in regions away from the critical points, it becomes
imperative to introduce the parameter v, which controls the
function geometry in region R3. Note that properties like
the Polyak—tLojasiewicz condition can also be used to lower
bound the gradient norms, but such properties only work with
specialized nonconvex functions such as the invex functions
that do not have saddle points.

using the gradient

Our next lemma establishes the Lipschitz continuity of f(-)
in the compact domain % .

Lemma 12. As a consequence of Proposition 4} the function
f(+) is Lipschitz continuous in the compact domain %, where
the Lipschitz constant is given by Ldiam(% ).

Proof. By the gradient Lipschitz continuity of f for any x € %
where 7 has atleast one critical point x* of f, we have the
following bound:

VAl < Lx—x"|| < Ldiam(%)
= sup |Vf(x)|| < Ldiam(%).

XEU

(29)
(30)

From the Mean value theorem, for any x,y in % we have that:

fx)—f(y) < sup V)| Ix—yll < Ldiam(% ) [x—y].
X€7
(31)
|

The above lemma will help us in developing global rates
of convergence in terms of the iterate sequence {x;}. In
the absence of this lemma global rates of convergence can
still be obtained however such rates would be in terms of
the function value sequence {f(x;)}. Since the condition
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X;p — x(’jp[iml implies strong convergence whereas the

condition f(xx) — f(X} ) implies weak convergence,
Lemma [T2] becomes absolutely necessary for establishing a
stronger convergence result.

Now that we are interested in developing convergence rates
for the iterate sequence, we need a handle on the largest
distance our iterate X; can possibly travel from the initializa-
tion xo within some compact domain % before converging
to a neighborhood of XZptimal' Quantifying this distance is
essential since the total number of iterations or the travel time
of any trajectory depends on how much distance it travelled
before converging to some local minimum neighborhood.
In the best case the trajectory could take a bee line path
between x¢ and X;k)ptimal whereas in the worst case a trajectory
could possibly travel much farther than x, ptimal before turning
back and eventually converging. The next theorem provides a
precise bound on the farthest distance any worst case trajectory
could travel to before returning back for good. In doing so
it also provides a handle on the number of saddle point

neighborhoods encountered in the path of such trajectory.

Theorem 6. On a function satisfying Assumptions AI-A4,
the trajectory generated from the iterate sequence {x;} by
Algorithm |I| that has escaped some ball PBr,(X;) cannot
escape the ball PBr,(X;) D PBr,(X;) if it has to re-enter the
ball $r,(x§) in finite number of iterations, where we have that
X0 € Be(xp) and x; € S is a strict saddle point provided that
the radius Ry, satisfies the condition:

. R 1 L\ L%
Ry <Ro+ 2Ldlam(02/)70 + NoKeyir <ﬁ + W) T—F
1
No(Kexir + Kspen1)6 + 5 (Ro + &) (32)

2Ldiam(%) 50

where Ny = is an upper

282
bound on the number of strict saddle neighborhoods of radius
& encountered by the trajectory of {Xi}. Note that here K,y
is upper bounded by (1), Kyen is upper bounded by Theorem
and the compact domain % contains the ball By, (xf), i.e.,
U D> PBr, (X))

22
%I_ 113+L) LRS _’V(foil—"_KS‘h(’”)%

The proof of this theorem is given in Appendix

Remark 7. In order to characterize the convergence rate for
Algorithm |I| we need to focus on the worst-case trajectories
that can be generated by it. Theorem [0] helps capture the
behavior of such worst-case trajectories by finding the radius
of the largest possible ball whose boundary can be reached
by such trajectories.

We are now ready to state the final theorem of this work
which quantifies the convergence rate of Algorithm [I]to some
e-neighborhood of a local minimum.

Theorem 7. On a function satisfying Assumptions AI-A4,
the total time K,y for the trajectory of {x;} generated from
Algorithm[I|to converge to a sufficiently small €-neighborhood
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14
of a local minimum xf)p,ima[ is bounded by:
. {L

Kmax <T Kexit +thell +4Ldlam(%)?+

loa [ &
T 1 I L 82 + o8 <S> (33)

B 282 P 5 —1°
log (1 — L>
; 4
where T < 2Ldiam(%) & is the total
Y 1, L | 122

27 F+2ﬁﬁ R _Y(Kexit"'Kshell)%
number of & radius saddle neighborhoods encountered, € and
& are bounded from Theorems E] and Xq is initialized in a

E-neighborhood of any strict saddle point.

The proof of this theorem is given in Appendix |Hl In terms
of the order notation, using (7)) and (28) followed by choosing
some sufficiently small € where € is bounded by theorem [I]
some moderately small £ from Propositions and substi-
tuting Y= O(€), Kqx has the following dependency on &:

oo () o (§)) ()

where T = 0 8% is the number of saddles encountered

and v €[0,1) is a parameter of the function f(-) defined in
Proposition [5| which controls the function geometry in regions
away from its critical points. The third term on the right hand

side of is ﬁ(
the trajectory in the region % \U§:1 B (x}) (for details, see

proof of Theorem [7] in Appendix [H).
Observe that the dominant term in the expression of conver-

£§v> which quantifies the travel time of

gence rate from (34) is & (sév where v € [0,1). Compared

to the state of the arl{ﬂ Perturbed GD method [24] which has

a convergence rate of order & sizlog4 s% , there is no

poly-logarithmic dependence in our term & (e%“> and in the

worst case this term is still better than & Eiz provided &€

and & are chosen to be sufficiently small from Proposition
In particular, for well-structured functions which have large
gradient magnitudes in regions away from critical points, we
will have 82%, < 8% thereby yielding a superior convergence
rate to sufficiently small neighborhood of a local minimum.

This improvement over the rate & 8% is only possible

because of Theoremwhich gives a linear travel time within &
radius saddle neighborhoods. In the absence of Theorem [3} we
would not have & radius saddle neighborhoods within which
fast travel is possible. Then we only have a much smaller €

8While Tablelists various state-of-the-art algorithms, all those listed works
except [24] use either accelerated gradient methods or Newton method as their
base algorithm. Hence for sake of fairness, the rate comparison is done only
with the Perturbed GD method of [24].
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(a) f(x,y) = cos(x) —cos(y)

15

(¢) f(x,y) = tanh(x)tanh(y) + 10~*(x> +y?)

Fig. 1. Landscapes of three smooth nonconvex functions with different values of the parameter v for € = 1078, The function in (a) corresponds to v = 0,
the function in (b) has v = 3/4, while the function in (c) corresponds to v = 0.99. It is evident, at least from these simple examples, that the functions that
have a relatively steeper landscape in regions away from their critical points have a small v, whereas functions with a relatively flatter landscape in regions

away from the critical points have a large v.

radius saddle neighborhood from Theorem [I] and outside such
neighborhood, the travel time of the trajectory will be & <§17 .

Existence of larger saddle neighborhoods from Theorem [3|
enables us to invoke Proposition 5] using which we can choose
our € sufficiently small and a certain & so that the gradient
magnitude in the region % \Ui-:l QZ;; (x}) is lower bounded
by y=Q(&) = O(e?) for some v € [0,1). Then we get the
52% in the region %\Uﬁ-zl B (x}) for

our trajectory. It should however be noted that the value of
parameter v is not known explicitly since it depends on the
function landscape in the region %\ U§'=1 33’5 (x}). Specifying
certain value for v would require more assumptions on the
function landscape which is beyond the scope of this work.
We now state a lemma with three example functions, one with
v equal to O (Figure E[a)), another for which v is between 0
and 1 (Figure [I(b)), and the last one for which v is close to

1 (Figure [T[c)).
Lemma 13. Suppose & = CeV for some sufficiently small € >
0, where v €[0,1), C > ¢, and € < &. Then the following
statements hold:
(@) The function f(x,y) = cos(x) —cos(y) on % =R? admits

improved rate of &
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the constant v =0 for any & € (0,0.1] and for any € €
0,0.1].

(b) The function f(x,y) = tanh(0.8x)tanh(0.8y) + 0.01x> +
0.01y*> on % = R? admits the constant v = % for any
& €(0,107%] and for any € € (0,1078].

(¢) The function f(x,y) = tanh(x)tanh(y) + 10~*(x> +y?) on
% = R? admits the constant v = 0.99 foriﬂ any & €
(0,1078] and for any € € (0,1078].

A proof of this lemma is deferred to the supplementary
file of this work for compactness and readability purposes.
In a nutshell, the first example above is a periodic functio
with a saddle point at the origin, where it can be seen that
the norm of the directional derivatives in the x and y variable
around zero grow like sin(|x|) and sin(|y|), which are roughly

Note that the parameter v in the third function can be equal to 1 for certain
€, & pair by setting € = £. However even with that choice our convergence rate
from TheoremEl will be &(g2) which is better than the &(g~2log*(e72))
rate in the existing state of the art .

101t should be noted that the result of v = 0 from Lemma part (a) will
hold true for any higher dimensional sinusoids by extending the argument from
the proof of Lemma E part (a) for dimensions greater than 2. For instance
functions of the form f(x) = Y a;cos(b;x;) will have v =0 provided a;,b;

i=1

are sufficiently far away from 0.
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proportional to |x| and |y|, respectively, for x and y around
zero. This leads to linear growth of the gradient norm. Since
the function is perfectly conditioned at its critical points, we
can choose & > ¢ that then corresponds to v = 0. The second
and third examples are coercive functions involving a quadratic
term and hyperbolic tangent functions, where we can adjust
the gradient growth around the critical points by arranging
the magnitude of the quadratic term and the scaling of the
hyperbolic tangent.

We now establish that the convergence guarantees from
Theorems [5| and [7| will hold even when the function f(-) is
not globally gradient and Hessian Lipschitz continuous. To
do so we use a theorem from nonlinear functional analysis
[46], namely, the Kirszbraun Theorem [46], [47]], which is
stated below.

Theorem 8 ([47]). If U is a subset of some Hilbert space Hj,
and Hj is another Hilbert space, and

g:U—H

is a Lipschitz-continuous map, then there is a Lipschitz-
continuous map

G:H — H
that extends g and has the same Lipschitz constant as G.

Using Theorem [§] we now show that the CCRGD algorithm
(Algorithm [I)) converges to a local minimum and has the
same convergence rate as the one in Theorem [/| even without
the gradient and Hessian Lipschitz boundedness assumption
on the function f(-).

Theorem 9. Suppose the function f(-) satisfies only Assump-
tions Al and A4. Then there exists a finite constant L > 0
such that if o = % the iterate sequence {x;} generated by
the proposed CCRGD algorithm (I| always stays within the
compact set {x| f(x) < f(xo0)} and converges to a local
minimum in this compact set with the convergence rate given

by Theorem [7}

The proof of this theorem is given in Appendix [H] This
theorem is of particular significance due to the fact that it
generalizes our theoretical developments to a larger class of
learning problems where the objective function may not be
globally gradient Lipschitz continuous, one such problem
being the low-rank matrix factorization.

C. Computational Complexity of the CCRGD Algorithm

Essentially, the Curvature Conditioned Regularized Gradient
Descent (CCRGD) algorithm follows the Gradient Descent
(GD) update and switches to a second-order step at most once
in any é&-strict saddle neighborhood and only if the curvature
check condition (I3) from CCRGD is not satisfied. The GD
update can be computed in time tgp = @(n) and checking
the condition (15) incurs a maximum time of #;c = O(n)
per iteration of the CCRGD algorithm. The second-order
step from CCRGD algorithm involves normalization of the
gradient with f, which takes ®(n) time as well as the
computation of one of the dominant eigenvectors. The latter
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can be computed easily using power iteration-type methods,
which incur a computation time of ®(n? logy, /;Lz(s’l)); here,
A1, A2 are the top-two dominant eigenvalues of I— aV?f(x;)
with A; > A, and ¢ is the desired accuracy for the power
iteration (see, e.g., [48]-[50]]). Therefore, the second-order
constraint (SOC) step (Step [I7] or 21 can incur a maximum
computation time of z5oc = @(n*10gy, /3,(¢7")) in any strict-
saddle neighborhood, where the maximum number of such
strict-saddle neighborhoods is bounded by

2L diam(% )%

(72/ - (llg + 252) % - 'Y(Kexit +Kshell)1€e)

from Theorem [/| Next, we have also K,,.x = Kcp + Kccrep
from Theorem [7} where K4 is the total iteration complexity
of the CCRGD algorithm, Kccrgp < T is the number of
second-order steps and Kgp is the number of the GD steps.
Then, using the bound on K, from Theorem the total
computational complexity fccrgp of the proposed CCRGD
algorithm is bounded by:

T <

tfccrop < 16pKep +tsocKccrGp + tmise Kimax (35)
S (tGD + tmisc)Kmax + tSOCT (36)

- ®<nT10g (;)) +®(nT10g (i)) +®(8’;u)
+®<(n2 log,ll/,lz(el))T). (37)

To summarize, we can make use of existing off-the-shelf
eigenvalue/eigenvector solvers for the constrained problems,
and our complexity benefits from the fact that we do not need
to solve these constrained problems frequently.

VIII. NUMERICAL RESULTS

To test the efficacy of the proposed method, we simulate
Algorithm [T] on two different problems, a modified Rastrigin
function and a low-rank matrix factorization problem.

A. Modified Rastrigin Function

The Rastrigin function is a nonconvex function that was
first proposed in [51] and the generalized versions appeared
in [52f], [53]]. The function is given by

F(x)=An+ i(x,2 —cos (27x;)), (38)
i=1

where A = 10 and x; € [-5.12,5.12], and f(-) has a global
minimum at X = 0. In this section, we use a modified version

of (38) given by:

n
f(x)= Za,- cos (bix;),

i=1
where (39) differs from (@8) in the sense that (39) does not
have a quadratic term added to it (hence possibly some local
minima are global minima). The modified formulation of the
Rastrigin function is analytic and locally Morse at its critical
point x* = 0 for the choice of parameters given below. It
satisfies all the listed Assumptions A1-A4 in this work except

(39)
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Fig. 2.

coercivity due to the fact that we removed the quadratic growth
term from it. In particular, for the formulation @) we will
have L < Y;|a;ibi|, M < Zl-|al~bi2| and 8, 0 are evaluated from
the simulations. This particular example highlights the fact that
convergence to a local minimum is possible even without the
coercivity assumption.

For simulations, we set ¢; =1 for i =1 and a; = —1 else-
where, b; =1 for 1 <i< [4] and b;=0.4 for |4]|+1<i<n.
The point x* = 0 is a strict saddle point in our case and the
initialization of the proposed CCRGD algorithm (Algorithm
[[) and the gradient descent (GD) method is done in an €
neighborhood of x*. Specifically, the iterate x¢ is initialized
in an € neighborhood of the strict saddle point x* with a very
. . Hﬂﬁus(xo—x*)H
small unstable subspace projection value, i.e., e
10~ where &y is the unstable subspace of V2f(x*) and the
initialization point is same for both methods. In addition, the
step size for both methods is set to @ = %, where L is the
maximum absolute eigenvalue of the Hessian we estimated in

the saddle neighborhood.

The results of our simulations are reported in Figures 2f(a)—
(d), where each subfigure has a total of four plots for a different
combination of (n,€). In each of the subfigures, the top-left
plot shows that the gradient norm of the proposed CCRGD
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Simulation results for gradient descent (GD) and the proposed CCRGD algorithm on the modified Rastrigin function for various values of n and €.

method first increases and then decreases while the GD method
struggles to increase its gradient norm for many iterations.
The top-right plot in each subfigure shows the initial and
final eigenvalues of the Hessian at an iterate generated by the
two methods, while the blue stem subplot in there shows the
eigenvalue spectrum at the initialization (which is the same
for both methods). It can be seen from the two plots in each
subfigure that the GD method takes much longer to converge
to a second-order stationary point in the given number of
iterations, while the CCRGD method easily converges to a
local minimum.

Finally in the bottom plots of each subfigure, the first plot
is the gradient magnitude vs computation time and the second
plot shows the evolution of distance of the iterate from the
initialization for the two methods. The first bottom plot marks
those times where the CCRGD method invoked the second-
order Step. Similarly, the second bottom plot marks the itera-
tion where the CCRGD method first exited the initial saddle
neighborhood (this iteration index is the “First Exit Time”) and
also marks those iteration indices where the CCRGD method
invoked the second-order Step [I3]in Algorithm [T] From these
figures it is clear that even though the second order step of
CCRGD method is computationally more time consuming, yet
the overall performance in time of CCRGD is better with
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Fig. 3. Simulation results for gradient descent (GD) and the proposed CCRGD algorithm on a low-rank matrix factorization problem for various values of
ny, na, r, and €.

respect to GD for the given cost function [39] To simplify the problem structure so as to make some
function of a single variable X, let X; and X, be blocks of
B. Low-Rank Matrix Factorization the variable X such that

The objective function for the problem in consideration is

as follows: X= X

1 2 X2
f(X1,Xo) = = [[M =X X7 || + @ || X 2 4m X%,
(X1, X2) = | et @ Xl @ Xalle, e have X — BiX and Xo — BoX with By —

40

( ) [ In1><n1 | 0n1><n2 ] and B2 = [ 0n2><n1 | In2><n2 ] Here
where M € R"*72 X, € R"*” and X, € R™*" such that » < Iy xn,, Li,xn, Tepresent the identity matrices and 0y, xy,,
min{n;,ny} is the rank of matrix M. 0,,xn, represent the null rectangular matrices of appropriate
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dimensions. Using this change of variable, (40) can be written
as a function of X:

f(X) = % ||M7B1XXTB§||i+(D] B X7+ @ | BoX| 7.
(41)
Next, Vf(X) can be given as follows:
Vf(X)
= %(B{B]XXTBZT B, + BB, XX"BB|)X—

1
5(Bg M'B; +B{MB,)X +2m,BI B/ X + 2m,BI B,X. (42)

Since the gradient in (42)) is a matrix, hence the corresponding
Hessian will be a tensor, whereas our analysis assumes the
Hessian to be a matrix. To circumvent this problem, we make
use of [54, Theorem 9] by vectorizing matrix X so that
V2 f(vec(X)) is a Jacobian matrix.

