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Abstract

This paper studies accelerated gradient methods for nonconvex optimization with Lipschitz
continuous gradient and Hessian. We propose two simple accelerated gradient methods,
restarted accelerated gradient descent (AGD) and restarted heavy ball (HB) method, and
establish that our methods achieve an e-approximate first-order stationary point within
0(677/ 4) number of gradient evaluations by elementary proofs. Theoretically, our complexity
does not hide any polylogarithmic factors, and thus it improves over the best known one
by the O(log %) factor. Our algorithms are simple in the sense that they only consist of
Nesterov’s classical AGD or Polyak’s HB iterations, as well as a restart mechanism. They
do not invoke negative curvature exploitation or minimization of regularized surrogate
functions as the subroutines. In contrast with existing analysis, our elementary proofs use
less advanced techniques and do not invoke the analysis of strongly convex AGD or HB.
Keywords: accelerated gradient descent, heavy ball method, restart, nonconvex optimiza-
tion, first-order stationary point

1. Introduction

Nonconvex optimization has become the foundation of training machine learning models and
emerging machine learning tasks can be modeled as nonconvex problems. Typical examples
include matrix completion (Hardt, 2014), one bit matrix completion (Davenport et al., 2014),
robust PCA (Netrapalli et al., 2014), phase retrieval (Candes et al., 2015), and deep learning
(LeCun et al., 2015). In this paper, we consider the following general nonconvex problem:

min f(x), (1)

x€Rd

where f(x) has Lipschitz continuous gradient and Hessian and it is bounded from below.
Our goal is to find an e-approximate first-order stationary point, defined as

V) < e

1. Parts of this work appeared in ICML 2022 (Li and Lin, 2022). Corresponding author: Zhouchen Lin.
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Gradient descent, a fundamental algorithm in machine learning, is commonly used due to
its simplicity and practical efficiency. Theoretically, gradient descent is the optimal method
among the first-order algorithms for nonconvex optimization under the assumption that
the gradient is Lipschitz (Carmon et al., 2020), which means that we cannot find a first-
order method with theoretically faster convergence rate under these conditions. When we
assume additional structure, such as the Hessian Lipschitz geometry, improvement is possible.
On the other hand, for convex optimization, gradient descent is known to be suboptimal
and several accelerated gradient methods with theoretically faster convergence rate were
proposed. Typical examples include Polyak’s heavy ball (HB) method (Polyak, 1964) and
Nesterov’s accelerated gradient descent (AGD) (Nesterov, 1983, 1988, 2005). Motivated by
the theoretical optimality and practical efficiency of convex AGD and HB, AGD and HB
have been extended to nonconvex optimization (Carmon et al., 2018, 2017; Agarwal et al.,
2017; Jin et al., 2018). But there are still some issues, such as the suboptimal convergence
rate and complex algorithms and proofs. In this paper, we study the restarted AGD and
HB method, variants of the original AGD and HB by employing a restart mechanism. Our
aim is to establish a slightly faster convergence rate than the state-of-the-art accelerated
methods by elementary analysis for the two simple methods.

1.1 Literature Review

In this section, we briefly review the convergence rates of gradient descent, accelerated
gradient descent, and the heavy ball method for convex optimization, as well as the state-of-
the-art accelerated methods for nonconvex optimization.

1.1.1 ACCELERATED GRADIENT METHODS FOR CONVEX OPTIMIZATION

For convex problems, gradient descent is known to converge to an e-optimal solution
within O(%) and (’)(% log 1) iterations for L-smooth convex problems and j-strongly convex
problems, respectively (Nesterov, 2004). Polyak’s heavy ball method (Polyak, 1964) was the
first accelerated first-order method, which finds an e-optimal solution in O(\/% log %) steps
when the objective function is twice continuously differentiable, L-smooth, u-strongly convex,
and the initializer is close enough to the minimum. Recently, Wang et al. (2022) extended
HB to the case without the locality condition. However, the (’)(\/% log %) complexity only

holds after (9(%) iterations. When strong convexity is absent, currently, only the (’)(%)
complexity is proved for smooth convex problems (Ghadimi et al., 2015), which is the same
as gradient descent. In a series of celebrated works (Nesterov, 1983, 1988, 2005), Nesterov
proposed several accelerated gradient descent methods. The same (9(\/% log %) complexity
is established for strongly convex problems without the twice continuous differentiability
and locality assumptions. Moreover, when the objective is L-smooth and convex, Nesterov’s
accelerated methods find an e-optimal solution in O(\/g) iterations, which is faster than
gradient descent and the heavy ball method in theory. Nesterov’s accelerated methods are
proven to be optimal among the first-order methods for convex optimization (Nesterov,
2004). For more topics on accelerated methods for convex optimization, interested readers
can refer to the survey paper (Li et al., 2020), for example.
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1.1.2 ACCELERATED GRADIENT METHODS TO ACHIEVE NONCONVEX FIRST-ORDER
STATIONARY POINT

For nonconvex problems, gradient descent finds an e-approximate first-order stationary point
of problem (1) in O(e~?2) iterations (Nesterov, 2004). Enormous amount of effort has been
spent on speeding up gradient descent in the last decade. Zavriev and Kostyuk (1993); Ochs
et al. (2014); Ochs (2018); Liang et al. (2016) studied the convergence of the HB method,
while Ghadimi and Lan (2016); Li and Lin (2015); Li et al. (2017) studied AGD. The practical
efficiency is verified empirically and there is no theoretical speedup under the assumption of
Lipschitz gradient. With the additional Lipschitz Hessian assumption, Carmon et al. (2017)
proposed a “convex until proven guilty” mechanism with nested-loop, which converges to
an e-approximate first-order stationary point within O(e~"/4log %) gradient and function
evaluations. Their method alternates between negative curvature exploitation and inexact
minimization of a regularized surrogate function, where in the latter subroutine, Carmon
et al. (2017) add a proximal term to reduce the nonconvex subproblem to a convex one and
use the convex AGD to minimize it until the function is “guilty” of being nonconvex. When
the third-order derivative of the objective is Lipschitz, the 0(6_5/ 31og %) complexity can be
obtained (Carmon et al., 2017).

1.1.3 ACCELERATED GRADIENT METHODS TO ACHIEVE NONCONVEX SECOND-ORDER
STATIONARY POINT

When studying nonconvex accelerated methods, most works concentrate on the second-order
stationary point (see definition in (5)). Carmon et al. (2018) combined the Lanczos method
and regularized accelerated gradient descent, where the former is used to compute the
eigenvector corresponding to the smallest negative eigenvalue to search descent directions of
negative curvature. Agarwal et al. (2017) implemented the cubic regularized Newton method
(Nesterov and Polyak, 2006) carefully and computed the descent direction using accelerated
method for fast approximate matrix inversion, while Carmon and Duchi (2020, 2018)
employed the Krylov subspace method to solve the cubic regularized Newton subproblems.
The above methods find an e-approximate second-order stationary point with probability at
least 1 — § in (’)(6_7/ 41og %) gradient and Hessian-vector product evaluations', where d is
the dimension of x in problem (1). To avoid the Hessian-vector products, Xu et al. (2018)
and Allen-Zhu and Li (2018) proposed the NEON and NEON?2 first-order procedures to
extract directions of negative curvature from the Hessian, respectively, which can be used to
turn a first-order stationary point finding algorithm into a second-order stationary point
finding one. Other typical algorithms include the Newton-conjugate gradient (Royer et al.,
2020) and the second-order line-search method (Royer and Wright, 2018), which are beyond
the class of accelerated methods.

The above methods are nested-loop algorithms, where the outer loop needs to call a
serious of subroutines such as negative curvature exploitation, minimization of regularized
surrogate functions using convex AGD (Carmon et al., 2018, 2017), or computation of cubic
regularized Newton directions (Agarwal et al., 2017; Carmon and Duchi, 2020, 2018). Jin et al.
(2018) proposed the first single-loop accelerated method, which also finds an e-approximate
second-order stationary point in 0(6_7/ 41og %) gradient and function computations with

1. Carmon et al. (2018) use VQf(x)v = limp 0 w to approximate the Hessian-vector product.
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probability at least 1 — §. The algorithm in (Jin et al., 2018) runs the classical AGD until
the function becomes “too nonconvex” locally, then it calls negative curvature exploitation.
To the best of our knowledge, it is the simplest method among the nonconvex accelerated
algorithms with fast rate guarantees.

Although achieving second-order stationary point guarantees the method to escape strict
saddle points, some researchers show that gradient descent and its accelerated variants that
converge to first-order stationary point always converge to local minimum. Lee et al. (2016)
proved that gradient descent converges to a local minimizer almost surely with random
initialization. Sun et al. (2019) gave the similar result for the heavy ball method. O’Neill
and Wright (2019) examined the behavior of HB and AGD near strict saddle points and
proved that both methods diverge from these points more rapidly than gradient descent for
specific quadratic functions.

