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Abstract

We analyze the convergence of gradient descent
(GD) with large, adaptive stepsizes for logistic
regression on linearly separable data. The step-
size adapts to the current risk, scaled by a fixed
base stepsize 1. We prove that once the number
of iterates ¢ surpasses a margin-dependent thresh-
old, the averaged GD iterate achieves a risk upper
bound of exp(—O(nt)), where 1 can be chosen
arbitrarily large. This implies that GD attains
arbitrarily fast convergence rates via large step-
sizes, although the risk evolution might not be
monotonic. In contrast, prior adaptive stepsize
GD analyses require a monotonic risk decrease,
limiting their rates to exp(—©(t)). We further
establish a margin-dependent lower bound on the
iteration complexity for any first-order method to
attain a small risk, justifying the necessity of the
burn-in phase in our analysis. Our results general-
ize to a broad class of loss functions and two-layer
networks under additional assumptions.

1. Introduction

Gradient descent (GD) and its variants are a popular class
of optimization methods in modern machine learning and
deep learning. In this paper, we study the convergence of
GD with adaptive stepsizes given by

Wo = 07 Wit i = Wi — ntVE(Wt), t Z 0, (GD)

where £(-) is the loss objective to be minimized, w; € R?
is the trainable parameters, and 7; > 0 is the stepsize at the
t-th step. In particular, we allow 7, to be a function of the
current risk £(w;). Setting the initialization to zero does
not cause the loss of generality.
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Classical analyses of GD require the stepsizes to be suffi-
ciently small so that the risk decreases monotonically (Nes-
terov, 2018). This is often referred to as the descent lemma.
Specifically, by the definition of GD and the midpoint theo-
rem, there exists v in between w; and w;,; such that

L(Wig1) = L(wy) — el [VL(wy)|?

2
+ %Vﬁ(wt)Tvzﬁ(v)Vﬁ(wt).

Thus a small stepsize 7, < 2/||V2L(v)]|| guarantees the
descent lemma. In this regime, a large volume of theory has
been developed to show the convergence of GD in a variety
of settings (see Lan, 2020, for example). We call this the
stable regime.

However, in practice, deep learning models trained by GD
often converge in the long run while suffering from a lo-
cally oscillatory risk (Wu et al., 2018; Xing et al., 2018;
Lewkowycz et al., 2020; Cohen et al., 2021). This oscil-
lation occurs when the stepsizes for GD are too large and
the descent lemma is violated. This unstable convergence
phenomenon is referred to by Cohen et al. (2021) as the
edge of stability (EoS). Moreover, to obtain a reasonable op-
timization and generalization performance in deep learning
practice, GD usually needs to operate in the EoS regime,
instead of remaining in the stable regime (Wu et al., 2018;
Cohen et al., 2021).

Recently, an interesting line of theoretical works showed the
benefits of EoS for accelerating the convergence of GD (see
for examples Altschuler & Parrilo, 2024a; Wu et al., 2024,
other related works will be discussed later in Section 6).
Specifically, Altschuler & Parrilo (2024a) proposed a step-
size scheduler for GD, in which GD occasionally violates
the descent lemma but achieves a faster convergence rate for
convex and smooth problems. The work by Wu et al. (2024)
focused on GD with a constant stepsize for logistic regres-
sion with linearly separable data. They showed that a large
constant stepsize leads to EoS but also a faster convergence.
Note that the stepsizes considered in (Altschuler & Parrilo,
2024a; Wu et al., 2024) are oblivious, which are determined
before the GD run and do not adapt to the evolving risk.
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Figure 1. Simulation Results. We run gradient descent with stepsize scheduler (2) on exponential loss (left), logistic loss (middle), and
polynomial loss (right) with linearly separable data. Here, we set n = 100,y = 0.25,d = 5. We fix w* € R, |w*||, = 1 and sample
x; € R? independently and uniformly from the unit sphere and accept it if (x;, w*) > ~. Otherwise, we reject the data point. We keep
sampling until we have n = 100 data. The y-axis is in log scale for all figures.

Our results. This work complements the prior theory by
considering the convergence of GD with adaptive stepsizes
in the EoS regime. Specifically, we consider logistic regres-
sion with linearly separable data, that is,

1< T

- D lyix] w), €€ {legp, g} (1)

i=1

L(w) =

Here, the loss function can be the exponential loss or the
logistic loss,

lexp(2) :=exp(—2), Liog(z) :=In(1 + exp(—2)),
and the dataset (x;,y; )7, is linearly separable, formalized
by the following assumption.

Assumption 1.1 (Linear separability). Assume that dataset
(xi,Yi) 1 satisfies the following.

A. Assume, without loss of generality, that ||x;||, < 1 and
Yy, =1fori=1,...,n.

B. Assume there exists v > 0 and a unit vector w* such
that y;x; w* >~y fori=1,...,n.

In this problem, it is known that the curvature becomes
flatter as the risk decays. To compensate for this effect,
we consider an adaptive stepsize scheduler (Ji & Telgarsky,
2021; Nacson et al., 2019; Wang et al., 2023a),

nei=n - (071 0 L{we) ~n/L(wy),

where 7 > 0 is a fixed base stepsize. We make the following
significant contributions.

Benefits of large and adaptive stepsizes. When 7 is
small, GD stays in the stable regime and achieves a conver-
gence rate of exp(—©(t)), where t is the number of steps (Ji
& Telgarsky, 2021) (see also Proposition 2.1 in Section 2).
However, we show GD can achieve an arbitrarily fast con-
vergence rate by entering the EoS regime. Specifically, we
show that for every ¢t > t, the average of the first ¢t GD
iterates achieves a risk upper bound of exp(—O(nt)) for
every 1. Here, 1y is a function of the data margin but is
independent of 7. Therefore, one can use an arbitrarily large
7) to obtain an arbitrarily small risk when ¢ > ¢3. By doing
s0, however, GD may enter the EoS regime.

Lower bounds. We then establish two lower bounds to
complement our upper bounds. First, we provide an ex-
ample of logistic regression with linearly separable data,
where adaptive stepsize GD suffers from a risk lower bound
of ©(exp(—t)) if it does not enter the EoS regime. This,
together with our upper bounds, demonstrates the benefits
of EoS for accelerating the convergence of adaptive step-
size GD. Furthermore, we construct a hard example, in
which every first-order gradient-based method must run for
a margin-dependent number of steps to attain a small risk.
This demonstrates the margin-dependent number of burn-in
steps in our upper bound cannot be avoided in general.

General losses and two-layer networks. We also extend
our results to a general class of loss functions, including
polynomial loss (Ji & Telgarsky, 2021) and probit negative
log-likelihood (Neal, 1997; Chib & Greenberg, 1998; Albert
& Chib, 1993; Liu, 2004). Additionally, we show the same
results hold for a two-layer network with leaky ReL.U acti-
vation (Brutzkus et al., 2018). Notably, our analysis can be
easily adapted to other common leaky activation functions
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(Cai et al., 2024).

Notation. We use lowercase bold letters to denote vectors
and |[|-||, to denote the Euclidean ¢, norm for vectors. For
positive integer n, we write [n] := {1,2,...,n}. Let 04
denote the zero vector in R?. We write f(t) = O(g(t))
to mean that there exists a universal constant ¢ > 0 such
that |f(t)| < ¢ - |g(t)| for sufficiently large ¢. Likewise,
f(t) = O(g(t)) means there exists a universal constant
¢1,¢2 > 0and tg such that ¢; - [g(¢)] < |f(¢)] < ¢2 - |g(¢)]
fort > ty. We also use O and © to suppress constant and
polylogarithmic factors. We let C' or ¢ denote universal
constants, whose exact values may vary from line to line.
span(-) denotes the subspace spaned by a set of vectors. For
a € R% and B C R, the Minkowski sum is defined as
a+B:={a+b:be B}

2. Logistic Regression

In this section, we present our improved analysis for GD
with large and adaptive stepsizes for logistic regression with
linearly separable data.