The closed form expression for the Jacobian is as follows:

sz(vec(X))
1

=5 <((XTB§BZ) L) (X @ L) (L, @ (BT By )+

(Inxn & (BITBIX))) + (Ir><r & (B{B]XXT))(LX, ® (Bng)))
5 ((OTBIB) 91,00 (XL 0 (BT Bo)

+mm®mhmm+@w®m%mfw@w®mmm)

1
-3 (I © (B;M'B, +B{MB2))

+2(Im® (:B{ B, + @B} Bz)>, (43)
where n = n; +ny. For simulations, matrix M was generated
randomly using the relation

M=U,UJ +p°N,

where U; € RM*" U, € R"™*" and the entries of these
matrices were independently sampled from a standard normal
distribution. Matrix N € R"*"2 is the additive noise generated
from a normal distribution whose variance is scaled by p.
The formulation (@0) is coercive, analytic (so Assumption Al
gets satisfied) and the Hessian at the critical point X =0 is
invertible (Assumption A4 gets satisfied locally at the critical
point X = 0) but the function at X =0 has a poor condition
number which will be evident from the simulations. Since the
function in (@0) is analytic and hence % smooth, it is gradient
and Hessian Lipschitz in every compact set and therefore
satisfies the Assumptions A2, A3 locally. Moreover, from
Theorem [9] the CCRGD algorithm for this particular problem
still converges with a convergence rate given by Theorem
This particular example highlights the fact that the proposed
algorithm [T] can exhibit convergence to a local minimum even
when the function’s gradient and Hessian are not globally
Lipschitz. The highly ill conditioned nature of the problem
however could possibly make the function non-Morse at other
critical points. Since the closed form expression of the Hessian
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in (@3) is very complex, we steer away from the computation
of its eigenvalues at critical points other than X = 0.

For the experiments, we use @) = @, = 0.5, p = 0.5, and
step size o = ; where L= Aya(V>f(vec(X))). Also, for the
particular selection of parameters, X = 0 is a strict saddle
point. Hence, X is initialized on the boundary of ball Z(0)
and ¢ is varied in the simulations along with n;,n;,r. Finally,
the proposed method is plotted against the standard gradient
descent method where the metric is || Xy — X || With X
being the common initialization for the two methods.

The simulation results for Algorithm [T]are presented in Fig-
ures [3(a)—(f) and comparisons are made with the GD method.
For the sake of uniformity, the plots within each subfigure
of Figure [3| follow the same convention as the plots within
each subfigure of Figure 2| From the plots, it is evident that
the functions are not well-conditioned for different cases and
both GD and CCRGD encounter cascaded saddles. Though
CCRGD is computationally slightly more expensive than GD,
yet still it is able to match the performance of GD in terms of
convergence to a local minimum in iterations, which is evident
from the eigenvalues of the Hessian at final iterate. Also from
the first subplot of each figure, it is clear that CCRGD reduces
gradient magnitude faster than GD eventually with respect to
iterations (tail of orange CCRGD curve stays below the tail of
blue GD curve in every first subplot). Moreover in every case
CCRGD is able to escape the first saddle neighborhood much
more faster than GD in iterations due to a single second order
step which is invoked only once over all iterations.

Briefly, it can be seen from the simulations that when
the objective is the modified Rastrigin function, our method
(CCRGD) can improve upon GD in terms of the computational
time whereas when the objective is low-rank matrix factoriza-
tion, CCRGD is slower than GD when the problem dimension
n, where n = (ny +ny) x r, is large due to the computationally
expensive operation of eigenvector computations, which scales
asymptotically as n>. These results highlight the fact that the
superiority of CCRGD over GD in terms of the computational
time starts diminishing in high-dimensional problem settings.
And while faster algorithms for eigenvalue/eigenvector solvers
or a faster alternative to the second-order step in CCRGD can
lead to further computational improvements over GD, we leave
such developments for future work.

C. Simulations for Nonconvex functions with Different Values
of Parameter v

Recall that we had provided three examples (discussed in
Lemma [13)); one with v equal to 0 (Figure [I(a)), another for
which v is between 0 and 1 (Figure b)), and the last one for
which v is close to 1 (Figure c)). Other values of v € (0,1)
can also be obtained by adjusting the constants in these
examples. Our results suggest that when v is closer to 1, the
convergence of both GD and the proposed CCRGD method
(algorithm [1)) can be slower as compared to the case when v
is closer to 0. We have provided simulations in Figure [4] for
illustrating this point where we compared three examples with
v =0 (Figures fa) and [dc)) and v = 0.99 (Figure [b)).

In each of the subfigures in Figure 4] the top-left plot shows
the evolution of gradient norms of the proposed CCRGD

Authorized licensed use limited to: Igutgers University. Downloaded on March 01 ,2053 at 20:57:22 UTC from IEEE Xplore. Restrictions apply.

ermission. _See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Information Theory. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIT.2022.3213607

Hessian with dimension n, § = 1.64 and ﬁ/L'= 0.64 at strict saddle point

20

Hessian with di

né=2 ar‘u% B/L=0.99 at the strict saddle point

10° E——— 10°
£ o F=-—-—"" £ ”
5] © 05 5] 3 !
c = c 2 s
= 10° P .
£ 10 g = 10° g
Q0 S Q0 S
S k]
g L%’ 05 g i.lEJ»ro 5
(GRS G g0
- -
10° 10! 102 1 1.2 14 16 1.8 2 100 10! 102 1 12 14 16 18 >
Ilterations K Dimensions Ilterations K Dimensions
= (CCRGD) oD K=200 (CCRGD)
~e~CCRGD (GD) —e—CCRGD
< <
2 n =2, epsilon = 1e-08 2 n =2, epsilon = 1e-08
G4 T g5 T
N —aD N —aD
© sk ——CCRGD il <4t ~—CCRGD g
= # First Exit Time =1 = 4 First Exit Time =1
£ # Second order iterations for CCRGD =g 4 Second order iterations for CCRGD B
£ 2r B IS
= o2r 7
L 4
8 B 4
< c
8 " g . ‘
g 10° 10! 10° 3 10° 10! 10?
Iterations K Iterations K
— — —4(,2 2
(@) f(x,y) = cos(x) —cos(0.8y) (b) f(x,y) = tanh(x) tanh(y) + 107" (x" +y°)
® Hessian with di n,§=0.36 an? PIL = 0.64 at the strict saddle point
B —
7/
£ » -
151 © 05
2 =) 4
£ 48 g ’
RU g 0
5
g L%’ 05
10710 -1
10° 10 10% Y 2 4 6 8
Iterations K Dimensions
—8=GD 46 (CCRGD)
s

n =8, epsilon = 1e-06
T

IS

—)
——CCRGD

# First Exit Time =2

4 Second order iterations for CCRGD

w
T

N~

Distance from initialization
N o
=X T

10’

lterations K

© f(x)= )’i a;cos(bx;)

i=1

Fig. 4. Comparison between the performance of GD and CCRGD on smooth nonconvex function landscapes with different estimated values of parameter v
for € = 103, Functions in figures (a), (c) correspond to v = 0, while the function in figure (b) corresponds to v = 0.99. In Figure (c), we have b; = 1 for

1 <i<4 and b; = 0.8 otherwise, a;

—1 for 1 <i <7 and aq; =1 otherwise. Figure (c) is used to show the deviation in the performance of CCRGD and GD,

which otherwise is not apparent for the lower-dimension case of n =2 in Figure (a). Also observe that in Figure (a) when v = 0, both algorithms converge
to € accuracy in less than 100 iterations, whereas in Figure (b) when v = 0.99, both algorithms cannot even converge to 10°¢ accuracy in 200 iterations. It
is evident at least from these simple examples that these algorithms have fast convergence on functions which have a small v, whereas for functions with a

large v such speedup does not happen.

method and the GD method as a function of iterations. The
top-right plot in each subfigure shows the initial and final
eigenvalues of the Hessian at an iterate generated by the
two methods, while the blue stem subplot in there shows the
eigenvalue spectrum at the initialization (which is the same
for both methods). Finally, the bottom plot in each subfigure
marks the iteration where the CCRGD method first exited the
initial saddle neighborhood (this iteration index is the “First
Exit Time”) and also marks those iteration indices where the
CCRGD method invoked the second-order step (Step [I7] or

1) in Algorithm [T}

It is clear from Figure @{c) that the claimed speedup is
indeed there when the parameter v is equal to 0. In particular,
it can be observed from Figure fc) that while CCRGD is
able to first rapidly increase and then decrease its gradient
norm, thus converging to a second-order stationary point, its
counterpart GD still remains in the phase of increasing its
gradient norm within the number of iterations under consid-
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eration. Note that this stark contrast between the performance
of CCRGD and GD is not observable in Figure [f(a) because
of the lower-dimensional nature of the function (n = 2) in
Figure @fa). Indeed, both methods in this case converge
extremely fast to € accuracy (in less than 100 iterations).
In contrast, we see from Figure f[b)—which corresponds to
U = 0.99—that the gradient norm for both CCRGD and GD
methods first increases rapidly, which implies fast escape from
a well-conditioned saddle neighborhood, and then decreases
very slowly due to the almost flat geometry of the function
away from the saddle point. Hence, even with a fast saddle
escape, convergence to a local minimum remains slow for both
methods when v is close to 1.

IX. CONCLUSION

This work focuses on the global analysis of gradient trajec-
tories for a class of nonconvex functions that have strict saddle
points in their geometry. Building on top of the results from
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—_—— 1+aL+> (1—aB+ ) < 6;)% + 0% 2>
25(06L+Oc[3)( 2 2 :ez/lfs( : je;Vus( 7
oeMLn ( oceM)ZK)( ) 2
S i B 6+ Y, (6/) (46)
28(aL+ap) 2 ieZ’/VS jE;VUs !
2K 2K—1
\P(K)g(K1—aL—W) —2K<1—ocﬁ+a£M> asML"] Y 6+
2 2 28 i
2K
aeM\ X aeM\ X aeMLn <1+aL+0‘€2M)
1+aﬁ> 2K<1+aL+> } %)% — eMLn > (47)
2K 2K—1
> _EMA\T _B &M eMn )2
‘P<K>~<[( ) K\t 25 ) L O+
€N
2K
B &M 2K eM\ ' eMn <2+£2}Lw>
P &M . < cmn us 2 N /S
> _ _ = - \)
vz (|-x(1-+50) 55 Lo
iefs
2K
~ 24 EM
B eM\* eM\ X" eMn w2 < 2L>
(+5-5) —=(+5) SF| L @reemcgp) @
JE€ENMS

our earlier work [[10]], sufficient boundary conditions are devel-
oped here that guarantee approximate linear exit time of gra-
dient trajectories from saddle neighborhoods. Further, the gra-
dient trajectories are analyzed in an augmented saddle neigh-
borhood and it is proved that the trajectories exhibit sequential
monotonicity. Using this result, bounds on the total travel time
are given for trajectories in this region. A robust algorithm is
also developed in this work that uses the sufficient boundary
conditions to check whether a given trajectory will exit saddle
neighborhood in linear time and invokes a second-order step
otherwise. Several intuitive yet important lemmas are proved,
characterizing the behaviour of gradient trajectories in saddle
neighborhoods and two theorems are proved that provide rate
of convergence of the algorithm to a local minimum.

APPENDIX A

In order to prove Theorem [T| we first establish 3 supporting
lemmas.

Lemma 14. The smooth extension of the lower bound on
the trajectory function Y (K) (Theorem 3.1, [10]]) given by
the function ¥(K) for o = % slopes upward for some small
positive values of K and then it slopes downward for very
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large values of K, i.e., W(K) becomes a decreasing function
for large values of K (¥(K) — — as K — o) provided
the initial unstable projection value satisfies the necessary

condition ):je/yus(efs)z > A where A> 68(2%1’;)

Proof. From Theorem 3.1 in [[10], for every value of parameter
7, there exists a lower bound on the squared radial distance

||ﬁ,f(|\2 for all K in the range 1 < K <sup < K,

it  provided
Ke < 1. Moreover, this lower bound can be expressed using
a function of K called the trajectory function ¥(K). Formally,

we have that:

g2 > i111f||ﬁ17<||2 >e2W(K), (44)
where the the trajectory function ¥(K) is given by:
W(K) = <c§1< Kby — bk ek bzc§K> Y (6)>+
icAs
(cﬁK — 2KC§K_1171 — bgcg{cé< —bzc§K> Z (6]'-”)2
J€NMs
(45)
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Y(K) = ([—2[((1—4— (65)*+
L' 2L 28 EZWS
2K
_ 24+ M
E_% 21(_ %ZKleMn o (2L>
KH—L 57 2K( 2+ 57 55 ‘Z (65) eMLnS(ZB_SM) (50)
j€Ms
d¥(K) B &M B eM\* ' eMn "2
T _([—4Klog<l—L+2L>—2](l—L+2L 55 iEZWS(G,.)+
B_em\* B_eM\ _,(,, eM\"eMn
{2<1+L oL log 1+L oL 212+ oL 25
2K
_ 24+ M
eM\** ' eMn eM s\ 2 ( 2L> eM

with ¢; = <1 — oL — %M ﬁ(&‘z)>, = <1 —af +
oM +ﬁ(sz)), ;= (1 +aL+°‘§M+ﬁ(82)), s = <1+
aff — %M — ﬁ(ez)>, by = (“%L” + ﬁ(sz)), and by =

("‘%Luﬁ(ez‘)) <1+ﬁ(1(e)>

al+af+0(e2)

Substituting these coefficients in the expression for W(K)
followed by dropping order €(¢*) and €(Ke) terms (for
Ke < 1) appearing on its right hand side, we get an ap-
proximate expression for W(K) from (@6) where in we

used the relation Zieﬂ/s(elr‘)z +zl,-e/,@s(9;”)2 =1 and the

inequality <1 —af + ‘182M> < (l +al + O"ZM> Now for

o= %, becomes the approximate inequality (48], which
can be simplified further as (@9).

We next first assume that the approximate lower bound on
Y (K) from ([@9) is a continuous function of K so as to allow
differentiation of this lower bound with respect to variable K.
This continuous extension is possible since the approximate
lower bound on ¥(K) from is a well-defined function of
K. Note that we do not use the lower bound from (48] since we
are lookin% for values of K greater than 1 and the derivative of

2

()
2L

€. Representing this approximate lower bound in as ¥(K)

where we have that ¥(K) Z W(K), followed by differentiating

. . . d¥(K) -
it with respect to K yields the expression for gﬁ( ) in (51).

It can be inferred from (5I) that for & < % and
Tjetys(01)? > A where A > 59155, the function ¥(K)
slopes upward for some small positive values of K and
then it slopes downward for very large values of K, i.e.,
Y(K) becomes a decreasing function for large values of K

(¥ (K) — —oo0 as K — o). [ |

is of at most order & (&*~1) for K > 1 with small

© 2022 IEEE. Personal use is
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Lemma 15. The sufficient (though not necessary) condition
that guarantees the escape of the approximate lower bound
W (K) on the trajectory function ¥(K) from the ball PBe(x*)

is as follows:
< o o)
KEGE

(52)

where Gy = { K

dK? K =
O (log(e™")). Moreover, there exists some Ky = O(log(e!))
in the set Gy implying that the set Gy is non empty.

K e (0K, LK) o d2K) _ 0} and K' =

Proof. Recall that from the condition (4), the exit time is
obtained by evaluating the first K where W(K) > 1. From the
inequality @9), by setting the right hand side greater than
equal to 1 for some given K of order &'(log(e™")), we will
have W(K) £ 1. Hence the sufficient condition on the unstable
projection value } ;¢ JVUS(Q;”)Z for escaping saddle with linear
rate can be obtained from by setting its right hand side
greater than equal to 1. Notice that for very large K, the
right hand side of (49) is always less than 1. Moreover, there
exists some K, > 1 and K, > 1 such that the approximate
lower bound of @9) can become greater than 1 only in the
interval (Kinin,Kmax). Therefore we only need to find some
Ko € (Kin, Kimax) Where the function ¥ (K) has zero slope and
the value ¥(Kjp) is greater than or equal to 1 for guaranteeing
escape. The condition W(Kp) > 1 would imply ¥(Kj) £ 1
thereby approximately guaranteeing escape from the condition
(#4) which gets reversed for K = Kj.

The above condition can be achieved in many different
ways. However, to ensure that the so-called sufficient con-
ditions have minimal restrictions, we must have K; to be
the local maximum of the function ¥(K) on the interval
K € (0,C] where C is some arbitrary positive finite value with
C < Kjnqr- Note that K is a root of the equation d%g() =0.
The condition that Ky is the local maximum of W(K) on the
interval K € (0,C] ensures existence of at least one value of
Ko such that ¥(Kp) > 1 and hence W(Kp) g ¥(Ko) > 1.