1.1.4 LOWER BOUND FOR SECOND-ORDER SMOOTH NONCONVEX PROBLEMS

Carmon et al. (2021) studied the lower bounds for finding stationary point using first-
order methods. For nonconvex functions with Lipschitz continuous gradient and Hessian,
they established that deterministic first-order methods cannot find e-approximate first-
order stationary points in less than 0(6_12/ ") gradient evaluations. There exists a gap of
0(6_1/28 log %) between this lower bound and the best known upper bound (Carmon et al.,
2017). It remains an open problem of how to close this gap. It is also unclear which of the
upper bound and lower bound is tight (Carmon et al., 2021, Section 7).

1.2 Contribution

All the above accelerated algorithms (Carmon et al., 2017, 2018; Agarwal et al., 2017; Carmon
and Duchi, 2020; Jin et al., 2018) share the state-of-the-art O(e~7/*log %) complexity, which
has a O(log é) factor. As far as we know, even when we apply the methods designed to
find second-order stationary point to the easier problem of finding first-order stationary
one, we still cannot remove the O(log %) factor. On the other hand, almost all the existing
accelerated methods need to call additional subroutines and thus they are complex with
nested loops. Even the single-loop method proposed in (Jin et al., 2018) requires negative
curvature exploitation.

In this paper, we propose two simple accelerated methods, restarted AGD and restarted
HB, which have the following three advantages:

1. Our algorithms find an e-approximate first-order stationary point within O(e~7/4)
number of gradient evaluations under the conditions that both the gradient and Hessian
are Lipschitz continuous. We do not hide any polylogarithmic factors in our complexity,
and thus it improves over the best known one by the O(log %) factor.

2. Our algorithms are simple in the sense that they only consist of Nesterov’s classical
AGD or Polyak’s HB iterations, as well as a restart mechanism. They do not invoke
negative curvature exploitation or minimization of regularized surrogate functions or
computation of cubic regularized Newton directions as the subroutines.
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3. Technically, our elementary proofs use less advanced techniques compared with existing
works. Especially, it is irrelevant to the analysis of strongly convex AGD or HB, which
is crucial to cancel the O(log 1) factor.

1.3 Difference from Our Conference Paper

This paper extends our conference paper (Li and Lin, 2022) and we have rewritten the
contents. The major difference is that we have added a new algorithm, the restarted heavy
ball method, in this version. In contrast, our conference version only focused on the restarted
AGD. Although we use the same proof framework for the two algorithms, the details are
different, and it is not a parallel extension of our conference version. Specifically, see the
proofs of Lemmas 11 and 19, as well as the comparison in Remark 20. Empirically, the
HB-style momentum is more commonly used in the deep learning literature (Sutskever et al.,
2013), and it is verified to outperform the AGD-style momentum in our experiments.

1.4 Notations and Assumptions

We use lowercase bold letters to represent vectors, uppercase bold letters for matrices, and
non-bold (both lowercase and uppercase) letters for scalars. Denote x; and V;f(x) as
the jth element of x and V f(x), respectively. For the vectors produced in the iterative
algorithms, for example, x, denote x* to be the value at the kth iteration. We denote || - || to
be the ¢5 Euclidean norm for vectors, || - ||2 as the spectral norm and || - ||z as the Frobenius
norm for matrices. We make the following standard assumptions in this paper.

Assumption 1 1. f(x) is L-gradient Lipschitz: |V f(x) =V f(y)||<L|x—-yl|,vx,y €
RY,

2. f(x) is p-Hessian Lipschitz: |[V2f(x) — V2f(y)|2 < pllx — |, Vx,y € R?,

which yield the following two well-known inequalities:

[f(y) = f(x) = (Vf(x),y = x)| < §lly — x|, (2)
[f(y) = F(x) = (V(x),y = %) — (y = %)V f(x)(y — x)| < §lly —x|°. 3)

We also assume that the objective function is lower bounded, that is, miny f(x) > —o0.

2. Restarted Accelerated Gradient Descent

Nesterov’s classical AGD consists of the following iterations:
yE=xb 4 (1= 0" =), M =y V),

where 6 =

VLR for stronglykconvlfxlproblems and it varies as 715 at the kth iteration for
)

convex problems. The term (x* —x is often regarded as momentum. When applying the
above iteration to nonconvex problems, the major challenge in faster convergence analysis
is that the objective function (even the Hamiltonian potential function used in (Jin et al.,
2018)) does not decrease monotonically, especially when we set n = O(%) and 0 small (for
example, of the order €). To address this issue, Jin et al. (2018) invoke negative curvature
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Algorithm 1 Restarted AGD for Nonconvex Optimization (RAGD-NC)
1

1: Initialize x ' = x0 = x4y, k = 0.
2: while k < K do
3: yk =xF + (1-— (9)(xk — xk_l)

4 XM =yh —nViy")

5: k=k+1

6:  if k3L x! — x||2 > B? then
7 xT=x0=xF k=0

8: end if

9: end while
10: Ky = argmin xFtl — x
0 = argmin sy pe ||

- K
11: Output y = ﬁ > ko y*

Il

exploitation when the local objective function is very nonconvex. An open problem is asked
in Section 5 of (Jin et al., 2018) whether negative curvature exploitation is indispensable to
guarantee the fast rate. In contrast with (Jin et al., 2018), we use the restart mechanism to
ensure the decrease of the objective function, and thus avoid negative curvature exploitation.

We present our method in Algorithm 1. It runs Nesterov’s classical AGD iterations
until the “if condition” triggers. Then we reset x and x~! equal to x* and continue to
the next round of AGD. The method terminates and outputs a specific average when the
“if condition” does not trigger in K iterations. To simplify the description, we define one
round of AGD between two successive restarts to be one “epoch”. The restart trick, first
proposed in (O’Donoghue and Candes, 2015), is motivated by (Fang et al., 2019), where a
ball-mechanism is proposed as the stopping criteria to analyze SGD.

Our main result is described in Theorem 1, which establishes the (9(6_7/ 4) complexity to
achieve an e-approximate first-order stationary point. We defer the proofs until Section 4.1.

Theorem 1 Suppose that Assumption 1 holds. Letn = ﬁ, B = \/%, 0 = 4(epn®)/* € (0,1],

1 . . . AN L1/2p1/4 . .
and K = 3. Then Algorithm 1 terminates in at most JIGT gradient computations and

the output satisfies |V f(y)| < 82¢, where Ay = f(Xint) — ming f(x).

Among the existing methods, the “convex until proven guilty” method proposed in (Car-
AfL1/2p1/4 log LAf

mon et al., 2017) achieves an e-approximate first-order stationary point in O( 7 -

gradient and function evaluations, which is slower than our method by the O(log %) factor.
The complexity established in other work focusing on second-order stationary point, such as
(Carmon et al., 2018; Agarwal et al., 2017; Carmon and Duchi, 2020; Jin et al., 2018), also
has the additional O(log %) factor even when only pursuing first-order stationary point. Take
(Jin et al., 2018) as the example. Their Lemma 7 concentrates on the first-order stationary
point. They built the proofs of their Lemmas 9 and 17 upon the analysis of strongly convex
AGD, which generally requires (’)(\/% log %) iterations such that the gradient norm will be

less than e. Thus, the O(log %) factor appears.
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Remark 2 1. The specific average on lines 10 and 11 of Algorithm 1 is the crucial
technique to remove the O(log %) factor. See the proof of Lemma 15. This phenomenon
that some averaged iterate converges faster than the final iterate theoretically has also
been observed in other algorithms. For example, for Lipschitz and strongly convex
functions, but not necessarily differentiable, Shamir and Zhang (2015) proved the
O(1°§T) error of the final iterate of SGD while the (’)(%) one for the suffix averaged
iterate. Both rates are tight matching the corresponding lower bounds (Harvey et al.,
2019). For linearly constrained convex problems, Davis and Yin (2017) proved the
O(-L) rate for the final iterate of ADMM while the (’)(%) one for the averaged iterate.

VT
The two rates are also tight (Davis and Yin, 2017).

We can extend this technical trick to the method proposed in (Jin et al., 2018) and
greatly simplify their proofs with the slightly faster 0(6_7/ 4) convergence rate. See the
supplementary material of our conference version (Li and Lin, 2022). On the other
hand, we can also prove that the gradient at the last iterate in our method is small
with norm being less than € by employing the proof techniques in (Jin et al., 2018), at
the expense of introducing the additional O(log %) factor and complicating the proofs.

2. Restart plays the role of decreasing the objective function at each epoch of AGD. See
Corollary 12. Intuitively, when the iterates are far from the local starting point x° or
the momentum x* — x*~1 is large such that it may potentially increase the objective

function, restart cancels the effect of momentum by setting it to 0.

3. As discussed in Section 4.2, since our proofs do not invoke the analysis of strongly
convexr AGD or HB, the acceleration mechanism for nonconvexr optimization seems
irrelevant to the analysis of convex AGD. Our proofs show that momentum and its
parameter 0 play an important role in the analysis of nonconvex acceleration mechanism.