Adaptive stepsizes. We first explain the benefits of using
adaptive stepsizes over a constant stepsize. Note that for
logistic regression, the local sharpness |VL(w)]|| is con-
trolled by the risk £(w). Therefore as the risk decreases to
zero (note that the dataset is separable), the local curvature
becomes flatter. As a consequence, GD with a constant
stepsize is less as less effective in the later stage. This obser-
vation has been exploited to show large stepsize GD enters
a stable phase by Wu et al. (2024).

This issue can be mitigated by using the following adaptive
stepsizes,

n
(=1
_1y/ L(wy) -
me=n (") oL(wy) = nexp(L(w) —, _,
()

When the risk £(w) becomes smaller, the stepsize becomes
large to compensate for the flattened curvature. In this way,
GD with adaptive stepsizes achieves a fast convergence rate
exp(—O(t)) compared to that of GD with a constant step-
size, ©(1/t), when both are in the stable regime (Nacson
etal., 2019; Ji & Telgarsky, 2021; Wu et al., 2024).

Alternatively, (GD) with adaptive stepsizes (2) can be equiv-
alently viewed as

p(w) ==L (L(w)), B)

that is, a constant-stepsize GD for a modified loss ¢(w).
This viewpoint is from (Ji & Telgarsky, 2021), where they
utilized this idea to establish a primal-dual analysis of GD,
obtaining an improved margin maximization rate.

Wil = Wg — 7]v¢(wt)v

Prior analyses. All the prior analyses for this adaptive
stepsize GD relies on the descent lemma (Nacson et al.,
2019; Ji & Telgarsky, 2021), hence they require the base
stepsize 1 > 0 be small so that the risk decreases monotoni-
cally. The following proposition, a consequence of the main
result in (Ji & Telgarsky, 2021), characterizes the best rate
they can obtain in this regime.

Proposition 2.1 (Consequences of (Ji & Telgarsky, 2021)).
Consider (GD) with adaptive stepsizes (2) for logistic re-
gression (1). Suppose that Assumption 1.1 holds. Then ¢
is B-smooth with respect to {~-norm, where 3 = 1 for
exponential loss and 3 < n for logistic loss. Moreover, for
every n < 1/, the risk L (w;) decreases monotonically
and satisfies

L (wy) < Cexp (—727775)

where C' > 1 is a universal constant.

An improved convergence rate. Our first main result
is an improved analysis of GD with adaptive stepsizes for
logistic regression with linearly separable data, in which we
allow GD to enter the EoS regime using a large stepsize.
This is presented as the following theorem.

Theorem 2.2 (An improved convergence rate). Suppose that
Assumption 1.1 holds. Consider (GD) with adaptive step-
sizes (2) for logistic regression (1). Let Wy := % ZZ;IO Wy
be the averaged iterates. Then for every n > 0, we have

1
exp ( - ZWQnt + 77) £ = Lexp,

4~2¢
L(w;) < ) 7
U
exp < — Z’YQUt + ’}/2t> ! = £I0g~

In particular, let the number of burn-in steps be

{\/5/'72 {= Eexpa

2\/5/72 L= &Ogv

then for every t > to, we have
_ 1,
L(wy) Sexp(—gr7nt ),
where the base stepsize 1) can be arbitrarily large.

Our Theorem 2.2 improves Proposition 2.1 by allowing the
base stepsize 7 to be arbitrarily large, where GD may not
stay in the stable regime and is allowed to enter the EoS
regime. More surprisingly, Theorem 2.2 implies that as soon
ast >ty = ©(1/+%), we have

lim L(w;) =0.

n—o00
This means GD with adaptive and large stepsizes converges
arbitrarily fast for logistic regression with linearly separable
data.
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In sharp contrast to our result, for the same problem,
GD with a constant stepsize can only achieve a O(1/t?)
rate even when operating in the EoS regime (Wu et al.,
2024), and GD with adaptive stepsizes can only achieve
a exp(—O(t)) rate when operating in the stable regime
(see Proposition 2.1). Therefore, the improved rate fun-
damentally arises from combining both large and adaptive
stepsizes.

It is also worth pointing out that GD with adaptive stepsizes
can converge with an arbitrarily large based stepsize even
under the exponential loss. In comparison, the work by Wu
et al. (2023) provided an example where GD with a large
constant stepsize cannot converge under the exponential
loss, even when the dataset is linearly separable.

In the remaining part of this section, we provide the proof
of Theorem 2.2.

Proof of Theorem 2.2. The proof of Theorem 5.2 uses the
convexity of ¢(-) and a split optimization technique de-
veloped by Wu et al. (2024). Consider a comparator
u = u; + uy € R? then by (3) we have

2
[Wey1 — u||2

= llwe = ull3 + 20 (Vo(w), u = we) + 1 [ Vo(wo)|;
= [[we —ull3 + 27 (Vo (we), up — W)

12 (Vo(wi), uz) + 0 IVo(wo)ll3
< llwe = w3 + 20 (Vo(wi), uy — w) 0
< llwe = ull; + 20 (o(wr) - o), )

where (4) is by properly setting us according to the follow-
ing Lemma 2.3 and (5) is from the convexity of ¢(-) (see
Theorem 5.2 in (Ji & Telgarsky, 2021), also Lemma G.1 in
Appendix G).

Lemma 2.3. Let uy :=

andug := (n/v)w
we have

(n/(27))w* for exponential loss
* for logistic loss. Under Assumption 1.1,

2(Vo(w), us) + 7| Vo(w)|3 <0

The proof Lemma 2.3 is deferred to Appendix A. Going
back to the proof, by rearranging (5) and telescoping the
sum, we obtain

-1
e —wlly L 155 < gun + 122
2t t = - ot -

Set u; := (ynt/2)w*, then we have ¢(u;) < —v|juyfly
using Assumption 1.1 and the definition of ¢(-). This im-

plies that
t—1 2
1 u +u
3 6w < <y, + 12 el
nt
ti=
1 n
_17 77t+4 2t Ezéexpy
< 1 7
t = Aliog.
47 n + = v 24 log
We complete the proof by applying the convexity of ¢(-)
and using that £(-) = ¢(—a(-)). O

3. Lower Bounds

In this section, we establish two lower bounds on the con-
vergence rate of GD for logistic regression with linearly
separable data.

A lower bound for GD in the stable regime. Our next
theorem provides a lower bound on the convergence rate of
adaptive stepsize GD that stays in the stable regime.

Theorem 3.1 (A lower bound for GD in the stable regime).
Consider (GD) with adaptive stepsizes (2) for logistic re-
gression (1) with the following dataset

Xl:('y?\/l_"ﬂ)v x2:(7’_\/1_72)7 yn=y2=1,

where 0 < v < 0.1. It is clear that this dataset satisfies
Assumption 1.1. If the base stepsize 1 is such that (GD)
induces a monotonically decreasing risk, then we have

L(Wy), L(w) > exp(—ct), t>1,

where ¢ > 0 is a quantity depending on ~y but is independent
of t and n.

Theorem 3.1 suggests that for adaptive stepsize GD that
stays in the stable phase, the exp(—©(¢)) rate from Propo-
sition 2.1 is tight. Theorem 3.1 also demonstrates that to
get the arbitrarily fast rate in Theorem 2.2, entering the EoS
regime is unavoidable for adaptive stepsize GD.

The proof of Theorem 3.1 is motivated by a lower bound
for constant-stepsize GD that stays in the stable phase in
(Wu et al., 2024). We sketch the proof next. The proof is
deferred to Appendix B.