Next, recall that from Theorem 3.2 in [10] we have the
condition of K,y < K' S O(log(e™!)) for e—precision tra-
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0=% = akoloa(1-B L EMN L1 (| _B &M 2Ko=1 eMn ¥ (0
4K K:Ko_ olog L 2L L 2L 25 P ;
B em\*o B eM em\ 2K~ epgn
201+7 =57 ) log(1+7 —o+ ) =2(2+ 5+ _
[ ( JrL 2L 08 JrL ) + L 35
2Ky
eM\ "t eMn € . ( 2L> M
JE€ENys
B &M 17%+% 2Ko B eM\ 'eMn |
0= — 4Kyl 1-2 =" ) _of(——L 2L B ™M "
([ oog< oL 2t e L 2L) 28 i;%(l)‘L
M \ 2K _1
> -4 "tog (14 B _EMY _y (5, eM\ eMn
eM\ " eMn eM | M
4Ky 2+ — —1 24— Y2 M ] 5 EM s
0(+2L> 26 (+2L :|_/V(j) € n5(2[3—8M) 0g<+2L)> (55)
J€Ns
0= —4Kolo 17E+% -2 1,B+% _IM Z(GS)ZJF
= 0log L 2L L 2L 28 = i
F
M \ 2K _q
2 1+p-5 °log 1L B_EMN [, EMN T eMn
—1
eEM eMn eM ! ol
4Ky 2+ — —1 24 02 _2eMIn— 1 . EM “
TEREA IR | Tt —— ) w
JENMS
M
1+%7% 2o eM\ "' eMn log<2+ 2L> eM\ ! eMn
2L 10g<1+€—£zﬁf) 2610g<1+€_821‘£)
ML M
P (R Ry P

jectories with linear exit time. Note that the linear exit time
was obtained explicitly by solving for the roots of equation
Y(K) = 1. Now Kj is the local maximum of the function
Y(K) on the interval K € (0,C] and we have ¥(Kj) > 1 hence
we can set C = K' which is valid since C was arbitrary with
Kevit < C < Ky Similarly, K, was arbitrary hence we can
g

2
set K, = 2K'. Therefore we will have ‘ ’ > €2 for all

=7\ Kexit
values of 7 where {uf} =%

defined in [[10].

Then the sufficient (though not necessary) condition that
guarantees the escape of the approximate lower bound ¥(K)
on the trajectory function W(K) from the ball %, (x*) is as

was the &—precision trajectory

follows:
1< sup {‘P(K)} (53)
KEGE
where Gy = {K\K € (0,K"], 20 < 0, 20 — 0}-

© 2022 IEEE. Personal use is'germitted, but republication/redistribution requires IEEE

Authorized licensed use limited to:

The condition (53) can be relaxed to obtain ¥(Ky) > 1 for
some Ky € Gy. Note that the set Gy is non-empty since the
function ¥(K) slopes upwards for small positive K whereas
¥(K) — —c as K — oo, Simplifying the derivative condition
by setting it to 0 we get (53). Observe that the roots of
(33)) cannot be explicitly computed due to the transcendental
nature of this equation. However, the roots can be obtained if
the order of Kj is known with respect to €. Since Ky € Gy, we
will have Ko < K' S O'(log(e™!)). Therefore, we compute only
those values of Ky which are linear, i.e., Ky = ¢'(log(e~!)). For
such a Ky, setting 1 %; = M€’ where 4 >0, a>0 and

M

2K,

1—%—1—% :nsbwheren>0,b>0pr0vided8<%,
the equality (53) becomes (56), which further simplifies to
7).

Note that in the step (57), we dropped the term F (since this
term F| = O(Koe!!T4t0)) = g (el1+e+b) Jog(e~1))) to obtain
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M
26 2—&-% log 1+€—% log 2EfLm
I+7 =5 )

(61)
eMnlog <2+ SZIZ[)

Ko

the approximate equality (57). The approximate solution for
(57) can be obtained using a transcendental equation of the
form ¢* = cx+d where x = 2K; and the coefficients are as
follows:

_ log 2+ &4
o (FEEE) () or (2 2)

M
2+ M 2L) 25 1og(1+f—€2’g
(58)
1
Py
M
25 log (1 + % - 82L>
eMLnlog (2+ eff)
+ (59)

02 —eM)log (1 +I- SZAL/’> zje_%s(e;”y
The solution for this equation is given by the following

relation:

I _d
W(—=8dg"¢) 4

X—m—— ¢ - - _

logg c
log(—824=%) g log(—le4
_ log( -4 ) _d_ log( 01)7 60)
logg™ c logg™

where W(-) is the Lambert W function and we have that
W (y) < log(y) for large y. Substituting these coefficients in
(57), we obtain the approximate condition (6I) where Ky is
the approximate upper bound on Kj.

However, for the condition Ky € Gy to hold, we also require

2 .. .
% < 0 condition to hold. It can be readily checked that
K=Ky
@ < 0 whereas %% is positive f 11 values of
K| whereas 7z is positive for very small values o
K=Ky
K. Hence, there must exist a local maximum at some Ky < Kj
. . pag .. .
which would imply el < 0. Hence, it is not required to
K=Kp
. e AP
explicitly solve the condition == <0.
K=Ky

It is worth mentioning that dropping the term Fj to obtain
the approximate equality is justified. Observe that in
the two approximate transcendental equations (56) and
with Ky as the variable, the right-hand sides will be greater
than their left-hand sides respectively at the value Ky = K.
Also, for small values of Kj the respective left-hand sides
of (36) and dominate, hence the approximate equality
occurs for some Ky < Ky. Now, we are only left to prove
that the approximations (56) and are almost equal at

© 2022 IEEE. Personal use is
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Ko = Ko. This can be established by proving that the term
F = 0(Roe1+etb)) = g (e(1+a+D) Jog(e~1)) is negligible w.r.t.
other terms in (36) at Ky = Ko. From the particular approxi-
mate upper bound in (61)), it can be verified that a > 1. Using

the substitution ﬁ = ue* where >0, a > 0, taking

log both sides followed by substituting the approximate upper
bound Ky from (61) yields:

1 5 eM
1 — | =2Kpl 24 — 62
ooe ) = 26ove (257 “
alog( ! )—
T
&eM
25<2+821\L/1)1Og<1+€SZAL/I>10g(1+2;2LW>
o i)
eMnlog (2-5—52[{’) eM
log | 2+ —
o 2+M 2L
S
(63)
log<2+82}Lw>
a= > 1, (64)
log<2+%)log(1+€%>
where in the last step we have that %ue =

24+ YL
25<2+821Lw)10g<1+lz%)log(lJrBZI‘ENI) .
L 2L/  Now with a > 1

M
eMnlog | 2+5%

we have the following condition for any b > 0:

(I4a+b) | -1
lim & 1og(e)

=0.
e—0t e?

(65)
Hence, for sufficiently small €, term F; can be of at most order
0(e?). [ |

Lemma 16. There exists some Ky = € (log(e 1)) in the set Gy
such that ¥(Ky) > 1 provided the lower bound on the unstable
projection value ZjELWUS(GJ’.”)Z has the following order:

%, 7 20

j€Mys

(66)

Proof. Recall that from the relaxation of condition @I), we
require W(Kjp) > 1. Since Kj is not explicitly available and we
only have the approximate upper bound Ky from (6I)), hence
we use the substitution Ky = y Ky for some 0 < y < 1 and set
the value of function W at this point greater than equal to 1.
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2+ 57 2L 20 | ié%s (2B —eM) (2+ SM)
2L
_ log <2+ EM) B y
eM\ 'eM 2L eM M o »
(<2+ 2L> 25” 2Ky — (2+2[,) 25n2K0+ (2+2L> . ) Z (G}w)zi
10g<1+€_%) 2510g<1+€_31‘£1) j€Ns
EMLn eMLn el
uxexe 4 5(2B —eM) B log <2+ 2L> )
8(2B —eM)log (1 B SZAL4>
(2+ ?ZI) (/J%gxa + 5(§£4ng) - eMLn log <2+ 82Ag))
8(2B—eM)log 1+/L3_€2124>
Y (6°)°% o
JENMS log <2+€2/\L’1)
(8%712[(0 — 8%”2[(0_1_ eMn )
log (1+€—%"5> 2610g (1+§_s21g>
1 2 EM
24 EM 28urexah) . g ( 2L>
2L Mn (E_M)
L™2L (lZ“L’)lOg(lJr’ZSAL’l)
52 ' (70)
J€ENs log (2+€2"L4)
2X130< - 1) + 1
log <1+B sM) log<l+ﬁ eM

Substituting Ko = x Ko from (61)) into the condition ¥(Ky) >
1, dropping the first term on the right hand side of (50 (it is
of order O(yKoe!!t¢t0)) = g (g(1+a+b)Jog(e~1)) as before,
substituting ﬁ = uXxex® for u > 0,€ > 0, using

eM
2+ 3L

for Ko = xKo we get (67) which after rearranging yields (68).

Since the term given by the  expression
log 2+%
(8%” 2K() o £%n ZK() + EMn )
log | 148 —gu 25log | 145 —eM

is positive, dividing both sides of (68) by this term yields
(69) or equivalently which is a sufficient condition on
the unstable projection value Y ;c %5(9;”)2.

Now, recall that from (64) we have a > 1 and we also know
that Ko 2 Ko = xKo. Since Kp is not explicitly known we can
choose a surrogate for ) to obtain the sufficient condition.
Notice that y is a quantity between 0 and 1. Choosing a
large value for ) say close to 1 will yield the following

order bound ¥ (6%)% 2 @(ﬁﬂ) Recall that from
ieHs og(e™!)
we require /Y e 5, (01°)2 > ﬁ(k(log (é)s))

However this bound may then contradict the sufficient con-

. ©2022 IEEE. Personal use is
Authorized licensed use limited to:

&

utgers University. Downl

ermitted, but republication/redistribution requires IEEE g
oaded on March 01,20

us\2 > gal
jE§VUS(6/ F = ®<1°g(81)

o)) o

ditioned problems, i.e., 7 close to 1, it can be checked using
(64) that a becomes arbitrarily large). Next, choosing very
small values of y say close to 0 will cause the approximation
to fail since the term Fj in (36) can no longer be dropped
(this term is of order '(¢) for y =0).

dition ) if a > 2, ie.,, we have

ga—1

log(sl)) as € — 0 (for well con-

However, the choice y = é is able to strike a balance
between both the requirements (dropping of the term F; in (56)

and satisfying the bound on Y (9}”)2 from (2I))). Observe
jeAus

that by setting y = %, we can get rid of the & dependency
in the numerator of which generates the order bound

L () 5@( :

T
j€Mys log(e™)
> ﬁ(l

\/)m 7 8)) from (21) for any

log é2
a > 0. Also, it can be easily checked that the term F] from
(6 for Ko = xKo = LKy has the order &(e***)log(e"))
for some b > 0 hence the term F; can be dropped to get
the approximation (57). Substituting Ky from and ¥ = é
in followed by further simplification gives the following

that agrees with the condition
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result:

Y (6772

Jj€NMys

” Zéwlog(lJr%f%) 10g(1+%,%) 10g(2+%)
£
(2+ﬁ>< Mn + (B _emy - (B _eny )
L L L L
24+ EM
. 25(2+%>10g(1+%7%)log<l+gfl‘£7y)
- log +1
eMnlog 2+%
(71)
Finally, for € < %, dropping the negative term
log(lJrlzngZ) log 2+%
Foan  (B_en from the numerator of (71) and
L0 L™

Ay .
setting the condition:

L o

Jj€NMys
25e/ﬁlog(1+’2§{’)
(+8) (———)
2 :
25<2+€21‘L/1)10g <1+€—521‘L4>10g( 2;%%8[”)
;log< A )—|—1

eMnlog | 2+¢4
(72)

the approximate lower bound in is guaranteed. Now using
the upper bound on Ky from (6I) in the expression e
. we have that:

T
=
Mnlog (2 + ?f)

V= 2454
20 <2+ SZILW> log <1+ >10g (

log 2+%
> 1. Hence, the ap-

B &M

L 2L

where a =

B_eM

log 2+€2’{’)1og (1+L
proximate lower bound on the unstable projection value
Y jesys(05°)* has the following order:
1
<log(£‘1)>'

It is also worth mentioning that the lower bound on the unsta-
. . 2 . . .

ble projection value ¥je 4, (0*)" from is an increasing

function of &. ]

Y (6p7z0
JjENMS

(74)

Proof of Theorem [I]

Using Lemmas [T4] [I5] and [I6] we have established that there
exists some Ky = O (log(¢ ")) in the set Gy such that ¥(Kp) >
1 provided the initial condition of holds. Since Ky € Gy
we will have Ky < K" where K' is upper bounded by the linear
exit time bound from (7). Then using the fact that ¥(Kp) >
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1 we get that ¥(Kp) > ¥(Kp) > 1 implying inf; >
e2W(Ky) > €2 from (@d)). Hence the approximate trajectories
{ug} exit Be(x*) at K < Ko < K' under the sufficient initial
condition of (74). This completes the proof of Theorem [I]

Finally, using the fact that € < % and Theorem 3.2 of [|10],
we can upper bound € as follows:

o)’
2L6
I

M(2Ln* - §)
We prove Theorem [2] by first proving a sequence of lemmas.

‘ 2

5T
llK0

inf

limsup
[[uf=1

E< min{
J—reo

+0(€%),

i
dwl

where r;(u) V2 f(x* +wu)

i

APPENDIX B

2

Lemma 17. For an iterative gradient mapping given by
xT =x—aVf(x) in some neighborhood of x*, if ||x* —x*|| >
Ix — x*|| then the following holds:

(76)
77

a.
b.

[x* =x"]| > p(x) [[x" —x"[| - o(x)
3 = x| > [lx " x|

where o(x) = O(|[x—x*||?), p(x) > 1 and is termed as
the sequential monotonicity property.

Proof. For an iterative gradient mapping given by x™ = x —
oVf(x) in any neighborhood of x*, we have:

p=1
V() = (Vﬂx*) [t px— X)) (x - x*)dp) |
,,:o (78)

provided function f(-) is twice continuously differentiable.
Using this substitution in the iterative gradient mapping, we
have the following result:

HX+ —X*H =|x—aVf(x)—x*|

xx) - a(Vr(x)

(79

+ - sz(x* +p(x—x"))(x—x")dp

Jp=0
(80)
p=1
—|xx) = [* VR plx—xdplx—x)
p=0
8D
p=1
= H(I—a/ . V2f(x*+p(x—x*))dp> (x—x*)‘ (82)
= \/< Y (vilaer)+ ) (V?<ﬁyef>)2> [l —x"[| (83)
jG/US iE-]S
where u =x—x*, i = ﬁ, x—x*=||u]| (Zjeﬂus(ﬁ,e;”)e;’»s—i—

e?S7 v}l&)’ (eS‘ vY

i j) are the eigenvector-

Licn (i) ) and (
eigenvalue pair of the matrix D(x) where D(x) = (I -

ch;’::ol V2 f(x* +p(x—x*))dp> with v} <1 for all i € s,

)
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Hx**—x*” = |x* —aVf(x") —X*H (86)
=1
= o xr—a(wroer+ [ v o - x i —xap )| )
=|x"—x")~«a pZOIVZf(x*+p(X+—x*))dp(x*—x*) (88)
=

_ (Ia /,, ’ :Olvz Fx 4 p(x+x*))dp> (x* x*)’ (89)

= (I—a pPOIVZf(x*+p(x+—x*))dp> (I—(x ppolsz(x*—i-p(x—x*))dp)(x—x*) (90)

- (Ia/p:)lvzf(x*+p(xx*))dpaP(x)) <1a/_ VZf(x*+ p(x—x ))dp)( *) 1)

v}” > 1 for all j € fys and Hys,.Fs are the index sets
associated respectively with these subspaces respectively.