2.1 Adaptive Implementation and Infrequent Restart

In Algorithm 1, we set B small in theory such that the method may restart frequently, making
it almost reduce to the classical gradient descent, especially for high dimensional problems.
To take advantage of the practical efficiency of AGD, we should reduce the frequency of
restart. A straightforward idea is to set a large B initially and reduce it gradually. We
present an adaptive implementation of Algorithm 1 in Algorithm 2, which relaxes the restart
condition of k&S F1 x"+1 — x![|2 > B2 to ki [|x!T — x*||> > max{B?, B3}, where By
can be initialized much larger than B and is decreased geometrically after each epoch. The
decrease condition on line 8 of Algorithm 2 comes form Corollary 12. Intuitively, when
By < B, we always have f(x*) — f(x°) < _7556\7; from Corollary 12. That is, line 11 never
executes when By decreases to be smaller than B after O(log,, %) epochs and Algorithm 2 is
equivalent to Algorithm 1 in this case. When the decrease condition on line 8 does not hold,
which indicates that the algorithm may diverge, we discard the whole iterates in this epoch
and go back to the last iterate of the previous epoch, which is stored in x%,,. We terminate
Algorithm 2 when By < B and k equals to . On the other hand, we output the one of x
and y with smaller gradient norm. In practice, the last iterate always converges faster than
the averaged iterate. We describe the O(e~7/4) complexity of Algorithm 2 in Theorem 3
and defer the proofs until Section 4.3.
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Algorithm 2 Adaptively Restarted AGD for Nonconvex Optimization (Ada-RAGD-NC)

1: Initialize x 1 = x9 = xgw = Xint, k =0, By.

2: while k < K or By > B do
3 yP=xF4+(1-0)(xF-xF1)

4 XM =yh —nViy")

5: k=k+1

6:  if B L xt ! — x||2 > max{B2, B2} or k > K then
7 By = Bo/Co

8: if f(x*) - f(x%) < —76\3//; then

9: x t=x0=xk x0 =xF k=0

10 else

11: x 1 =x0= Xgur? k=0, By = BO/Cl

12: end if

13:  end if

14: end while
15: Ko = argmin x x4 [xF1 — x
K |<k<

Lo — 1 Ko k
16: ¥ = 20077 2ok0 Y

17: Output Xou = argmingx o {[|[ V£ ()|, [IVf(3)II}

“Il

Theorem 3 Suppose that Assumption 1 holds. Let n = ﬁ, B = \/%, 0 = 4(6,0772)1/4 €

(0,1), K = L%J, v < g, co > 1, and ¢; > 1. Then Algorithm 2 terminates in at most
1/2,1/4
@) (AfLE7/4p 51/L41;12/4 1 @) gradient computations and O (%g/‘éﬁ + log @) function

evaluations, and the output satisfies ||V f(Xout)|| < O(€).

Remark 4 Algorithm 2 also applies to the case when the Lipschitz constants L and p are

unknown. We can initialize a small quess of p', tune an appropriate n, and replace line 11

of Algorithm 2 by the following steps:

_ By .
x'=x"= X(c)urv k=0, By= 0717 N = max (;727 77mm> ’ p, = mln(plcgapfmaﬂ:)’

(4)

where c1 > ¢o > 1, and the output also satisfies ||V f (Xout)|| < O(€) within O(e~7/*) gradient

computations and O(e=3/2) function evaluations. See Theorem 15 in Section 4.3 for the

details.

2.2 Extension to the Second-order Stationary Point

Our restarted AGD can also find e-approximate second-order stationary point, namely a
point x that satisfies

IV <e and Apin(V2f(x)) > —/ep, ()

where A, means the smallest eigenvalue. We follow (Jin et al., 2017, 2018) to add
perturbations to the iterates. Specifically, we only need to replace line 7 of Algorithm 1 by
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the following step:
X_1 = XO = Xk + levf(yk_l)Hggg f ~ Unlf(]B(](T‘)), k= 07 (6)

where Unif(Bo(r)) means the uniform distribution in the ball By(r) with radius r and center
1, if VY| < B,

0 and Lyg sy = { 0, t|k|1va(y M=

The convergence and complexity is presented in Theorem 5. We see that the perturbed
RAGD-NC needs at most O(e~"/*log é) gradient evaluations to find an e-approximate
second-order stationary point with probability at least 1 — (, where d is the dimension of x
in problem (1). Our algorithm has the same complexity with the one given in (Jin et al.,
2018). Comparing with Theorem 1, we see that this complexity is higher by the O(log %)
factor. Currently, it is unclear how to cancel it, and we conjecture that the polylogarithmic

factor may not be removed when pursuing second-order stationary point (Simchowitz et al.,
2017).

Theorem 5 Suppose that Assumption 1 holds. Let x = O(log %) > 1, n= ﬁ, B =

1/4 2 . 2
W %, 0= % (%) /< L,K=%r= mm{g, 290—]?{, 92%} = O(e). Then the perturbed

AfL1/2p1/4X6

RAGD-NC (Algorithm 1 with (6)) terminates in at most O ( /i gradient com-

putations and the output satisfies ||V f(¥)| < €, where Ay = f(Xine) — ming f(x). It also
satisfies Amin(V2f(3)) > —1.011,/€p with probability at least 1 — (.

The proof of this theorem is essentially identical to those in (Jin et al., 2018). We omit
the proofs and they can be found in the supplementary material of our conference version
(Li and Lin, 2022).

3. Restarted Heavy Ball Method

Polyak’s classical heavy ball method (Polyak, 1964) iterates with the following step
X = ok T () (1 ) (- X,

_ 2
where n = —24—— and 1 — 0 = (s for strongly convex problems. In the deep

(VI+vi)? (VLR

learning literature, people often use the following equivalent iterations empirically with the
running average (Sutskever et al., 2013),

mk — 5mk71 4 Vf<Xk), XkJrl — Xk o nmk’,

where m™! = 0 and 3 = 1 — @ for the deterministic problems. When applying the heavy ball
iteration to nonconvex optimization, people often set n = (’)(%) to ensure the convergence
(Ochs et al., 2014; Sun et al., 2019), which prevents us from proving faster convergence in
theory and slows down the algorithm in practice when 6 is small. To address this issue,
similar to RAGD-NC, we combine the restart mechanism with the heavy ball method such
that n = O(4) while maintaining # small. Our method is presented in Algorithm 3. It runs
Polyak’s classical HB iteration until the “if condition” triggers. Then we restart from the
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Algorithm 3 Restarted HB for Nonconvex Optimization (RHB-NC)
1

1: Initialize x ' = x0 = x4y, k = 0.
2: while k£ < K do
3 xMl=xb v fF) + (1 -0)(xF —xF1)

4 k=k + 1

5. if kY7 ) |[x!T — x||> > B? then
E_ k+(1 20)(1—0)xk—1

6: 20 = T Ira—20)(1-0)

7 x1=xV=2zF k=0

8: end if

9: end while
10: Ko = argmin x J<k<K LA —x

11: Output x = K+1 Zk o XF

Il

auxiliary vector z¥, a convex combination of x* and x*~1, and do the next round of HB

iterations. Algorithm 3 shares almost the same framework as Algorithm 1, and the only
difference comes from the iterate z*, which is designed to fit the proof. See Remark 20 for
the detailed reason.

The main result is given in Theorem 6, which also establishes the O(e~7/4) complexity
to find an e-approximate first-order stationary point, and we defer the proofs until Section
4.4. Comparing with Theorem 1, we see that the two algorithms need the same assumptions,
share the same convergence rate, and have almost the same parameter settings, which
indicate that no one is superior to the other in theory for nonconvex optimization. As a
comparison, the heavy ball method requires more assumptions for strongly convex problems
and has the slower convergence rate in theory for convex problems than AGD.

Theorem 6 Suppose that Assumption 1 holds. Let n = 4L, B =, /4p, 0 =10 (6p77 ) /4 €

1/2,1/4
(0, 10] and K = é Then Algorithm 3 terminates in at most % gradient computations

and the output satisfies |V f(X)|| < 242¢, where Ay = f(Xint) — ming f(x).

In practice, Algorithm 3 has the same disadvantages as Algorithm 1 when B is small.
Similar to Algorithm 2, we also propose an adaptive implementation of Algorithm 3, and
present it in Algorithm 4. Theorem 7 gives the O(e~7/4) complexity.

Theorem 7 Suppose that Assumption 1 holds. Let n = 4L, B = 4—6/), f=10 (epn2)1/4 €

0,%5], K = |3], v <1, ¢ >1, and ¢; > 1. Then Algorithm j terminates in at most

> 104
O <AfL1/2p1/4 I1/2 Af\[

T 61/4p1/41 g pBO) gradient computations and O ( 57+ log pBO) function

evaluations, and the output satisfies |V f(Xout)|| < O(€).

4. Proof of the Theorems

We prove Theorems 1, 3, and 6 in this section. The proof of Theorem 7 is almost the same
to that of Theorem 3 and we omit the details.