Proof sketch of Theorem 3.1. One can show that on the con-
structed dataset, if £(w1) < L(wyg), then the base stepsize
7 must be upper bounded by some constant C; which de-
pends on £(-). Moreover, the split optimization bound im-
plies an upper bound for both ||w||, and ||W||, of order
©(nt). Combining these two parts shows

Ze

) = C([Welly) > £(ct)
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for some constant c that does not depend on ¢ or . The
lower bound for £(w) holds analogously. O

A lower bound for the number of burn-in steps. We
next provide a lower bound to show a certain number of
burn-in steps are necessary for any first-order method.

Theorem 3.2 (A lower bound for the number of burn-in
steps). Let £(-) > 0 be right-differentiable. Let (wWy);>0 be
given by a first-order method with wg := 0, that is,

Wil € Wt—|—span{V£(w0),...,VE(Wt)}, t>0,

where span is the linear span of a vector set, and + is the
Minkowski sum. Here, if {(-) is non-differentiable at some
point, we use its right derivative at that point. Then there
exists universal constants c1,co > 0 such that for every
0 < v < c1, there exists a dataset (X;,y;),_, satisfying
Assumption 1.1, in which the following holds. If

Lwi) <0)/2 or L(w;) < £(0)/2,

for some t > 0, then

t> 027_2/3.

Recall that in Theorem 2.2, adaptive stepsize GD needs a
©(1/~?) number of burn-in steps to obtain the arbitrarily
fast convergence rate. As a complement, our Theorem 3.2
suggests that an 9(7_2/ 3) number of burn-in steps are nec-
essary for every first-order method.

Note that our Theorem 3.2 applies to a general loss function
¢, which does not have to be convex or differentiable. In
particular, Theorem 3.2 can be applied to the Perceptron
loss £(z) := max{0, —z}, implying a lower bound on the
number of steps for the Perceptron algorithm to converge
(Novikoff, 1962). Although Perceptron is known to con-
verge in at most 1 /72 steps (Novikoff, 1962), our lower
bound is the first of its kind to the best of our knowledge.

Although our Theorem 3.2 suggests a y-dependent number
of burn-in steps is unavoidable, we believe our lower bound
is not tight. Specifically, we conjecture our lower bound can
be improved to Q(y~1). This is left for future investigation.

The proof of Theorem 3.2 is motivated by the classical lower
bound construction for first-order methods for convex and
smooth optimization (Nesterov, 2018). We sketch its proof
below. A full proof is deferred to Appendix C.

Proof sketch of Theorem 3.2. We use a dimensionality ar-
gument (Nesterov, 2018).Specifically, we construct a high-
dimensional dataset such that for each gradient query, any
first-order method can only collect information in one di-
rection However, to decrease the loss below a constant,
the algorithm must acquire information from ©(d) distinct,

orthogonal directions, where d is the dimension of the pa-
rameter. Consequently, starting from zero initialization, any
first-order optimization algorithm requires at least O(d) it-
erations to reduce the loss below ¢(0)/2. Finally, exploiting
both the boundedness and linear separability (with a positive
margin ) of the dataset, we derive an upper bound on ~y
in terms of d. This bound implies a corresponding lower
bound on the burn-in phase before the loss can drop below
a constant fraction of its initial value. O

4. Two-Layer Networks

In this section, we extend our results from a linear model to
a two-layer network. Specifically, we consider a two-layer
network with leaky ReLU activation (Brutzkus et al., 2018)
defined as

1 & ) )
flw;x) = - Zajo (XTW(])> ,wW eRY je [m],
i=1

)
where m is the number of neurons, a; € {£1} are fixed
parameters, w := (w(l), w®, w(m))—r € R™*4 is the
trainable parameter, and o (-) is the leaky ReLU activation
defined as

o(z) == max{z,az}, a€(0,1).

We assume ¢’ (0) = 1 for convenience. The objective func-
tion is then given by

Lw) =2t Wik, ®

where £(-) is exponential loss or logistic loss. Similarly, we
consider (GD) with adaptive stepsizes (2). Recall that (3)
also applies here.

Similarly to logistic regression, we provide a convergence
rate of adaptive stepsize GD for training two-layer networks
with linearly separable data in the following theorem.

Theorem 4.1 (A convergence rate for networks). Suppose
that Assumption 1.1 holds. Consider (GD) with adaptive
stepsizes (2) for objective (8), where the loss function {(-)
is exponential loss or logistic loss. Then for every base
stepsize n > 0, we have

Ly o n
exp( eait! nt + 4721%) l = Loy,

min £L(wy) <
k<t

Loy n
exp (40& Y 77t + ﬁ {= £|0g~
Let the number of burn-in steps be

P {\/i/('YQOZ) {= Eexpa
o 2V2/(v2a) £ = liog.
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Then for any t > to, we have

L oo
r]£1<1rtl£(wk) < exp (8a v nt> . )
Our result in Theorem 4.1 provides a convergence rate simi-
lar to that of Theorem 2.2. By employing large and adaptive
step sizes, GD can enter the EoS phase, which allows for
faster convergence. In particular, once t >ty = © (1 / 72) ,
we have
lim min £(wy) = 0.
n—oo k<t

Note that for two-layer networks, we do not guarantee a
corresponding loss upper bound for the averaged weights
because ¢(-) need not to be convex. Instead, our guarantee
holds for the best network along the GD trajectory, whose
loss converges exponentially fast.

The work by Cai et al. (2024) provided a convergence rate
for GD with constant stepsize for training two-layer net-
works with linearly separable data. They only obtained
O(1/t?) rate even if the constant-stepsize GD enters the
EoS regime. By contrast, as shown in Theorem 4.1, adap-
tive stepsize GD can obtain an arbitrarily fast convergence.

Note that Theorem 4.1 can be extended to allow leaky vari-
ants of near-homogeneous activation functions, including
leaky GeLU , leaky Softplus , and leaky SiLU (see Cai et al.,
2024, for more examples). This is done in Appendix D.

The proof of Theorem 4.1 is motivated by (Wu et al., 2024;
Cai et al., 2024) and is provided next.
Proof of Theorem 4.1. Consider a comparator u = u; +

uy € R Denote

(1) (1)

From (3) we have
Iweer —ul3
= [|w; — UH§ +2nm (Vo(wy),uy — wy)
I (wy)
0 (2(m - Volwi), uz) +nm - Vo(wo)|l3) -

IQ(Wt)

(10)
We use the following two lemmas to complete the proof.
Lemma 4.2. For j € [m], define u(j) = %

2
exponential loss and ul’ = =

- w* for the

-w* for the logistic loss.

Under Assumption 1.1, we have for every w € RY that
I(w) := 2 (m - Vé(w), uz) + 7 [m - Vé(w)||3 < 0

Lemma 4.3. For j € [m)], define ugj) = Fanyt - w*
Then, under Assumption 1.1, for any w € R?, we have

ay H o)
< =1
= m; uy

The proof of two lemmas above is deferred to Appendix D.
Going back to the proof, we invoke the two lemmas above,
rearrange (10), and telescope the sum, we get

Li(w) = (Vo(w),u; —

[we —ull; | 1
2nmt * t (W)
N k=0
Tome ! 2nmt’
This implies
2 2 n
- - t o4 f gex ’
1 19T P
;Z(é(wk) < 1 9 o n
k=0 ZO[ ¥t + % {= glog~

We complete the proof by using the definition of ¢( in both
cases and applying that £(-) = £ (—¢()) . O

5. A General Framework for GD Acceleration

In this section, we extend our results in Section 2 from expo-
nential and logistic losses to a broad class of classification
loss functions.

We begin by formulating general conditions for classifica-
tion loss functions under which an accelerated convergence
result like Theorem 2.2 can be established.

Assumption 5.1 (Loss function conditions). Let £(-) : R —
R be continuously differentiable. Assume that ¢ satisfies the
following.

