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Abstract. Gradient descent (GD) is a collection of continuous optimization methods that have achieved im-
measurable success in practice. Owing to data science applications, GD with diminishing step sizes
has become a prominent variant. While this variant of GD has been well studied in the literature
for objectives with globally Lipschitz continuous gradients or by requiring bounded iterates, objec-
tives from data science problems do not satisfy such assumptions. Thus, in this work, we provide
a novel global convergence analysis of GD with diminishing step sizes for differentiable nonconvex
functions whose gradients are only locally Lipschitz continuous. Through our analysis, we generalize
what is known about gradient descent with diminishing step sizes, including interesting topological
facts, and we elucidate the varied behaviors that can occur in the previously overlooked divergence
regime. Thus, we provide a general global convergence analysis of GD with diminishing step sizes
under realistic conditions for data science problems.
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1. Introduction. Proposed nearly two centuries ago [14, 15, 28, 37|, gradient descent is
a set of canonical continuous optimization methods that have achieved immeasurable success
in a plethora of applications (e.g., [9, 19, 29]). Owing to their prominence and utility in data
science, gradient descent methods have continued to grow in variety, and their theory has
received renewed interest by the optimization and data science communities for problems in
this area (e.g., [20, 22, 35, 46]). In particular, gradient descent with prescheduled step sizes
has become popular owing to the additional expense of using line search techniques for data
science problems. Correspondingly, the theory of gradient descent with prescheduled step
sizes has grown in a number of interesting directions, including new local convergence rate
analyses (e.g., [20, 33]) and saddle-point avoidance analyses (e.g., [21, 30, 36]).

That said, the more fundamental global convergence analysis of gradient descent with
pre-scheduled step sizes has lagged owing to two challenges. First, gradient descent with
pre-scheduled step sizes does not guarantee a monotonic reduction in the objective function
(cf. Armijo’s method [1]), which is the key ingredient used to analyze such methods via
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Zoutendjik’s approach [60]. Second, because of the nonconvexity of common data science
problems,' the analysis of gradient descent cannot leverage uniform continuity of the gradient
function or global Lipschitz continuity of the gradient function or presuppose that its iterates
remain in a bounded region for a function with a locally Lipschitz continuous gradient,” which
are instrumental assumptions for overcoming the previous challenge [51, 52]. As a result of
the latter challenge, typical analysis approaches for global convergence of gradient descent fall
short (see subsection 2.3 for an overview). In fact, even the new vogue for analysis in machine
learning, the continuous approach [4, 5, 39, 41], falls short because this approach requires
compactness of the image space of the iterates in [4, Theorem 3.2], boundedness of iterates
[23, Theorem 2], or global Lipschitz continuity of the gradient of the objective function [41,
Assumption 1].* To summarize, to the best of our knowledge, existing global convergence
analyses of gradient descent with diminishing step sizes do not apply to canonical, nonconvex,
differentiable data science problems.

To address this shortcoming, we generalize recently developed techniques for the analysis
of stochastic gradient descent [48, 49, 50] to analyze gradient descent with diminishing step
sizes for nonconvex optimization problems that are bounded from below and whose gradient
is locally Lipschitz continuous, which are more realistic assumptions for canonical data science
problems [49, section A]. Our analysis has several important contributions.

1. First, we present a novel upper-bound model, which can be used under milder assump-
tions that are appropriate for data science problems (see subsection 2.3 for a discussion
and Lemma 3.1 for the result). This upper-bound model is directly useful in analyz-
ing many other algorithms for unconstrained optimization, and the strategies used to
prove the result seem useful for analyzing algorithms for constrained optimization.

2. Second, our analysis provides counterexamples to what is known about gradient de-
scent with diminishing step sizes. Specifically, previous results (e.g., [6, Proposition
1.2.4]) showed that, under a global Lipschitz continuity assumption on the gradient,
the iterates tend to a region where the gradient is zero; the objective function con-
verges to a finite limit; and, if the iterates remain bounded, then the iterates converge
to a stationary point. Our analysis, under the more realistic local Lipschitz continuity
assumption on the gradient, offers a correction to this view—that the gradient func-
tion can remain bounded away from zero and the objective function can diverge (see
explicitly constructed examples in section 4).

3. Our analysis addresses a preliminary question about gradient descent and nonconvex-
ity: Given a relatively arbitrary objective function, can its nonconvexity cause gradient

!Canonical data science problems such as Poisson regression, linear three-or-more-layer feed-forward net-
works, and linear three-or-more time horizon recurrent networks fail to possess globally Lipschitz continuous
gradients or uniformly continuous gradients when trained using standard loss functions [49, section 1].

2If the iterates remain in a bounded region, then compactness and the local Lipschitz continuity condition
would imply a global Lipschitz continuous constant in the bounded region.

3 As of the submission of this work, the continuous approach has received a great boon owing to the work
of [32]. Roughly, if continuous gradient descent trajectories are bounded and a clever generalization of the
Kudryka—Lojasiewicz inequality holds (which is shown to hold for a broad class of objective functions), then
gradient descent with a sufficiently small step size will generate bounded iterates [32, Corollary 1]. While
it is true that the boundedness of continuous gradient descent trajectories assumption retains the flavor of
boundedness of the iterates, it is a noteworthy improvement. We discuss this again in subsection 3.3.
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descent to behave erratically in a region? Despite the general nonconvexity allowed by
our assumptions, we show that the limit supremum and limit infimum of the objective
function evaluated at the iterates must tend to each other if the iterates remain in a
region for long enough, even if they eventually escape; we also show that the limit of
the gradient function evaluated at the iterates must tend to zero if the iterates remain
in a region for long enough, even if they eventually escape (see Theorem 3.10). A
more interesting question is whether such a statement holds uniformly over important
subsets of nonconvex objective functions of the ones considered here.* Our analysis at
least gives hope that such a statement may be true.

4. Our analysis adds several topological insights to what is known (e.g., [6, Proposition
1.2.4]). Primarily, we show that the subsequential limit points of the iterates are a
connected set that is either a singleton or infinite. Moreover, if the set is infinite, we
conclude that it cannot contain an open set.

Thus, to the best of our knowledge, our results provide a more general and complete global
convergence/divergence analysis of gradient descent with diminishing step sizes under realistic
assumptions for nonconvex, differentiable optimization problems that arise in data science.’

The remainder of this work is organized as follows. In section 2, we specify the class of
nonconvex optimization problems of interest and the precise form of gradient descent with
diminishing step sizes. In section 3, we analyze the behavior of gradient descent with dimin-
ishing step sizes. In section 4, we construct examples that elucidate the possible behaviors
of gradient descent with diminishing step sizes in the divergence regime. Final remarks are
given in section 5.

2. Gradient descent. We begin by introducing the general class of optimization problems
that we consider in this work. Then, we specify the precise form of gradient descent with
diminishing step sizes. With the problem class and procedure specified, we describe relevant
analysis approaches in the literature.

2.1. Optimization problem. To cover a variety of canonical problems in data science [49,
section A], consider the optimization problem

(2.1) gelﬁ%% F(z)

under the following assumptions.

4Such functions must be beyond those that have globally Lipschitz continuous gradients and still be valid
for data science problems. One promising set of function classes is that of L-smooth adaptable functions or
relatively smooth functions, in which the error between the objective function at a point and a first-order Taylor
approximation at another point is controlled by a global constant and, roughly, a Bregman distance between
the point of interest and the approximation point [2, 8, 40, 53]. Because each such function class is determined
by the choice of Bregman distance function, determining the right function class is still an open question.
Another promising set of function classes is that of generalized smooth functions, in which the local Lipschitz
rank is allowed to grow at different rates [38]. The case in which the Lipschitz rank can grow quadratically
with respect to the gradient norm seems promising for data science problems [54, Table 2]. While the correct
function class is still being carefully constructed, promising classes are being developed and analyzed.

5We again reference the excellent work of [32] for a complementary discussion about the behavior of gradient
descent with either diminishing or constant step sizes for definable objective functions when gradient trajectories
are bounded.
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Assumption 2.1. The objective function, F': RP — R, is bounded from below by a constant
Fip..

Assumption 2.2. The gradient function F(z) = VF(2)|,—, exists for all z € R? and is
locally Lipschitz continuous.

For our context, we use the following definition of local Lipschitz continuity.

Definition 2.3. A function G :RP — RP is locally Lipschitz continuous if, for every x € RP,
there exists an open ball of x, N and there exists L >0 such that, for all y,z €N,

(2.2) 1G(y) = G(Z)lly < Llly = =l

Equivalently, G is locally Lipschitz continuous if, for every compact set C C RP, there
exists L > 0 such that (2.2) holds for all y,z € C. This well-known statement is shown in
Lemma SM1.1 of the supplementary material.

To give an example of the broad applicability of Assumption 2.2, any optimization problem
whose objective function is twice continuously differentiable immediately satisfies Assumption
2.2. This well-known statement is given formally in Lemma SM2.1.

2.2. Gradient descent with diminishing step sizes. Now, suppose we apply gradient
descent with diminishing step sizes to solve (2.1). Specifically, given xy € RP, we generate a
sequence {zy : k € N} according to

(2.3) Thp1 = xp — MyF (),

where M, satisfies some of the following properties.
Property 2.4. {My, : k+ 1€ N} C RP*P are symmetric positive definite matrices.

Property 2.5. >~ o Amin(Mj;) diverges, where Amin(Mj) denotes the smallest eigenvalue
of M k-

Property 2.6. limg_,00 Amax(My) = 0, where Apax(My) denotes the largest eigenvalue of
M,.

Properties 2.4, 2.5, and 2.6 are a matrix-valued generalization of classical diminishing step
size requirements [6, Proposition 1.2.4]. Moreover, Properties 2.4, 2.5, and 2.6 are enough to
show that the objective function evaluated at the iterates converges and to show that the limit
infimum of the norm of the gradient function evaluated at the iterates converges to zero (see
Theorem 3.6). To show that the gradient function converges to zero, these properties will be
augmented with the following.