10
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Algorithm 4 Adaptively Restarted HB for Nonconvex Optimization (Ada-RHB-NC)

1: Initialize x 1 = x9 = xgw = Xint, k =0, By.

2: while k < K or By > B do
3 xMl=xb gV fiF) + (1 -0)(xF —xF1)

4 k=k + 1

5. if EY N ) |[x — x| > max{B?, B2} or k > K then
E_ k+(1 20)(1—0)x+—1

6: 20 = T Ir(—20)(1-0)

7 By = B()/C()

8 if f(zF) — f(x°) < —y<= then

9 x_lzxozzk,xgw: zF k=0

10: else

11: x1=x=xY k=0, By= Bo/ca1

12: end if

13:  end if

14: end while
15: Ko = argminL J<k<K—1 [xk+ — x

16: X = K0+1 Zk Ox
17: Output X,y = argmingx 2 {||[V £ (x|, IV f(%)[}

“Il

4.1 Proof of Theorem 1

We prove the convergence rate of Algorithm 1 in this section. Denote I to be the iteration
number when the “if condition” on line 6 of Algorithm 1 triggers, that is,

K= mm{ kZ [x — xt)2 > B2} : (7)

For each epoch consisting of one round of AGD from iterations k = 0 to k = K, we have

1<K<K, K) |x"*'—x'|*>>B?  and (8a)
k-1 k—1

|x* — x0|> = thﬂ - x| < kzz |x! —x|? < B%,Vk < K, (8b)
t=0

where the last inequality comes from the definition of K. From the update of y on line 3 of
Algorithm 1, we also have

" = < flx® = %) + Ix* = x| < 2B, vk < K. (9)

On the other hand, for the last epoch where the “if condition” does not trigger and the
while loop breaks when k increases to K, we have

¥ — x> < k> [Ix" - x|? < B?, vk < K, (10a)

ly* — x°|| < 2B,Vk < K. (10b)

11
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We will show that the function value decreases at least O(e!®) in each epoch except the last
one in Sections 4.1.1 and 4.1.2. Thus, Algorithm 1 terminates in at most O(e~!-%) epochs.
Since each epoch needs at most O(e~92%) iterations, Algorithm 1 requires at most O(e~17?)
total gradient evaluations. In the last epoch, we will show in Section 4.1.3 that the gradient
norm at the output iterate is less than O(e).

4.1.1 LARGE GRADIENT OF ||V f(y*~1)]

We first consider the case when ||V f(y*~1)|| is large.

Lemma 8 Suppose that Assumption 1 holds. Let n < ﬁ and 0 < 6 < 1. In each epoch of
Algorithm 1 where the “if condition” triggers, when ||V f(y*=1)|| > %, we have

Proof As the gradient is L-Lipschitz, we have

PR <7(5H) + (THR) b yk) 4 Dy

2
=1 ~ VNI + B I (1)
<F(7H) = ZIVIHIP,

where we use the AGD iteration on line 4 of Algorithm 1 and n < ﬁ. From the L-gradient
Lipschitz, we also have

P > 754 + (T =) — Dt — ¥

So we have
P — )
e R L AT &

2
1 L 7
= (T xE = yE) - S =y = V)P
n
1 L m
= (I =y E I I =yt xF2) + St — 2 = VAP
n 8
a5 1 3n
< sk S yR2 - Rt xR 2 - 2 (v R )12
S gl =y HIP = g P = L)
55k k12 Lok kg2 91 k(2
<2 |Ixk - S - - v
LA B et R AT

a b
where we use L < ﬁ in <and ||[x*—y*|| = (1—-0)|x* —x*71| < [|x¥ —x¥~!|| in <. Summing

1

over k=0, --,K —1 and using x° = x~!, we have

K oy 1 = k41 k2 9N = oy 112
f(X)—f(X)S§§ [T — x| —§§ IV
U )

12
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cB? 3n d B*> 3B B?
<~ ZIVAYEHIP < =——,
8n 8 877 877 4n
c d
where we use (8b) in < and ||V f(y* 1| > % in <. [ |

4.1.2 SMALL GRADIENT OF ||V f(y*=1)||

If [V Y| < %, then from the AGD iteration on line 4 and (9) we have
I = x| < [ly* ! = x| + 9| VI < 3B.

For each epoch, denote H = V2f(x") to be the Hessian matrix at the starting iterate
and H = UAUT to be its eigenvalue decomposition with U, A € R¥>? Let Aj be the
jth eigenvalue. Define x = UTx, y = Uy, and %f(y) = UTVf(y). As the Hessian is
p-Lipschitz, we have

< XD> + (X/C o XO)TH(XIC o XO) + gHXIC _ X0H3
1
< O ~IC ~0> + §(§IC _ iO)TA(iK _ iO) + gHXIC _ XOHS (12)

< x“>—g< )+ 4.5pB%,

Fx*

I/\
N

where we denote
j=1 (13)
Denoting

=V, f*) Vg3, & =VIEF) - VeFh),

then the AGD iterations in Algorithm 1 can be rewritten as

Yy =%+ (1-0)x) -5, (14a)
X =35 =0V f(y") =55 = nVg;(55) — ol (14b)

and [|6%|| can be bounded as

16511 =1V f (y*) = VF(x*) = AF* = %%)]
=[IVF(y*) - Vf(x%) - Hy" - x|

| ([ o)~ 1

<5 Ply* = x2 < 2082

13
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for any k < K, where we use the p-Lipschitz Hessian assumption and (9) in the last two
inequalities, respectively.

Thanks to (12), to prove the decrease from f(x°) to f(x*), we only need to study
the decrease of g(x). Iterations (14a) and (14b) can be regarded as applying AGD to the
quadratic approximation g(x) coordinately with the approximation error gk, where the later
can be controlled within O(pB?). The quadratic approximation g(x) equals to the sum of d
scalar functions g;(x;). We decompose g(x) into 3 _;cs 9;(x;) and > s, g;(x;), where

Slz{ji)\jz—a} and ng{ji)\j<—6}.
Ui Ui

We see that g;(x) is approximate convex when j € Si, and strongly concave when j € Ss.
We will prove the approximate decrease of g;(x;) in the above two cases. We first consider
> jes, 9j(x;) in the following lemma.

Lemma 9 Suppose that Assumption 1 holds. Let n < ﬁ and 0 < 0 < 1. In each epoch of
Algorithm 1 where the “if condition” triggers, when ||V f(y*= || < %, we have

S @) - Y (& Z 30\ Z R 2 8np°B°K B4’C (16)
jEST jESL ]ESI
Proof Since g;(x) is quadratic, we have
gj(;(;?ﬂ) :gj(;(j) <Vg]( k) §+1 ~§> J‘Xk:-i-l ~§‘2
9i(X}) - 71]< X - bl %)
+ (Vg — Vo (35), 2 =) + TR P

1 ) ~
*gj(xj) n <Xj )]7 Xj> <5jaxj xj>

+ (R - g5, - i§>+ﬁ\§§+l—§§y2
:gj(;(j) <\x]—yj| |~k+1 ~k’ ’~k+1 ~§’2)

- 5;-2%;?“ %)+ (R - 742 - % - 4P)
ng<i§>+2ﬁ7(\i§—§§|2—|i’?“ TP - R - %)

b ol 4+ SIRE -+ 2 (R - R - )

for some positive constant a to be specified later where we use (14b) in <. Using L > Aj

>
f% when j € Sy = {j: A\ > 7%} and (fﬁ + ) ‘Xk+17§;€‘ < (-2L+%) |~k+1—y]| <

14
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0, we have for each j € &1,
0y (@) <gy (&) + -
I\ J 277

b g (T+0)(1— 02 1 k12 | N A R R I 1T
Loy + SEOU = b bt (- S R R A,

1 ~ (0} . 0 .
sk _Sk2 k+1 _ Sk|2 k|2 Sk+1 k|2 ~k: k|2
(| B ]‘ | J S )+27()¢’6j’ +§’ J B j’ +277]‘ y]|

where we use (14a) in Ly Defining the potential function

- 1+0)(1—-6)2 _ -
ﬁfﬂ—gj( k:+1)+( +6)( ) ‘X?’—H_ k2

2 %
we have
I a (1+0)1-0)2\ - . 1~
E+1 gk k+1 k2 k|2
% §€j—<2n—2—2n ]xj - x| +£]5j]
<tk - &l X+ 6T
Whereweleta—%1n<suchthat ——%—W— 30—1———% > 3 877 Summing
over k=0,1,--- ,K—1and j € Sy, using x" —x~! =0, we have
30 % 21 A
D uE) <Y <Y g - o Z S I L
JES JES JES J€31 =
d ~ ~ ~ 8np*B'K B4IC
Y aE -3 5 Zl’““ %[ + ,
JES J€51
d
where we use (15) in <. [ |

Next, we consider s, gj(xX;).