A. Assume that: The loss £ is positive, strictly decreasing,
and convex. Its inverse £~!(z) exists and is differen-
tiable for 2 > 0. Moreover, (£~(z))" < 0 for z > 0.

B. Assume that ¢)(-) defined as following is convex:

1 n
Y (z) =1 (n Zlﬂ(zz)> , Z:= (21,29, e, Zn) -
(12)
C. Assume that: For any vector z = (21, 22, ..., 2n) € R™,
1~ , 1 &
ﬁ;w(zm (-~ (nz )|SC’e
(13)

for some constant Cy > 0.
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Clearly, exponential and logistic losses satisfy Assump-
tion 5.1A. They also satisfy Assumption 5.1B accord-
ing to Theorem 5.1 in (Ji & Telgarsky, 2021) ( see also
Lemma G.1). Moreover, they satisfy Assumption 5.1C with
Cy = 1 for the exponential loss and C; = 2 for the logistic
loss (See Appendix A) Note that for ¢ in (3) we have

o(w) =1 ((WTxl,WTXQ, ...,WTX”)T) ,

so ¢(+) is a composition between a linear mapping and
¥(+). Therefore, the convexity of ¢ (-) directly implies the
convexity of ¢(-). Condition (C) above indicates the self-
boundedness of £(-), in the sense that the magnitude of
|¢/()| can be properly controlled by a function of £(-) itself,
up to some constant multiplier.

Theorem 5.2 shows the acceleration brought by using large
and adaptive stepsizes can happen for a broad class of clas-
sification losses. More surprisingly, Theorem 5.2 implies
that for general losses, as soon as t >ty = ©(1/7?), we
also have

lim £(w;) =0.

n—o0
In particular, if ¢(-) has an exponential tail, i.e., £(z) <
exp(—z) for large enough z > 0, then we can obtain a rate
of O (exp (—BO(nt))) for large enough ¢.

Improved convergence rate for general losses. Now we
present the acceleration for GD on the general classification
losses that satisfy Assumption 5.1.

Theorem 5.2 (An improved rate for general loss func-
tions). Suppose that Assumptions 1.1 and 5.1 hold. Con-
sider (GD) with adaptive stepsizes (2) for objective function
Lw) =150 0(yix{w). Let W, == 1 22;10 wy, be

the averaged iterates. Then for every n > 0, we have

_ 1 2 Cﬂ]
< - = —
E(WQ_K( 4"}/ 77t+472t 5

where Cy is the constant in Assumption 5.1. In particular,
let the number of burn-in steps be

to = \/505/’}/2,

then for every t > to, we have
_ 1,
Lwe) <l{—gvnt),
where the base stepsize 1 can be arbitrarily large.

Below we list two classification losses that satisfy Assump-
tion 5.1 beyond exponential and logistic loss. The proof for
these loss functions satisfying Assumption 5.1 is deferred
to Appendix F.

1. Polynomial loss. For a fixed £ > 0, we define (Ji &
Telgarsky, 2021)

1
— A >0
(1+Z)k orz ~
z) = 1

One can show it satisfies Assumption 5.1C in Assump-
tion 5.1 with C; = n'/. Therefore, for any ¢ >
V2n'/* /42 it holds that

—k
1
L(w;) < (1 + 8721775) .
We show the simulation results for polynomial loss with
k = 2 in Figure 1.

2. Probit negative log-likelihood loss. Let F'(z) denote the
cumulative density function of one-dimensional standard
Gaussian distribution. Then, we define (Albert & Chib,
1993; Neal, 1997; Chib & Greenberg, 1998; Liu, 2004)

(z):=—In(F(2)).

It satisfies Assumption 5.1C with Cy = 1. Therefore,
Theorem 5.2 implies that when ¢ > 1/2/+2, it holds that

1
—In | F(=~%nt
o (r (o))
a 42,2
—In(1- . - t
n( i exp( coY )>

1
§O<-eXp —coy t? >
727715 ( )

for universal constants c¢; and c,. The last inequality
comes from classical Mill’s ratio (See Lemma G.4).

L(w)

IN

IN

6. Related Works

In this section, we discuss related papers.

Edge of stability. A growing body of theoretical work
investigates edge of stability (EoS) under various scenarios.
This includes quadratic functions (Zhu et al., 2022), certain
non-convex functions (Wang et al., 2023b), single-neuron
linear networks (Ahn et al., 2023), scalar neural networks
(Kreisler et al., 2023), two-layer neural networks (Chen
et al., 2023), scaled-Invariant networks (Lyu et al., 2022),
diagonal linear networks (Even et al., 2023; Andriushchenko
et al., 2023), and matrix factorization (Wang et al., 2021;
Chen & Bruna, 2023). Several general frameworks have
also been proposed to explain the EoS behavior, though they
often rely on delicate assumptions (Kong & Tao, 2020; Ahn
et al., 2022; Damian et al., 2022; Ma et al., 2022; Wang
et al., 2022; Lu et al., 2023). In comparison, we focus on
studying the benefits of EoS for improving optimization
efficiency in logistic regression.
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Aggresive stepsize scheduler. A recent line of work con-
sidered GD with an aggressive stepsize scheduler (Malitsky
& Mishchenko, 2019; Altschuler & Parrilo, 2024a;b; Grim-
mer, 2024; Zhang et al., 2024). As their stepsize scheduler
violates the descent lemma occasionally, they obtained an
improved rate for GD in convex and smooth optimization
(assuming the minimizer is finite). Instead, we consider GD
with adaptive stepsizes that depend on the current risk, with
a focus on logistic regression with linearly separable data.

Logistic regression. There is a large body of literature on
the convergence and implicit bias of GD for logistic regres-
sion with linearly separable data. The work by Soudry et al.
(2018); Ji & Telgarsky (2018) showed that small stepsize
GD converges to the maximum margin direction. Their re-
sults also imply a risk convergence rate of O(1/t) (Soudry
et al., 2018). Their results are extended to GD with a large
constant stepsize by (Wu et al., 2023). In comparison, we
focus on the effect of adaptive stepsizes.

Regarding this, Nacson et al. (2019) obtained a risk conver-
gence rate of O (exp(—ﬁ)) by using adaptive stepsizes,
and this is improved to O(exp(—t)) by the results in (Ji &
Telgarsky, 2021), also using adaptive stepsizes. However,
the adaptive stepsizes considered in (Nacson et al., 2019; Ji
& Telgarsky, 2021) are relatively small, in which GD stays
in the stable regime. In comparison, we consider GD with
large and adaptive stepsizes, where GD is allowed to enter
the EoS regime.

The works by (Wu et al., 2024; Cai et al., 2024) are also
related to ours, where they studied GD with large constant
stepsize in logistic regression and in two-layer networks, re-
spectively. Although their GD can enter the EoS regime, the
best risk convergence rate they obtained is O(1/t?). In com-
parison, we considered GD with large and adaptive stepsizes
for both cases, and we obtained an arbitrarily fast conver-
gence rate. Finally, the work by Tyurin (2024) showed the
equivalence between logistic regression with large fixed
stepsize and batched Perceptron algorithm as the stepsize
grows unboundedly. Their results are related to, but are not
directly comparable with, ours.

7. Conclusion

In this paper, we show that GD with large and adaptive
stepsizes achieves an arbitrarily fast convergence rate for
logistic regression with linearly separable data. This holds
as long as the number of steps is larger than a fixed threshold
depending on the data margin. We also show the above is
impossible if adaptive stepsize GD induces a monotonically
decreasing risk, thereby demonstrating the benefit of unsta-
ble convergence. Moreover, we provide a lower bound, in
which to achieve a small risk, every first-order method has
to pay a number of steps as a function of the data margin.