We consider the case of strict expansive dynamics in the
current iteration. Given: ||x* —x*|| > ||x —x*|| or equivalently

HX+_X*H:\/< Z (vus us
JE€Sys

—I—Z (vi(a,e) >u||
IEVS

> [|ul]. (34)
This implies:
< ) (Vi (@, )2 + Y (v >>1. (85)
jEjUS icdy

We now show that the claim in holds.
Since xTT =xT — aVf(x"), we have the equations (86)—
(OT)), where in the last step Q1) we used the following result:

=1 =1
[ —x = [ VA plx—x))dp
P p=0

+P(x). (92)
and we have that |P(x)|| = €(||Vf(x)||) which can be verified

from Assumption A3. Rearranging and taking norm both
sides we get:

[P(x ||2
‘/,, ( f(x* +p(xt ))—sz(X*er(X—X*)))dp
2
(93)
p=1
</ \(v%%xwp(x+ X)) —v2f<x*+p<x—x*>>) dp
p=0 2
(94)
g/': M p(x* ~x)||dp 9)
| / up - M) 6

© 2022 IEEE. Personal use is

Now recall that D(x) = [ I— ch ' V2f(x* + p(x—x ))dp)
hence further simplifying (O1) yields the following:

2
Hx++—x*H :‘ <D(X)) (X—x*)—oc(D(x)P(x)(x—x*))

o7

>¢ (X wercaenrs ¥ o@e) ix-x
jE/yS IEJS

— [P, [PX)[]; [[x = x| (98)

#( L (e ¥ @) kx|
Jj€Aus i€g

sup (v} Ma V) [x x| )

2

>\/< Z (V}“) A m + Z )HX_X*H
jE]US IEJS

~sup;{vi*}MLa [[x —x*||? (100)

2

where we used the fact that |V f(x)|| < L||x —x*|| by Lipschitz
SYUWSIMIL Y
continuity of Vf(x). Now with o(x) = sup{vi"} : alx—x"

O(||x —x*||*) we are left to prove:

\/( Y e ¥ 0 @) Ix-x|
JEAys i€Is
>[It —x| (101)

or equivalently the following result:

\/( Y (e (@) ful >
jEfUS lE/S
\/< Y (vis(aer)2+ Y (vi(a )||u|| (102)
jg.]US thS
< Y (V)R ew))2 4+ Y (vi)H((ae)) >>
JjEAys . i€ gy
< Y (vie(a 24 ) (viae) ) (103)
jEfUS leﬂs
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This will hold true if:

\/( Y (ve(aer)2+ Y, (v5<ﬁ,ef.>)2> >1.  (104)
j€Aus

i€t

Recall  that (e}, vj®), (e%,v]) are respectively

the  eigenvector-eigenvalue  pair of the  matrix
D(x)=(I— Otf[f’:ol V2f(x* + p(x—x*))dp | with v <1 for
all i € 5, vi* > 1 for all j € Fys. Then the condition
can be written as:
V{8 (D(x))*a) > /{8, (D(x)20)
= (&, (D(x))*a) > (&, (D(x))’a)

(105)
(106)

where i is a unit vector. Also we are given (83) that can be

written as:
\/ (i, (D(x))2a) > 1 =+/(a,a) (107)
— (i, ((D(x))*> —=D)d) > 0. (108)

Now consider the following difference:

(8, (D(x))*a) — (8, (D(x))*a) = (&, ((D(x))> ~1)*a) +

>0
(&, (D(x))> —T)i) >0
= (109)
= (0,(D(x))*a) > (0, (D(x))%a) (110)

which completes the proof for (I03). We are now ready to
prove the result [|[x™" —x*|| > p(x) ||x* —x*|| — o(x). Recall
that from we have that:

. ¢ (L opaenis ¥ onlae?)ixx|
JE€LUs

iEfS

=/ (&, (D(x))2a) [x —x"|
Now from (I00) we have the following:

[ —x7 =

¢ ( Y (v (et Y <v;'>4<<ﬁ,ef>>2) x|
Jj€Sus

i€ I

(113)
(114)

(116)

where in the last step we used the substitution from (T12).
Next, note that (@, (D(x))*&) > (@, (D(x))?@) > 1 and hence
V/ (0,(D(x))*0)
(@.(Dx)a) ~ .
Next, we show that the claim in holds, i.e.,
[Ix*tT —x*|| > ||x* —x*|| provided ||x —x*| is bounded above.

we can set p(x) = > 1 to complete the proof.
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It can be done using of the result where we lower bound
the right hand side of with ||x* —x*|| to get:

(117)
(118)

[ =xf] = p () [x" = x"[ o (x) > [[x* —x7]

= (p(x) - D||x" —x*|| > o(x).

Since o(x) = O(||x—x*||*), hence ||x —x*|| should be suffi-
ciently small for (IT8) to hold. Now, if (TI8) condition holds
true, then we will have the condition

[ =x 2 p () " =x7 = o (x) > [|x* x|

or equivalently [x™*—x*|| > ||x" —x*||. Next, for some
k=K let Xx=Xg, X" =Xg;1, X" = Xxg,2 and we have
Ixx+1 —x*|| > ||xxk —x*|| with the condition (TI8) satisfied,
then we also have ||Xg4+2 —X*|| > ||Xg+1 —Xx*||. Using induc-
tion, we then get ||xgy; —x*|| > ||x¢ —x*|| for all k > K+1
provided holds true with x = x;.

|

Hence, the claim of sequential monotonicity has been
proved partially, i.e., if a gradient trajectory has expansive
dynamics w.r.t. stationary point x* at some k = K, then it has
expansive dynamics for all iterations k& > K provided ||x; — x*||
remains bounded above Now, we are only left with proving
the complete claim, i.e., sequential monotonicity holds even
if the gradient trajectory has non-contraction dynamics w.r.t.
stationary point x* at some k = K. Before completing the proof
of this claim, we need to do provide a bound on the expansion
factor p(x).

Lemma 18. The expansion factor p(x) in is bounded as

By2 1 5
1+8)24 -3
(+7) sarBy 4

P> 1+ .

Proof. From the condition (T18), we require o(x) to be upper
bounded. Notice that the upper bound on o(x) goes to 0 as
p(x) approaches 1. Then, the particular theorem cannot be
applied recursively since o' (X) is a positive quantity that comes
from (T00) and (T18) would then fail to hold. Hence, in order
to exploit the property (T18), we require p(x) to be bounded

away from 1. Using (112) in (I18) and simplifying p(x), we
get that:

(p(x)—1)[|x" =x*|| > o(x)

(119)

;T 1) (0, (D(x))%8) |[x —x"|| > o(x)
(120)

— (V@) - /@ 0w ) kx> ot
(121)

Notice that x* can be any stationary point and not just the strict saddle
point. Since the stationary points of the function are non-degenerate from our
assumptions, the extension of this proof to other types of stationary points is
left as an easy exercise to the reader.
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where we require the term < (a,(D(x))*a) — and Ay is the corresponding eigenvalue of [~ P2 f(x* + p(x—
))dp, we have that:
(a,(D(x))204) | to be bounded away from 0. This -1

p=1 —

will hold true due to the following fact: H 1 aV? f(x*+ p(x—x*)))dp) <y <
2
p=1
Vi owa = [ wpaents §oiaa?) | / <IaV2f(X*+p(XX*))>dp (127)
jE.yUS ic€. ﬂS p=0 2
(122) /p=1 < ) -t
| -V pix-x)) | dpsus
> (X Joprcae+ ¥ o) o :
jGeﬁyé iG-VS 2
(123) / <I oV f(x*+p(x—x*))> dp (128)
=0 2
— (@ 25 a 24
<ll, (D(X)) ll> > <u7(D(X)) ll> (124) / sup?L; V2 (X —|—p(X X )))dp <y <

p=
where we used Jensen’s inequality for square root function _1' o .
followed by the fact that (&, (D(x))%a) > 1. But in order to - 05/1]:0 Hllfll(v J(X"+p(x—=x7)))dp. (129)

develop a bound on the radius of ball inside which sequential
monotonicity holds, we require something more. Notice that
if we plug in the naive lower bound just obtained into (121,
all we can get is a projection dependent term which does
not generalize to the class of functions being studied. The
goal here is to obtain some bound that is independent of @
and solely depends on the function parameters like condition
number, etc. The next steps develop a generalized lower bound

for (\/ (6, (D(x))*a) — /(@, (D(X))2ﬁ>>

(4, (D(x))2a) > 1, we can write:

independent of .

Since we have

(@, (D(x))*a) > (& (D(x))*a).
(@,(DE)*) = | Ljes, (Vi) ((0er))? +

ziejs<v;>4<<ﬁ7ef>>2) (4, (D(x))2a)

Licns(V @) + Dies(vi@e)?) in e
hand side of @ followed by simplification yields:

where we require

substituting

and

left-

(126)

o V2F(X* + p(x = x*))dp |,
hence for any eigenvalue v; of the matrix D(x) where v;=1—
(xll(f sz(x +p(x—x*))dp) and 1 <1 <n with v; >0

Recall that D(x) = ( f

© 2022 IEEE. Personal use is

Therefore, the bounds on v; and v;* for o = % can be given
by:

p=1
T [* sup A(VEF(X' 4 plx—x"))dp < vi <
p=0 A>0

p=1
l—oc/ inf A;(V2f(x* + p(x—x*)))dp (130)
p=0 A4>0
p=1
l—a/ Lip<vi<l-a ﬁdp (131)
p:0 p_
Ogvfgl—% (132)

p=1
Lo [" sup A(VEFX' 4 plx—x"))dp < v} <

p=0 A <0
p=1
-« / inf A(V2F(XC 4+ p(x—x))dp  (133)
p=0 <0
=1 p=1
l—a/ —Bdp<vj < l—a/ —Ldp (134)
=0 p=0
1+E<v‘-“‘<2 (135)
L= =

where we used the fact that inf;|4;(V2f(x* + p(x —x*)))| > B,
i.e., the minimum absolute eigenvalue of the function f(-)
in a neighborhood of x* is greater than 3 from Assumption
A4. Also, we used sup;|4(V2f(x* + p(x —x*)))| < L, from
Assumption A2.

Hence, the right-hand-side (R.H.S.) in (I26) can be lower
bounded as:

(@ <<>>4> @, (Dx)18)
V/ (@, (D(x))*a) + /(8 (D(x))?a)
Y e ((v (v )<<ﬁ,e%;~*'>>2
V@, (D(x)*a) + /(@ (D(
Yie () — (v >)<<ﬁ,ef>>2
s > (136)
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(Zies (14 8= (4 57) (@ L Eicn (@67

V{0, (D(x))*a) + /(8 (D(x))2a)
(137)

where we used the fact that vj* > (1+%) and ((vf)4 —

(v;‘)2> > —1 for v{ <1 (minimum of h(y) = y* —y* for

0<y<lis—1.
Next we minimize the numerator of the R.H.S. in (137) in
a way so as to get rid of the dependency on . Recall that the

minimization of (Zjeﬁus <(1 + %)4 —(1+ IZ)2> ((ﬁ,e’;s>)2 -

%Z[ejs(<ﬁ,e?>)2 is constrained by

Y (aef)’+ Y ((ae)?=1

J€Sys i€ I
and
Y (ve@e)? + Y (v e))? > 1 =
JEAUs i€ S
Y (v =D ((@e)>+ Y (v = 1)((,e))* > 0
j€Iys i€ Ig

(138)

where the second constraint comes from (I04). Relaxing the

. . s s B
second constraint by using the bounds v; >0, v > (1+7)
we get:

(1+B/L)*~1) ;’ ((8,€F))° = ¥ (aef))* > 0.

Let a = ):jejus«ﬁ,e';-s))z,b = Zieﬁs(@l,ef))z then from the
two constraints we have the following minimization problem
for the numerator term in (137)):

Llrgizr%) (((1 + 2)4 —(1+ lz)z)a— ib) such that
a+b=1, and
(14+B/L)*~1)a—b>0.
Solving this geometrically we obtain that the minimum is
attained at the intersection of lines a+b =1 and ((1+8/L)> —
1)a —b = 0 which gives a = W and b = 1—@.

Substituting a,b in our function ((1 + %)4 —(1+ lz)2> a—

ib) yields the following lower bound in (137):

(zjg,,s ((1 1By 1y ’2)2) (@, e))2 iziezﬁs«ﬁ,ew)

>

/& D)) + /(. D)) (3
B _5
> ((1+ 2T ‘5‘) (140)
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where in the last step we used the fact that the maximum
eigenvalue of (D(x))? is 4 which implies /{@, (D(x))2a) < 2
and /(, (D(x))*a) < 4.

Now, it can be verified that for values of % > 0, the right-
hand side of (T40) is bounded away from 0. Since p(x) =

%ﬁ;;g;, then using and \/(&,(D(x))*0) <2 we

can write
~ Tl _ -
p(x) =1+ \/<u’(D(X))Au> \/<;l: D(x))2d) -
(8, (D(x))*a)
B2 1 5
i+ <(1+L) +4(1+%)2 4) ()
12
which is an expansion factor for any % > 0. n

We now extend the claim of Lemma [[7] to the case of non-
contraction, i.e., ||x™ —x*|| = ||[x—x*||. In words, we show
that sequential monotonicity property from holds even
if the gradient trajectory has non-contraction dynamics w.r.t.
stationary point x* at some k = K.

Lemma 19. For an iterative gradient mapping given by
xT =x—aVf(x) in some neighborhood of X*, if ||x* —x*| =
|[x —x*|| then the following holds:

(142)
(143)

a. Hx*Jr—x*H Zp(x)H)ﬁ—x*H—G(x)

b [ x> [lx = x7]

where o(x) = O(|x —x*||*) and p(x) > 1.

Proof. Notice that while obtaining (140) from (137, we
utilized the given condition of (T04) according to which we
have:

Y (ve@e)? + Y (vita,e))? > 1.

JEAys i€ Iy

This condition implies that we have ||x*—x*|| > ||x —x*||.
However, it could be the case that we have ||x™ —x*|| =
|lx —x*|| which would imply

(@ (D))= Y (vi°(a,ef))’+ ) (v)(ae))=1.

JEAys i€ Iy

Using this condition, it can be readily checked that (140) will
still hold but only with a non-strict inequality, i.e., we will
have:

5
1

W (a,

D00 - /0.0007%) ) > .
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Now since p(x) = 7‘23838;23 = /(,(D(x))*a), we will
have that: '

6
B\2 1 _3
1+ <(1+L) i 4)
6
B2 15
<(1+L) +4(1+%)2 4>
>14 B . (145)

Now if o(x) satisfies the condition (TT8) for this p(x) then
we are guaranteed to have ||xTT —x*|| > [|x* —x*|| even when

[Ix*t —x*|| = ||x —x*||. This completes the proof of the claim.
|

Now that we have established the result that if |[|x™ —x*|| >
|lx—x*||, then we are guaranteed to have |x™—x*| >
|x*t —x*|| provided o(x) satisfies the condition (T18)), we
can apply this result recursively for any gradient trajectory
generated by the sequence {x;} in some neighborhood of
x*. The next lemma provides a handle on the radius of
this neighborhood inside which the sequential monotonicity
property holds.

Lemma 20. The sequential monotonicity property from
Lemma |17 and |19 holds for the tuple {x,x*,x™t} whenever

B2 1 5

1+£)2+ -3

(+7) aa+ By ?
6

Ix—x*|| < GLM Sfor some ¢ > 2.

Proof. To identify the radius of this neighborhood, we use
(IT8) where we substitute o(x) from (I00) and p(x) =

(8,(D(x))%a)
(8,(D(x))%a)
(p(x)—1)||x* =x*|| > o(x)
_ sup;{v{°}MLar||x —x*||?
2
— (V@00 - /0. 000%8) ) x> (3

sup;{V{*}MLa |x —x* &
- 2
Now, in order to guarantee the condition (147), for some ¢ > 2,

we set | /(@, (D(x))*a) — /{0, (D(x))2d) ) equal to é times

its lower bound from (I40) and set o(x) to its upper bound
in (I47) to get the condition:

B2 1 _ 35
1 ((”L) NPTRIE 4) . 2MLa|x—x'|?
E 6 [x—x H > —

to get the condition:

(146)

(147)

2
{vSIMLo ||x — x*||?
, SRR
(148)
By2 1 5
1 <(1+L) +4(1+E>2 _4>
— L > [|x —x*|| (149)
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where we used a = % and the bound sup;{V}{“} =1+aL <2.

Now for % > 0, if (T49) is satisfied then the condition
will hold true. Hence any gradient descent trajectory with
o = 1 inside the ball PBe (x*) will exhibit strictly monotonic
expansive dynamics once it has a non-contractive dynamics at
any instant. |

Finally combining Lemmas [T7} [I8] [I9] and [20] Theorem 2]
is established.

APPENDIX C
PROOF OF LEMMA

Before starting the proof of Lemma [l| we first show that
unlike the expansion phase of the trajectory where the iterates
satisfy strong monotonicity property from (76), the iterates
belonging to the contraction phase of the trajectory may not
necessarily satisfy such property. From theorem [2] it was
established that a gradient trajectory {x;} with x; € % (x*)
has expansive dynamics for all k > K if at k = K, the gradient
trajectory has non-contraction dynamic Let there be some
k = K, such that the sequence {||x; —x*||} is strictly decreas-
ing for all k¥ < K; and is non-decreasing for k = K;. Then
from Theorem 2] we have that {||x, —x*||} is strictly increasing
for all k > K; provided x; € % (x*). Since |xg, —x*|| is the
minimum of the sequence {||x; —x*||} with x; € Z¢(x"), let
k=K. and k = K, be the indices with K, < K; < K, defined
as follows:

Kcsup{kgKT (150)

Xy € ,@75 (x*)\Be (x*)}

K, _inf{k > K, (151)

Xy € @5 (X*)\@g(x*)}

Let the gradient trajectory exit the ball % (x*) at some
iteration K,;. Then the total sojourn time for the gradi-
ent trajectory inside the compact shell ZBg(x*)\%e(x*) is
K.+ (I%exit - Ke)~

Since K. < K;, we have the condition that ||x; —x*| is
monotonically decreasing for all 0 < k < K,.. However, even
with the monotonically decreasing sequence, it cannot be
guaranteed that ||x; —x*|| will decrease with a geometric rate.
This can checked very easily from (109) in the proof of
theorem [2] From that condition, we are guaranteed geometric

expansion since the factor p(x) = %"))? > 1 from the
inequality: P
(@, (D(x))*a) — (&, (D(x))’8) = (&, (D(x))* ~1)*a) +
>0
(4, (D(x))>—D)a) >0 (152)

>0

provided we have ||xt—x*| > ||[x—x*|| or equivalently
(6,((D(x))*> — D) > 0. Recall that |[x"—x*| =

V/ (@, (D(x))%a) ||x —x*|| from (T12). However, when we have

12Note that we assume here x € B (x*)\ B (x7).
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[xT —x*|| < [|x—x*|| or equivalently (&, ((D(x))>—I)a) <0
then (109) becomes:

(8, (D(x))*a) - (a,(D(x))*8) = (&, (D(x))* ~1)*@) +

(153)

and therefore it cannot be stated with certainty that p(x) < 1
when we have ||xT —x*|| < ||x—x*||. Hence, we work with
the function value sequence {f(xy)} instead of the iterate
sequence {x;} in order to develop best possible rate of
contraction.