Property 2.7. There exists k > 1 such that Apax(Mg)/Amin(My) <k for all k+1€N.

Of interest, Properties 2.4, 2.5, and 2.6 can potentially account for adaptive step-size
selection procedures that exist in the literature, namely, those that do not make use of objective
function information. For example, Properties 2.4, 2.5, and 2.6 can apply to the method of [6]
(with A = 1), which combines incremental nonlinear least squares, the Gauss—Newton method,
and the extended Kalman filter. However, especially in the nonlinear case, Property 2.5 would
be difficult to verify without assuming something akin to what is called persistent excitation
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in the control literature [7, 10, 31, 47]. Indeed, in the objective-free first-order optimization
(e.g., AdaGrad-type methods), this persistent excitation condition often manifests through a
combination of assumptions about the optimization problem (e.g., bounded gradients) and
the diagonal or identity-scaling choice of { M}, : k+ 1 € N} [18, 24, 25, 26, 27, 56, 57].

2.3. Important analysis approaches in the literature. With the problem and algorithm
established, we briefly review two important analysis frameworks in the literature with respect
to simple objective functions satisfying Assumptions 2.1 and 2.2: |z|? and exp(z). Note that
these two examples are essential components in verifying that canonical data science problems
have neither globally Lipschitz continuous gradients nor uniformly continuous gradients [see
[49], section A].

In one analysis framework for trust region methods (e.g., [42, 34]), continuity of the
gradient function, properties of the algorithm, and evaluations of the objective function are
needed to show that the limit infimum of the gradient function evaluated at the iterates is zero.
Furthermore, assuming uniform continuity of the gradient function allows for the conclusion
that the limit of the gradient function evaluated at the iterates is zero [11, 12, 34, 42, 58, 59].5
While continuity of the gradient function certainly holds for our two example objectives,
neither of them satisfy uniform continuity of the gradient function. Moreover, in our context,
gradient function information is not combined with objective function information to ensure
sufficient decay at each step, which limits our ability to use the assumption of continuity of
the gradient in place of Assumption 2.2.”

In the other analysis framework espoused by [6, Proposition 1.2.4], [45, Theorem 3.2],
and [3, Lemma 10.4], the essential ingredient is a global upper-bound model for the objective
function,

. L
(2.4) Fly) <F(z)+ F(z)"(y —z)+ 3 |y — |3 for all y,z € RP,

where L is a fixed constant that arises from the assumption that the gradient function is
globally Lipschitz continuous (i.e., L is the same regardless of x € R? and A in Definition 2.3).
Indeed, this global upper-bound model is commonly used in recent analyses, both deterministic
and stochastic [16, 17, 18, 24, 25, 26, 27, 56, 57]. This global upper-bound model is actualized
by replacing y with xx1 and x with x; and rewriting the right-hand side strictly in terms of
quantities depending on zj. Then, the upper-bound model is manipulated to show that the
objective function is decreasing. Unfortunately, such a global upper-bound model does not
apply to the two simple example objective functions, which renders such analyses inapplicable
to common data science problems.

In [6, Exercise 1.2.5], this global upper-bound model is relaxed to the case where such an
L exists for every level set of the objective function and assumes every level set is bounded.
In this case, this relaxed upper-bound model can then be used to establish that, if a gradient
descent procedure remains in a level set, then the objective function converges to a finite
value and the gradient function converges to zero. Indeed, this relaxed upper-bound model

In [11, AF.2], uniform continuity implies the needed property.
"This raises the question of how much objective function information is really needed in order to ensure
similar results as trust-region without substantially increasing computational costs for data science problems.
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can account for |z|3, but it cannot account for exp(x) or our example in section 4, which has
bounded level sets, yet the iterates never remain in any level set. Hence, even this relaxation
cannot account for the types of problems that satisfy Assumptions 2.1 and 2.2.

Our approach can be viewed as a generalization of [6, Exercise 1.2.5] because we can use
Assumption 2.2 to write a valid upper-bound model for any two points in R?, even though we
only assume local Lipschitz continuity of the gradient (see Lemma 3.1 and Example 3.2). We
now introduce this analysis approach.

3. Global convergence analysis. Here, we study the global convergence of gradient de-
scent, (2.3), with diminishing step sizes satisfying Properties 2.4, 2.5, and 2.6 on a general
class of nonconvex functions as defined by Assumptions 2.1 and 2.2. Our main conclusion
is that, despite the allowed nonconvexity of a problem, the objective function and gradient
function at the iterates are either stabilizing or the iterates must continually tend further
away from the origin. Thus, if we somehow know that the iterates remain bounded, then they
must converge to a stationary point.

To prove these claims, our main innovation is to analyze the gradient descent procedure
under a stopping time framework, which is a theoretical construction that allows us to analyze
the procedure without modifying it. We enumerate the steps in our analysis here.

1. In subsection 3.1, we establish a novel upper-bound model based on stopping times to
relate the optimality gaps of two arbitrary points even under local Lipschitz continuity
of the gradient function (see Lemma 3.1). We then simplify this statement when we
substitute the two arbitrary points with consecutive iterates generated by the gradient
descent procedure with diminishing step sizes (see Corollary 3.4).

2. In subsection 3.2, we apply Zoutendjik’s analysis approach [60]. We show that the
limit supremum and limit infimum of the objective function evaluated at the iterates
must tend to each other if the iterates remain in a region for long enough (even if
they eventually escape). We also show that the limit infimum of the gradient function
evaluated at the iterates must tend to zero if the iterates remain in a region for long
enough (even if they eventually escape).

3. In subsection 3.3, we strengthen the preceding statement using Property 2.7: We show
that the limit of the gradient function evaluated at the iterates tends to zero if the
iterates remain in a region for long enough (even if they eventually escape).

4. In subsection 3.4, we establish topological properties of the iterates when their subse-
quential limits are a bounded set. In particular, we establish the well-known results
that the limit points of the iterates converge to a closed set where the gradient function
is zero, and we establish—to the best of our knowledge—the novel result that this set
is connected and cannot contain an open set (see Theorem 3.10). In other words, when
it converges, gradient descent with diminishing step sizes tends to either a single point
or an infinite set that must, in a sense, lack volume. Moreover, gradient descent with
diminishing step sizes cannot have a cycle, nor can it converge to a limit cycle with a
finite number of points.

We turn our attention to the divergence regime in section 4.

3.1. A relationship for the optimality gap. We now establish an upper-bound inequality
for the optimality gap between two points in R? under local Lipschitz continuity (see subsection
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2.3). To establish this result, we make use of a technique from probability theory that analyzes
stochastic processes under stopping times. For the deterministic equivalent, we define, for an
arbitrary point x € RP and R > 0,

(3.1) wm(R):{l’ Ill2 < £

0, otherwise.

Lemma 3.1. Suppose that F': RP — R satisfies Assumptions 2.1 and 2.2. Then, for all
R >0, there exists a constant Cr > 0 such that, for all x,y € RP,

(32)  [F) - Folr(R)me(R) < [F() - Fip, — F@)T(y - 2) + Cr ly — 23] m(R).

At first glance, we might think that Lemma 3.1 can be proved by combining (2.4) with
L > 0 specific to the radius R > 0 of interest to show that

33 [F0) = Al (Rm(R) < | F(@) = Fip = F)"(y =)+ 5y~ ol3] my (R)ma ()
and then using my(R)m,(R) < m;(R) to upper bound the right-hand side to conclude that
B4 FO) = Rl (R)m(R) < |[F@) = R = F@)" (= )+ 5y~ ol ma()

Unfortunately, it is the last step that can be problematic because the right-hand side can
become negative, which produces a false inequality. The following example illustrates the
issue.

FEzample 3.2. Consider

10(1 — x), <1, ] —10, <1,

(3.5) F(x)= 1 for which F(z)= —-10
1, >, . a>1,
102 — 9 (10z —9)

which is bounded from below and for which F'(z) is globally Lipschitz continuous. If we now
set R =1, x =1, then we see that L =0 on [—1,1] and (1) = 1. If we now select y =11
(which would be the iterate generated by a gradient descent procedure at 2 =1 with step size
1), then 7, (1) =0. Plugging this into (3.4), 0= (F(11)+1)0 < (0+1 —100)1 = —99, which is
false. Hence, proving Lemma 3.1 requires a little more care, as we show below.

Proof. First, for any R >0, define L to be the Lipschitz constant for the gradient in the
closed ball of radius R around the point 0 € R?| which is well defined by Assumption 2.2 and
Lemma SM1.1. For any fixed ¢ > 0, it readily follows that Lr < Lgys. Second, let L(y,x)
be the Lipschitz constant of the gradient in a closed ball of radius ||y — z||2 around the point
. Finally, for any R > 0, define G to be the maximum ||F(z)||2 for all z in a closed ball of
radius R around the point 0 € R?. Now, let y,x € RP be arbitrary.

By Taylor’s remainder theorem,

F(y) = Fip. = F(z) = Fip. + F(2)(y - x)

(3.6) e, .
- /0 e+ iy —2) - F@)| (y— o).
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By applying Assumption 2.2 to the last term,
L(y,z)
2

Note that, to understand why we must keep going at this point in the proof, see Remark 3.7.
We now introduce my(R) and 7, (R) into (3.7). That is,

(3.7) F(y) — Fip. < F(a) — Fip + F(2)T(y —2) + ly — |3

[F(y) — Frp]my(R)mo(R)
(3.9)

<[P0~ Fiu — @70 )+ 2Dy — ] my (RO

If 7y(R)mz(R) = 1, then |lyll2 < R and |[jz|2 < R. Thus, L(y,z) < Lgr < Lr4s. When
my(R)m;(R) =0, then both sides are trivially zero. Therefore,

[F(y) = Fip]my(R)m2(R)
(3.9) < [ : Lp+s

<[P~ B Py =) + 222y — 3] my (R

Now, we want 7, (R) alone on the right-hand side. So, we simply add and subtract a term
involving 7, (R) and study the difference term. That is,

[F(y) — Fpp|my(R)mL(R)
< [F<x> Ry — @)y — ) + ZRE mué] mo(R)

(3.10) 2

P = R = P 0) + 228y ] (R () = o)

We now have two cases to upper bound the last term of (3.10). Note that m,(R)m,(R) —
m(R) <0.