This demonstrates a burn-in phase is necessary. Finally, we
extend our results from logistic regression to a large class
of loss functions and two-layer networks.

Impact Statement

This paper presents work whose goal is to advance the field
of Machine Learning. There are many potential societal
consequences of our work, none of which we feel must be
specifically highlighted here.
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A. Omitted Proofs for Theorem 2.2 in Section 2
Properties of Loss Functions First, let’s consider the properties of the exponential and logistic loss functions:
Lep(t) :=exp(—t), liog(t) :==1n(1+exp(—t)).

We have:

* For { = leyp, or £ = {)og, we have £ > 0,0 < 0,¢” > 0. Moreover, we have |¢/| = —¢' < ¢, and the equation holds for
exponential loss.

* For £ = log, |¢'(t)| < 1 for any ¢t € R. This does not hold for the exponential loss.

* For £ = leyp or £ = {)og, the inverse function £~1(-) exists and is continuously differentiable, and (6’1(t))/ < 0 for
t>0.

* For { = ley 01 £ = {iog, we define 9 (z) := (—6’1)/ (2300, £(2)) is convex for z = (21, 22, ..., 2) |, S0 ¢(*)
defined in (3) is also convex.

The first three arguments are easy to check, while the last one is a direct corollary of Theorem 5.1 in (Ji & Telgarsky, 2021).

Proof of Lemma 2.3. When { = {ey,, we have ¢(w) = In £(w). Plug in uy, we have

E: W 2
1 = él v v ex 1) 8
2<V1n£(w),u2>—|—17||V1 li(w)||§—2. exp( x)(x U-2 HZ p W x)x

2?21 Lexp (W ;) >im lexp(WTx;)

Zn—l glexp(WTXi) |€exp WTXi)| .
<27y, - == + w* x;) > vand ||x;||, <1lforany1 <i<n
=il S ) z;; oW ) (el = and il ’ )
=0. (gexp( ) Eexp( ) and ||112||2 = 27Zy

When £ = {jg, we set up = gw*. Then,

2 (Vo(w),uz) + 1| Vo(w)|3
2

( ZE/W Xl 112,Xi>+77
i=1

(Y (W) 5 D TR
- % e eon|- Yo 1w x| +n (\(@‘1)’ (etwy)|- > |€’<waz—>\>
=1 i=1

([Ixill, < 1and (x;, w*) > )

2

:% Z |g/(wTXi)} . ‘(571)/ (g(w))’ =2y |z, + 7 %Z |£/(WTXZ_)| . ‘(6*1)’

i=1

(L(w))|

1

Now we focus on the term I. Consider two cases. If £L(w) > In 2, then

L
W <2 (|[¢@®)) <1and C;S(I;()tl 5 is monotonically decreasing at [In 2, c0).)

Otherwise, we have 0 < L(w) < In2. Since |¢/(t)| < £(t), we have

1< | (ew)| =

texp(t)

1< £(w): [(€71) (0lw))| = BEW).  where h(t) = 5P,

11
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We know

So h(-) is monotonically increasing and hence, I < h(L(w)) < h(In2) = In 2. Therefore, we have I < 2 and

2 (Vo(w),uz) + 1| Vo(w)3 < wa e ew)| - 29 fually + 20 < 0. as)

B. Omitted Proof for Theorem 3.1 in Section 3
Before proving Theorem 3.1, let’s first delve into two technical lemmas. First, we have the following lemma, which shows
that for some special datasets, the stepsize must be small if the loss is non-monotonical.

Lemma B.1 (Stepsize has to be small if the loss drops monotonically). Let wo = 0g and X :=1./n - Z?’:l X;. Assume
there exist constants v > 0 and q € (0, 1) such that

[{i € n]:x/x < —r}|

> q.

Assume we perform the gradient descent in (GD). If L(w1) < L(wy), then we must have

qr

n < 70)" (16)

Proof of Lemma B.1. Since wy = 04, we know £(wq) = ¢(0) and VL(wg) = ¢/(0) - X and

!

Vo(wo) = (—£7) (£(0)) - £(0) - %, w1 =—n(—£7") (£(0)) - £(0) - x.

We know — (—6’1)I (€(0)) - £/(0) = 1 for both exponential loss and logistic loss. So for both losses, we have w; = 7X.
Therefore, if n > %, this implies

1 & 1 & 1 &
L = - ) > — < - — H < —r)>4l(—nr)-
(w1) n; nxx_ng nxx XX r) ntzzl XX 7“ (—=nr) - q
(From the assumption)
> q-In(1+ exp(nr)) (For both exponential loss and logistic loss)
> ngr > £(0) = L(wo). (From our assumption)
This is a contradiction with our assumption of the stable phase, i.e., £L(w1) < L(wy). Therefore, we conclude O

Then, we have the following lemma, which controls the upper bound of ||w||, along the optimization path (GD).

Lemma B.2 (Upper Bound of ||w||,). Consider the gradient descent in (GD) for exponential loss or logistic loss starting
from w = 0y, suppose the Assumption 1.1 holds, then for any t > 1 and n > 0, one has

6
Iwill, < (w 7) . am

Proof of Lemma B.2. We start from the split optimization bound (6) For both losses, from the proof of Theorem 2.2, we
know the right-hand side of (6) is upper bounded by —1~%nt + 54;. We also notice that Ix:|l, < 1 implies that for any

w € R?,
~Iwlly < pw) = (~£7) (i S w)) < [Iwll,.

12
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Combining this fact with (6) gives

t—1

HWIc||2 +
0

lwe — w3 _

- n
k:

<
7t

o~ | =

s
vt

x>~
Il

Here, u = (1/2ynt + n/2v) - w* for the exponential loss and u = (1/2vynt 4+ n/7) - w* for the logistic loss, where
w* € R is the unit vector defined in Assumption 1.1. This implies for either loss and ¢ > 1,

t—1

1 3n
20y lIwilly + 5t 2
k=0

[willy < llwe —ully + [lufl; < 2772 [wrlly + i ’mt+

where the last inequality above uses the fact that v/a + b < \/a + v/b for any a, b > 0. Obviously, (17) holds for ¢ = 0. If it
holds for 0,1, 2, ...,t — 1 with £ > 1, then for ¢, one has

6 1 6 6
[well, < <v+>+2<w+> nt<(v+)-m‘.
¥ ¥ v

So (17) also holds for ¢. Invoking a simple induction completes the proof. O
Now we prove the Theorem 3.1 by combining Lemma B.1 and Lemma B.2.

Proof of Theorem 3.1. One can easily check that the dataset in Theorem 3.1 satisfies the assumptions in Lemma B.1 with
r =0.1and ¢ = 0.5. So Lemma B.1 implies 7 < ¢; where c; is a constant that depends on the loss function. Combining
this upper bound for the stepsize, triangle inequality and Lemma B.2, we get ||[W||, < c2 - t, where ¢; is a constant that
does not depend on ¢ or 7) (but it can depend on ). Therefore, invoking the assumption that ||x;||, < 1, 1 < ¢ < n, we have

n

L(W,) = %ZE(WZXQ > 0(cy-t) ~exp(—cg-t),

i=1

where the last equivalence holds when ¢ is large due to the exponential tails of both losses. The guarantee for £(w) holds
analogously. O

C. Omitted Proofs for Theorem 3.2 in Section 3

Proof of Theorem 3.2. Without loss of generality, we can assume the dimension d = n — 1 and n > 4. We define e; as
the unit basis in R? where the i-th entry is 1 and others are zero. Then, we construct a hard dataset D. We set y; = 1 for
1 <i<nand

X1 =€, Xo=—

V2 V2 V2 V2 V2
o> e+ — 5 €2, ... Xp—1=——F5€p—2+ (€1, Xp=——7"€p_1.