We now prove Lemma [T] Taking norm on (78), using the

substitution G = V2 f(x* 4 p(x —x*)) followed by taking the =

lower bound yields:

960l = ([ 72 plxxap ) ocx)|

(154)
-1

= [Vl =

2
(155)
-1

-1
(rocptx=xn) | dp)Ix-x]
(156)
p=1
= ”Vf(X)” > (/:O lmin( GGT>dP> ||X—X*|| (157)

— [IVf )l = B llx—x7 (158)

2

where we used the fact that A, (\/GGT> = B since

Amin | V2 £ (x* —|—p(x—x*))> = for any x* +p(x—x*) € ¥

from Assumption A4.
Next, using gradient Lipschitz condition on f(-) for x; and
x* along with (I38) we get:

705) =) < 5 =X < 5 IV (159

where (159) holds for any x; € #'.

It is important to note that though holds in general for
any x; € #/, yet it cannot be called the Polyak-t.ojasiewicz
condition [15] when {x;} has expansive dynamics locally
w.r.t. X* because then f(x;)— f(x*) may not be positive. In
particular Lemma [4] shows that f(xg,,) < f(x*) where K.
is the exit time from the ball %, (x*) so f(xx) < f(x*) for all
k > K,y by monotonicity of {f(x;)}. Hence becomes
trivial in the expansion phase of the trajectory inside the shell
By (x*)\Be(x*) due to the fact that f(x;) — f(x*) <0 for
k> Kexit-

Finally it remains to show that f(xi) — f(x*) > 0 for the
contraction phase provided K, < K, so that (I39) is indeed
the Polyak—Ft.ojasiewicz condition in this case. We accom-
plish this by lower bounding the term f(xg.) — f(x*). Then
f(xx) — f(x*) > 0 for k < K. will follow immediately from
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the monotonicity of the sequence {f(x;)}. Observe that the
trajectory {x} will enter the ball % (x*) when K, < K, and to
do so it has to contract at k = K, since K. is the last iteration for
which the trajectory contracts inside the shell 2 (x*)\ % (x*).
Therefore we have that ||xg, —x*|| > ||xk.+1 —x*||. Further
simplifying this condition we get:

xk, —X*[|* > ||xg, 1 —x"|| (160)
= [xk, — x| > [xk, — aVf(xg,) - x| (161)
= ||xk, —x"||* > [|Jxk, —x"[* + @V f(xk,) > —
2(aVf(xk,),xXk, —X") (162)
. o
= (k=X V(%) > 5 [V (xk) P (163)

<XKC —x", </pl:0 V2f(X* + p(xk, X*))dp) (Xk. x*)> S
SV Fxk)IP

M
— (. =¥ V20, )+ o x| >

(164)

SV Ao (165)

where we used the substitution Vf(xg, ) = ( fpl:() V2f(x* +

p(xk, —x*))d p) (xk, —x*) and the following bound:

H </pl—o VA 4 plxk, - x*))dﬁ) -V f(x")

<
1

/ VA plxk. =x)dp = V2 F(x) [ dp - (166)

o

.1 M
< | _ Mpllxk —x7ldp == |lxk. —x7| (167)

_p:

in the last step. Using Hessian Lipschitz condition on Xk, and
x* followed by substituting the bound we have that:

i) 2 10) + (x5 e, ) ) = s =
(168)

M
= flxi) — f(8) 2 SNV = 5 Ixg, — X

M
= Ik =x° (169)
* BZ * 2M *
= fxx) = f(X") = 57 Ik, = x| = = Ik, — x|
2L 3

(170)

where in the last step we used (I38) and o = . Hence for
Ixx, —x*|| < % we will have f(xg,) — f(x*) > 0. [ |

APPENDIX D
PROOF OF THEOREM [3]

We prove Theorem [3| by first upper bounding K, and K,;, —
K..
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Bound on K, from the definition of K,. Hence, holds for all such x;
which have K, < k < K,;. Using with xT =x;_; and

Using gradient Lipschitz condition on f(-) for x; and R
x™T =x; for K, +1 <k <K, yields:

Xiy1 where Xp | =X — %V f(x¢) followed by Lemma [1| and
inducting from k =0 to k = K, gives:

1 . B? oo X=X > p(xp—2) [[Xk—1 — x| — O (x¢—2) (179)
- <—=|V < - _

f(karl) f(xk) =L || f(xk)H =2 (f(xk> f(X )) ka _X*H N p(xk—Z) ||Xk—l —X*” —M||Xk_2 _X*”Z (180)
171 %6 — X[+ M [|x6—2 = X*[|* > P (x2) [| %61 —x"]| (181)

5 g = 7|+ M x5 = X7|* > p(x-2) -1 = x| (182)

— s - 1)< (1= 8 ) (s s)) amy L b o Plxes) *
13[; . [[xe —x7|| > T4 M xe—x]| (X1 —x7| > 14 ME [[Xe—1 —x7|

= flx) = f(x) < <1 - Lz> <f(XO)—f(X*)> (173) (183)

log(f(xk,) = f(x")) — log(f(%0) = F(x")) .(174) where we used the bound on o(x) from given by
log (1 _B 0 (Xp_2) = M ||x4_r — x*||* < M()? followed by the condition

|Ixx —x*|| > ||xx—2 — x*|| arising from the fact that {||x; —x*||}

By gradient Lipschitz condition for xo and x*, we have the is a monotonically increasing sequence for K, +2 < k < Koy
condition: and finally the substitution ngkm —X*H = £. Now applying

= K. <

F(x0)— f(x*) < Ié %0 —x*[| = %52 (175) the bound (183) recursively for K, 4+ 2 < k < K,y;; yields:
where we used the fact that the iterate Xq sits on the boundary Roi—1 =
of the ball Z (x*). Finally substituting the bounds (73), (T70) HXK . (%) Xk, 41 — X (184)
into (T74) yields the following contraction rate: o (ko 1HMS
2 ) ] ) infy, s p<pek,, 1P (xko2) | RerKe2 \
log (552) —log (§L||x,<f_x 12— 2 ||xg, —x ||3> Hx&m—x >( + S1S+M§ [ Xk, +1 — x|
Ke < N : (185)
log (1 — [Zz)
lo ’XA o —x* —1lo XK, +1 — X"
e e ([xe, ] ) - t0g (1.1 -1
Kexit - Ke -2< T
Since € < ||xg. —x*|| < &, we can further upper bound K, as: log (W)
2 —
log (ééz) —log (QLSZ - 29483) < tog(S) ~logle) (186)
K. < 177 inf{p(x_2)}
= g | 477 log <1+a552)
e\l log(£) — log(e)
N 0 —log(e
. . . . Kevir — K, < g g +2 (187)
Notice that while developing (I77) we used Lemma [I] which log inf{p(x¢_n)}
requires K, < K,. For the case when K. = K, the trajectory 1+M&

never enters the ball %, (x*) and Lemma |I| no longer holds
true. However in that case one can repeat the argument from
(I60) onward in the proof of Lemma [I] by considering K. — 1 = ¢,
instead of K. and get the same upper bound on K,—1. [[Xg.+1—X"|| > € and the range of infimum is omitted

*
XKexit X

where in the last step we used ‘

Therefore combining the two cases we effectively get: after second step. Note that we require the condition
inf{ﬁ(xk,z)} . . .. . .
log (L(:z) “log (ﬁzgz B 2M83) Mz ) > 1, however this is trivially satisfied which
2 2L 3 can be easily checked from (140) and (149).
K. < +1. (178)

-1
2
10g<1—€2) ((1+lz)2+ i _Z>
1 41452
For (S S W 3 L

The bound on & given by € < % follows from Lemma S
and the fact that € < ||xg, —x*||.

where ¢ > 2, we get the

N B
Bound on K, — K, p(x) . 1+ ;‘;”L - (88)
Recall that from in theorem [2| we have ||x* —x*|| > 1+M¢& LB 1 s '
p(x)|Ixt —x*|| — o(x) whenever ||xT —x*|| > ||x —x*||. Now . (+7) wp Bt
for K, <k < K., the sequence {||x; —x*||} is non-decreasing + 66
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Finally adding (T77) and (I87), we get the following bound:

2
log <§€2> ~log (QLSZ - 2§483>
Ks‘hell < + IOg(g) —IOg(S)

—1
2
log (1 — l;)

where Koy = Ko + Kovi — Ke. u

(189)

APPENDIX E
PROOF OF LEMMAS

Before proving Lemma [2] and [3] we need the relative
error bound on zero-th order approximation of the gradient

trajectory. Expanding the expression ug = kK:_()l LAk + Py [ug

from section [[II-A1| to zero-th order we get the following
bound on tail error:

K-1
ue =[] [Ak—i—st] ug (190)
k=0
1= K Pl
k=0 2

K—1

— ||lug — H Ay
k=0

= ﬁ<||A§(Ke)s> (192)

where the above bound is obtained by following steps similar
to (TI). Then using this tail error bound along with we
get the following bound on relative error for zeroth order
approximation:

ik~ 1 A
[Jug || -

ﬁ<<2+ %)K(Kz?k)

log (inf{]ﬁ &gz)})

K
e(1+8-%) Ecna @ - o Ialf (ke )

(193)
(2#{{)
ﬁ’(K(Ks)>
)
= % (194)
(2+3’{>
¥ e (01 ﬁ( K<Ks>)
()
(e (1ex(t)¢))
< (195)
e (=)
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logée

where we have substituted the upper bound on K,,;; from (7))
into K. Hence for )

Ticus 7 > 0( &
we have that:

ool (2))< ]
(o (m(()))) oo

Now Ay = ¥ cj(kjvivi + ¥ ¢ (k)v;v] where v; and v,
i€ NS

are the eigenvectors corresponding to the stable and unstable

subspaces of V2f(x*) and for o = 7 we have the bounds

140 gl <cr(k) <2+ and -5 <ci(k) <1- L+ 5L

Therefore we also get the bound:

K—1 K—1 K—1
inf H Al < H(If(xvzf(x*))uo <sup HAkUO .
k=0 k=0 k=0
Combining this with (I96) we get:
lak]| <1 ﬁ<1<lo (1>£>)> < Iﬁ(lf(xvzf(x*))u
1 1
< lug (1+ﬁ(ﬁ(1og (.g)g))) (198)

Proof of Lemma
For values of € sufficiently small and /Y jc. /VUS(OJ’“)Z >

ﬁ(\/lg (log (é)e)) using (198) we have the following
approximation:

ITTE) (- aV2£(x*) Juo|

(rro(=(e(2)e))

Ty (T— aV2f(x*) Juo|
GUCICIOD))
K—1

[TX—av?f(x))u

k=0

< JJuglf <

— [lug|| ~ = [|(1 = aV? £ (x*)) uo|

(200)

where ﬁ(\}g (log (é)e))) term is neglected w.r.t. 1 for

sufficiently small € and K < Keyit < O (log(e™")). Now, if ug
has a projection value close to 0 on the unstable subspace
of V2f(x*), then |lug]|| first approximately decreases expo-
nentially such that xg reaches some X.,ijcq; and from there
onward it approximately increases exponentially until saddle
region is escaped. For the case when X, iicqr — X*, we will
have ||Xcriricat — X*|| = 0. The escape time for the e—precision
trajectories from this region %,/ (x*) where € = ||X¢riricar — X* ||
will be upper bounded by K < ﬁ’(log(s’*l)) from (7). This
upper bound goes to infinity when €' — 0 hence e—precision
trajectories fail to escape the saddle neighborhood when

ermitted, but republication/redistribution requires IEEE permission._See https://www.ieee.org/publications/rights/index.html for more information.
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Xcritical = X . It should also be noted that if for some K, ug =0
or in other words X,isicq; = X*, then for all J > K we have
u; = 0 since Vf(x;) =0 and the gradient trajectory can never
escape the saddle region. |

Proof of Lemma [3]

Let {ug} be any gradient trajectory with linear exit

that the Yieys(0)? >
o (\/lE <log (é)s)) Now if this trajectory curves around

x* then the vectors uy and ug will form an obtuse angle for
some finite values of K. Therefore in order to prove the first
part, it is sufficient to show that:

time satisfies condition

(ug,ug) >0

for any value of K such that |jug| < €. Now, for
sufficiently small & where &€ is upper bounded by
Theorem from we have ug = HkK;OI Arug +

ﬁ(\}g (log (é) 82>) ~ (I— aV2f(x*)) uy where we used
the fact that [[X_J Ay = (I— aV?f(x*))X + 0(Ke) and
dropped the term & ﬁ log % 82>> for sufficiently small

€. Using this approximate ug we get:

(ug,up) ~ uf (I— aV?£(x*)) ug >0 (201)
where the last inequality comes from the fact that (I —
aV2f(x*))X will be a positive semi-definite matrix for o < 1.
Therefore, vectors uy and ug will form an acute angle between
them for all values of K such that |lug|| < & and K < K,y =
O (log(e~1)). Hence, the trajectory can never curve around Xx*.

The proof for second part follows the same method. Let
us take any two points on the gradient trajectory denoted by
vectors ug, and ug, w.r.t. stationary point x*. Then we have
the following inner product:

(g, ,ug,) = (g, (I— aV2f(x*)K1TK2yg) > 0 (202)

for K1 + K, < O(log(¢~")). Now with (ug,,uk,) Z 0 for any
Ki,K> where Ki+ K, < O(log(e™!)) such that |jug,|| < ¢
and ||ug,|| < €, the angle between the vectors ug, and ug,
can never approximately exceed 7. Hence the entire gradient

descent trajectory approximately lies inside some orthant of
the ball % (x*). |

Proof of Lemma
Let us denote the exit point on the ball %B.(x*) by

Xg+1 where |xx—x*|| < € and ||xgy1 —x*|| > €. Also,
s — X1 < Ik —x°] + LIV < 2l — x| which
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implies ||xx —x*|| > M > £. Now applying the Hessian
Lipschitz condition around x* for xg, we get the following:

f(xi) < FOE) + (VAT xk —x7)+

S0 =X, V2R =X ) + g I =X 209
< ) X VI B)
;<(XK —x"), (sz(x*) — sz(x*) — ﬁ(e)) (xg —x*)>+
%HXK—X*H3 (204)
< f(X*)+ <XK_X ’Vf(XK)> _’_ﬁ(ES) (205)

where we have used Vf(xx) = [ V2f(x*) + O(e) | (xg —x*)

from Lemma 2 and substituted ||xx —x*|| < € in the last step.

Let us first analyze the term w. Now,
Ixx —x*|| < ||xk4+1 — x*|| since the gradient descent trajectory
is exiting the ball %, (x*) at iteration K + 1 and therefore it has
expansive dynamics at this iteratio Squaring the condition
Ixx —x*|| < ||Xg4+1 — x| yields:

Ixx —x"* < [[xi 1 = x| (206)

Ixx —x"[1* < [[xk — x>+ @V £ (x) ||
—20(xg —x*, Vf(xx)) (207)
(xk — X", Vf(xg)) < %HVf(xK)HZ. (208)

Next, by the gradient Lipschitz continuity for xx and Xg1,
we have that:

Flxc1) < S 05)+ (Y 05) X1 =)+ 5 [ =P
(209)

Fxi) < fxx) — |V f(xg)|I? +§ laVfxe)l  (210)

Fxker) + g VA0 < Fx) e1n

where we substituted a = }. Combining @TI) with (203)
followed by substitution of (208)) yields:

(xk —x", V/f(xk))

1
f(XK+1)+i”Vf(XK)”2Sf(XK) <fx)+ 2
+0(e%) (212)

1
= flxin) + 57 VSl < £0¢)+ 5 IV (i) [P+ 0 (e)
(213)

— fle1) < FO) — 47 VA P+ O(E).

Next, using the bound ||V f(xk)|| > B ||xx — x*|| from (I38) in
(214) and the fact that ||xg —x*|| > £ we obtain:

(214)

o B o 3
Pveen) < 106) =2 g —x P+ 0(6)
<o) - E e o

el (215)
= f(xg41) < f(x7)

(216)

3Exit at iteration K + 1 implies ||xg —x*|| < ||xg+1 —x*|.
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for sufficiently small €. ]

Proof of Lemma

Let us take any two points X, X, in the closed ball %, (x*).
Using gradient Lipschitz condition, we get the following
inequalities:

Fx1) £ S+ (VS —x) 45 [ =x P @17)
<76+ 5 I —x P (218)

and
Fx) £ 100) — (V) =X )+ 5 e =X @19
< fl)+ 3 o~ x| (220)

Now adding (218)) and (220) yields:

L
fx) = flxe) <3
Next, using the fact that ||x, —x*|| <&, ||x; —x*| < € in 221)),
we get the following upper bound:

f(x1) = f(x2) < Le>.

Formally, this upper bound states that the function value gap
between any two points in the closed ball %, (x*) surface
cannot be more than Le’. Also notice that the result in
(222) only depends on the gradient Lipschitz condition and
therefore will hold true for any €. Next, we assume that our
gradient trajectory is currently exiting the ball %, (x*) at point
xg s.t. [[Xg—1 —x*|| < € and ||xg —x*|| > €. Let us further
assume that K iterations after the current iteration, the gradient
trajectory re-enters the ball % (x*), i.e., ’XK+I%—X*H <e
and HXK+1871 fx*H > £. Using the update equation Xy =
Xy — aVf(xg) for 0 < a < 1 together with gradient Lipschitz
condition, we get:

* L *
I =72 S e —x7[7. @21

(222)

L
F(Xig1) < fx) +(VF(Xk), X1 — %) + > X1 — x|
(223)

e (e < fx) — “L(za) V)P @24

2 \L

Taking the telescopic sum for these inequalities from k = K
to k= K+ K — 1 gives the following lower bound on f(xx) —

f(XKJrl%):

K+K—1
[y ) < f(xx) — o (2 - a) Y OIVAx)IP (225

2 \ L Py
aLB? /2 N oL (2 K+K-1
£ (L—a)Ke2<2(L—a) 3 ISl
< f(xk) = f(xgg) < fF(Xx—1) = f (X1 1)

(226)

where f(xk) < f(xk—1) from monotonicity of {f(xk)} and
we have substituted the lower bound

IVF (i)l = B lIxx —x"[| > Be
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from (I58) since [x; —x*|| > ¢ for all K <k <K-+K—1.