Casel. If
(3.11) F(z) = Fip — F(2)T(y — o) + LI;‘S ly — (|3 >0,
then
(3.12) F(x) — Fip — F@)T — o) + 255 |y = 22| [ry (R)ma(R) — 7a(R)] <0.

2

Hence, in this case, we can upper bound the last term in (3.10) by any nonnegative term.
Case 2. If

. L
(3.13) F(z) = Fip. — F(2)T(y —2) + ?5 ly = =]l3 <0,

then, using my(R)m,(R) < 7 (R),

(314)  |Pl@) = Fip— P@)(y—2)+ 22y~ al3] [ry (B)re(R) — ma(B)] > 0.
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Thus, we need only to find a lower bound for the first term in the product to upper bound
the entire term. Specifically,

. . LR 5
315 —|F@)|, Iy - ally < F@) ~ R~ F@)T(y —2) + 22 |y — a3
Now, when 7y (R)m,(R) < mx(R), ||z|l2 < R. Moreover, if (3.13) holds, then R+ ¢ < ||y||2. To
see this, suppose that (3.13) holds and ||y|j2 < R+ 6. Then, L(y,x) < Lrys. If we now apply
(3.7) and this inequality,

. L
(3.16) 0< F(y) — Fip. < F(a) = Fip. = F(@)T(y —2) + —2 |ly — a3,

which contradicts (3.13). Hence, in this case, R+ 0 < ||y||2-
Using the triangle inequality, R+ ¢ < [ly[l2 < ||z|l2 + |y — z|l2 < R+ ||y — z|]2. That is,
1< |ly — all2/6 < |ly — =113/

Hence,
F(0) = Fis P (= 0)+ 52y — ol | by (R () = a0

(3.17) <5 HF@)HQ Hy—(s“’””Q (7o (R) — 7y (R) o (R)]

(3.18) <i|F@)| ”ygx“? (7 (R) =y (R)7a(R)]

(3.19) <R |y~ alma(m),

where, in the last line, we have used m;(R) — my(R)m,(R) < m,(R) because these are {0,1}-
valued quantities.
Putting these two cases together in (3.10), we conclude that

[F'(y) — Fip ]y (R)me (R)

(3:20) <P - R - Pty -0+ (2224 S8 ) Iy - ol .

Letting Cr = Lr1s/2 + GRr/d, the conclusion follows. [ |

Remark 3.3. If we replace (y,z) with (2g41,2k) in the preceding result, it might be
tempting to choose a § that minimizes Cr and then to use a standard approach to find
a complexity result. However, this complexity result would only hold if all of the iterates
remained within a radius R of 0, which, under Assumptions 2.1 and 2.2, cannot be guaranteed
a priori, as shown by our construction in section 4. Thus, a complexity result would only be
appropriate if some additional information is known to guarantee a single Lipschitz constant
(e.g., by knowing that the iterates remain bounded), in which case we would directly make
use of (2.4) and would have no use for Lemma 3.1.
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We now apply Lemma 3.1 to the iterate sequence generated by gradient descent. To do
so, we will make use of the following notation:

1, ."L"2§R,j:0,...,k‘,
(3.21) ()= b el =
0, otherwise.

That is, x(R) = 7, (R)7g, (R) - - - 75, (R). With this notation, we have the following simplifi-
cation of Lemma 3.1 when applied to gradient descent.

Corollary 3.4. Suppose that F : RP — R satisfies Assumptions 2.1 and 2.2. Let g € RP, and
let {z) : k € N} be generated by (2.3) satisfying Properties 2.4 and 2.6. Then, for all R >0,
there exists K € N such that, for all k> K,

(3:22)  [Flogs1) = il () < {F«ck) ~ Fio — Awin(Mi) | ) Hj (R,

Proof. By Lemma 3.1, there exists Cr > 0 such that, for any k 4+ 1€ N,

(F(gpt1) — Frp]me,,, (R)me, (R)

(3.23) . . i 2

< [F(@r) = Fio. = F(@) T MiF (0r) + Cr [ MiF ()| | 70, (R),
where we have made use of (2.3) to replace xj1 — x. If we now multiply both sides by the
nonnegative quantity mg, (R) -7z, ,(R), then

[F(ze41) — Fro]xi1 (R)

(3.24) < [F(xk) — Fpy. — E(2)TMRF (z1,) + Cr HMkF(xk)Hz] Xh(R).

The result follows if we show that there exists K € N such that, for all £ > K,

: . . 2 . 2

(3.25) ~F (@) M F () + Cr | MiF ()| < —%)\mm(Mk) |P@w)|,-

To this end, we prove that, if M is symmetric positive definite with Amax(M) < 1/(2CR), then,
for any v € R? with unit norm, —vTMv + CrvTMMv < —%)\min(M). Let 0 < Apin(M) = A, <
Ap—1 <o < X2 <A = Apax (M) < 1/(2CR), where A\ denote the eigenvalues of M. Using the
Schur decomposition, there exists an orthogonal matrix @) such that —vTMv + CroTM Mv =
S0 (=X + CrA})w?, where wy is the ("' component of Qu (note that [|wlz = [|Qu]l2 =
[v]l2=1). Since A\p < 1/(2CR), it follows that CrAZ < A\¢/2. Subtracting A; from both sides,
—Xr+ CrA? < —=X\g/2 < —Amin(M) /2. Thus,

p
A 1 Amin (M
(3.26) —vTMv+ CrvTMMuv < —Z ?ew? = —§UTMU < —M.

(=1

Since Apmax(My) — 0, there exists a K € N such that, for all k > K, Apax(My) < 1/(2CR).
Hence, there exists a K such that, for all £ > K, (3.25) holds. [ |
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Remark 3.5. In light of universal gradient methods [44], we may be interested in whether
this result can be generalized to the case of assuming Holder continuity of the gradient function.
Just as with Lipschitz continuity, Holder continuity of the gradient condition is considered
either globally, as it is for universal gradient methods [44], or locally. If we can generalize the
above result to the case of local Holder continuity and continue with our analysis below, then
we would see that gradient descent with diminishing step sizes is, in a sense, more universal
than universal gradient methods. We anticipate that this is possible to do by two approaches.
In one approach, we can mimic [50] and use Young’s inequality to recover something similar
to the recursion in Corollary 3.4 with an additional additive term of Ayax (M) T¥(1 — a)/2,
where o € [0,1] is the Holder constant (with 1 corresponding to Lipschitz continuity). In
this case, we will need to strengthen Property 2.6 so that >, Amax(Mg) T < 0o. To avoid
strengthening this property, as a second approach, we anticipate using a stopping condition
on the gradient, as done in [48]. We will leave this to future work.

3.2. Applying Zoutendjik's analysis approach. We now apply the recursive relationship
established in Corollary 3.4 to study the objective and gradient using Zoutendjik’s analysis
method [60]. Recall that our main conclusion from the next result is that the limit supremum
and limit infimum of the objective function evaluated at the iterates must tend to each other
if the iterates persist in a region for long enough (even if they eventually escape), and the limit
infimum of the gradient function evaluated at the iterates must tend to zero under similar
circumstances. We stress that these conclusions are not the same as presupposing that the
iterates remain in a bounded region.

Theorem 3.6. Suppose that F' : RP — R satisfies Assumptions 2.1 and 2.2. Let xy € RP,
and let {zy : k € N} be generated by (2.3) satisfying Properties 2.4, 2.5, and 2.6. Then, for all
R >0,

(3.27) klirn F(x1)XY(R) exists and is finite, and likminf HF(xk)“ng(R) =0.
— 00 — 00

If supy, ||zk|l2 < 0o, then limy_,o F(xy) exists and is finite, and liminfy_o || F'(z)||2 = 0.

Proof. Let R > 0. The conditions of Corollary 3.4 are satisfied, and its conclusion is
used freely herein. For the objective function, there exists K € N such that, for all £ > K,
[F(241) = Fuo X0y (R) < [F(21) — FuoJx3(R). Because {[F(ax) — Fip]X)(R) : k > K} is a
nonincreasing sequence bounded from below, it converges. Now, if we further assume that
supy, |2k ]l2 < 0o, then there exists an R > 0 such that x2(R) =1 for all k+ 1 € N. Hence,
limy 00 F'(zx) — Fp, exists and is finite.

For the gradient function, applying the conclusion of Corollary 3.4 and rearranging terms,
for all k> K,

(328 Dwin(M) [ B[ x2R) < [F() — Fol @R — [Flrkar) — Fioldo (R).

Letting j > K and using F(.’L’j+1) — Fp >0,
J

(3:29) 3 min (i) [ || xUR) < [Fex) = Fuo Xk ().
k=K
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Now, for a contradiction, suppose that there exists ¢ > 0 such that lim infy_,o | F'(25) [|3X0(R) >
c. Then, there exists a K’ > K such that

(330) 5 Auin(M) < D DM | £ | 2R) < [Fr) — Fia ](R) < oo
k=K’ k=K’

By Property 2.5, we have a contradiction. This part of the result follows for any R > 0.
Now, if sup,, ||zk||2 < oo, then there exists an R > 0 such that supy, ||zx||2 < R. Therefore,
X2(R) =1 for all k+1 €N, and thus, the final part of the result follows. [ |

Remark 3.7. Suppose we directly attempt to use Zoutendjik’s analysis approach in (3.7)
with y = 241 and = = 2. We begin by rearranging (3.7) and summing up to j € N to
conclude that

) o L($k+1axk ‘

J
(3.31) > F (@) M E (M ()| < Fao)  Fa.
k=0

Thus, we conclude that

. ) L
(3.32) lim F(2y)T M E (z1,) — M ‘
k—o0

‘MkF ack)HZ —0.