2 2 2

This dataset satisfies the first condition in the theorem. For each small enough v > 0, we construct a problem instance as

* d * d .
follows. We set d such that y < m and w* := > i-v/27-e;. Then, we know [|[w*||, = v2y1/> 5, i2 =1
and (y;x;, w*) > yfor1 < i < n. We denote w = (wl), w(? . w(®) € R The loss function on the constructed

dataset is
L(w) = ; [ ( ) Zé( ( —|—w(1+1))> + ¢ <—\fw(”1)>] .
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This implies
|G e (7 Cwrewe) )| o
= [ (7 G ) o (5 (woewen)) ] asiens
g : [e’ (? (—w<"—2> + w<”—1>)> — <—\fw<”—1>ﬂ . i=n—1.

Since wo = 04, we know at the initial time, only the derivative of £(w) to the first entry is non-zero. We define R¢ as the
subset in R? such that the last d — k entries are all zero for 0 < k < d. Specially, we know RZ = {04} and R = R?. A
simple induction argument indicates that for any first-order gradient optimization algorithm, it holds that

w, RV 0<t<d.
Forany 0 < t < n, if w € R, the the last d — t entries of w are all zero, which implies

d—t n—1-t
n n

L(w) >

From the definition of v, we know

3 3 [3
7:\/d(d+1)(2d+1) - \/(n—1)n(2n—1) =\ 203

which implies n > (2%)_§ . Therefore, if t < % (%)_E -1~ *y*%, then for all 0 < k < ¢, since wy, € Rg, it holds
that

d—k n—-1-Fk _1
L(wg) > = > —.
(wi) 2 n n -2
Moreover, for the average iterate wW; := % 22;10 wy, since W; € RY_;, we also have the same lower bound guarantee.
Therefore, we conclude. O

D. Omitted Proofs for Theorem 4.1 in Section 4

D.1. Assumptions and Examples on the Activation Functions

Assumptions. First, we provide general assumptions on the activation functions.

Assumption D.1 (Activation Function). In (7), let the activation function o(z) : R — R be differentiable at z # 0 and
right-differentiable at z = 0. With a little abuse of notation, let ¢’(z) be its derivative at z # 0 and the right derivative at
z = 0. Moreover, we assume

* ¢'(z) is continuous for z # 0 and right-continuous for z = 0. There exists 0 < « < 1 such that o’(z) € (a, 1].

* For any z € R, it holds that |o(z) — ¢’2| < & for some k > 0.

Examples of activation functions. Assumption D.1 holds for a broad class of leaky activations. For instance, let 0. (-) be
one of the following:

* GeLU: ogeLy(z) := x - F(x). Here, F'(z) is the cumulative density function of standard Gaussian distribution.
* Softplus: osefpius(2) := log (1 + exp(z)) .
e SiLU: JsiLU (ac) =

—z
14+exp(—z)

14
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* ReLU: ogeLy(z) := max {z,0} .

Then, we fix some constant 0.5 < ¢ < 1 and define
1—c

olx)=c-x+ -0 (), (18)

where o, can be any activation function above. It is straightforward to check that such a “leaky” variant satisfies Assump-
tion D.1 with a uniform o« = 0.25, k = 1.

Proof for the examples of activation functions. Now we prove the leaky activation functions above satisfy Assumption D.1.

* GeLU: One can easily show that ogeLy(z) = zF(z) and og y(z) = F(z) + zf(x), 0l y(z) = (2 — 22) f(z),
where F' and f are the cumulative density function and probability density function of standard Gaussian distribution,
respectively. Since f > 0, we know the global maximum of oceLy(-) is taken at either # — —oo or z = 1//2,
while the global minimum is taken at either z — 0o or # = —1/+/2. One can easily show that limgﬂﬁOO UGeLU( ) =
L limy s — oo 04 (@) = 0, and 04y y(V2/2) < 1.2,04, y(—V?2/2) > —0.2. Therefore, 0 = cx + 3¢ - gLy ()
satisfies the first condition in Assumption D.1 with ac = 0.25. Moreover, since |ogeLu () — gy (2) - a:| =a22f(x) <

0.3, we know that it satisfies the second condition in Assumption D.1 with K = 120 -0.3 <0.3.
Softplus: One can easily know 0 < 0g.¢1,s(2) = 1?;1;(;21;) < 1, so the first condition in Assumption D.1 holds with
a = 0.25. Define h(2) = 0softplus () =+ 05ogipiys () = log(1+exp(z)) — fj;‘;f& , we have h/(z) = @fg{%, s0

we have i(z) > lim, 1 h(z) = 0and h(z) < h(0) = In(2) < 1. So the second condition holds with x < 15¢ < 1.
SiLU : For Swish function with a fixed 8 > 0, one can easily show that og ., () = W € [0, 1] since
0 <14 exp(—Bz)(1—px) <1+ exp(—2px). So the first condition in Assumption D.1 holds with o = 0.25. For

the second condition, one has oswish () — @ - 0§, (T) = % € [0,1/(20)]. So the second condition holds
with Kk = i%% < 21[,

ReLU: Since 0 < og, y(z) < 1, one has the first condition in Assumption D.1 holds with v = 0.5. The second
condition holds with k = 1 trivially.

O

D.2. Omitted Proof of Theorem 4.1

Before proving Theorem 4.1, we first present the general versions of two lemmas in Section 4.
Lemma D.2. We rake uéj) = % -w* for j = 1,2,...,m, where Cy; > 0 is the constant in Condition (C) in the
Assumption 5.1. Cy = 1 for the exponential loss and Cy = 2 for the logistic loss. Then, for every w € R%, one has

L(w) := 2 (m - Vé(w),uz) +n|m - Vé(w)|5 <0

Proof of Lemma D.2. We define
gij =0 (yif (w,x;)) o (X;rw(j)) <0,

then we have

paw) = 2 (-0 (2 3 [ !

2

n
w)) - Z 9i,jYiXi
i=1

2

Since g; ; < Oforany 1 <4 <n,1<j<m,andy;x,] w* >~ >0,][x;|l, <1, one has

Biw) < =2 () (2w - 303 [, -Igi,j|+:2(—5_1)/(£(W))2§:<§:Igml>

n

j=11i=1 j=1 i=1
— () (o) %ZZ T M R KRR oI %) BT
j=11i=1 k=1

15
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For any 1 < k < n, from the Assumption 5.1, we have

(07 (L) Y gl = = D7 (07 (Ew) -1 (F (wxi))] o (<] )
k=1

k

3
’[

<

(71" (Lw)) - 1€ (f (w,x7))] ()< 1)

SRS
NE

E
I
—

< Céa

where Cy > 0 is the constant in Assumption 5.1. Therefore, combining the above upper bound, equation (19), and the
definition of uy, we conclude. O

Lemma D.3. We take ugj) =a;- Hugj) H2 - w*. Then, we have for any w € R%, it holds that
@Y [ )
I = ’ B < T m H H -
1) = (ot =) < 5= T35 o)

Proof of Lemma D.3. From the definition of ¢(-), one has

Li(w):=(Vo(w),u; —w)
= (0 (C) D ef (i) - > e’ (W) ] () W)
i=1 =1
= (Y (L) - LSt (i) -~ i ()]
i=1

where

1 & . ) 1 ™ ' . 4
Ji= — _[/<T(J))i—_|—(]):| fzi-[(TU))—’(Tm)T(n}
mZaJ o \X W) YiXi Uy +mj:1yaj olx; w o |x;, wY)x, w

v

1 « : : LTI 4
—S g [o’ (xjwm) yixjugﬂ)} R HugﬂH o (xjw@) T
m m = 2

v
(3
s
=
N:V
|
=N

Notice ¢'(-) < 0, we define z := (y1 f (W;X1) ,y2f (W, X2) , ..., Y f (W,xn))T and 1, = (1,1, ..., 1)T € R™. Then, from
the definition of ¢(+), one has

Bw) < (07 (6 =32 il (wi) - | 223w

(voto. (S]] 1o -e) o (2T -
Jj=1 J

(Since v (-) is convex)

=K — % Z Hugj) H2 — ¢ (w) (From the definition of ¢ (-) and ¢(-))
j=1

O

16
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Now we present the proof for Theorem 4.1.