Combining with 222)) for xx_1,Xg g € PBe(x") yields
the following condition on K:

alB? /2 N
B (—a>K£2<L£2

> 3 (227)

2z
aﬁz(% —a> .

Now, for sake of simplicity we substitute o = % This yields
the following bound on K:

K< (228)

K< % (229)
where kK = % This inequality claims that if the gradient
trajectory re-enters the ball %, (x*), it has to do so in fewer
than % iterations. From here onward we will develop a proof
which contradicts this claim. 5

Let us first define some & > € such that § =2«>&(1 +b)
where Kk = %, b= w —1 is a positive value and & is upper
bounded from theorem [3] Note that xg as defined earlier is the

exit point of the gradient trajectory, i.e., ||xg—; —x*|| < € and
2

Ixx —x*|| > €. Now for any € < 2" ¥* we will have & = J(¢).
Therefore a gradient trajectory moving outwards from the ball
PBe(x*) is also bound to move out from the ball % (x*) since
we have already proved this in Theorem [2] for trajectories with
expansive dynamics.

Under these conditions, let J represent the minimum number
of iterations required to exit the ball % (x*) for a trajectory
which is just exiting %, (x*) and is currently at the point xg
s.t. ||xx —x*|| > €. To this end, we rewrite the update equation
of radial vector u; for any k € {K,K+1,...K+J—1}:

W = U+ (Xep1 — Xk) = u — aV f(xk) (230)

where we have that u; = x; —x*. From the gradient Lipschitz
condition we have the following bound for any u:
IVF(x)| < Ljugll (231)

where w; = x; —x*. Applying norm to (230) followed by
triangle inequality and using the upper bound from (23T}
yields:

a1l = flwe + (e —x0) || < [Jug]] + e [V (xe) || <2 [lug|
(232)

for @ = % Applying this bound recursively from k& = K to
k=K+J —1 and substituting ||ug| = €(1+b), we have:

lugs|l <27 lug| =2'e(1 +b). (233)

Since J is the minimum number of iterations required to exit
the & radius ball for a trajectory which is just exiting the &
ball, we can set 2/£(1+4b) = &. This yields:

Ve(l+b)=E =2 e(1+b) (234)
J= % (235)

141t is to be noted that we can carry out a similar analysis for any other o
st. 0« a< % and still obtain the same inference.
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Now, the K we defined as the time to re-enter the ball Z¢(x*) 1i.e., |x* —x*| < &. Then we can write the following inequal-
should be definitely greater than J since any trajectory will ity:
certainly take more than J iterations to traverse the shell

2
present in between the concentric £ and € radii balls. ||X+Jr —x" H < (5)2 (243)
, 2 — |Ixt = x xt x| < (€)? (244)
K>J=—. 236
5 B i i e N e P
However, this inequality contradicts the claim that K < % >0 >(£)2 >0
from (229) which completes our proof. | (245)

which is not possible (left hand side is greater than right hand
Proof of Lemma [6] side). Hence, x*F ¢ % (x*).
.. . ++
Recall that from (221) and (222)) in previous lemma, for +N°+W’ we are left to prove (242) condition, i.e., (x -
any xi,xp € @5 (x*) we have that: XT,XT —x ) > 0 Mampulat'mg. the left hand side of this
condition and using the substitutions xt+ —x* = —aV f(xT),

2
i)~ S00) < LS O x = —avyte) wa i) = 9100+ (o
Next, let K be the minimum number of iterations in which the

gradient trajectory re-enters the ball % (x"). Then following
the same set of steps as in the previous lemma for obtaining

p(xt — x))dp) (xT —x), we obtain:

(223), we get: (T —xt xT —x") = (—aVf(x"),x" —x") (246)
1
oLz O\ Ko , =a(5rws ([ Vet x)ap ) - xx o x)
) < _2E (2 v =0
one) < 7006 = 5 (7 =) L IV ' oih
(238) - N .

W ws e 2 ——a((1-a [ Prictp - xp ) vs0xx)

— e (F-o)ker<F(i-a) X vl o
k=K 1

< F5) ~ FOxi) = (xx (1o [ Ve plx—x)dp ) (-avs0))

< fxg-1) = f(Xg i) (239) B (249)

where we substituted ||Vf(xp)|| > v > %Lé and f(xg) < _ <x+ _x", <I(x/1
f(xg_1) from monotonicity of {f(xx)}. Now if the trajectory P

VG plx —x)dp ) (5" <x))

re-enters the ball % (x*) in K iterations, then xg_1,Xg, ¢ € (250)
PBe(x*) and hence Xg_1,Xy, ¢ satisfy (237). Therefore com-
bining (239) with yields the bound: where (I of pl=0 V2f(x+p(xt —x))d p) is a positive semi-
. . 1 .
all /2 R ) definite matrix for a < 7+ Next, recall that from (183) in the
4 ( i O‘) K(&)" <L(¢) (240) proof for theorem for any tuple {x,x,x"} generated by the
. 4 gradient descent method where x~ € % (x*), we have that:
— R<—" (241)
5 o
(i) I x> (22 ) x> Ix-x] s
Now for o = %, we have that K < 4. Therefore the gradient

. o for 2&) 5 1,
trajectory has to re-enter the ball % (x*) in three or less +Ms ~ o i

iterations. We now show that the gradient trajectory cannot Using this fact that [Ix* =x7[| > []x —x7[| followed by the
return in three or less iterations. cosine identity of triangles we get:

Let the cu*rrent iterate for th*e gradlent trajeetory be x . such (xt—x* X" —x) [xt— x||2 +xt - X*HZ —x—x* H2
that [|[x~ —x*|| < & and ||x — x*|| > &, i.e., the iterate X exits the =[x —x] 2% — % =%

ball Z; (x*) where & is bounded from Theorem Next, from

Theorem the iterate x™ in the sequence {x~,x,x"} will also >0 (252)

have expansive dynamics, i.e., [|x" —x*|| > [x —x*||. Let x** = (x" —x",x" —x) > 0. (253)
denote the next iterate in the sequence {x,x,x"}. Now, if

the following condition: For any vectors a and b and any positive semi-definite

matrix A, if (a,b) > 0 then (a,Ab) > 0. Using this property

(x"—xTx"—x") >0 242) for A = <1—af[}=0V2f(x+p(x+—x))dp ,b=xt—x and

is satisfied, then X" ¢ % (x*). To check this, let the condition L L N .
(242) be given and we have the contradiction x* € Z (x*), A=X —X,We get that <X —-X7, (I— o f,ooVf(x+p(x"—
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x))dp ) (x* —x)
(250), we have that:

> 0 since (x* —x,xT —x*) > 0. Hence from

xH —xt xt —x) =

<x+ —x*, <I a/pl_ov2f(x+p(x+ X))dp> (x* x)> >0
(254)

which completes the proof. ]

APPENDIX F

Proof of Lemma[7]

To establish the linear exit time of the proposed algorithm
from any strict saddle neighborhood it is sufficient to prove the
curvature condition (refer Step [T5] from Algorithm [T). Now,
for |Vf(x)|| < € and E =0, we have that:

p=1
V(x) = (Vf<x*> + [V p(x x*))dp> (x—x").
= (255)

With € very small and upper bounded by Theorem [I] us-
ing Lemma 3.3 from [10] we can approximate the Hessian
V2f(x* 4+ p(x — x*)) = V2f(x*) + O(g) = V2f(x*) for any
X € PBe(x*). This is a valid approximation since we are no
longer solving for rates of convergence and just need to
approximately determine the unstable projection value. In
particular our goal is to determine whether the estimated

unstable projection value is of the order G)( from

_
log(e~1)
Theorem [I] so that the linear exit time conditjon can be

checked for the given trajectory. Now ® ﬁ

dominate all &'(¢) terms for any sufficiently small € and so
dropping these '(€) terms now will still yield the same result.
Therefore, the equation (253) for x = x; is approximated as:

term will

V(x) = (v2f<x*> n ﬁ(e)) (k¢ —x°) & V2 (&) (= )
(256)

where V f(x*) is zero vector. With yo = Xy, y1 = X;+ and the
approximation (256), we have the following terms:

Y1 = X1 =X — 0V f(xg) (257)
—xk—(x<V2f(x*)+ﬁ(8)) (xx —x%) (258)
~ X — V2 f(x) (x; — X7, (259)

V) = VF(xer) = (v2f<x*> n ﬁ(e)) (X1 —x°) (260)

_ (vz Fx)+ ﬁ(s)) (xk —a (v2 Fx)+ @’(s)) (xp—X") — x*)
(261)

zsz(x*)<xk—aV2f(x*)(xk—x*)—x*). (262)

© 2022 IEEE. Personal use is

ermitted, but republication/redistribution requires IEEE

38

Note that in the second last step we used the substitution from
(258). Now, we define the terms Vi,V, using yo,y;:

Vi =(y1 —y0,y1—Yo) & (x¢ —x*)" (aV? f(x*))*(x — x*)
(263)
Vo =a(y1 —yo, Vf(y1) — V£ (¥0))

~ (x —x*)T(aV £(x*)) (% — x7) (264)

Next we use the following substitution:
X —X° = ||x; —x*| ( Y ovi(0)+ ) e;f‘“vj(O)> (265)
ieNs JENMS

where we have that ||xz—x*[|6 = ((xx — x*),v;(0)),
[xi —x*[| 0} = ((x¢ —x"),v;(0)) and v;(0),v;(0) are the
eigenvectors of the scaled Hessian aV2f(x*). On further
simplifying V;,V; using (263) we get:

Vl“”"k—x*w( Y (e + Y (l;"")z(e;”)z)

iE,/‘(g jef/l/US
(266)
VZ“”"kX*llZ( Y e+ ¥ (A;”f(e;sf)
€N JENS
(267)

where A and l]‘»"‘ are the eigenvalues of stable subspace &%
and unstable subspace &ys of the scaled Hessian oV?f(x*)
respectively. These eigenvalues are bounded by :

P o< (268)
L

us ﬁ
a2 (269)

Evaluating V| —V, and using the fact that ||x;—x*|| <
% IVF(xp)]| < % from (T58)), we get the following expression:

Vi—=Va éi( Y (A= (A )(6)*+
S
Y ((l}‘s)z(l,?sf)(ei‘s)z) (270)
Jj€NMUs

where k = % Now, the function A(y) = y*> —y* attains a

maximum value of % in the interval y € (0, 1] and a maximum
value of 2 in the interval y € [—1,0). Substituting y =4 in
the interval y € (0,1] and y = A} in the interval y € [-1,0),
the upper bound for becomes:

g2 4
Vi—Va §2< Y 500+ 1 2(6}“)2) (271)
K™ NieTs Jeys
e /4 4
Vi—V, ;2(—( Y (9;”)2> +2 ) (9;,5)2>
K\27 27 J€Ms J€NMs
(272)
/4 50
Vi—V, %2< ( Y (Q;‘S)2>) (273)
K>\ 27 27 ieThs
27(V1—V2)K _4
us\2 > g2
Y (67 z <0 : (274)

Authorized licensed use limited to: Igutgers University. Downloaded on March 01 ,2053 at 20:57:22 UTC from IEEE Xplore. Restrictions apply.

ermission. _See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Information Theory. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIT.2022.3213607

The right-hand side in can be considered as as the
lower bound estimate for Y ;c %5(6;”)2. Now, the sufficient
condition for escaping the saddle neighborhood comes from
the minimum unstable subspace projection value in (74).
Let Pin(€) be a function of € equal to the lower bound

from ({74) where Py,(€) = G)( , then with the con-

1
log(e~1)
27 -Vo)k?

dition 8250 > Ppin(€) and (274), we can guarantee
Yje. /;@S(Oj‘-”)z Z Puin(€) which implies that we have a suf-
ficient unstable projection value to escape saddle region in
almost linear time.

Recall that while developing the condition we had
dropped O(g) term in to get approximate Hessian.
However if we had retained that €(€) term, the condition

27(vy V)i
(274) would be ZJ-EQ/VUS(O}”)22> Ezﬁ + O(€) and then
27(Vi—Vp)Kk=

4

instead of checking —=5;—— > Pin(€) we will have to
7 -Vy)k

check the inequality —=55—— > Puin(€) + /(). But since

O'(€) term is insignificant w.r.t. Py, (€) = © ), we do

1
log(e~1)
not loose anything with dropping €(€) term in the first step.

Notice that the curvature condition from the step in
27 V)R,

Algorithm |1 checks the inequality 5250 < Pin(€)
which if true could imply ¥ ;c, %8(91’4“)2 < Puin(€). Then the
gradient trajectory may not necessarily have linear exit time
from saddle neighborhood. Hence, we solve the eigenvector
problem given by:

argmin
\%
x|

X1 €

(l(x—xk)TH(x—xk)) (275)

which gives a solution with sufficient unstable projection.
Notice that a possible solution to the unconstrained problem:

1
Xj4] € argmin (2(xxk)TH(xxk)> (276)
X

can be given by Xy — X, = b[x, —x"|| €’ where €7’ is any
eigenvector of the scaled Hessian H = aV?f(x;) ~ aV? f(x*)
corresponding to its least eigenvalue and b is any scalar.
Although any vector in the subspace formed by the eigenvec-
tors corresponding to the minimum eigenvalue can be used
instead of e, for sake of simplicity of the proof, we use the
direction e’]‘:". Hence from the unconstrained eigenvector prob-
lem (276), we can write X1 —X" =X, — X" +b [|x; — x| €.

Using the substitution x; — x* = ||x; — x*|| ():ie/ys 6;vi(0) +

Yic s 9]’-“Vj(0)) as before from (263) we get:

Z 67v;(0) + Z B}”Vj(O)>

i€ N JENMS
+b|x —x"| €}

~luxl( L emo+ T o)

j€NMs

X1 =X =[x = x| (

277)
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bl = (vl<o>+ﬁ<e>) 78)
= Ix; — x*|[\/1+ B2 9% Lo
I ="/ T+ (;V =)

Z o v;(0)+ b V(O))Jrﬁ(ez)
P R TRV
(279)
:”Xk—X*H \/1+b2< Z éfV,(O)'F Z é;ASV](O)>
i€Ns JENMUs
+0(€). (280)

where we have Y;c 4 (67)? + Zjet/t@s(é}”)z =1 for some
positive élr‘, é}”. Notice that we used the eigenvector pertur-
bation bound e/* = v;(0) + & (€) in the second step and v;(0)
corresponds to the eigenvector for the smallest eigenvalue of
aV?f(x*). Notice that [ € A7s where [ is the index of v;(0)
provided x; lies within some saddle neighborhood and not in a
local minimum neighborhood. If x; were in a local minimum
neighborhood, then the unstable subspace would have been the
null space. Finally, in the second last step we normalized by
dividing with v/1 + b2 because we require the condition:

)» )y

i€ Jj€NMs

() () -

U,

o5 \?
) 4+
<\/1+b2>

(281)

2 N2
where we have that'ZieA/S(Gis). +Zj€/VUS(QJI'“) = 1. From
(279) and ~using coefficient comparison, it can be

checked that \/1;7 =0+ 0(€?) for all~i € 5. Using this
relation in (28T)) we get that Uy = z,em,s(e;“)z +0(€?). Next,

dropping O'(&?) ter from the right-hand side of (280), we
have:

e = o VTR

Y v+ Y é;“v,-<o>)

i€Ns JENMUS
(282)

where Zjef%s(éj’-”)z can be considered as the new un-
stable projection value of (xgy; —x*) and ||z —x*|| =
Ixx —x*|| V14 b%. Now, we require that the future gradient
trajectory that starts from the point x;,; escapes the ball
Pz(x*) in linear time where & = ||x; — x*|| V1 + b2. Therefore
we get that:

Uir Y (85) > Pyin(8) (283)
JENMyS
ous 2 b 2
= —L— + <> 2 Puin(E) (284)
je;VUS(Vl"rbz) V1+b? ~
= Pmin(HXk —X*H \V 1 +b2)

(285)

which is of the order ® logl“ from Theorem |I| due to the fact that

ED
& > g, the function Py, (€) = ®<

and S0 Py (&) > Ppin(€) > O(€2).