Unfortunately, this conclusion does not imply that F(z;) — 0 as k — oo. For instance,
suppose that, as k — oo, L(wgi1,7x) — 0o. If My = 2L(xpy1,2) ' for all k, then a
straightforward substitution will show that the limit is satisfied, yet F'(z;) does not have to
be zero. Hence, using Zoutendjik’s analysis method on this line of logic would not produce the
desired conclusion. However, as shown in Theorem 3.6, using Zoutendjik’s analysis method
on the conclusion of Lemma 3.1 is fruitful.

3.3. Convergence of the gradient. One limitation of Theorem 3.6 is that it only provides
for the limit infimum of the gradient function to be zero. Here, we will use Property 2.7 to
conclude that the limit of the gradient function is zero.

Theorem 3.8. Suppose that F': RP — R satisfies Assumptions 2.1 and 2.2. Let xy € RP,
and let {x) : k € N} be generated by (2.3) satisfying Properties 2.4, 2.5, 2.6, and 2.7. Then,
for all R>0,

(3.33) leIEOF(xk)Xg(R) exists and is finite, and hm HF Tk H Xa(R) =0.

If supy, ||zk]l2 < 0o, then limy_ oo F(xy) exists and is finite, and limy_o0 || F/(2%)]]2 =0

Before proving this statement, we briefly comment on conditions to guarantee supy, ||z |2 <
oo given an arbitrary initialization xp and diminishing sequence {Mjy : k + 1 € N}. Consider
the simple example of F(0) = exp(—||z||3), which has globally Lipschitz continuous gradients
(cf. Assumption 2.2, which is our much less restrictive assumption). For this example, any
iterate sequence initialized at zy # 0 will diverge. Thus, to avoid divergence of the iterates, a
geometric condition on the objective function seems to be necessary. Such geometric conditions
have tended to be global, ranging from strong convexity to the global Polyak—tLojasiewicz
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condition [33]. One geometric condition, the uniform Kurdyka—Lojasiewicz condition [32], is
shown to hold for definable functions on o-minimal structures and, when used in combination
with an assumption of bounded continuous gradient paths, can guarantee that iterates remain
bounded (for sufficiently small step sizes). While the assumption of bounded continuous
gradient paths retains some flavor of bounding the iterates directly, this geometric condition
and its corresponding analysis provide an important step in understanding when supy, ||zg||2 <
0o. We now turn to the proof of Theorem 3.8.

Proof. By Theorem 3.6, we need only prove that, for any R >0, limsupy_,. || F (z)[l2x"
(R) =0. Fix R>0. There are two cases.

Case 1. For some K +1 € N, x%(R) = 0. Then, x{(R) =0 for all k> K. The result
follows.

Case 2. For all k+ 1 €N, x9(R) = 1. In this case, ||zx]2 < R for all k+1 € N. Let Lg
be the Lipschitz constant in the closed ball of radius R around 0 (see Lemma SM1.1), and let
GR be the supremum of ||F'(z)|2 over all z in the closed ball of radius R around 0.

We now proceed in two steps. First, we show that, for any ¢ > 0, there exists a K’ € N
such that, for all k> K,

o3 e

Then, we use a proof by contradiction to show that the limsupy, . || F(zx)|2 % €.
For the first part, let € > 0. Now,

(339 # @], = [E@],| < [ - e,
(3.36) < Lg|[wg1 — xplly
(3.37) S;LR’pwkﬁxxkﬂL
(3.38) < LG rAmax(Mp).

By Property 2.6, there exists K’ € N such that, for all k > K', LrG g max(My) < €/4.
Suppose now that limsupy,_, ., [|F(zx)||2 > €. Let ug = min{k > max{K, K'} : |[F(z})|2 >

€}, where K is given by Corollary 3.4. By Theorem 3.6, we can now define the following three
subsequences of N for all i € N:

1. 5;,= min{t > Ui—1 ||F(~Tt)H2 < 6/2}.

2. wi =min{t > j; : | F(z)[|]2 > €}

3. Li=min{t € [ji,w;): | F(zs)||2>€/2,s=t+1,...,u;}.
Note that, by construction, ||F(zy,)||l2 < €/2 and ||F/(xy,)||l2 > e. Hence,

€ € .
(3.39) 5_6—5<HF(%)

ui—l . .
L lFeol,= 2 el - £l

If we now make use of the reverse triangle inequality, local Lipschitz continuity, and (2.3),
then €/2 < Z?;Zil LpAmax(My)||F(2¢)]|2 (note, the reasoning is the same as the first part of
the proof).
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Now, since ¢; > K’ for all i € N and | (z0,41) 2 > €/2, ||F(x0,)||2 > €/4 by (3.34). Hence,
€/4 < ||F(xs)||2 for s=4;,...,u; — 1. Using this fact,

. 2
€ i : € = 1 HF(%)Hz
(3.40) 5 < ;—Z; LA (M) || F () |2 < ;—e:. Lphmax(My) | ————2 | .

Simplifying and applying Property 2.7, for all i € N,

<3 Nuin(M) HF(xt)Hz.
t=¢;

€
8LRH

(3.41)

Summing both sides over ¢ € N, the left-hand side diverges, while the right-hand side is
bounded by (3.29). Hence, we have a contradiction, and the conclusion follows. [ |

From this proof, we might question whether it is necessary to use Property 2.7 in order to
replace Amax (My) with Apin (M) in (3.41). We provide a concrete example where our reasoning
faces difficulty if Property 2.7 is not used. As the example below shows, it is possible to relax
Property 2.7 if the sequence { M} } eventually has common invariant subspaces, but we do not
pursue this here.

Example 3.9. Let F:R? =R be

1

(3.42) F(z)==(z2W)? 4+ o

(«®)?,
where () is the i*" component of 2. Consider now zg such that a:él) =0 and x[()Z) =1 In
order to violate Property 2.7, let

L [(k+1)71/2 0

, k+1eN.

When we apply gradient descent, ZL‘S) =0 for all k€ N and xf) > 0.8(k + 1)~1/5 [43, p. 1578).
Then, ||F(xg)]l2 > 0.16(k + 1)~Y/%. Now, we have Apax(Mp)||F(x1)|3 > 0.01(k + 1)~9/10,
which produces a divergent series, whereas Amin (M) in place of Apax(My) would produce a
convergent series.”

3.4. Topological properties of the iterates. We now turn our attention to the asymptotic
behavior of the iterates in the bounded regime. We will make use of the closure of subsequential
limits (see Lemma SM3.1) and a fact about the density of subsequential limits of a decaying
sequence (see Lemma SM3.2). We state the main result in Theorem 3.10.

Theorem 3.10. Suppose that F : RP — R satisfies Assumptions 2.1 and 2.2. Let xg € RP,
and let {xy : k € N} be generated by (2.3) satisfying Properties 2.4, 2.5, 2.6, and 2.7. If
supy, ||zk|l2 < 0o and we let C denote the subsequential limits of {xy : k+ 1€ N}, then

8To show convergence, we need an upper bound on the rate of convergence of x,(f), which is on the order of
(k+1)"Y° (see [43], p. 1578).
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L. C is closed;
2. Forall zeC, F(z)=0;
3. C is connected;

4. C does not contain an open set; and
5. Either |C|=1 or |C| = c0.

Proof. The first statement follows from Lemma SM3.1. For the second statement, if
z € C, then there is a subsequence {xy, : j € N} such that lim;z;, = z. By the continuity of
z + F(z) (see Assumption 2.2), F(2) = lim, F($kj) The limit on the right-hand side is zero by
Theorem 3.8.

For the third statement, recall that C is bounded by hypothesis and C is closed by the
first statement. Hence, C is compact. Suppose that C is not connected. Then, there are two
disjoint open sets, O1 and O3, whose union contains C and whose individual intersections with
C are nonempty. We denote the intersections of O; and Os with C by C; and Cs, respectively.
We now proceed in three steps. First, we verify that C; and Cs are closed and, consequently,
compact. Second, we use compactness to show that the distance between C; and Cs is strictly
larger than zero. Third, we use the diminishing step sizes and Lemma SM3.2 to derive a
contradiction.

Suppose that Cy is not closed. Let z be a limit point of C; that is not in C;. Then, z € C,
which implies that z € Co C Os. There is a sequence of points in C; contained in an arbitrarily
small neighborhood of z, which implies that C; N Og # (), which is a contradiction. Hence, C;
is closed. The same argument shows Cs is closed.

Since C; and Cy are closed and bounded, they are compact. Now, (z1,22) — ||z1 — 22]|2 is
a continuous function. Hence, this function applied to C; x C2 must achieve its minimum at
some points 27 € C; and 25 € Ca. If 2§ = 25, then O1 N O3 # (), which is a contradiction. Hence,
2] # 23 so the distance between any points in C; and Cs is at least ||z} — 23||2 > 0.

Define a function g: RP — R> such that g(z) =inf,cc, ||z — w|2. Then, g(z) =0 for any
z € Cy and g(z) > ||2] — 25 ||2 for z € Co. Hence, liminfy g(x;) =0 and limsup, g(z) > ||27 — 25 ||
We now verify that limg g(zx+1)—g(zr) = 0 and apply Lemma SM3.2 to derive a contradiction.
For any k € N, there exists a wy, € C; such that g(zy) = ||xx — w|2. Hence,

(3.44) 9(@i41) — glar) = inf forss —wil2 — [lze — will2
(3.45) <wpgr — will2 — [l — w2
(3.46) <@rg1 — zll2

(3.47) < ||MkF(IL’k)H2

Note that [[ Mg F(zk)|l2 < Amax (M) Gr, where G = sup,,,<r [|[F'(2) |2 and R = supy, ||zx[[2 <
00. Since Apax(My) — 0, then g(xp41) — g(xx) — 0. Hence, by Lemma SM3.2, there is a sub-
sequence {g(zy,) : j € N} that converges to, say, ||2f — 23||2/2. Consequently, {zy, : j € N}
is a bounded sequence, and it has a subsequence that converges to a point z* such that

© 2024 Vivak Patel



Downloaded 07/05/24 to 128.104.46.196 . Redistribution subject to STAM license or copyright; see https://epubs.siam.org/terms-privacy

GRADIENT DESCENT WITH DIMINISHING STEP SIZES 617

inf,ec, ||2* —wll2 =27 — 23]|2/2. Hence, z* is a subsequential limit, but it is not in either C;
or Cy, which is a contradiction. Thus, C is connected.