Lemma 10 Suppose that Assumption 1 holds. Let n < ﬁ and 0 < 0 < 1. In each epoch of
Algorithm 1 where the “if condition” triggers, when |V f(y*1)| < %, we have

2 4
Z pE: Z (%) < — Z Z |~k+1 %2 4 w (17)

JES2 JES2 7 632 k 0

Proof Denoting v; = Sij %% f(x%), gj(z) can be rewritten as

\j o 1= S
oi(a) =5 (o= R4 LTI60) ) = G900
J J
A 2 1 ‘ 0\(2
=l il = 5 90)
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Foreach j€e Sa={j: \; < —%}, we have

A Aj
~k+1 <k k
i (%) — 9;(X) = ]IX vl = SR vl
o+ _ xk)2 k <k =k
A +A< R ) (18)
<_ ‘Xk+1 ~k| + A < k+1 if,;c?—vj>.

So we only need to bound the second term. From (14b) and (14a), we have

X — %k =y =% — Vg, (§]) = nd}
(1-0)x; —xi) - ng(yj) nok
(1 O~ %)~ (55 i) - o
(1= 0) (& — =51 — (&Y — v + (1 - )& —=h1)) — ok

So for each j € S, we have

[kt ok sk ,
)\J<xj —xj,xj—vj>

—(1=O) (R R R v~ IRE v P2 (1 0) (R v ) — (88, % -y

<=0 (R = KL= = vy ) NI - v
9)

nA2(1 — o ~ n -~ nA2(1+6) _
+ L (R -=T P R v + s il
A2(1 - ) _
_ k_ k-1 <k 14 <k k=12 n |2
—(1—0))\] <X]—XJ ’X] V]>+f|XJ—X] | +m|(5|
- F R S - 77)\2(1*9) - e n ~

:(1—9)Aj<x§—x§ Lk 1—vj> (1=0) 15 =%~ 2 == 1|2+2(1+0)|5;?|2
a - - —1 ',7 ~
<(1—=0)\; <x§C — xf 1,x§” L Vj> + 5]5?\27
where we use (1—1—%) (1—-0) > < ——)(1—9)>0and/\ < 0 when j € Sy 1n> So

we have

N (R =R - vy ) <(1-0)E (%) - %,

Zk: k t|5t

4+
2
k
L (1-0)F AR) — vy + gz biriik

1\9\3

i kt|5t2

16
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where we use
Xj = %) =%} = §) = Vi f(y°) =~V f (")
= —nVg;(x]) = —nX; (X} — v;)

in Z. Plugging into (18), we have

k
~ - 0 - n
gj(X;?-H) N gj(xé?) < _%’X?—H X§|2 + 5 Z k t‘ét‘2
Summing over £k =0,1,--- ,K — 1 and j € S2, we have
9 K—-1 T/ICfl k
o Sk ~k k
S 0 - Y GE) < 3 o SR R TS 0 o
JES2 JES2 JES2 N k=0 k=0 t=1
. 9 K—-1 K—-1 k
k+1 2 4
< - o X >+ 2np’B 221—9
jess 7 k=0 k=0 t=1
K—-1
P e kL xk)2 4 2np* BIK
= Lay J j 0 ’
JES2 k=0
C
where we use (15) in <. [ |

Putting Lemmas 9 and 10 together, we have the following lemma.

Lemma 11 Suppose that Assumption 1 holds. Let n < ﬁ and 0 < 6 < 1. In each epoch of
Algorithm 1 where the “if condition” triggers, when |V f(y*=1)| < %, we have

30B%2 10np’B*K
By - rx%) < - 4.5pB>. 19
FO) = ) < = + T s (19)

Proof Summing over (16) and (17), we have
g&F) -9 = > gE&E) -gE)
'ES1U82
- - 1077,0 2B
<2 Z H k+1 k||2

10np*B*
35 st e 4. 102K
— 9
_ 36B? N 10np?’BK
8nk 0 ’

[Ae

where we use (8a) in % Plugging into (12) and using K < K, we have
30B%  10np*B*K

) = fx0) < - st 9 +4.5pB°
30B% 10np’B*K
-kt 7”’9 +45pB3,

17



L1 AND LIN

From Lemmas 8 and 11, we can establish the decrease of f(x) in each epoch.

Corollary 12 Suppose that Assumption 1 holds. Use the parameter settings in Theorem 1.
In each epoch of Algorithm 1 where the “if condition” triggers, we have

£ - Fx0) < -1 20
xV) — f(x7) < — .
8v/p
Proof Combing Lemmas 8 and 11 and using the parameter settings, we have
30B%  10np*BK B? 7€3/2
f(x*) = f(x°) < —min — =P — 4.5pB%, = —min{ — ,L )
8nK 0 477 8\/p 4np
3/2
From 6 = 4(epn®)t/* < 1, we have 785\/5 < 1 m

4.1.3 SMALL GRADIENT IN THE LAST EPOCH

We first give the following lemma for the last epoch.

Lemma 13 Suppose that Assumption 1 holds. Use the parameter settings in Theorem
1. In the last epoch of Algorithm 1 where the “if condition” does not trigger, we have
IVF(¥)Il < 82€.

Proof Denote y = Uly = Ko+1 ZKO UTyk = Ko+1 Zk Oyk Since g is quadratic, we
have

1 &
<\l <k
IVe(¥)| = HKO — kZ:OVg(y )

Ko

a 1 (~k+1 Sk 5k
2 1S (gt )
n(Ko + 1) k;zo v
Ko
_ 1 Z (§k+1 _xk_ (1 N 0)(§k _ ik_l) + ngk)
n(Ko+1) || &=
b 1 SKo+1 30 <K =0 - N
=% -x —(1-0)(x""—x")+ 0
(Ko +1) (1= 0X )
1 Ko
_ ~Kop+1 <Ko <Ko =0 N
= ||x — X0 4+ P(x0 —x7) + 1)
(o 1) ( )
1 all
S Ko+1 <Ko <Ko <0 N
_ X — X +0||x"™° —x7|| + 1)
U%+U<H I+l I+03 1 0
2 _ 20B
< RO K 208, (21)

nkK

18
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b)in =, x ' =x" in i, Ko+1> %, (10a), (15), and (10b) in % From
k+1 _ xk||, we have

where we use (14
Ko = argmin K| <p< g1 HX

K—-1
1
HXK0+1 o XK0||2 Si ”Xk+1 - Xk||2
K —|K/2]
k=|K/2]
K—-1
1 22
<R & T )
k=0
i 1 B2 - B
“K-|K/2| K — K2’

where we use (10a) in < On the other hand, we also have

IV = IV IV + IVFF) — VaF)ll
=|VaD)| + IVF(F) - V") — AF - %)
=[Vg@) + V() - V(") — H(y — x)]|
<[Vg@)l + £y —x"|12 < IVg(@)l + 2B

e
where we use ||y — x°|| < ﬁ Soeo, ly* — x°|| < 2B from (10b) in <. So we have

2V2B  20B
\[+

+ 4pB? < 82
nk “

V@) <

|
Based Corollary 12 and Lemma 13, we can prove Theorem 1.
Proof For each epoch where the “if condition” triggers, we have (20). Note that at the
beginning of each epoch, we set x° to be the last iterate x* in the previous epoch. Summing
(20) over all epochs, say N total epochs, and using min, f(x) < f(x*), we have
763/2
8/p

So the algorithm will terminate (that is, the “if condition” does not trigger and the while

min f(x) = f(Xint) < N

1/4
loop breaks) in at most — f;/‘[ epochs. Since each epoch needs at most K = % &
1/2,1/4
gradient evaluations, the total number of gradient evaluations must be less than %.
On the other hand, in the last epoch, we have |V f(y)|| < 82¢ from Lemma 13. [ |

Remark 14 The purpose of using the specific average as the output and k Z ||xt+1
x!||2 > B? in the “if condition” in Algorithm 1, rather than ||x* — x°|| > B, is to establish
(22).

19
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4.2 Discussion on the Acceleration Mechanism

When we replace the AGD iterations in Algorithm 1 by the gradient descent steps x*+1 =

xF — nV f(x¥) with step-size n = ﬁ, similar to (11), the descent property in each epoch
becomes

7 7B2
K )< — Z k41 k2 <
Fx) - 8n P I” < 8k’

k

and the gradient norm at the averaged output x = 4 Ek o X' can be bounded as

1 B
Vo) < —||x% — x| +2pB% < — +2,pB2.
| g(X)II_nKHX x| +2p _nK+ p

By setting B = f and K = \/—7), we have the O(e2) total complexity.

Comparing the above two inequalities with (19) and (21), respectively, we see that the
momentum parameter 6 is crucial to speedup the convergence of AGD because it allows
smaller K than that of GD, that is, 7 /4 v.S. 11/2 for AGD and GD, respectively. Accordingly,
smaller K results in less total gradlent evaluations since both methods need O(e~!?) epochs.
The above comparisons show the importance of momentum and its parameter € in the
nonconvex acceleration mechanism. On the other hand, since our proofs do not invoke the
analysis of strongly convex AGD, we conjecture that the nonconvex acceleration mechanism
seems irrelevant to the analysis of convex AGD.

