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1. Local Interpretation of the Polyak Step-Size

In this section, we provide two results that shed light on a geometrical interpretation of the Polyak step-size. First, proposition
1 provides a proximal interpretation for the standard Polyak step-size. Second, proposition 2 gives a similar result when
using a maximal learning-rate, which corresponds to the update used by ALI-G.

Proposition 1. Suppose that the problem is unconstrained: ) = RP. Let wy1 = Wy — %Vf (Wt). Then Wiy

verifies:
Wy1 = argmin |w — wq|| subject to: f(w;) + Vf(wy) (W —wy) = fi, (1)
weRP
where we remind that f, is the minimum of f, and w + f(w;) + V f(w;) T (W — wy) is the linearization of f at wy. In
other words, Wy 1 is the closest point to wy that lies on the hyper-plane f(w;) + Vf(w;) T (w — wy) = f.

Proof: First we show that w1 satisfies the linear equality constraint:

flwe) + Vf(Wt)T(Wt+1 — Wy)

_ T Fwe) = fu
= f(we) + Vf(wy) (*Wvﬂwto ) )
= f(we) = f(We) + fa,

= fu.

Now let us show that it has a minimal distance to wy.

We take w € R” a solution of the linear equality constraint, and we will show that ||[w¢41 — w¢|| < ||]w — w||. By definition, we

have that w satisfies:
Fwi) + Vf(we) ' (0 —wy) = fu. A3)

Now we can write:

Swe) = fo

V(w2
_ fwe) = Js
IV wol”

_ Vi (we) " (b — wy)| “)

Viwol

|1 £ (wa) ] — wi

STV iwal

= [l — wel|.

Viwol,

[wisr —well = |

(Cauchy-Schwarz)

Proposition 2. [Proximal Interpretation] Suppose that Q) = RP and let 6 = 0. We consider the update performed
by SGD: wi$? = wy — 0 VL, (w;); and the update performed by ALI-G: wi® = w, — VL., (wy), where v, =
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min {”sz((%, 77}. Then we have:
1
wif} = axgmin {5 flw — a* o+, (w) + VL, (w) T (w — wi) |, 5)
weRP
wiiy” = argmin {*Hw w2+ max {£, (wy) + Ve, (w0)T (w — w,),0} |. (©)

Proof: In order to make the notation simpler, we use d: = V., (w:) and l; = £, (wy).
First, let us consider d; = 0.

Then we choose v; = 0 and it is clear that wy+1 = W¢ — ny:d; = W is the optimal solution of problem (6).

We now assume d; # O.

We can successively re-write the proximal problem (6) as :

1
min {—Hw — w||” + max {Ezt (wi) + VL., (wi) | (w— wt),O}} ,

weRP

min
wERP

—||w — wq|? +max{lt—|—dt (W — wy), 0}}7

min

&
in, |
{
{

L |w7wt||2+v} subject to: v >0, v > I, + d/ (W — wy)

min sup

2n

Liw = wal® + 0 — o — w0 — s — d) (W —wt)
weRP,v 50 | 27 i VTR ’ ‘ ¢
1

sup min
p,v>0 WERP, v

W =il 0 = o o — = d] (w = wo) | ™

where the last equation uses strong duality. The inner problem is now smooth in w and v. We write its KKT conditions:

0-

%:0: l—-p—-v=0 (8)

1
87w:O: 5(W7Wt)+ydt:0 (9)

We plug in these results and obtain:

1
sup {4 w00+ (-}

w,v>0
sttt p+v=1

sup, {507l v = ]|

sup { Ui 2|d,g|| —|—1/lt} (10)

vel(o,1]

This is a one-dimensional quadratic problem in v. It can be solved in closed-form by finding the global maximum of the quadratic
objective, and projecting the solution on [0, 1]. We have:

o-
5, =0 —nu||de||® + 1 =0 (11)
14

Since d; # 0 and n # 0, this gives the optimal solution:

y=min<{max4q ———5,0p,1p =minq ———,1, 12)
{ {nl\dtll2 nlid:|
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since Iy, 7, ||d¢|*> > 0.
Plugging this back in the KKT conditions, we obtain that the solution w1 of the primal problem can be written as:

Wt+1 = W — ’I']l/dt,

. Iy }
=w; —nmin{ ———.1 ¢ d;,
{TlHdtHQ

. Zzt (Wt) }
= — ——t 1, V¥, ,
Wi "mm{nuwz,, wol? ()

13)

i Lay (W) }
T o o Vi, (W),
v mln{ ”ngt(wt)‘P n t(wt)

2. Summary of Convergence Results

Problem Formulation. We remind the problem setting as follows. The learning task can be expressed as the problem (P)
of finding a feasible vector of parameters w, € €) that minimizes f:

w, € argmin f(w). (P)
wes

Also note that f, refers to the minimum value of f over 2: f, £ mincq f(w).