For the fourth statement, suppose that C contains an open set O. Let z € O. Since z is a
limit point of a subsequence, there exists an k € N such that x € O. By the first statement,
F(azk) =0, which, by (2.3), implies that z; =z}, for all j > k. Hence, C is the singleton, {z},
which is a contradiction. Thus, C cannot contain an open set.

For the final statement, recall that C is connected. This implies that C cannot contain a
finite number of points other than a single point. So, either |C| =1 or |C| = cc. [ ]

4. The divergence regime. Theorem 3.6 leaves open the possibility that the iterates can
diverge. Of course, this divergence regime is possible even under the stricter assumption of
global Lipschitz continuity of the gradient. Under global Lipschitz continuity of the gradient,
when the iterates diverge, the objective function still converges to a finite quantity and the
gradient function converges to zero [6, Proposition 1.2.4]. For example, the globally Lipschitz
smooth function, F(x) = exp(—22), achieves its minimum as the iterates diverge, and, in
this divergence regime, the objective function converges to zero and the gradient function
converges to zero.

While the preceding example gives a rosy prognosis, globally Lipschitz smooth functions
can experience pathological behavior—at least for a finite number of iterates. In [55, p. 62],
given a finite number m and an algorithm, a continuously differentiable function on the unit
interval can be constructed such that, at m test points (presumably, corresponding to m
iterates of an optimization algorithm), the objective function is zero and the gradient function
is —1.” Thus, globally Lipschitz smooth functions can experience gradient functions that are
bounded away from zero for a finite amount of time but must eventually be well behaved. On
the other extreme of functions that are continuously differentiable (a condition that is more
general than Assumption 2.2), a function can be constructed on all of R such that, for a given
sequence of test points, the objective at these test points is zero and the gradient remains fixed
at 1 [13, Example 2.1.1]. Thus, for locally Lipschitz continuous gradient functions, which fall
between the cases of globally Lipschitz continuous gradient functions and continuous gradient
functions, what behavior can we expect?

To be unequivocal, under our realistic assumption of local Lipschitz continuity of the
gradient function, will the objective function always converge to a finite quantity and will
the gradient function always converge to zero when the iterates diverge? Unfortunately, the
answer is no—that is, the assumption of local Lipschitz continuity of the gradient function will
produce behaviors that are more aligned with the assumption of continuous gradient functions.
In this section, we will construct several examples that show the extreme behaviors that can
occur in the divergence regime when only local Lipschitz continuity is assumed. Of note,
we construct an example in which catastrophic divergence can occur: The iterates diverge,
the objective function diverges to infinity, and the gradient norm remains uniformly bounded
away from zero. We show this construction here. Our remaining constructions are specified in
Table 1. We underscore that our constructions can be used to generate objective functions on

9The same claim can be shown to hold using the construction in [13, Example 2.1.1].
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Table 1
Summary of counterexamples for the divergence regime.

Reference Summary

This section A case for which the iterates of gradient descent will produce objective
function values that diverge and gradient function values that are
uniformly bounded away from zero.

Section SM4 A case for which the iterates of gradient descent will produce objective
function values whose limit supremum is infinity and whose limit infimum
is zero, while the gradient function values remain bounded away from
Zero.

Section SM5 A case for which the iterates of gradient descent will produce objective
function values that diverge and the gradient function tends to zero.

which gradient descent can have other interesting behaviors that we do not explicitly construct
here (e.g., the limit infimum and limit supremum of the gradient function being distinct).

4.1. Construction of the objective function. Let {my : k+1 € N} be a sequence of scalars
such that my >0, Y, my = oo, and my, — 0 as k — co. Define Sy =0 and Sy = Z?:o my,
for all integers k£ > 0.

For the objective function, define F': R — R by

_x’

<0
(4.1) F(z)= v |
fj(l‘), T e (Sj, Sj+1] forall j+1€N,

where {f;:(S;,Sj4+1] = R:j+1€N} are defined iteratively as follows. Let

4 mo
Ty c 077>7
v v ( 16
i(x_@f_% me[@ %)
mo 8 32 16’ 16 /°
5m0 5m0/16 mo 3TTLO mo
A S ]‘ 77 e |:77i>7
16 (x—m0/2+ >+ VI TR
mo _ Mo
(4.2) folx)=4 "1 TT o
5m0 5m0/16 mo (mo 13m0)
- T 4 i i
16 eXp< x—m0/2+>+4’ S\ )
-8 Tmo 2+19m0 . [13m0 15m0>
— | T — xr
mo 8 32 16 7 16 /°
3mg 15my
AT o [ 16 ’m"}’

which is plotted for a particular choice of mg in Figure 1. Now, for j € N, let 2/ =2 — S}, and
let
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fo(z)

Figure 1. Plot of fo(x) with mo = 8.0, with each component shown in a different color.

—z' + fj-1(S;), '€ ( %)

Smy s, se[)
(43)  filw)={ 5 TS, 2=,

e (G 1)+ s e ()

;j <:L~’ - 77;;”)2 1?;;” + fi-1(55), S [1?1?j, 1??)

k—x'+ 3% + fi—1(55), 2 e [1512%,712]}

4.2. Properties of the objective function. We show that F': R — R, as defined in (4.1),
(4.2), and (4.3), satisfies Assumptions 2.1 and 2.2. We begin by proving that each component,
[i (8,841 = R, satisfies Assumptions 2.1 and 2.2 on its domain.

Remark 4.1. Below, we define the continuous extension of f; on [S;,S;41] by the value
of fj(z) on (Sj,5;41] and by lim,|s, f;j(z) for the point x = S;. Moreover, at the ends of
the interval, we use differentiability and the corresponding notation fj to mean the one-sided
derivatives.

Proposition 4.2. The continuous extension fy: (So,S1] — R (as defined in (4.2)) to [So, S1]
is continuous on its domain, bounded from below by —3mg /32, and differentiable on its domain
with fo(So) = fo(S1) = —1, and its derivative is locally Lipschitz continuous. Similarly, the
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continuous extension of fj:(Sj,Sj+1] = R (as defined in (4.3)) to [Sj,Sj+1] is continuous on
its domain, bounded from below by [i—1(S;) —3m; /32, and differentiable on its domain with
[i(S;)=—1 and f;(Sj+1) = —1, and its derivative is locally Lipschitz continuous.

Proof. We only look at an arbitrary j € N as the proof is identical for f;. Moreover, since
fj is equal to its reflection across the vertical axis = S; +m;/2 followed by a reflection over
the horizontal axis y =m;/4 + f;j—1(S}), it is enough to show continuity and differentiability
on [Sj,Sj + mj/2].

To establish continuity, we need to show that the left-sided limits of f; agree with the
function value at Sj + dm;/16 for § = 1,3,8. Starting with ¢ = 1, limyg, 41, /16— + Sj +
fi=1(S;) = —m;/16 + f;_1(S;). By direct substitution,

N\ 2 . . .
(44) (S5 +m;/16) = TSJ (T) -2y gy a(s) =0~ Py (sy)
Hence, the left limit agrees with the function value at 6 = 1. For § = 3, the symmetry and
continuity of the quadratic function implies that limg4g, 43, /16 fi(2) = —m; /16 + f;-1(S5;).
By direct substitution,

(s 4 3m. /16) = — 27 5m;/16 dmj e gy= T (s
(4.5) f;(S;j+3m;/16) = 16 eXp<—5mj/16+1>+ 16 + fi-1(55) = 16 + fi-1(5;).

Hence, the left limit agrees with the function value at 6 =3. For d =8,

5m; 5m;/16 m; m;

4.6 li ——Zexp | —ZH——+1)+ 2L+ f-1(5) =L + fi-1(5)),

SN R T: Xp(a:—sj—mj/Q >+ 1 TS =T Sl

which is just f;(S;+m;/2). Hence, the continuous extension of f; is continuous on [S;, Sj41].
We now compute the derivatives of the components of f; on [S;, Sj+1] with the convention

of assigning the one-sided derivative to the component function that includes its end point.

Let o’ =z — ;.

( [ m;y
-1 / J)
b iy E L ) 16 b
16 ’ mj> ’ ‘mj 3mj>
— - g /o € PV EEETV R
m; (¢ 8 T =116 16
5m;/16 > 5m,;/16 r3m; m;
/m]/ eXp /m]/ +1 , xle m]jﬁ>7
(4.7) f(@) x' —m;j/2 ' —m;j/2 L 16~ 2
() =
’ 5m; /16 1\ —5m; /16 m; 13m;
j o j 1 el j
/ Xp / + , X € ) )
x’ —m;/2 ' —m;/2 27 16
_E :E/— 7mj SU/E |:137TLJ 15m])
m; g8 ) 16 ' 16 /)’
15m,;
-1 o e [Sghmi)

In order to extend these component derivatives to the continuous extension of f;, we need
to verify that the left-hand limits of the derivatives agree with the right-side derivatives at
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Sj+0dm;/16 for 6 =1,3 of (4.7), and we need to verify that the left-hand limit of the derivative
is 0 at 6 =8 of (4.7). Starting with § =1, the left-hand limit is —1 and, by direct calculation,

16 m; m;
1s 16 (g4 Mg, M)y
(4.8) m; \1 T 16 T TR
For ¢ =3, the left-hand limit is
1 .
(4.9) im0 (:c —8; - ﬁ) =1,
21S;+3m; /16 M 8

and a direct evaluation of the third component (4.7) is

5m; /16 2 5m; /16
4.1 J J 1)=1.
(4.10) (Sj+3mj/16—5’j—mj/2> eXp(Sj+3mj/16—5’j—mj/2+ )

For § =8, we need to check that the left-hand limit is zero, which can be confirmed by checking
that the argument of the exponential term goes to —oo as x 1.5; + 8m;/16.