Proof of Theorem 4.1. We consider a comparator u = u; + ug, where

uy u,
2 2
ugm) uém)

Consider the following decomposition:

Iwieir = ully = [lwe = all3 + 2mn; (VL(We), w = we) +m’n7 [ VL(we) 5

= [we = ull} + 2pm (Vo(wi), u = wi) +3 (2 (m - Vo(wi), uz) +n m - Vo(wi)|l3) -

Il(wt)

Iz (wy)

Following Lemma D.3 and Lemma D.2 and inserting wy = 04, we get a split optimization bound:

-1 m 2
lwe —ull3 1+ S [ [ + 2|3
—2 <K-—-— —s 20
2nmt + t Z¢(Wk) =n m Z i 2+ 2nmt 20)
k=0 j=1
This implies
12
1t LNy ST a2
s w35 -2+ Bk ) o Lot
t2¢(wk)_ ’HZ m Hul 2+ nmt + nmt
k=0 j=1
Taking
j iC
ugj) = —aynt - w*, ugj) = & * 1< <m,
2y
we get
t—1
1 1 C?n
- <k —-a?yingt+ L1
2 2 O(Wi) S k= Zatyn +47275
k=0
Therefore, we complete the proof of Theorem 4.1 by invoking the convexity of ¥ (). O

E. Omitted Proof of Theorem 5.2 in Section 5

The entire proof follows the proof of Theorem 2.2. First, we have the following key lemma which is an analogue
of Lemma 2.3

Lemma E.1 (Key Lemma). We define uy, = %;;7 - w* for a loss function { satisfying Assumption 5.1 with loss specific

constant Cy > 0. Under the definition of ¢(-), for any w € R% and any n > 0, it holds that

2(Vo(w),us) + 1 [[V(w)|; < 0. 2D

17
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Proof of Lemma E.I. Note that
2(V(w). uz) +1[[Vo(w)]l3

n

(N (ew)) - S (wTxy) (uz, %)+

i=1

2

2
n

- (671)/ (L(w)) - %ZEI(WTXi)Xi

2

n n 2

G (\ () €] 3 \e’<wai>!>

(IIxill; < Tand (x;, w*) > )

=S e T |- -2y el ST [ ]| (67

n
L i=1

/

(£(w)

I

1 n
<=3 |e(w )| ’ () (L‘(w))‘ =27 [Jull, + nCl - (From Assumption D.1)
n
i=1
Invoking the definition of uy completes the proof. O

Now we prove the Theorem 5.2.

Proof of Theorem 5.2. Denote u = u; + ug, where us = %;’ -w* € R%, Then, we have Recall the gradient descent
iterate (GD), the learning rate scheduler (2), and the definition for ¢(+). Then, following the proof of Theorem 2.2, we have
2
[wii1 —ull;

= llwe = ull; + 20 (Vo(wi), u = wi) +7° [ Vo(we)ll;
= [[we =3+ 20 (Vo (W), ur — w) +1 [2 (Vo(we), uz) + 17| Vo (w)l[5

(a)
< lwe —ulf3 + 20 (Vo(wy), ur — wy)

()
< lwe —ulls + 20 (¢(wr) — p(we)) - (22)

Here, (a) is from Lemma E.1, and (b) is from the convexity of ¢(-) from Condition (B) in Assumption 5.1. Telescoping (22)
fromk =0tok =t — 1yields

t—1 2
lwe —ul3 1 [[wo — ull;
=4 < —_—, 23
ot t;d)(wk) < o(w) + (23)
We take
u; = ifynt -w*, wg = 0q4.
Recall (w*, x;) > -y and the definition of ¢(-), we have ¢(uy) < —v ||uy ]|, . This implies
t—1 2 2 2
1 a1 + us; wafly +fluafly 1 5 Cem
p ;Qﬁ(wk) < —vlull; + 2t < =7 lwlly + nt 4’Y nt + 42t
Therefore, when t > tg 1= \/505/72,
t—1
1 1
- < ——2nt
7 2 (Wi) < =277
k=0
Invoking the convexity of ¢(-) completes the proof. O

18
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F. Examples of Loss Functions

Example: polynomial loss. We consider the polynomial loss (Ji & Telgarsky, 2021). For a fixed £ > 0, we define

1
——— forz>0
1 k -
l(z) = ) 1 (24)
Then, we have
—k k(k+1)
— forz>0 — forz>0
El(z) — (1 + Z)k+1 f"(z) — (1 + Z)k+2
| 72/€+L forz<0’ ' k(e 1) forz <0
(1 — 2)k+ = (1— k2 TFS
and
() =2V -1, vz>o.
From Theorem 5.1 in (Ji & Telgarsky, 2021), we know ¢(w) := —¢~1 (L(w)) is convex. Therefore, Condition (A)
and (B) in Assumption 5.1 hold. Now we verify Condition (C) in the Assumption 5.1. For z > 0, it is obvious that
|(2)| = (lfz)k =k- 6(2)% For z < 0, we define
¢(2) 2k — gy
h(z) := = e

ke l(2)

1 k
k- |—2kz+ W}
We know lim, .- h(z) = 1, and lim,_,_ h(z) = 0, and h(z) is continuously differentiable in (—oo, 0]. Moreover,

simple computation shows that h(z) is increasing for z < 0. So h(z) < 1 for z < 0, which implies |¢'(z)| < k - E(z)% for
z < 0. Therefore, for any sequence z;, 1 < ¢ < n, it holds that

1 - v (1 " 127_’: Igl(Zl)‘ k'lzﬁ: g(ZZ)
=S 10| (e (Zf(2¢)>| il < =t
s s k(i =) T ke (3 A=)
(£ 300, Uzi)) - maxy<icn £(z;)'/F
(7 i =) &
max; <i<n £(zi) | ¥ L1k
<( %E?:lé(zi) ) = .

Therefore, the Condition (C) in Assumption 5.1 is satisfied with Cy = nl/k. Then, Theorem 5.2 indicates that when
t >ty := v/2n'/* /42 it holds that

k+1

+

Eal I
+

1

?r‘

IN

L(W;) = L(~¢(W)) = (1+6 (v*nt)) " (25)

Example: Probit Negative Log-Likelihood Loss. We consider the Probit Negative Log-Likelihood Loss, defined as
(z) :=—In(F(2)), (26)

P [ e (-2

is the cumulative density function of standard Gaussian distribution. We also define f(z) = F’(z) as the probability density
function of standard Gaussian distribution. Then, we have

PG =2, £ =g )

where

f(2) GF(2) + f(2)
F(z)?

19
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Therefore, we can easily verify the condition A in assumption 5.1 and compute

o(2) = In (g V(2)?

S ) =) - (- () ~ (R + 7).

which implies
U (O B { C)
F(z)In(F(z)) 2F(2)+ f(z)
Lemma G.5 shows that this function is always negative. Therefore, from Lemma G.1, we know 1 (-) is convex and hence,
¢(w) is convex. Next, we verify condition C in Assumption 5.1. From the definition, we know

(M) = P~ (exp(—t), (071 () =~— 1 Feiq()é;()—t)))‘

We denote L = 2 3" | 4(z;) and ¢; = {(z;) = —In(F(2;)), then

i=1

- - ~1 (exp(—¢; exp(—
Ly () ] - 3y L) ae)

2 ep() TE T (en(-L)
We define F (F‘l (exp(—z)))
M=) = exp(—z)
Then, we can compute ( (@)
" _ f SC) F(z _ -1
h'(z) = Fo) +x— @) where 2 = F~"(exp(—2)).