4.3 Proof of Theorem 3

In this section, we prove a stronger theorem, where we replace lines 11 and 8 of Algorithm

2 by (4) and f(x’c) - f(x% < —'yig, respectively. Denote 9int, pl,;, and By int to be the

initializations of 7, p/, and By, respectively.

Theorem 15 Suppose that Assumption 1 holds. Let B = /5, 6 = 4(ep'®)M* € (0,1), and

K= L%J in each epoch, where n and p' may change dynamically during epochs. Let v < g,
/ 2

co>1,¢c1>co>1, Nuin < ﬁ, and pho. > p, where ’ZPA = <1;71—"t> . Then Algorithm
int min

2 with (4) terminates in at most O(e~ /%) gradient computations and O(e~3/?) function

evaluations, and the output satisfies ||V f(Xout)|| < O(e).

Using the same proofs of Corollary 12 and Lemma 13, we have the following two
straight-forward corollaries.

Corollary 16 Suppose that Assumption 1 holds. Let B = /5, 0 =4 (ep’772)1/4 € (0,1],

and K = | ] in one epoch, wheren < ;= and p > p. Assume thathE Lxtt—xt||2 > B2
for some K < K and k‘Zf;Ol |x! ! — x|2 < B? for all k < K, then for the iterations

yE=x (1= F =X, M =y vy (23)
starting from xY = x71, we have
763/2
FOM) =[x <~ (24)
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Corollary 17 Suppose that Assumption 1 holds. Let B = /5, 0 =4 (ep’n2)1/4 € (0,1),

and K = | %] in one epoch. Assume that ka:_OI x*! —x!||? < B? for all k < K, then for
the iterations (23), we have

2v/2B 20B

n n T8¢ 4pe
nk?2 nK

4pB? < 4
PEE= e T

IV <

where ¥ is defined on lines 15 and 16 of Algorithm 2.

Now, we can prove Theorem 15.
Proof Recall that we define one round of AGD to be one epoch and the parameters 7, p/,
By, and B do not change during each epoch. From the update of  and p’, we know 6 and
K never change. That is, § = 4 (ep},,,n2,,) iy (epgmxn?nm)l/zl and K = | 3] all the time.
We first consider the last epoch if the algorithm terminates. From line 2 of Algorithm
2, we know the while loop breaks when k& > K and By < B. In the last epoch where the
“if condition” on line 6 does not trigger, we have kY F - |x"*! — x!||? < max{B?, B} and
k < K. So the last epoch consists of K iterations and kzgol [x*! — x!||2 < B? for all

k < K. From Corollary 17, we have ||V f(y)| < (17785)2 + ;1,06 = O(e).
int

Next, we prove the algorithm will terminate in at most O@(e~%/2) epochs. In each epoch
where the “if condition” on line 6 triggers, we execute either line 9 or line 11 (in fact, step
(4)), depending on the condition on line 8. Denote one epoch to be valid when the “if
condition” on line 8 holds. Otherwise, denote this epoch to be invalid, where invalid means
that we discard the whole iterates in this epoch and reset x° and x~! to be the last iterate
in the previous valid epoch, which is stored in x%,,..

Consider the total number of invalid epochs. We can prove that invalid epoch never
appears and line 11 never executes when By < B, n < ﬁ, and p' > p. In fact, for each
epoch except the last one, when By < B, we always have kK < K. Otherwise, the while
loop on line 2 breaks. Thus, when the “if condition ” on line 6 triggers, we must have
KL — xt|2 > B? for some K < K and kY5 [|x"*! — x!||2 < B for all k < K.
From Corollary 16, we have f(x*) — f(x°) < —;‘jﬁ; < —’y%, which triggers the condition

on line 8. Thus, line 11 never executes. So we only need to count the number of epochs

such that By < B, n < -, and p' > p. Letting

Boint € Nint 1 /2N,
o S : — < —,  PintCy " 2P 25
(CoCl)Nw p;ntcgNw ’ Cévw 4L7 m ’ ( )

we have Ny, = O <10gcocl/cz Bo.inttint log,., (Lnint) + log,, L). So we only need O(log %)

€ p;nt
invalid epochs for some constant C' to get Bg < B, n < ﬁ, and p’ > p.

Consider the valid epochs. Since each valid epoch decreases the objective value at least
3/2 3/2

I = e

. A /
Putting the two cases together, we need at most O ('ce ”3/'2"“”” + log f) epochs, and

A !
, we have at most —LYmez 3’72"‘“”
ye

valid epochs.

3/2

accordingly, O (Af V Pmaz 4 log (;) function evaluations. On the other hand, each epoch,
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no matter valid or not, needs at most K +1 = O (W) =0 (m) gradient

computations (see line 6 of Algorithm 2). So the total number of gradient computations is
D/ Prnaz c 1 _ A g (Prnaa) '/ 1 c
<( —z - tlog E) <(€P’maznfnm)1/4>) =0 ( e7/anl/2 + (Phnazyin) log ¢ ).

At last, we consider Theorem 3. In the original Algorithm 2 where we do not dy-

namically change p’ and 7, we only need to replace (25) by BOT;C” < \/% such that
)

Ny =0 <logco %), even if line 11 in Algorithm 2 is never triggered. Since p’ and

n are fixed at p and 4L, respectively, we have the complexity of O ( J;)Q[ +log 2 Bo, ””)

. . A L1/2,1/4 1/2 Bo.in
function evaluations and O < g 67/4;) + 615“4,)1/4 log 2 Snt

) gradient computations.

4.4 Proof of Theorem 6

We follow the proof sketch in Section 4.1 and use the notations therein. Specifically, (8a),
(8b), and (10a) also hold for the heavy ball method.

4.4.1 LARGE GRADIENT OF ||V f(x*71)]

Similar to Lemma 8, we first consider the case when ||V f(y*~1)| is large and give the
following lemma for Algorithm 3.

Lemma 18 Suppose that Assumption 1 holds. Let n < 4L and 0 <0 < 1 . In each epoch
of Algorithm 8 where the “if condition” triggers, when ||V f(x*=1)| > 4B, we have

FE) — 1) < -

Proof As the gradient is L-Lipschitz, we have
f(karl)
<P 4+ (V) % k) Dtk
a _ L _
L)+ (V) (1= )6 = x5 =V () ) + T 11— 0) (e = xH 1) = 0 7 ()2

n 1 _ _
Sf(xk)—n!!Vf(Xk)!!2+§\|Vf(xk)H2+*HXk —x" P+ L = <P 4 L |V £ (M) )P

21
b
<T6) = FIVIOOIE + ot =<1
b
where we use the heavy ball iteration on line 3 of Algorithm 3 in £ and n < ﬁ in <.
Summing over k = 0,--- , K — 1 and using x° = x~!, we have

K x0) EK k2 2 & B? _Q K—1y(2
f(x™) — 4 Z [ ZHVf )| < 4HVf(X =, (26)
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where we use (8b) in % On the other hand, we also have

K—

2
FE) - 432 - "Zuw I <5 (27)

k=0

Define h(x) = f(x) + %|x — x°||>. We know h(x) is convex since V2f(x) = —LI. Thus
we have h(z) < ah(x*) + (1 — a)h(x*1) with o = m €3, 1—172] and z" =
ax® + (1 — a)x*=1 which further yields

F() <af(x) + (1) fO) 4 B e P et oy
~ Dl %) + (1 - ) (! x|
Lof(x) + (1) f ) 4 EAE O e e (29)
<af () + (1 - a)f(x"7) + gl - x|

<a () + (1= ) () 4 o x4 %HVﬂx’C—l)H?,

where we use |az + (1 — a)y|? = ax® + (1 — a)y? — a(l — a)|r — y|? in =. Plugging (26) and
(27) into (28) and using ||x*~! — x*72||2 < B2, we have

3B?> B?

Ky 0 bLm na K—1y)12 Q K—1y)12
f(z%) = f(x7) < TR || FEEINT+ 16 IV
13B%2 g _ 332
< — v <
165 16 “ 16y’
where we use ||V f(x*1)|| > % in % [ |

4.4.2 SMALL GRADIENT OF ||V f(x*1)]

If [V < %, then from the heavy ball iteration on line 3 of Algorithm 3 and (8b)
we have

I — X0 < [ = X 4+ [ T E) |+ (1— )5 — %2 < 6B,
Similar to (12), using the definition of g(x) in (13), we have
FO) = F(x%) < g(&*) — g(X%) + 36pB°. (29)
Denoting
0F = Vi (x*) = Vg;(x}), 8" =Vf(x") - Vg,

23



L1 AND LIN

then the heavy ball iteration in Algorithm 3 can be rewritten as

X=X =V f() + (1= 0)(x] - %57 (30)
=X} —nVg;(X}) — ndf + (1 - O)(X — %),
Similar to (15), ||6%|| can also be bounded as
~ B2
L (31)

for any k£ < K.