5The €'(€?) term will be insignificant w.r.t. Pmini) appearing in (283)

—~ | monotonically increases with €
log(e~1)
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V14 b2
L
(286)

where in the last step we used P, (||xp —x*||v1+52) >
Pmm<||V Tl VILH’Z> due to the fact that the function

> P ( 195l

Pin(€) = 0O @ monotonically increases with € from
along with the property that |V f(x¢)|| < L||xx — x*||. Now
(286) will hold true whenever:

b 2 NI
() > (012 5) e
\/Pmm<||Vf(Xk)| Vlﬁ’z)
b> (288)

\/1Pm,-n(||Vf<xk>| Vi )

It can be checked that (288) will hold true for any positive
b as long as it is bounded away from €. Finally in the
substitution X1 — X = b|[x; —x"| €/, we can use the lower
bound ||V£(x¢)|| > B |xx —x*|| from and the gradient
Lipschitz bound ||V f(x¢)|| < L||xx —x*|| to get the range
IVl < p, < v/ (x0)| Selecting the upper bound of b gives

Llxe—x* = v Bllxe—x*[*
Xp+] —Xg = Me‘]‘-s provided % > 0. This particular choice

of b is less conservative though it should be selected carefully
and the selection criterion may vary from one problem to
another. For the particular case of well-conditioned saddle
neighborhood, a large b and hence a large step size can be

afforded. Notice that % <b< % and any b in this range

will satisfy (288]) provided % > 0. Since x;, is the desired
VSl gus
J

gives the constraint ||Xx4 1 —X¢|| = W in the Step [17| of
Algorithm [T]

Since evaluating the eigenvector e will involve Hessian in-
version operations, it will be solved in polynomial time though
this step is invoked only once in the saddle neighborhood if re-
quired and hence does not add much computational complexity
per iteratioxﬂonly ©(n*log,, 3, (e7")) complexity per saddle
point).

Recall that the entire algorithmic analysis was carried out
assuming there is just one eigenvector e}’ corresponding to
the smallest eigenvalue of the Hessian V2f(x*). However,
the same analysis can be done for the case of a subspace
corresponding to the smallest eigenvalue. The bounds on b
will still be the same however the steps involved are somewhat
tedious and lengthy hence purposefully left out from the proof.

For the case of a local minimum we will have
Yje J;/[]S(GJ’?‘Y)Z = 0 since there is no unstable subspace. Sub-
stituting it in yields:

4¢?

g RV

solution, taking norm on both sides of x4 — X =

(289)

16The stepcan be solved easily using power iteration type method which
incurs a computation time of ®(n? logy, /2, (e71)) (here 4;, 4, are the top two

dominant eigenvalues of T— aV2f(x;) with A; > A, and ¢ is the desired
accuracy for power iteration).
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Hence for % < Vi — V2 we cannot have a local minimum
neighborhood. Hence if holds, then the region can be
both a saddle neighborhood or a local minimum re%ion. There-
fore, the Step n Algorithm |1{also checks if ;7% <Vi—V

so as to rule out the possibility of local minimum. If however

we have the inequality % > Vi —V, then a secondary
condition A,,;;(H) < 0 ascertains it as a saddle neighborhood.
This completes the proof. ]
Proof of Lemma

It can be very easily established that f(xg 1) < f(xg) where
Xk+1 comes from the Step [I7]in Algorithm [I]

Since xg1 is generated from Step[I7]of Algorithm [T we can
use the particular update xgi| —Xg = weys (the more
general update is avoided for sake of simplicity) where
e/’ is an eigenvector of V2 f(xg) belonging to its unstable

us ek < € . .
subspace and (e}, xx —X*) § @(7\/@) (this approximate
bound implies xxg —x* does not have the required unstable

subspace projection value from Theorem [I). As a conse-

quence for |V f(xk)|| = ©(e) we will have (Vf(xg),Xgx+1 —
< e ~

Xk) S O( m) from the following steps where we use

the substitutions Vf(xg) = (V2f(x*) + O(¢))(xg — x*) and
V2f(xg) = (V2f(x*) + O(g)) from Hessian Lipschitz condi-
tion.

(Vf(xk),xx+1 —xk) = (Vf(xk), WJCI(;K)”e?S) (290)
W@f}s, (V2F(x) + 0(2) (xk — X)) (291)
L o (92 + oD -x) o
:”Vf[g"")”w"e;‘-“‘, (xk —x)) + 0() 5 G(M;I)

(293)
where V2 (xg)e!s = 21" and @(ﬁ) > 0(&).

Finally using Hessian Lipschitz condition for xg; about
xg along with (293) we get:

f(xk11) <f(xk) +(Vf(Xk), XK1 — XK )+

3 (s =300, V2F0x) (o1 —x60) + . Ieen — x|
<0 o(e?)
(294)
e VAP "
< 00) +O(es) gy (e VA (e
<—B
+0(e) (295)
2
< f(xk) + O(—=—=z) = O(|VS () +O(e?)
og(e~1)
(296)
< Flxk) + O(——5— )~ 0(e?) + O(&)
log(e~!)
_ e’ (2
= f(xk) +O( 1Og(gil)) 0(&?) (297)

Authorized licensed use limited to: Igutgers University. Downloaded on March 01 ,2053 at 20:57:22 UTC from IEEE Xplore. Restrictions apply.

ermission. _See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Information Theory. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIT.2022.3213607

where we used the facts that |xgi;—xg| = O(¢e),
IVixx)ll = O(e). (e, Vf(xk)ef) = Af* < —B and
3{(Xk4+1 — Xk), V2 f(xk) (XK1 — Xk)) < O from the Step
of Azlgorithm Now for sufficiently small &, the term

ﬁ — 0 much faster than &> goes to 0. Hence for
og(e~
sufficiently small & we will have f(xgy1) < f(xk). For all

other iterations when gradient descent update is used, the
sequence {f(x¢)} decreases monotonically. |

APPENDIX G
ASYMPTOTIC CONVERGENCE

Proof of Lemma [9)

Let {x;} be the sequence generated by Algorithm [1| Then
by Lemma [/] this sequence exits the & neighborhood of any
strict saddle point x* of a locally analytic Morse function in
approximately linear time where € is bounded from Theorem
E} Further, € can be chosen in a way such that if the iterate
X exits the ball %, (x*) at some k = K then the trajectory of
{x¢} cannot return to this neighborhood % (x*) for any k > K.
Such a choice of € is guaranteed from Lemma [5| Hence the
sequence {x;} cannot converge to the strict saddle point x*
which completes the proof of the first part of the lemma.

For the second part notice that if any subsequence {x,, }
of the sequence {x;} converges to x* then x* € {x,, } i.0. or
equivalently x* € {x;} i.0. which implies x* is an accumulation
point of the sequence {x;}. Since the mapping id — oV f
is continuous where id is the identity (matrix) map, the
set of accumulation points for the sequence generated by
the gradient descent update x;.; = x; — aVf(x;) will be
connected (Lemma @ Next, the set of accumulation points
of the sequence {x;} generated by the gradient descent update
Xp+1 = Xg — oV f(x¢) will be the critical points of f(-) since the
critical points of f(-) are the only fixed points of the mapping
id — oV f. Since the second order step in Algorithm
cannot generate fixed points of the sequence {x;}, it suffices
to only consider the gradient descent step. Since f(+) is Morse,
it has isolated critical points and so the accumulation points
of the sequence {x;} generated by the gradient descent update
Xpr1 = Xx — oV f(x;) will be disconnected. Therefore the
sequence generated by the update x;1 = x; — aVf(x;) can
have only a single isolated accumulation point since the only
connected subsets of a set with isolated points are singletons.
Next any sequence converges if and only if it has a unique
limit/ accumulation point. Since x* is an accumulation point
of the sequence {x;} and also a critical point of f(-), it
will be the only isolated accumulation point of the sequence
{xx} due to the fact that in the sequence {x;} second order
step in invoked only once in € neighborhood of x* and from
there onward gradient descent is used for all k. Hence we get
X; — X", a contradiction to first part of this lemma. Therefore
no subsequence {x,, } of the sequence {x;} can converge to
the strict saddle point x* which completes the proof. ]

Proof of Lemma

The sequence {f(x;)} decreases monotonically from
Lemrna Since f is coercive i.e. lim|y|| .. f(X) =0 and f is
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continuous (and hence lower semi-continuous), we will have
f(x) > infy f(x) > —oo i.e. the infimum of the function values
exists [55]. Then by the monotone convergence theorem,
limy_,o. f(X¢) exists and is finite. Since f is coercive and
continuous, its sublevel sets given by {x | f(x) < b} for any
b < oo are compact. Since limy_,. f(X;) exists and is finite,
by the monotonicity of {f(x;)} it will belong to the compact
sublevel set {x | f(x) < f(Xo)}, which completes the proof. Bl

Proof of Lemma

Let xo be the initialization of Algorithm [} then by the
previous lemma the sequence {f(x;)} converges over the
compact sublevel set {x | f(x) < f(x¢)}. Combining this fact
and the monotonicity of the sequence {f(x;)} we have that
x; € {x | f(x) < f(x0)} for all k. Since a Morse function on a
compact manifold has finitely many critical points [42], the
compact sublevel set {x| f(x) < f(X¢)} can have at most
finitely many saddle points. |

Proof of Theorem 3]

In order to prove asymptotic convergence of the sequence
{xx} generated by Algorithm to a critical point we only need
to show that the sequence {x;} satisfies all the conditions
from Theorem M| First, from Lemma [T1] all points of the
sequence {X;} are contained in a compact set D C X where
D ={x| f(x) < f(x0)} and X = R". Next, the continuous
function Z = f satisfies the strict monotonicity property where
{f(x¢)} is a strictly decreasing sequence provided x; ¢ S and
the solution set S C D is the set of critical points of f with
f(x¢) = f(xX¢11) for x; € S.

Finally we are left to show that the mapping A where x;,| =
A(xy) is closed outside S. It is easy to check that the mapping
A from Algorithm [1|is compact when A :=id — aV f. Notice
that for the gradient descent update, the map A :=id— oV f is
continuous due to f € €. Since x; € D= {x | f(x) < f(x0)}
for all k, the map A :=id— aVf takes D to itself, i.e. A: D —
D where D is compact and Hausdorff |'’| Then by the closed
map lemma (Lemma A.52 in [56]]), A :=id — aVf is a closed
map in D and hence closed in D\S.

From the second-order step in Algorithm [I} x;4; €
[Vl

I = Ll (é(x —x)TV2F(xp) (x —x1) | = A(xp)

and it remains to show that this mapping is continuous.

The second-order ste7p can be simplified as Xz € X —
IVf i)l V2 £ (%)
[Ix|

argmin

o argminy .o *— =3+ Since f is Hessian Lipschitz,

the eigenvectors of V2f(x) will vary continuously with x;
hence argmin”XH>0xTﬁ$
[IV£(-)] is a continuous function by continuity of Vf(-) and
norm. Product of continuous functions is continuous therefore
the map A associated with the second order step is continuous.
As before the map A takes D to itself where D is compact and
Hausdorff. Then by the closed map lemma, for the second
order step, A is closed in D\S. Since {x;} C D, which is

compact, there exists a convergent subsequence {X, } of {x;}

is a continuous function and

17 A Hausdorff space is a topological space with a separation property: any
two distinct points can be separated by disjoint open sets.
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and from Theorem E] we have lim;_ X, €S C D where § is
the set of critical points of f.

Finally from Lemma [9} since {X,, } does not converge to
any strict saddle point, we have x,, — Xx*, where x* is a
local minimum. The fact that f(-) has a local minimum holds
because f(-) is coercive, continuous and so has a global min-
imum and therefore has atleast one local minimum. Next, the
local minima of f(-) belong to the set of critical points of f(-)
because f(-) is ¢ smooth and hence %! smooth and we have
that local minima of any %! smooth function are its critical
points. Since X* € {X,, } i.0. hence x* € {x;} i.0. which implies
x* is an accumulation point of the sequence {x;}. Since the
mapping id — aVf is continuous, the set of accumulation
points for the sequence generated by the gradient descent
update x;1 = x; — oV f(x;) will be connected (Lemma .
Next, the set of accumulation points of the sequence {xj}
generated by the gradient descent update X1 =X, — aV f(x¢)
will be the critical points of f(-) since the critical points
of f(-) are the only fixed points of the mapping id — aVf.
Since the second order step [I7]in Algorithm [I] cannot generate
fixed points of the sequence {x;}, it suffices to only consider
the gradient descent step. Moreover the sequence {x;} can
encounter at most finitely many saddle point neighborhoods
from Lemma where each such € saddle neighborhood is
visited only once by Lemma [5] Since the second order step
in Algorithm [T]is only invoked once at worst in every € saddle
neighborhood, these second order steps can be at most finite
in number implying that the sequence {x;} eventually follows
the gradient descent update. Therefore working only with the
set of accumulation points for the sequence generated by the
gradient descent update X1 = X — oV f(xy) is justified.

Since f(-) is Morse, it has isolated critical points and so
the accumulation points of the sequence {x;} generated by
the gradient descent update xpy; = xx — aVf(x;) will be
disconnected. Therefore the sequence {X;} can have only a
single isolated accumulation point since the only connected
subsets of a set with isolated points are singletons. Next,
any sequence converges if and only if it has a unique limit/
accumulation point. Since x* is an accumulation point of the
sequence {x;} and also a critical point of f(-), it will be the
only isolated accumulation point of the sequence {x;} due to
the fact that in the sequence {x;} second order step in invoked
only once in € neighborhood of x* and from there onward
gradient descent is used for all k. Hence we get x; — x* which
completes the proof. |

Lemma 21. The set of accumulation points of any sequence
{xx} in some compact metric space X generated from the
relation X1 = N(X¢) is connected, provided the mapping N
is continuous in X.

Proof. Let A be the set of accumulation points of {x;} and
suppose A is not connected. We know that the set of all
subsequential limits of a sequence in a metric space is closed
[57]. Hence A is disconnected and closed and so is separated
by closed compact sets C and D. Hence there exits an € > 0
such that for all x € C and y € D we have d(x,y) > 2¢€ where
d(-,-) is the metric.

Let Wc be the union of all the open €-balls about elements of
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C and define Wp similarly. By the definition of accumulation
point, {x;} is frequently in W¢ and frequently in Wp. Suppose
for the sake of contradiction that there exists x € W N Wp.
Then there must be p € C and q € D such that d(x,p) < €
and d(x,q) < €. By the triangle inequality, d(q,p) < 2¢, a
contradiction. Thus we conclude that WeNWp = ¢.

Since X is compact and N is continuous, N is uniformly
continuous by the Heine-Cantor theorem. Also for any X,y
in X and any € > 0 we have that d(N(x),N(y)) < € whenever
d(x,y) < 9.

Thus there is a § such that 0 < & < € such that for all x,y € X,
d(x,y) < 0 implies d(N(x),N(y)) < .

Let U be the union of all the open &-balls about elements
of A. Then {x;} is eventually in U: if not, then there is a
subsequence in X\U, which is closed, hence compact, so there
is an accumulation point in X\U, a contradiction.

Let Ko > K, where K is sufficiently large, be such that k > Kj
implies x; € U. Let k > Kj. Since 6 < €, x, € U CWcUWp.
Assume without loss of generality that x; € U NW¢. By
the definition of U, there is an element a € A such that
d(xg,a) < 0 < €. Since W¢ and Wp are disjoint, x; ¢ Wp, so
a¢ D, soacC. By the choice of 6, we get d(N(x¢),N(a)) < ¢
thus d(xgy1,a) < €, s0 Xgp1 € We. Here we used the fact
that N(a) = a since a € A, A is the accumulation set for the
sequence {x;} and hence A is also the fixed point set for the
mapping N where X1 = N(xy).

Thusm we have shown that {x;} is eventually in W¢ and thus
is not infinitely often in Wp, contradicting the fact that Wp
is an open set containing elements of A. As this contradiction
arose from the assumption that A is disconnected, we conclude
that A is connected. |

APPENDIX H
CONVERGENCE RATE TO A LOCAL MINIMUM (THEOREME]
AND[T)
Proof of Theorem [6]
For any X,y in %, (x;{) using we have the following
condition:

F(x)—f(y) < Ldiam(% ) |x —y|| < 2Ldiam(% )Ry. (298)

Next, let the trajectory re-enter the ball %Bg,(xj) after J
iterations and the current iteration index be K where we have
that xg,Xg+, belong to %g,(x;) whereas Xx4/_1 & Br,(X5)-
Using gradient Lipschitz continuity on x; and x;; we get:

Fxt1) =~ F08) < VF00) %1 =34 + 5 s — el

(299)
K+J—-1 L )
Y (05t men) = 5 o —xl? ) <
k=K
K+J-1
y (f(xk)—ﬂka) (300)
k=K
K+J—-1 L )
Y <<Vf(xk),Xka+1>2||Xk+1Xk| >§
k=K

J(xk) = f(Xk+y) < 2Ldiam(% )Ry
(301)
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where in the last step we used (298). Now from Algorithm [I]
let {k;} be the subsequence of .# where .¥ ={K,...,K+J—
1} for which we have the update X, = x; — @V f(x;) and
54 \{kl% be the subsequence for which we have x| —x; =
We?s (this update is a particular case of the Step
from Algorithm i Further let {k;;} be the subsequence of
{ki} where [[VF(x)|| > v and let re = (Vf(X), Xk — Xpt1) —
Llxppr — x¢||*. Now the left-hand side of (30T) can be written
as:

Y=Y n+ Y nt+t Y n (302)
€7 kell) kefiRdh) ke\th)
1 L
Zrk: Z <<Xka+17Xka+1>2|Xk+lxk||2)
kes ke{k,j} @
1
+ S IV P
ke{ki3\{ki; }
VIO we LIVAEO] sl
ke A\ {k}
(303)
1
Y n=Y §||Vf(xk)|||\xk+1—xk||
kes ke{klj}
1
+ Vsl
ke{ki\{ki; }
V£x L
s % (wrmo e - L)
ke 7\ {ki} B B
(304)
1
Y2 ¥ ma-xl+ Y o VAN
ke.# kefk;;} ke {k}\{ki; }
1 L > )
- Y atamm ) IV
keﬂ\{kl}(ﬁ 2p?
(305)
Substituting (303)) into (301)) yields:
1
TY ea—xd+ ¥ 5 IVl
ke{ki;} ke {ki}\{ki; }
1 L )
_ Z (+22> IV £(x)||*> < 2Ldiam(% )R,
ey \B 2B
(306)
1 L
DY dmenl- F () IV <
kefky;} ke S\{k}
2Ldiam(% )Ry
(307)
Y Z ||X (l L ) 2.2
P k+1—XkH— Z —+— |Le <
2 kétm,) e \B 2B
2Ldiam(Z% )Ry
(308)

8The more general update Step from Algorithm |1| will also yield the
same bound after taking norm but is not used here in the interest of simplifying
analysis
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where in the last step we used the fact that ||Vf(x;)|| < Le
for k € #\{k;}. Also note that for all k € .#\{k;} we will
have x; € Uyre.s, Ze(x)). Similarly for all k € 7\{k;} we
will have x;,X;+1 in the region U:es, g (x]) along with
Be(x}) N PBe(xg) = ¢ for any x;,x{ in 7.