This quantity is strictly negative for all z > 0. So & is concave. Therefore, we know
1 n
=Sl (o)) <1
N4
Therefore, as in the analysis above, we show that when ¢t > tg := V2 / 72, it holds
_ _ 1 1 1
L(W,) =L (=p(Wy)) </ (S’YQT]t) =—In <F <87277t>) < O<72nt cexp (—c2v'n?t?) ) 27)

where the last inequality comes from Lemma G.4.

G. Technical Lemmas
G.1. Convexity of 9)(-)

We have the following lemma, which is similar to Lemma 5.2 in (Ji & Telgarsky, 2021). We present the proof here for
completeness.

Lemma G.1. If% is decreasing on R, then 1(z) := —€~ (L 31" | 0(z;)) is convex.

n =1

Proof. Forz = (21, 29, ...,zn)T € R™, we have

Vi(z); = Tw_(g_/(ji()z)), V2i(z) := —diag (

It suffices to show that for any v € R",

2
) P ()
2t Co@) 2 o) (; il (—(2)) )

N

E”(zl) (//(22) E”(zn) )+£1/(_w(
nl'(—=1p(z)) nt'(=(z))" " nl'(—1)(2))

20
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Recall that ¢/(z) < 0 for any z € R. Combined with Cauchy-Schwarz inequality, this gives

2
n _el(zl) ", n _g//(zl) ,UQ n B ( E (z ))
@ nl (~i(2)) ) = (Z nl'(—i(z)) ) (2 nl' (—(a)) (2 >)

So it suffices to prove

S (0(2)) (= (—¢(2)?
Z nl"(z;) = )

1=

which is equivalent to

(=) (O (R
e

We define h(z) = L{(z). This is equivalent to

Then,

g(s) _ (W (1) -1
ke RO (D) where t=h""(s).

, 2
Since h~!(s) is decreasing and ((t)s,),)(t) = ((i)(;,),zt) is decreasing in ¢, we know g(s)/s is increasing on s € (0, c0). This

( +b) (a) (a+b) (b)
g(a >ga dgaa+b Zgb

indicates for any a, b > 0, we have , which implies

a-gla+0b) > (a+b)-gla), b-gla+b)>(a+b)- g(b).

Adding these two equations and normalizing it, we have g(a 4+ b) > g(a) + g(b), which shows g¢(-) is super-additive on

(s,00). This gives
> e <g(zhzz),

which concludes the proof. O

G.2. Lemmas Regarding Gaussian Distribution and Mill’s Ratio

Lemma G.2 (Proposition 1.1 in (Mukherjee, 2016)). Let X be a random variable with distribution function F. Set
my(z) =E [X*I(X > z)] . Assume E |X|N < oc. Then, forall 0 < n < N, we have

icijmk(x) (—z)"F > 0.

Proof. Note that the left hand side is just E(X — x)’, where (a)4 := max {a,0} . O

Lemma G.3 (Proposition 1.2 in (Mukherjee, 2016)). Suppose E|X|**! < co. Define my,(z) = E [XFI(X > )] . Then,

mpg+1(z) = emy(z / my(u

21
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Proof. Note that

/:omk(u)duz/:o]E(X’f]I(X>u))du:E{Xk/z

o

I(X > u)du] = mp41(x) — zmy(x).
O

Lemma G.4. We define F(z) and f(z) as the cumulative density function and probability density function for one-
dimensional standard Gaussian distribution. Then,

e For any z > 0, one has

2f(2) (2)
Z2+1§1—F(z)§7. (28)
* Forany z € R, one has
z-F(z)+ f(z) > 0. (29)

e Forany z > 0, one has

1 (3-5)s1-r@ i) (3- 5+ %) (30)

e Forany z > 0, one has
23+ 52 1—F(2) 2242

22462243 f(z) T 2(22+43) GD

Proof. The first inequality comes from the standard Mill’s ratio for Gaussian distribution. To see the second claim, the first
inequality gives zF'(z) + f(z) > z > 0 for any z > 0. For z = 0, this is obvious. For z < 0, we apply the first claim on
—z to get

F(z)=1-F(—2) < =—

—Zz —Z

which implies the second claim directly. The third inequality comes from Exercise 2.2 in (Wainwright, 2019). The last
inequality is a refinement of the classical Mill’s ratio and it comes from a notes (Mukherjee, 2016). However, the results
from that notes are incorrect. So we give the correct version here for completeness. Lemma G.3 gives

mo(z) =1—-F(z), mi(z) = f(2), ma(z) =2f(z) + (1 - F(2)),
2f(2) +2f(2), ma(z) =2 f(2) +32f(2) +3(1 - F(2)).

3
w
2.

I
&

[

Taking n = 3 in Lemma G.2 gives the right side of (31), while n = 4 gives the left side. O

The following result shows a standard result for standard Gaussian distribution.

Lemma G.5. We define F(z) and f(z) as the cumulative density function and probability density function for one-
dimensional standard Gaussian distribution. Then, for any z € R, one has

f(2) L FB (32)

TEOWFR) T 2FE) + ()

Proof. The claim holds trivially for z = 0. Let’s then consider z > 0. We write F' and f for F'(z) and f(z), respectively.
The claim is equivalent with

(24 1) FPInF+2FfInF+ 2Ff + f*> <0. (33)
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z + f(2)/(F(2) In(F(2))) + F(2)/(z F(2) + f(2))

0.10

0.08 1
=]
= 0.06 -
B

0.04 -

0.02 4

Figure 2. The Objective function in Lemma G.5 when —5 < z < 2.

Since In F' < F' — 1 for any F' = F'(z), when z > 2, we have

(Z*+ 1) F’InF +2FfInF+2Ff+ 2 < (2> +1) F*(F = 1)+ 2Ff(F — 1) + zF f + f*

=f((*+1) FQE—F,ZFQ—H” <f f—L (From (31))
B f - 23 +62+3/z
2.0.972
< f. - - 7 F > 0.97 wh >2
= <f zd+6,z+3/z> (= when 2 2 2)
1 1 2-0.97 Lo !

<f'<v5;'1+522+§z4‘23+6z+3p> @2(~77) < g

<0 (From numerical computation)
Therefore, the claim holds for z > 2. Next, we will deal with the case when z < —5. We denote x = —z. Since

F(—z)=1-—F(z)and f(—2) = f(2), (33) is equivalent with

(2 +1) (1 - F(@)*In (1 - F(2)) — ¢ (1 - F(2)) f(z) o (1 - F(2)) — 2 (1 - F(@)) f(2) + f(@)? <0.  (34)

1—F(x)

Now we write F' and f for short of F'(z) and f(z), respectively. We denote m(x) := ie)

. This is equivalent with

(2 + D)m(z)?In(1l — F(z)) —z-m(z) In(1 — F(z)) — 2 -m(z) +1 < 0.

When z < -5, and « > 5, from (31), one has
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which implies

(* + Dm(z)?In(1 — F(2)) — 2z - m(z)In(1 — F(2)) — 2 - m(x) + 1
(22 + 1) (2® + 51)

<m(x) g sy = F2)) —z m(z)In(l = F(z)) — 2 m(x) +1
- ﬁ ~m(@) - In(1 = F(z)) =z -m(z) + 1
< (FEAA D ) e+ -

_ (4—In(27) —2In(x)) z* + (21 — 5In(27) — 101In(z)) 22 + 9
(z4 + 622 + 3)°
<0 (When x > 5 from numerical computation)

Therefore, we have proven the claim for z < —5 and z > 2. For —5 < z < 2, we numerically show the claim holds in
Figure 2. O
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