Lemma 19 Suppose that Assumption 1 holds. Let n < 4L and 0 < 0 < 15. In each epoch
of Algorithm 8 where the “if condition” triggers, when ||V f(x*=1)| < 4B, we have

99 B> BiK
f(z™) — f(x7) < 107K + 10 + 36pB°.

Proof Since g;(x) is quadratic, we have

= i A~ ~ N .
g;(%) — 95 (&) =R = X5 = TR - X7 + <ij(x0),x§€+1 §>
:J\ilﬂ-l X812 4 <X§+1 X\ (X )+ V, £ ( )> (32)
>\ o > ~
Aj \xkz+1 x5)? + <x§+1 xk vgj(x§)>

From (30), we have

(R+! -5, v, (=5 )
—(1— 0) (R — R Vg (RE) ) — [V, RDIZ — 0 (35, Vg (R5) )
<(1—0) (% — %, Vg, (%)) = nlVg; (RO + 1[0 + 00| Vg, ()
—(1- ) (%t -

%5 — X Vg (%) ) — (1= 0)n[ Vg (R5) + 15107

k
J
<k
X5
<k
J
<k

Plugging into (32), we have
- ~ Aj i~ - b~k -
g; (X — g5 (xh) <7 5 LM 5P+ (1-9) <X§€ —x ng(X?)>
— (1= 0)n|Vg;(X)* + 0|5f|2-

Rearranging and squaring both sides of (30) and using (a+b)? < (14 Z5)a® + (1 + 152)b? =

2 2
1= + %, we have

el 1 e e |2, TP
R R < |1 - )& % 1>—an]~<><§?>\ + "
~ 34
k
—(1-0 k; 12 v D S S Ve 772|5j|2
(1 g Vg ()22 (R, () )+
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Multiplying both sides of (34) by (A-97 9) , adding it to (33), and rearranging the terms, we
have

95 (X5) — 9;(x5)
by

< (2

—(1-20)(1 9)<x X5 Vgy(x )>+<77+77(1;0>2> |55 2
(% -

<k+1 ~k (1 B 9)3 <k <k—1
- DR - S -

- . 1-0)° -
X;c—f—l k|2 ( ) ’Xk _Xk—1|2

|
- (523) :

k—1 n 77(1 — 0)2 Sk|2
(1 20)(1 - 0) (R - RN R + V) + (49+9 3%
Skl _ k2 (1 =0 ko122
<- (&= )|xj s+ s s g
~(1-2)(1- e>( R P R YRR (R, 9,69))
(1=02 N\ shi1 k2, (1-0)° (1 —20)(L—O0)Aj\ <k wk-1p2
—_< 7 9 |Xj _Xj| + " - 9 ’Xj_xj |

TN — (- 20)(1 - ) (955 — &)

Note that
(1-672 N (1-6)7° N (1-20)(1—0)\;
n 2 n
_(1-6)%0  X;(30 —26°) o (1= 0)6 36 — 26 b 90

7 2 7 8n = 20n’

a b
where we use \; < L = ﬁ in > and 0 < 1—10 in >. So we have

g (R = g (&) + (1= 20)(1 = 0) (%) — 9 (K57)

<_ (1—9)37(1*29)(1*9))‘j+% A k2
n 2 20m ) Y J
1-60)2 1-20)1—-0N\ » —p 51~
+<( ; ) o 5 ) ]> ’X?—X? 1’2+@’5§:’2_

Summing over k = 0,1,--- , K — 1 and using x* = x~!, we have

gi(&E) — g;) + (1= 20)(1 - ) (&) - ;(2)))
M3 B K—1 k-1 (35)
< - <(1 0) _ (1 29);1 ‘9))‘ ) ‘~IC ~IC 1’2 9¢ Z &?H —i?‘Q—I- % Z ‘55‘2

n 2077 Pt

k=0
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Denoting a = m € [%, 1—172] and multiplying both sides of (35) by «, we have

o (g5(&) = ;D) + (1 = ) (R ™) — g,(%))
K—
S—CM((l_ng) (1— 29); )>\>| ~]c 12 ggzkz|~k+1 ~k| +5Oz’l72|5k

K—-1

1/(1-6)° (1-20)(1-6)); g1 90 Skl k2 TN R 2

<5 (- P 2SR S
k=0 k=0

where we use (37) in the last inequality. On the other hand, from z* = X'Cﬁﬁ(‘liegéi(‘l@;‘ffl

ax® + (1 — a)x*=1 we have

9i\Z (NK) g;j (X )

A "R N
:?j ‘a(xéC — X?) +(1- oz)(x;C ! —X(J))‘ + « <ij(x0),x;C — x§)>
(1= a) (T, ("), R - %9
e e N(l=—a) g ~ Na(l—a) ¢ —x_
:%xf x?]Q—i—ij 5 x}c I—X?Q—ij 5 \x}c—xf 12

+a (Vi (), R =% + (1 - ) (V,/(x), % - %))

—0 (0)() — g, (6) + (1~ ) (g (&) - gy (&) ~ MU= D g g

2
L o (05 — (20 + (1 — N N WU ST SR D
sSo (QJ(X] ) QJ(X])) + ( @) gj (Xj ) gJ(X]) + 3277|Xg X, |
2 B 1 (1*9)3 B (1_29)<1_9)/\j _i ‘ilC_ilC—1’2_%]§’§k+l_ik|2+n’§’gk’2
- 2 n 2 16n) "9 7 407 &= J 0~ J
I 90 N2 kit ko, N R
< - 100 X | 2 16515,
=0 k=0
where we use |ax + (1 — a)y|?> = az? + (1 — a)y? — a(l — a)|z — y|?> in %, Aj>—L= —ﬁ
d
in <, (36) in < and
—0)3 _ _ ) _ )3
(1-0)° (1-20)1—-0)\ 1 S (1-0° 1 1 0 (37)

7 2 S 16p T 8n  16n —

!
with 6 € [0, 1—10] in <. Summing over j, using (31) and (8a), we have

K-1
- ~ - ~ 96 . np?BAK
9(Z") — g(x°) = Zgj(ZQC) —gi(x)) < — — Z IXEH = %))+ ———
- 40 & 46
- 99B? np?’BiK
= 40pk 460
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Plugging into (29), we have the conclusion. |

Remark 20 Comparing with the proofs in Lemmas 9 and 10, we do not divide the eigenval-
ues into two groups in the proof of Lemma 19. However, the bad thing is that gj(ig-c) fgj(ig)
and gj(?(;cfl) — gj(;(?) appear simultaneously on the left hand side of (35). This is the reason

why we introduce the vector z* in Algorithm 3.

Combing Lemmas 18 and 19, similar to Corollary 12, we have

K 0y « /2
f(z )—f(X)_—%-

Similar to Lemma 13, we also have |V f(x)| < 27;?23 + 2719—[? + pB? < 242¢ in the last epoch.

Using the same proofs of Theorem 1 at the end of Section 4.1.3, we can prove Theorem 6.

5. Experiments

We test the practical performance on the matrix completion problem (Negahban and
Wainwright, 2012; Hardt, 2014) and one bit matrix completion problem (Davenport et al.,
2014), and end this section by discussing the gap between theory and practice.

5.1 Matrix completion

In matrix completion (Negahban and Wainwright, 2012; Hardt, 2014), we aim to recover the
true low rank matrix from a set of randomly observed entries, which can be formulated as
follows:

. 1
min

XeRmxn 2N Z (Xij — Xf’j)z, s.t. rank(X) <7,

(4,7)€0O

where O is the set of randomly observed entries with size N and X* is the true low rank
matrix to recover. We reformulate the above problem in the following matrix factorization
form:

1 1

‘ o1 UV = X)) + 5= |[UTU = VTV 3

Ueng}\I}eRan»zN(,éo(( Jig = Xi) "+ oyl I
/L?]

where r is the rank of X* and the regularization is used to balance U and V.

We verify the performance on the Movielens-10M, Movielens-20M and Netflix data sets,
where the corresponding observed matrices are of size 69878 x 10677, 138493 x 26744, and
480189 x 17770, respectively. We set r = 10. Denote X to be the observed data and AXB”
to be its SVD. We initialize U = A. 1.,/21:r,1.r and V = B. 1.,./21., 1. for all the compared
methods. It is efficient to compute the maximal r singular values and the corresponding
singular vectors of sparse matrices, for example, by Lanczos.

We compare Ada-RAGD-NC (Algorithm 2) and Ada-RHB-NC (Algorithm 4) with Jin’s
AGD (Jin et al., 2018), the “convex until proven guilty” method (Carmon et al., 2017),

27



L1 AND LIN

heuristic restarted AGD (O’Donoghue and Candes, 2015), nonlinear conjugate gradient (CG)
(Polak and Ribiere, 1969), and gradient descent (GD). We do not compare with RAGD-NC
(Algorithm 1) and RHB-NC (Algorithm 3) because the two methods restart at almost every
iteration due to the small hyperparameter B. Their performance is almost the same as GD
and their plots almost coincide with that of GD. Heuristic RAGD consists of the following
iterations

mk+1 -1

Xk+1 = yk - va(yk)a yk+1 = Xk+1 + mk+1 +2

(Xk-I—l _ Xk),

where m® = 1 and

Sy mF 41, if f(xFM1) < f(xF),
1, otherwise.