Now adding %Zkej\{klj} |xx+1 — Xx|| to both sides of (308)
we get:

LY e — x| < 2Ldiam ()R,

ke{ki;}

+ Y (;Jrz;)ﬁezﬂz/ )

ke I\{k;} ke,ﬂ\{klj}
1 L
Z X511 — Xi|| < 2Ldiam(% )Ry + Z ( + 22>ng2
ey \P 2P

ke s
Z [1Xk41 — x|
ke \{ki;}

4 . 1 L 2.2
Ek;g”XkH —xi]| < 2Ld1am(02/)R0—|—k Z (B—FW)L €
, e \{k}
ty Y ¢

(311)
ke (ki }

ke (k)

X1 — x| (309)

Y
2

_|_

S

(310)

where in the last step we used the fact that ||(xg 1 —xx)|| < 2&
since X, Xg+1 lie inside some ball L (x}) for k € S\ {k;, }. If
the trajectory {x;} encounters N such % (x;) balls then (31T)
can be further simplified as:

Y

2 Z ka+1 _XkH < 2Ldiam(%)Ro

kes
1 L
+N<ﬁ + 2‘@>L282 + YN (Kexit + K1) &
(312)

where exit time from % (x*) ball is K,y;; from Theorem 3.2 of
[10], exit time from % (x*) ball is Koy + Koy after adding
results from Theorem [3]and Theorem 3.2 of [10], and we have
that Yee o\ k) < No Ties\(h,) < N (Kexit + Kspetr).

Next we set K = 0 in the subsequence .# where . =
{K,...,K +J — 1} so that xo € Be(xp). In that case
Yies IXer1 —x¢|| is the total path length of the trajec-
tory inside the ball %g,(x;;) where we have that R, =
maxye s ||x¢ — x5 and ||x; —x|| < Ro. Hence, for some K, =
argmaxye s ka —X;|| we will have the condition:

Kp—1 J
Yo Ixen —xill= Y I —xell+ Y (e —xell
kes k=0 k=Ko
(313)
Kop—1 J
Y e —x)|+|| Y e —xi)
k=0 k=Ko
(314)
> [[Xk,, — Xol[ + (X7 — Xk, | (315)
> |[xk, — X0l — [Ix0 —xo]| + [Ixk,, — X0l — [I%7 —Xg]
=R,
(316)
>2R, —Ro—&. (317)
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Substituting (317) into (312) yields:

YRy —Ro—8) <L Y |xee1 —x4l| < 2Ldiam(% )Ry
2 2ke]

1 L
+N<B + 2[32)1‘282 + ')/N(Kexit +Kshell)€'
(318)

Next, recall that the distance between any two stationary
points is greater than R. Hence, between two points X,y with
[x—y|| < D, there can be at most 2 stationary points along the
straight line joining Xx,y. Now if the points X,y are connected
by a path formed from the sequence of points {vk}f:1 then

% v vl
there can be at most ”:]f stationary points on the path
connecting x,y. Using this result in yields the following
bound on N:

Yy < Yhies [ X1 — x|
2 = 2R
Ro 1 L \L%*?
<2Ldi W 3 ~n | o Kexi Kve -
< dlam(%)R+N<ﬁ+2ﬁ2> R + YN (Kexis + hl/)R
(319)
vo(l, L\ S
N<2 <B+2ﬁ2) R Y(Kextt+Kshell)R
R
< 2Ldiam(52/)§0 (320)
2Ldiam(% )%
N< iam (%)% 321)

[y 1, L
)

provided (g _ <113 n 252) 7

which will hold true for & < R.
Finally, combining (318)) and (321)) yields the result:

22
LTS - ’V(Kexit + Kshell) ]ég)

L2g?

- Y(Kexit + thell)fg) >0

. R 1 L\ L%*%?
Roy <Rp+ 2Ldlam(42/)70 + NoK it (B + 2[32> T
1
+NO (Kexif + Ks‘hell)g + E(RO + g) (322)
2L diam(7%) 50 .
where Ny = is the upper
L | 122

- 'J/(Ke)rit +Kxhell) %

i- %‘*‘2[372 R
bound on the number of stationary point neighborhoods en-

countered by the trajectory of {x}. |

Proof of Theorem[7]

To obtain the total number of iterations in which the
sequence {x;} converges to some € neighborhood of a local
minimum which is within a { neighborhood of xg, we first
obtain the number of iterations the sequence {x;} spends in
the region %'\ Uj’:l B (x7), i.e., the region with ||V f(x)]| > 7.
Let K; be the number of such iterations and 7" be the number
of saddle neighborhoods encountered by the trajectory of {x }.
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In order to obtain K; we make use of (308)) by setting Ry = {
and K =0 in the subsequence .# where .# ={K,...,K+J—
1} so that xo € P (xq) to get:

Y 1 L 2.2
2ke%j}Xk+l Xk” keﬂz\{kl} <B +2ﬁ2)L &=
2Ldiam(% )¢ (323)
—!y an(xk)T(1+L>L2£2§
2@, B 2p
2Ldiam (% )¢ (324)

) CL 1 L \é&
where we used the fact that Ycq, y IVA(x0)| > yKi by
J

definition of the subsequence {k;;} in (308) and Yic o\ (1,3 =

2Ldiam(%) %
T <Ny = iam(%) & by Theorem
22
%’7 % + 2‘% L Rg 7Y(Kexit+Kshell> %

for Ry = { where T is the number of saddle neighborhoods
encountered by the trajectory of {x;}. Since we have a
bound on the number of saddle neighborhoods 7 and we also
know the travel time within each saddle neighborhood we are
only left to find the rate within the neighborhood of a local
minimum.

Local minimum neighborhood

When the trajectory {x;} is within a & neighborhood of
local minimum X;ptimal for some k = K, we have linear rate
of convergence to the neighborhood %, (x ) from the
following steps:

*
optimal

* j—
Xi+1 — Xoptimal =

p=1
2 * * *
(I - =0 \ f(xoptimal +p(xk - Xoprimal))dp> (Xk - Xoptimal)
(326)
= HX/{+1 _XZptimalH <

p=1
2
HI - </p 0 % f(X:ptimal +p(xk - X:ptimal))dp) H ka - XZptimal ||
= 2

—1—

N>

(327)

K('wwex
) = 5

(328)

- HXK+Kmnvex - XZptimal H S (1

* *
1Og( HXK - Xopt[mal ) - log( ‘ ’XK+Kc'onvex - Xoptimal

-1
log <1 — E)
log <§)
-1
log (1 — E)

where xx € % (sztimal) and HXKJFKCMW—xzmmal = ¢.
Note that in the second step we used the facts that o =

)

= Keomvex <

< (329)
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L () 2 () and A (vzﬂxz,,,imwp(xk

*
X, ptimal

)) | =B forany X7 ..., + P(Xk = X[ /) in the convex
neighborhood (X} ;) from Assumption A4.

Finally putting everything together and using Theorem
3.2 from [10], Theorem [3 travel time from (323) and the
convergence rate within a convex neighborhood from (329),
the total time for the trajectory of {x;} to converge to an €

neighborhood of x¥ . . is bounded by:

optima

Kmax < T (Kexit +Kshell) +K1 +Kconvex (330)
. cL
< T Kexir + Kshell +4Ldlam(%)?
log (5)
1 L \é& €
2T s+ =5 | = 331
n ( 5+ 2ﬁ2> (331)

B —
log (1 — f)

2Ldiam(%)%

where T < is the total

(et ) 58

number of saddle neighborhoods encountered.
We complete the proof of Theorem [/| by proving one last
claim. Recall that K,; was the exit time of the €—precision

- Y(Kexit +Kshell ) %

for the exact gradient trajectory. Hence, we need to justify the

45
t
= 2 S ||uKexit|| S
1+ ﬁ(&g <log (é)e) >
(1+d)e
2
o (e (2)e) )
(335)

where we substituted K = K,.;; and used the bound (1+d)e >
[k, || > € for some d > 0 in the last step. Next, from the

definition of K3 ; we have that HuKO‘ H > £. Hence, unless we
exit

have |jug,, | > € (which implies K2 < K.y), the gradient
trajectory {ug} will take not more than K2, — Ky; iterations
to travel the shell %’g(x*)\% “KexirH(X*>' Next, K2 — Kexir
can be upper bounded by Theorem [3| provided the gradient
trajectory has expansive dynamics at Ky;; (from Theorem [2)).

Now for sufficiently small € and K,; > 2 (the minimal
condition that ensures the gradient trajectory at-least enters
the ball % (x*)), there exists some K = KV with KV < K,y
such that:

ol ol
o(Geee(i)e) ) o))
(336)

Combining (336) with (334) for K = K, and K = K¥ we get:

[tk |

‘ ‘ ﬁKexit | |

trajectory from the ball %, (x*) while we proved Theorem Jugo| < N 2
o(e(ee()e) ) reo(ee(t)e))

use of the upper bound on K,; from in Theorem
Let K°

exit

{ug} from the ball %, (x*), i.e., K_,

exit

be the actual exit time of the gradient trajectory
=infg~g< K ||l.lK|| > 8}

where ug = xg —x* is the radial vector and |jug|| = €. Since
K..ir is the exit time of the e—precision trajectory {iix} from

the ball HBe(x*), i.e., Koy = infx=0< K| |[dg]|| > € ¢, by the

definition of exit time we have that |, |

| >e.

Now if the initial unstable subspace projection value
Yje /1/1/5(9]9”)2 satisfies the condition of Theorem |I| then from
the relative error bound (21) we have that:

o (m(2))
o))
e Ca(2))

(333)

(332)

=

g
LYl 5 < flugl <

()
e

(334)
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< lug,

exit | |

(337)
(338)
which implies that the gradient trajectory has expansive dy-
namics at K = K,,; from Theorem Hence, the gradient

trajectory will also have expansive dynamics from K = Kys to
K=K° i

= [luge || < [Jug,

Xit H .

oxir- Using Theorem [3{ for & = |lugo 1|, € = [[ug,, ||,

_ Ko
Kexit - Kexit

—1 and K, = K,iy we get:

A~

Ko —1 — Kexit = Kexir — Ke <

exit =

tog(|[ucs, 1{]) — Tog(llux,, I
+2
log (inf{f’(xkz)})

1+ME
(339)

log(1+ ﬁ(}g (log (é)E)z))

<
inf{p(x,
log ( {]+(Mk§2)})

<2 (340)

where we used the bound Hqum,l H < & from the definition
of K?

exit?

the lower bound on ||ug,, || from (@333) in the second
2
last step and dropped the term log(1+ & (] (log (é) 8) ) )

/e
for sufficiently small €. Hence we have the condition K9, <
Kevir +3 where the constant 3 can be dropped w.r.t. order
O (log(e™!)) term after substituting the upper bound on K,y

from (7). This completes the proof. ]
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Proof of Theorem [9

Since f(-) satisfies Assumption Al, it is locally gradient
Lipschitz continuous in every compact set. Hence f(-) is
gradient Lipschitz continuous in some compact set % D
{x| f(x) < f(x0)} where the compact set .# will be specified
later. Suppose L is the gradient Lipschitz constant of f(-)
in this compact set or equivalently L is the local Lipschitz
constant of the function Vf : R” — R” when restricted to 2.
Next, by the Kirszbraun Theorem (Theorem , there exists
an extension G : R" — R" of the function g = Vf on the
entire Euclidean space R” such that G = Vf on the compact
set & D {x| f(x) < f(x0)} and G is globally Lipschitz
continuous with a Lipschitz constant of L. Next suppose
F :R" — R is the primitive of G given by the line integral
F(x) = [,,(G(v),dv) where 7y, is any smooth curve from 0 to
x. Then taking directional derivative of F' with respect to v
we get az;(vx) = (G(x),v) and so G(x) = VF(x) for all x € R".
Now VF =G = Vf on the compact set 2 so F = f+c on
this set for any constant c. Without loss of generality we can
take ¢ =0 so that F = f on the set # D {x| f(x) < f(x0)}.
Since G is L Lipschitz continuous and so is VF', we can write:

L
F(x)=F(y) > (VF(y).x~y) 5 [x |’

(341)

Lte

= F(x)+ 5

€
Ix—yl[* > (VF(y),x—y)+ 3 Ix—yl.
(342)

Next recall that since f is coercive and continuous it has
a global minimum [55] which will belong to the compact
sublevel set {x | f(x) < f(xo)} C . Since f(-) € €2, this
global minimum, say x*, will be a critical point of f and
therefore a critical point of F because F = f on the set
{x| f(x) < f(x0)} C . Then setting y = x* in (342) we
get the following for € > 0:

L+8 * * * 8 *

F)+ 71 x= x| > (VE(),x=x) o+ 5 [le—x|
L+e *1(2 € w2 € 2 € *(|2

_ >k — >Z _Zz
— P+ x> S P2 - |
where in the last step we wused the inequality

Hx—x*||22% ||x||* — ||x*||%. Since x* belongs to a compact
set, ||x*|| is bounded and so the function F(x)+ £ ||x — x*||?
is coercive by the following argument:

L+eg
limsup <F(x) + % ||xx*|2) >

[[x[| =

L+e¢
liminf (F(x) + % |x— x*||2) >

— (344)

lim (F(x) +—x —x*|2> = oo,
(%] —eo 2

Since F(x) 4+ &£ [x —x*||* is coercive, infycpn (F(X) +

L?Hx—x”) —
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Next, consider the function £ : R” — R given by:
N L+e .
F(x)=F(x)+——[x-x I”
. L+¢€ "
1= ) (100) - g (F9+ 555 I x P ) )
xeR” 2
L+e i
— o Ix =X PR (x) (345)

where ®, is a ¢ smooth bump function, where we
choose the compact set # to satisfy the condition
H O {x| f(X) < f(x0)} +PBe(0) [Phnd we have 0 <@ < 1,
@, =1 on the open set {x| f(x) < f(x0)} + %:(0) and
P, =0 on R\J. Such a smooth bump function
exists by Proposition 2.25 in [56]. Clearly F = f on
the compact set {x|f(x) < f(x0)} and F(x) = F(x) +
L2 x = x1* + f(x0) — infyees (F(X) + 438 x—x|?

x € R"\# and so F is coercive by (344). Moreover
we have that F(x) > f(xo) for x € R"\.#. Since
x* e {x| f(x) < f(x0)} C# and F = f on ¥ we will have

inficpr (F<x> | g |x—x*||2) < F(x) = f(x') < f(xo)

for

which implies f(xo) — infyern Q‘F(x) + % [x—x*|* | > o.
t

Therefore from (B45) and the facts that F = f on
H, 0 < Dy <1 we also have that F(x) > f(x)
for x € A\[x|f(x) < f(xo)}. Now f(x) > f(xo)
on the complement of the set {x|f(x) < f(x0)} so
F(x) > F(xo) = f(x0) on the set R"\{x| f(x) < f(xo)}
where we used the fact that f is coercive. Therefore we have

{x[ f(x) < f(x0)} = {x | F(x) < F(x0)}.

Since F is €% smooth, it will be gradient Lipschitz continuous
on the compact set % D {x | f(x) < f(x0)} + %¢(0) with
some gradient Lipschitz constant L > L > 0, where L is
also the global gradient Lipschitz constant for F. Next,
iterating CCRGD algorithm on the function F with
initialization xo and step size @ = % we will have that
F(xp1) < F(xi) < F(xg) for all k>0 byFEI Lemmas (8] and
Therefore x; € {x | f(x) < f(x0)} = {x | F(x) < F(x0)}
for all k, x; will converge to a local minimum in this
compact set from Theorem [5] with a convergence rate given
by Theorem [/| In particular, since the sequence {x;} stays
within the compact set {x | f(x) < f(xo)} and F = f on this
set, the CCRGD algorithm for o0 = % will generate the
same iterate sequence it would have generated while iterating
on the function f(-). This completes the proof. [ |

19Here the operator + defines the Minkowski sum operation between sets.
The openness of the set {x | f(x) < f(x0)} + %B¢(0) follows from the fact
that for two sets A, B their Minkowski sum A+ B is open even if only one of
the sets (say, B) is open [57].

2Since F = f on %, F will be Hessian Lipschitz continuous in Q(g)
neighborhoods of strict saddle points in the set {x | f(x) < f(x0)} C
{x ] f(x) < f(x0)} + Pe(0) C & by Assumption Al. Now if for some &,
X; € PBe(x*) where x* € {x | f(x) < f(x0)} is some strict saddle point of f,
the second order step from algorithm |1| will decrease F by Lemmabecause
PBe(x*) C A .
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