Overall, the derivative of the continuous extension of f; is well defined at every point on
its interval, is continuous, and is given by (with 2’ =z —S;)

E(x,_%>, xle'%‘ﬁ?)’
mj L
5m;/16 > 5m;/16 r3m; m;
< /m]/ > exp< /m]/ _|_1>’ Z e mﬂ’@),
x' —m;/2 x’ —m;/2 L 16 = 2
(4.11) Fi(x) =140, a' =m;/2,
5m;/16 > —5m;/16 ,_(mj 13m;
a6 VY (S5m0 LY e (1 By,
<x/—mj/2> P <x'—mj/2+ HANCRAT:
16 ’ 7mj ’ [13mj 15mj)
—— |- €
m; <’” 8 > =16 16 )
15m;
b e [ Sgtm)

Using this derivative, we can calculate the lower bound for the function. By the derivative
of the extension of f;, (4.11), we see that the function is decreasing only on [S},S; + m; /8]
and [S] + 7mj/8,Sj+1]. Moreover, fj(Sj + TTLj/S) = —3mj/32 + fj_l(Sj) and fj(Sj+1) =
mj/2+ fj—1(S;j). Thus, the lower bound of the extension of f; is as stated.

Our last step is to verify the local Lipschitz continuity of the derivative. It is easy to verify
that, within its interval, the components are twice continuously differentiable. As a result, we
can use Lemma SM2.1. Similarly, if we define the second derivative at S; +m;/2 to be 0, we
can verify that the objective is twice continuously differentiable at Sj +m;/2. Then, we can
use Lemma SM2.1 again. To conclude, we need to examine what happens around the points
Sj+6m;/16 for 6 =1,3.
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Starting with 6 = 1, consider the points S; +m;/16 —e;m;/16 and S; +m;/16 4+ eam;/16
for €1, €5 > 0 sufficiently small. Then, the difference in the derivatives at these points divided
by the distance between the points is
e (—* + 62 + 1‘

m;

€9 16

(4.12) (62+61)mj/16 N (62+61)mj/16 o HJ

Therefore, we conclude that the derivative is locally Lipschitz near S;+m;/16. For § =3,
we compute the same ratio at the points S; +3m;/16 —e;m;/16 and S;+3m;/16+ 5eam; /16
for €1,e9 € [0,1/4], where at most either €; or € is zero. The ratio of the difference in the
derivatives and the points is

1
‘(l 62)2€p<62 1)_1+61 62—1—6%/24‘61 <E
(5€2+€1)mj/16 - (5€2+61)mj/16 -m

Therefore, we conclude that the derivative is locally Lipschitz near S; + 3m;/16. |

(4.13)

With this calculation complete, we can now verify that F' satisfies Assumptions 2.1 and 2.2.

Proposition 4.3. The function F': R — R is continuous and differentiable on its domain; the
function F is lower bounded; the derivative of the function F' is locally Lipschitz continuous;
F(S;)=15;/2; and F(Sj)=—1 for all j+ 1€ N. Also, the derivative of the function F is not
globally Lipschitz continuous.

Proof. By Proposition 4.2, in order to verify the continuity of F' on R, it is enough to
check its continuity at the points x =.S; for all j. Since F'(S;) = f;—1(5;), we must check that
the right-side limit of F' at = S; converges to f;_1(S;). That is,

4.14 lim F(x)=1 i(x)=lim —x + 5, i—1(55) = fi=1(S;).

( ) xlfg}g (2) xlfgifj(fz) xlfélj x+S8; + fj-1(55) = f-1(5;)

Thus, F' is continuous at S; for each j € N. We check = Sy = 0 as well. F'(0) = 0 by
definition. Moreover,

4.1 lim F(z) =1i =lim —z =0.
(4.15) lim () =lim fo(x) lim —z=0

Hence, F' is continuous on its domain.

Similarly, by Proposition 4.2, to verify the differentiability of F' on R, it is enough to verify
the differentiability of F' at x =.S; for all j. By Proposition 4.2, it follows that the derivative
at each S; is —1 from the left and the right for each j € N. Hence, the derivative exists at S;
for each j + 1 € N. Moreover, since the derivative of F' is constant in a small neighborhood
of S; for each j +1 €N, it is Lipschitz continuous in this region. Finally, F(Sj) = —1 for all
j+1eN.

To show that F' is lower bounded, we will first calculate the values of F'(S;). We proceed
by induction. For the base case, F(Sp) =0 = Sy/2. Suppose that the statement holds up to
j. Then, F(S;) =S;/2. By construction, f;_1(S;)=F(S;)= Sl/2. Now,

(4.16) F(Sjy1) = fi(Sj11) = —Sj1 + S+ —=

(4.17) — S, —mj+ 8+ L+ 2=
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To show the lower-bound property, recall that f;(x) > fj—1(S;) —3m;/32 = F(S;) —3m;/32 =
Sj/2—3m;/32. Since S; — oo and m; — 0 by construction, F( ) >inf; S;/2—3m;/32 > —oc0.

Finally, we verify that F' is not globally Lipschitz continuous. For a contradiction, suppose
that there exists an L > 0 such that, for any z,2’ € R, |F(x) F(a2")| < Llx—2'|. Since m; — 0,
there exists j € N such that Lm,;/2 < 1. Then, |F(S, +m]/2) F(Sj)| < Lm;/2 < 1. However,
by Proposition 4.2, F(S +m;/2) = £;(S; —|—m]/2) 0 and F(S;) = f]( ;) = —1, which implies
that |F(S; + mj/2) F(S;)| =1, which is a contradiction. [ ]

4.3. Properties of gradient descent on the objective function. We are now ready to
show that gradient descent with diminishing step sizes generates iterates such that the iterates
diverge, the sequence of objective function values evaluated at the iterates diverges, and the
sequence of gradient function values evaluated at the iterates remains bounded away from
Zero.

Proposition 4.4. Let {my, : k+1 € N} be any positive sequence such that ), my, diverges and
mg — 0. Define F:R— R as in (4.1). Suppose that xo =0, and let {xy : k € N} be generated
according to (2.3) with My =myl for all k+1€N. Then, { My} satisfies Properties 2.4, 2.5,
and 2.6. Moreover, (a) limy zj = oo, (b) limy F(z1,) = 0o, and (c) limy |F(zx)| = 1.

Proof. To prove the result, we need only show that xj = Sk, where we recall that So =0
and S, = Z;:é m;. For k =0, zg = 0 = Sp. Suppose that this holds up to k. Then, by
Proposition 4.3,

(4.18) Tpt1 =Tk —MkF(CL'k):Sk —my(—1)=Skt1.

Now, since Sy diverges, the iterates diverge (part (a)). Moreover, by Proposition 4.3, since
F(zy) = F(Sk) = Sk / 2, the objective function also diverges (part (b)). Finally, by Proposition
4.3, F(zy) = F(Sg) = —1 (part (c)). u

In summary, as the example from Proposition 4.4 and the example of F(z) = exp(—x?)
show, under our assumptions about the objective function and properties of gradient descent,
we cannot conclude anything additional about the objective behavior of the function or the
gradient in the regime where the iterates generated by gradient descent with diminishing step
sizes diverge.

5. Conclusion. In this paper, we have analyzed the global behavior of gradient descent
with diminishing step sizes for differentiable nonconvex functions whose gradients are only
locally Lipschitz continuous. To the best of our knowledge, we have provided the most general
convergence analysis of gradient descent with diminishing step sizes. Specifically, we have
shown that the iterates cannot produce erratic behavior in the objective function or gradient
function when they persist in a region for sufficiently long, even if they eventually escape.
We also construct specific examples to show the types of erratic behaviors that can occur
when the iterates escape off to infinity. Our analysis has also raised a number of interesting
questions with varying degrees of practical interest.

1. Is there a notion of continuity on the gradients that is appropriate for data science
yet more restrictive than Assumption 2.2 for which Theorem 3.6 or Theorem 3.8 hold
uniformly over the family of functions specified by this notion of continuity?
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. Is there a choice of step sizes that ensures the subsequential limit points of the iterates

is a set that is a singleton?

Is there a function class that is necessary and sufficient to avoid the divergence regime
and the corresponding erratic behaviors for gradient descent with diminishing step
size?
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SUPPLEMENTARY MATERIALS: Gradient Descent in the Absence of Global
Lipschitz Continuity of the Gradients*
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SM1. Equivalent Definitions for Local Lipschitz Continuity.

Lemma SM1.1. A function G : RP — RP is locally Lipschitz continuous if and only if for
every compact set C C RP there exists an L > 0 such that

1G(y) — G(2)
ly — zll,

(SM1.1) I <L, Vy,zeC.

Proof. Suppose G is locally Lipschitz continuous. Suppose for a contradiction, there exists

a compact set, C, for which no such L exists. Then for every ¢ € N, we can find a pair y,, zp € C
such that

1G(ye) = G(z0)lly

> /.
e — zell,

(SM1.2)

By compactness, there exists a subsequence {/{;, : k € N} and y, z € C such that y,, — y and
2y, — z as k — oo. If ||y — z||, > 0, then, for k € N sufficiently large,

G (ye) = Gz )lly _ 25upsec |G()]],
Hyfk _kaHz B 0‘5||y_ZH2 ’

(SML.3)

which is a contradiction. Hence, ||y — z||, = 0; that is, y = z. This also provides a contradic-
tion as G is locally Lipschitz continuous at y = z and so for k € N sufficiently large, y,, and
would be inside of N from Definition 2.3.