The nonlinear conjugate gradient has the following steps

k By k-1
ok = —Vf(Xk) + max { <Vf(X )’||vv§(();k)_1)‘|v2f(x )> ) 0} 51{717 xF = xF 4 nk5k7

where 6~! = 0 and we follow (Carmon et al., 2017) to set n* by the following backtracking

: : k _ o k-1 ko ksk ky o MO VIGR)
line search: set n® = 2"~ and check whether f(x" + n"0%) < f(x") + 5 holds.

If it does not hold, set n* = 7*/2 and repeat.
We tune the best stepsize n for each compared method (except CG) on each dataset.
For CG, we set the same stepsize as GD since CG adaptively tune n during the iterations.

For Ada-RAGD-NC and Ada-RHB-NC, we set ¢ = 1074, B = \/; 6 = 0.005(epn?)V/4,

K =[1/6], Bo =100, v = 107°, ¢g = 1 + 0.001¢ at the tth epoch, and ¢; = 10. We use (4)
to adaptively tune n and p since p is unknown, where we set co = 2 and initialize p = 1.
When preparing the experiments, we observe that proper By, 6, and ~ are crucial in the
fast convergence of Ada-RAGD-NC and Ada-RHB-NC. We suggest to set 6 in (0,0.01] and
~ to be small such that line 11 in Algorithms 2 and 4 is less frequently triggered. By can
be set larger when the methods restart frequently. For CG, we stop the line search when
it repeats more than 10 times. For Jin’s AGD, we tune 6 = 0.04(epn?)*/* and follow (Jin
et al., 2018) to set v = % and s = £ in their method. Since the Hessian Lipschitz constant
p is unknown, we set it as 1 for Jin’s AGD for simplicity. For the “convex until proven
guilty” method, we follow the theory in (Carmon et al., 2017) to set the parameters except
that we terminate the inner loop after 100 iterations to improve its practical performance.
GD and heuristic RAGD have no hyperparameter to tune except the stepsize. Since the
optimal function value f(x*) is unknown, we run each method for 2000 iterations and use
the minimum objective value to approximate the optimal one. We only plot the figures using
the first 1000 iterations.

Figure 1 plots the objective error f(x*) — f(x*) and gradient norm ||V f(x*)|. We use
running time as the horizontal axis in the first and third row, and the number of function
and gradient evaluations as the horizontal axis in the second and forth row. Note that
the “convex until proven guilty” method needs at least two gradient evaluations at each
iteration while the other methods only need one. For the function evaluations, GD needs
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Figure 1: Comparisons on the matrix completion problem. The first and second row:
objective error. The third and forth row: gradient norm. The first and third row:
use time as the horizontal axis. The second and forth row: use the number of
function and gradient evaluations as the horizontal axis. Circles in Ada-RAGD-NC
and Ada-RHB-NC indicate where restart occurs.
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none, Ada-RAGD-NC and Ada-RHB-NC need one only when restart occurs, heuristic RAGD
needs one at each iteration, Jin’s AGD needs at least two, CG needs at least one, and the
“convex until proven guilty” method needs at least three at each iteration. Thus, GD and
our Ada-RAGD-NC and Ada-RHB-NC need less total running time when we run all the
methods for 1000 iterations. We see that all the accelerated methods perform better than
GD, which verifies the efficiency of acceleration in nonconvex optimization. We also observe
that our Ada-RAGD-NC and Ada-RHB-NC decrease the objective error and gradient norm
to low level quickly. We observe that the gradient norms of CG oscillate during iterations.
It may be because CG uses line search to tune the stepsize dynamically, which may be too
large and aggressive. On the other hand, due to the specification of the matrix completion
problem, we observe that Jin’s AGD and the “convex until proven guilty” method seldom
run negative curvature exploitation.

5.2 One bit matrix completion

In one bit matrix completion (Davenport et al., 2014), the signs of a random subset of
entries are observed, rather than observing the actual entries. Given a probability density
function, for example, the logistic function f(x) = %, we observe the sign of entry X ; as
Y, ; = 1 with probability f(X;;), and observe the sign as —1 with probability 1 — f(X; ;).
The training model is to minimize the following negative log-likelihood:

. 1
min - (2@ {1y, ;=1log(f(Xij)) + Ly, ;=1log(1 — f(X )},
7’7]

s.t. rank(X) <,

where 1y .1 = 1, if Yy ~ 1 We solve the following reformulated matrix factorization
J 0, otherwise.
model:
. 1 1
min 3"y, iloa(F(UV7),)) 1y, - ilog(L- F(UVT), ) 5 [UTU-VI VI,
’ (i.j)€0

where U € R"™*" and V € R"*". We compare Ada-RAGD-NC (Algorithm 2) and Ada-
RHB-NC (Algorithm 4) with the methods compared in Section 5.1. The best stepsize is
tuned for each method on each data set. We use the same initialization and set the same
parameters as those in Section 5.1, and also run each method for 1000 iterations. Figure 2
plots the results. We see that acceleration also takes effect in nonconvex optimization and
our Ada-RAGD-NC and Ada-RHB-NC also decrease the objective value and gradient norm
to low level quickly.

5.3 Gap Between Theory and Practice

In the previous two sections, we only run Ada-RAGD-NC and Ada-RHB-NC for 1000
iterations such that the objective error and gradient norm are reduced to low level quickly,
which is sufficient for practical machine learning applications. In this section, we verity what
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Figure 2: Comparisons on the 1 bit matrix completion problem. The first and second row:

function value. The third and forth row: gradient norm. The first and third row:
use time as the horizontal axis. The second and forth row: use the number of
function and gradient evaluations as the horizontal axis. Circles in Ada-RAGD-NC
and Ada-RHB-NC indicate where restart occurs.
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happens when we run the two methods for a longer time and discuss the gap between theory
and practice for nonadaptive RAGD-NC and RHB-NC (Algorithms 1 and 3).

We only report the observations on the Movielens-10M data set, and the results are
similar on the other two. For both the matrix completion and one bit matrix completion
problems, we run Ada-RAGD-NC and Ada-RHB-NC for 10° iterations and use the minimum
function value to approximate the optimal one. We set the same parameters as those in
Section 5.1. Figure 3 plots the results. We have the following observations and conclusions.

1. We see that line 11 (in fact, step (4)) in Algorithms 2 and 4 is invoked only once for
both two methods (marked by the blue-green circle), at which time the objective error
and gradient norm increase substantially. Then we decrease By and 7 and increase the
estimated p properly. After the adaptive update, line 11 is never invoked.

2. When By decreases to be smaller than B (marked by the yellow circle), we see that
both methods restart frequently. Specifically, we observe that for the matrix completion
problem, Ada-RAGD-NC restarts every 16 iterations after By < B while Ada-RHB-NC
restarts every 10 iterations. For the one bit matrix completion problem, Ada-RAGD-
NC restarts every 4 iterations after By < B while Ada-RHB-NC restarts every 3
iterations. It seems to take an extremely long time to break the while loop (that is, no
restart occurs in K iterations), especially for high dimensional problems (|x'*! — x!||

is not likely to be small even if \xf‘l — x!| is small for each i =1,2--- ,d). Thus, we

suggest to stop the algorithm in practice when the gradient norm is smaller than a

threshold or the number of iterations exceeds the maximum one.

3. Note that Ada-RAGD-NC and Ada-RHB-NC reduce to their nonadaptive counterparts
(Algorithms 1 and 3) when By < B, and the plots after the yellow circles may illustrate
the practical performance of the nonadaptive methods. Thus, nonadaptive RAGD-NC
and RHB-NC (Algorithms 1 and 3) are only for the theoretical purpose and we do not
suggest to use them in practice due to their frequent restart, unless we do not follow
the theory to set the parameters, especially the parameter B.

6. Conclusion

This paper proposes two simple accelerated gradient methods, restarted AGD and restarted
HB, for general nonconvex problems with Lipschitz continuous gradient and Hessian. Our
simple methods find an e-approximate first-order stationary point within (’)(6*7/ 4) gradient
evaluations, which improves over the best known complexity by the O(log %) factor. Our
proofs only use elementary analysis. We hope our analysis may lead to a better understanding
of the acceleration mechanism for nonconvex optimization.
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Figure 3: Comparisons of objective error and gradient norm on the Movielens-10M dataset.
Top two: matrix completion. Bottom two: 1 bit matrix completion. Small hollow
circles indicate where restart occurs. Blue-green circles indicate where line 11 in
Algorithms 2 and 4 is invoked. Yellow circles indicate where By decreases to be
smaller than B for the first time.
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