For the other direction of the result: for any point x € RP and any open ball contain-
ing x, we can take the closure of this open ball to generate a compact set C. The result
follows. |

20,

SM2. Continuous Hessians Implies Local Lipschitz Continuity.

Lemma SM2.1. Suppose F is twice continuously differentiable for all x € RP. Then F(:U)
1s locally Lipschitz continuous.

Proof. Let F(x) denote the Hessian of F. Then, by assumption, ||F(z)|2 is a continuous
function and it is bounded over any compact region. By Taylor’s theorem, for any x,y € RP,

F(z) — F(y) = fol F(y 4+ t(x —y))(x —y)dt. Let K C RP be compact. By continuity and
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compactness, there exists an L for K such that | E(z)|2 < L for all # € K. Hence, by Holder’s
inequality, for any x,y € K, ||[F(x) — F(y)| < L||lx — y|l2. As K is arbitrary, the result
follows. =

SM3. Some Properties of Subsequential Limits.

Lemma SM3.1. Let {a, : n € N} C RP. Let C be the set of its subsequential limits. Then
C is closed.

Proof. Let z be a limit point of C. Then, we can construct a sequence {z; : k € N} C C
such that for every K € N and for all k > K, ||z, — z|l2 < 275~ Moreover, since z; € C,
Ing € N such that [|an, — 2|2 < 27771 Let € > 0 and let K € N such that 2% < e. Then,
Vk > K, |lan, — 2|2 < |lan, — 2kll2 + |2k — 2|l2 < 275 < e. Hence, z = limy a,, € C. [ ]

Lemma SM3.2. Let {a, : n € N} C R such that liminf, a, and limsup,, a,, are finite.
If limy, ap41 — an, = 0, then for any z € [liminf, a,,limsup,, a,], there is a subsequence of
{an : n € N} that converges to z.

Proof. We begin by showing that any closed interval strictly between the limit infimum
and limit supremum contains a subsequential limit. Let r; < r9 such that liminf, a, < 71
and ry < limsup, a,. If there exists an infinite subsequence {a,, : k € N} C [r1,rs], then
sequential compactness implies that {a,, : k& € N} has a subsequence which converges in
[r1,72]. Suppose now, 3K € N such that Vn > K, a,, & [r1,r2]. Since the liminf, a, < r; <
ro < limsup,, an, there exists a subsequence {ay, : k € N} such that a,, < and 72 < an, 1.
However, this is a contradiction since ay, +1 — a,, — 0 as £ — co. Hence, there is always a
subsequence in any closed interval between lim inf, a,, and lim sup,, a,.

We have that if z is either the limit infimum or limit supremum then there is a subsequence
of {a, : n € N} that converges to this value. So take liminf,, a, < z < limsup,, a,. We now
proceed by induction. Let zg = liminf, a,,. There is a subsequence that converges to a point
in [0.5(z + 20), 2]. Let 21 be this limit. If z # 21, then |21 — 2| < 27!(z — ) and we define 23
as the subsequential limit in [0.5(z + 21, 2]. If 2 = 2z; then we stop. Suppose we proceed by
induction such that {z; : j = 1,...,k} are subsequential limits such that |z; — 2| < 279 (z — 20).
If z # z, then we can find z;,1 as the limit of a subsequence in [0.5(z + zx), z], which we
denote zj41. Moreover, |z,41 — 2| < 2757 1(2—2). If we never terminate at z for some k € N,
then {zj : k € N} is a sequence of subsequential limits converging to z. By Lemma SM3.1, z
is a subsequential limit. [ ]

SMA4. Divergence Regime: Nonexistence of Objective Function Limit. Here, we use
as similar construction for Proposition 4.4 to construct an objective function F' such that
when gradient descent is applied to this objective function with a specific initialization,
limsupy, F(z) = oo, liminfy F(z) = 0 and |F(z;)] = 1 for all k. We proceed in three
general steps corresponding to each subsection below.

SM4.1. Objective Function Target Values. Let {my : k+1 € N} be a sequence of scalars
such that my >0, >, my = oo, and my, — 0 as k — co. Define Sy = 0 and Sy = Z?:o my
for all integers k > 0. We will now construct a sequence {Oy, : k + 1 € N} which will serve as
target values for each iterate of our objective function.

1. Let Og = 0. For convenience, let ug = £y = 0.
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2. Let £4 = 1+ min{k >0: 0+ 3 Zf Om] > 1}. From the divergence of ), my, it is
clear that such an ¢; is finite. Define O = Oy + 5 Zj —omy for ke [1,4;)NN.

3. Let u1 = 1+ min{k > ¢ : Op, — Zj=€1 m; < 0}. Again, from the divergence of
>k Mk, uy is finite. Define Oy = Oy, — Zk}} mj for k € [¢1 +1,u;] N N.

4. Fort € N, let ;41 = 14+ min{k > us : Oy, +5 Z] - m; > t+1}. From the divergence
of 3~ my, £i41 is finite if w; is finite. Define O = Oy, + 3 Zj —y, My for k€ [up +1,61] NN,

5. For t € N, let usp 1 = 1+ min{k > i1 @ Op,, — Z;C:Ktﬂ mj < 0}. From the
divergence of ), my, usyy is finite if ;1 is finite. Define Oy = Oy, — Z;:éltﬂ m; for
ke [EtJrl +1,...,ut+1]ﬂN.

We point out several facts about the sequence {Oy : k + 1 € N}. First, lim; Oy, = oo by
construction. Second, we verify, lim; O,, = 0. By construction, O,,—; > 0 and 0 > O,, =
Oyp—1 — Myy—1 > —My,—1. Since my,—1 — 0 as t = oo, liminf; O,, = 0. In turn, the limit
of the sequence exists and is zero. Third, we verify, limsup; O = oo and liminfy O = 0.
For any k € Ny, there exists a t € N such that k € [{; + 1,us] or k € [up + 1,0p41]. If
k€ [l; + 1,w), then Oy € [Oy,,Op,]. If k € [uy +1,€441], then Oy € [Oy,, Oy,,,]|. Hence, the
third fact holds because of the first two.

SM4.2. Construction of the Objective Function. With these sequences established, we
now state our objective function.

—x z <0,
(SM4.1) F(x) =1 fo(x) x€(0,8,],
filx) =z € (wasft-u] Vt €N,
where
(SM4.2) folz) = {fj(x) v € (S, 8541), jE€{0,..., 00 —1};
~ Op, — (x — S Sy, , Sy
(SM4.3) ft(x) _ Ly (‘T ft) T e ( Ly t] ’
fi(z) x € (Sj,Sjt1), J € {ut,. . ley1 — 1}
and
—ZE/ + Oj :LJ € (07 Té)
ms; ms m; 3m;
@ =5 =+ 0 o' € [ 1)
_S%e p(%Jrl) 0 o e [y
o (S 1) 1240, e (3
i T
_x/“‘g%"'Oj S [151?7 il

with 2’ =« — 5.
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SM4.3. Properties of the Objective Function. Here, we verify, (SM4.1) satisfies As-
sumption 2.1 and 2.2. We need to verify certain properties of fi(x), which we do now.

Proposition SM4.1. Let t + 1 € N. The continuous extension of f; : (Se., Se 1] = R,

(81\14.3), to [Sgt, SgtJrl] 18

L. continuous on [Sy,, Sy, ] with values Oy,, Oy, and Oy, , at points Sy,, Sy, and Sy, ., ,
respectively;

2. bounded from below by min{O; — 3m] S = Uy S -1}

3. differentiable on [Sp,, Se,.,| with the one-sided derivatives being —1 at the end points
of the interval;

4. locally Lipschitz continuous.

Proof. We note that (SM4.3) has several components. The f;(x) are the same as those
defined by (4.2) but shifted vertically by a constant. Hence, by Proposition 4 2 the continuous
extension of fj(x) to [S;j, Sj+1] is continuous; bounded from below by O; — 32 ; differentiable
with the one-sided derivatives being —1 on the end points of the interval; and locally Lipschitz
continuous.

We use these facts to show the remaining properties of f';g(x) First, to verify continuity,
we need only verify that the components agree at the points x € {Sy,, Su+1,---,S¢ -1}
When 2 = S,,,

ut 1 Et 1 ut—l
(SM4.5)  f(Su,) = O, + (Su, — Se,) = Oy, + (E:n%——ijn%>::O@+—§:::Om.

k=44

Moreover,

(SM4.6) lim fi(z) = lim f,,(z) = lim —(z — Sy,) + Oy, = O.,.

x|Su, T Suy @Sy

Hence, the evaluation of f;(z) at S,, agrees with its limit from the right. For the remaining
points, let j € {us +1,...,6.4+1 — 1}. Then,

7j—1
(SMAT) fi(S)) = fi-1(8)) = =(8;=Sj-1)+ 5= +0;-1 = 2240, = 0.
k =uy
Moreover,
(SM4.8) lim fu(S)) = lim fi(S85) = Jm —(z—8j)+0; = 0.

Hence, f(z) is continuous. Moreover, we have also shown that the continuous extension of
f(x) has the stated values at = € {Sy,, Sy, 41, -, Stpr—1}

For the lower bound, we have that f(z) > O, for z € (Sy,, S,,]. By Proposition 4.2, each
filz) > 0; — 33% Hence, the lower bound follows.

We now verify differentiability. By the properties of a linear function and Proposition 4.2,

each component of ft(a:) is differentiable on its domain. We must check that these derivatives
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agree at & € {Sy,, Suz+1,---,50 -1} For the linear function, the derivative is a constant of
—1, and the continuous extension of fj(x) has derivative of —1 at each end of its intervals.
Thus, the extension of f;(x) is differentiable and the one-sided derivatives are —1 at the end
of the interval on which it is defined.

To check local Lipschitz continuity of ft(:c), we note that each component of f‘t(az) is
locally Lipschitz continuous in its domain either because it is a linear function or by Propo-
sition 4.2. Hence, we need to only check that local Lipschitz continuity holds for each
& € {SusSurt1s-sSe—1}. For j € {ug,...,liy1 — 1}, the derivative of fi(z) is —1 in
(S; —m;/32,8; +m;/32). Hence, the derivative is locally Lipschitz continuous at the stated
values of z. |

Proposition SM4.2. The function F : R — R as defined in (SM4.1) is continuous and
differentiable on its domain; it is lower bounded; its derivative is locally Lipschitz continuous;
F(Sp,) = Oy, Vt € N; F(Sy,) = Oy, Vt € N; and F’s derivative is not globally Lipschitz
continuous.

Proof. The proof is similar to Proposition 4.3. Hence, we will only verify that F is lower
bounded. By Proposition SM4.1, the component f;(X) of F' for some t + 1 € N is bounded

from below by some O; — 33% for some choice of j. So it is enough for us to show, {O; — 33%
is bounded from below. By construction, liminf; O; = 0 and lim; m; = 0. Hence, {O; — 33%}
is bounded from below. Thus, F' is bounded from below. |

SM4.4. Properties of Gradient Descent on the Objective Function. We now show that
when gradient descent is applied to the constructed problem, the objective function’s limit
supremum is infinite and limit infimum is zero, all while the gradient function remains bounded
away from 0.

Proposition SM4.3. Let {my, : k+1 € N} be any positive sequence such that ), my, diverges
and mi — 0. Define F : R — R as in (SM4.1). Suppose zo = 0 and let {x}, : k € N} be
generated according to (2.3) with My, = myI for all k+1 € N. Then, { My} satisfies Properties
2.4 and 2.6. Moreover, (a) limy z = oo; (b) limsupy, F(zy) = oo; (¢) liminfy, F(zy) = 0; and
(d) limg, |F(zy)| = —1.

Proof. We first show, z = S, for all k € N. 0 = x¢ = Sp. Suppose the claim is true up
to k € N. Then, 3t + 1 € N such that F'(x;,) = f;(21). Using Proposition SM4.1 or properties

of a linear function, F(z;) = F(Sk) = f¢(Sk) = —1. Therefore,

(SM4.9) Th+1 = Tk — MkF(:Uk) = Sk - mkft(Sk) = Sk +my = Sk+1.

Thus, as k — oo, the iterates diverge and F(x) = —1 for all k+1 € N. Now, F(x;) =
F(Si) = Oy, for every k+ 1 € N. By properties of {Oy}, the limit supremum and limit
infimum of this sequence is co and 0, respectively. The result follows. |
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We stress that the choice of the limit supremum and limit infimum can be readily modified
by choosing a different definition for {¢;} and {u;}. Hence, the limit supremum can be made
to be finite and even agree with the limit infimum. Moreover, the limit infimum can be set
larger than 0.

SM5. Divergence Regime: Objective Function Diverges, Gradient Function Converges
to Zero. Here, we construct an objective function that is bounded below and has locally
Lipschitz continuous gradients. Importantly, when we apply gradient descent with diminishing
step sizes to this objective function, the iterates of the procedure diverge, the objective function
evaluated at the iterates will diverge, and the gradient function will converge to zero. This
objective function will be constructed in a similar fashion to our other divergence regime
examples.

SM5.1. Construction of the Objective Function. Let {my, : k+1} be a positive sequence
such that ), my, diverges and my — 0. Let Sy = 0 and Si41 = Z?:o m;. We now show
by contradiction, ), S’:fl diverges. Suppose ), S?:ﬁ converges, which implies the Cauchy
property. Then, using 1/2, there exists a sufficiently large integer j such that

1 / mg
(SM5.1) 5> > ,

/ my 1 S;
(SM5'2) Z > ka =1-

The right hand side of this equality can be lower bounded by 3/4 since S/ is diverging and
Sj is fixed. Hence, we have a contradiction. Therefore, ), < diverges.

k+1
Let K = min{k > 0:S; > 1} and define

(SM5.3) o [5 k=0,....K,
. k= )
Ti+ Yk 5 k>K.

Moreover, define

(M54 P ERE S
' Tl k> K.

Sk1

Finally, let

(SM5.5) Fa)= % *=0 |
file) xe(TjTinl, j+1eN,
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where fo(x),..., fk—1(z) are identical to (4.3); and, letting 2’ = x — Tj,
(SM5.6)

fi(@)
~da’ 4 [ () 2’ € [0, g )
sigl (x,_ 8;7;11) - STL ( —d? +4d ) + fie 12( ) x’' € [ 1GSJ+117 15’;11)
1762';?.1 exp (sﬂljﬁfj—l/z + 1) + SJ+1 (11+d37274d> + fi-a(Ty) 2’ € [13757;117 55,

) om (11+d2.74d-

) + £ (1) -

Sjt1 ) 25J+1

1(;5;'7;11 €xp (sﬁl;iﬁf—l/z + 1) + Sle (%) + fi-1(T)) (25”17 113?97;:]1)

881 (g 8;:";‘1)2 g (B 4 ) 7' € |, Cappttims )

—dj17’ + 54 (22+d2+dﬂ+13_24dj+28dj+1) + fi-1(T}) a’ € [(dﬁé;,li)m]’ STL} )
for j > K.

SM5.2. Properties of the Objective Function. Here, we verify, (SM5.5) satisfies As-
sumption 2.1 and 2.2. We begin by studying the properties of f;(z) for j > K. Note, we
already know the properties of f;(z) for j < K by Proposition 4.2.

Proposition SM5.1. Let j > K. The continuous extension of f; : (T}, Tj+1] — R, (SM5.6),
to [T}, Tj4+1] is continuous on its domain; bounded from below by f;—1(Tj) — m;/(85;+1);
differentiable on its domain with f]( j) = —d;j and f]( Tj41) = —djq1; its derivative is locally
Lipschitz continuous; and f;(Tj11) > f] 1(T )+ Tm;/(16S;41).

Proof. The proof of this result is similar to that of Proposition 4.2. Hence, we only produce
the values of f;(z) and f;(z) at key points.
LAtz =T, f5(T5) = f-1(Ty). [5(T5) = —d;.
2. Atz = (2 — dj)mj/(165j+1) + Tj,

- [ d? —2d;
(SM5.7) fi(z) = SZJl ( . G J) + fi-1(T}),

and f;(z) = —d;.
3. At x = T; + Smj/(168j+1),

‘ _omy 1+ d? — 4dj ' ‘
(SM5.8) fi(x) = S ( 3 + fi-1(T5),
and f;(z) =1
4. Atz = T; + 7TLj/(2Sj+1),
-~ 11+ d? — 4d;
(SM5.9) fi(x) = S”f” ( 35 J) + fi-1(Ty),
j+1

and f;(x) =0
(SM5.10) fi(x)
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5. At x = T + 13mj/(165j+1),

m, (214 d? —4d;
(SM5.11) fi(z) = S‘J ( 332 ”) + fi-1(T}),
j+1
and f;(z) =1
6. At z = T] + (dj+1 + 14)771]'/(165]'),
m; 22 + d? — d§+1 — 4d;
(SM5.12) fi(@) = o 5 + fi-1(Ty),
+1
and fj(ﬂf) = _dj-i-l-
7. At x = Tj +77’Lj/Sj+1,
m; [22+d?+d% | —4d; —4djq
(SM5.13) fi@) = g~ ( J ]+§2 L)+ (T,
j+1

and fj( z) = —dj1.
Note, fj(Tj+1) = fj(Tj +m;/Sjt1) > (22 — 8)m;/(32S5511) + fi-1(T}). u

Proposition SM5.2. The function F : R — R as defined in (SM5.5) is continuous and
differentiable on its domain; it is lower bounded; its derivative is locally Lipschitz continuous;
F(T;) > TT;/16 for j +1 € N; F(T;) = —d; for all j +1 € N; and F’s derivative is not
globally Lipschitz continuous.

Proof. As the proof of this statement is similar to the other constructions, we only verify
the values of the objective and the derivative at {T}}. For j =0, F(Tp) =0. Forj =1,..., K,
F(T;) = F(S;) = fi-1(Sj) = S;/2 > 75;/16 = 7T;/16 by Proposition 4.2. For j > K,

F(T;) = fi1(T}) = fi1(Tj-1) + 17m] = F(Tj—1) + 1675 by Proposition SM5.1. By
induction, for j +1 e N, F(T}) > 7T;/ 16. Similarly, either by Proposmon 4.2 or Proposition
SM5.1, F(Tj) = f]( j) = —dj. [ ]

SM5.3. Properties of Gradient Descent on the Objective. We now show that when
gradient descent is applied to the constructed problem, the objective function diverges, and
the gradient function converges to zero.

Proposition SM5.3. Let {my, : k+1 € N} be any positive sequence such that ), my, diverges
and mi — 0. Define F : R — R as in (SM5.5). Suppose o = 0 and let {x}, : k € N} be
generated according to (2.3) with My, = myI for all k+1 € N. Then, { My} satisfies Properties
2.4 and 2.6. Moreover, (a) limy, x, = oo; (b) limy F(xy) = co; and (c) limy, |F(x)| = 0.

Proof. We show that x, = T} for all £ + 1 € N. For the base case, xg = 0 = Ty. Suppose
xp, = T} for some k < K. Then,

(SM514) Tht1 = Tk — MkF(ack) =T +mpdp =T +mp = Tiy1.
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This implies that zx = Tx. Now, suppose x, = T}, for some k > K. Then,

mg

(SM5.15) Tht1 = Tk — MKF(J,‘k) =T +mpdy =T} + =Tkt1-

Sk+1

Hence, F(zy) = F(T}) > 7T}/16, which diverges to infinity. Moreover, for k > K, |F(x)] =
|F'(Ty)| = di, = 1/Sk+1 which tends to zero. [ ]