In the remainder of this section, we give an overview of convergence results of ALI-G in various stochastic settings. First,
we summarize convergence results in the convex setting in section 2.1. Notably, these results show convergence for any
maximal learning-rate 7, including 77 = oo, which is equivalent to not using any clipping to a maximal value. Second, we
give results for a class of non-convex problems. These results show that a maximal learning-rate is necessary and sufficient
for convergence of the Polyak step-size. Indeed we show that the Polyak step-size can oscillate indefinitely without a
maximal learning-rate, and that using a maximal learning-rate provably leads to (exponentially fast) convergence.

2.1. Convex Setting

For simplicity purposes, we assume that we are in the perfect interpolation setting: Vz, £,(w,) = 0. Detailed results with
an interpolation tolerance € > 0 are given in section 3. Since we are in the perfect interpolation setting, note that we can
safely set the small constant for numerical stability to zero: § = 0. The summary of the results is presented in table 1.

Assumption on Loss Functions Distance Considered Convergence Rate
Small n Large 1 (potentially co)
T
Convex and C-Lipschitz E [f (ﬁ 2 Wt):| — £ “v;%;ff)HQ + /Cz\lvao;1W* 112 /CQ|\V‘;9+*1W*\\2
t=0
Ly lwo —w. | 28]wo—w. |
Convex and ﬁ-SmOOth E f T+1 Z W — f* W T
=0
a-Strongly Convex and 8-Smooth ~ E[f(wWr+1)] — f« Zexp (4L [wo — wo > Zexp (,%) [lwo — w)?

Table 1. Summary of convergence rates for convex problems in the perfect interpolation setting. We remind that 1 denotes the hyper-
parameter used by ALI-G to clip its learning-rate to a maximal value. Our convergence results yield different results when 1 has a small
value (middle column), and when 1 has a large, possibly even infinite, value (right column). The formal statements of these results are
available in section 3, along with their proofs.

The overall convergence speed is similar to that of non-stochastic Polyak step-size, which is itself the same as the optimal
rate of non-stochastic gradient descent: O(1/+/T) for convex Lipschitz functions, O(1/T") for convex and smooth functions,
and O(exp(—kT)) (for some constant k) for smooth and strongly convex functions (Hazan & Kakade, 2019).

2.2. Non-Convex Setting

We also assume that we are in the perfect interpolation setting and thus we set the constant for numerical stability J to zero.
We further assume that the problem is unconstrained. The summary of the results is presented in table 2.
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Convergence Result

0<n< % 7 =00

f(wri1) — fu < Zexp (—kT) ||[wo — w.|[*  Can Fail to Converge (Proved)

Table 2. Summary of convergence results for a-RSI and [-smooth loss functions in the perfect interpolation setting. We remind that n
denotes the hyper-parameter used by ALI-G to clip its learning-rate to a maximal value. The constant  depends on «, 3 and 7). These
results show that using a maximal learning-rate is necessary and sufficient for convergence. The formal statements of these results are
available in section 4, along with their proofs.

3. Detailed Convex Results

3.1. Lipschitz Convex Functions

Theorem 1. We assume that ) is a convex set, and that for every z € Z, £ is convex and C-Lipschitz. Let w be a solution
of (P) such that ¥z € Z, £.(w,) < . We further assume that n) > %. Then if we apply ALI-G with a maximal learning-rate
of nto f, we have:

T+1<" T =T +1) -3
(14)
(C? +9)[[wo — Wil c?
e\ — + 1.
+\/ T+l Tyt
Proof :
We consider the update at time ¢, which we condition on the draw of z; € Z:
[wisr — wal®
= |[a(w: — Ve, (W) — w.?
< [[We = 7V, (i) — w.||*  (Ilq projection)
= |lwi — Will? = 29 VL, (W) T (We — W) + 27| VL, (wo) ||
‘gz (Wt) 2
< —w,|* -2 L. T — Wy —— ||V,
< ||lwe — wi| VeV, (W) (W — W )+%||V€zt(w,s)||2+5“v (W)l
ZZ (Wt)
because v < ————2~ 7
(beeatse = 9., (w2 + 6
Ez (Wt) 2
< —w.|* -2 L., T — Wy — ||V,
= ||Wt w || ’va t(wt) (Wt w )+’Yi||v£Zt(wt)||2||v t(wt)”
(because £, (w¢) > 0and § > 0)
< lwe — w*||2 — 294 (L2, (We) — L2 (W) + Yelz, (We)  (convexity of £,)
= [Iwe = wil[? = 296 (£, (W) = £y (W) + 76(La (W) = £, (W) + Yelz, (W)
= [Iwe = wil|® = 7 (ly (W) = £, (W) + el (W) (15)
We now consider different cases, according to the value that ; takes: y; = % orye = 1.
z¢ (We) |2 +3
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L2y (We)

W. Then we have:

First, suppose that v; =

Wi — w,|?

< |lwe — W*H2 — v (Zzt (wy) — 2€, (W*))
m (Kzt (wie)? — 20, (wi)ls, (w*))

1 ; )
~ ot 5 () — e (W) = e (w)°)

= [[we — w|* ~

= [[we — w.|?

2 (gzt (Wt) — Zzt (W*))2 Kzt (W*)2
= |lwe — wa? — +
e O ol s T IV wolP e
2 (gz (Wt) - ez (W*))2 ‘gz (w*)z
S lhwe=wll" = =255 T
(because we have 0 < ||V, (we)||> < C?)
gz (Wt) - Zz (W*))2 &g o
< —w, 2 _ ( t t s
< Jwe — wi| e + 5 (definition of €) (16)
Now suppose v+ = 1 and £, (w:) — £, (w,) < 0. We can use ¢ < wajt((% to write:
[Wesr = Wl < {[we = wel|* = 52 (62, (We) = £, (W) + 7L, (W),
2 Lz, (W) Lz, (W) 17

< lwe — wi| (Lo (we) = Lo (wi)) + (W),

Ve, (w2 + 6 [VEz (we)[|* + 6

ZZt (wt) ¢

where the last inequality has used ¢ < TV, (wolZ T8 bee

(W) — €., (wy) < 0and £, (w,) > 0. Therefore we are exactly

Lzy (We)

in the same situation as the first case (where we used y; = TS, (w258
Zt

), and thus we have again:

O, (W) — Lo, (W) €
A A (18)
Now suppose that v, = n and £, (w¢) — €., (w,) > 0. The inequality (15) gives:
[wisr —w.?
< we = Wal* = 72 (L, (We) = €2y (W) + yele, (W),
= |lwi — Wi ||® = n(ley (Wi) — €2, (W) + 9elzy (W), (e =1)
< lwe — w*|| —n(l.,(wy) — L., (Wy)) + e, (definition of €, vy, > 0)
Czy (W)
< [lwi — wo |2 = n(es —, P A\ —
= HWt w ” 77( t(wt) ( )) |\V€zt(wt)||2+6
Ly (W)
b —t >0
(because 1 = 9L, (w7 +o° ="
L, (We) (19)

S lwe = w|* = (e, (Wi) = £, (W) + €

6 )
(because || V., (w)|* > 0)
‘€Zt (Wt) — Kzt (W*) + ezt (W*)
6 7
ézt, (Wi) _ Ezt, (W*) +e€
6 b)

= [lwe — wal|* = n(lz, (We) — £z, (W) +e

S lwe = wall® =0z, (we) = £, (W4)) + e

(because £, (wy) <€)

52

= lwe = walP = (n= 5) (e (w) = Lo (w) + 5
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‘We now introduce Zr and Jr as follows:

Ir 2 {t€{0,...,T}: e = nand £, (W) — £z, (Ws) > 0}

(20)
Jr 2{0,....,TY\ Ir
Then, by combining inequalities (16), (18) and (19), and using a telescopic sum, we obtain:
2 2 (ez (Wt) — 4, (W*))Z 52
|wﬂ1—wq|<|wO—wm-+g;<} ) = lw)) 2
’ ) 1)
€ 5
+2 (- (- 5) - e+ 5 )
teZp
Using ||[wr+1 — w||? > 0, we obtain:
! ¢ ¢ 2 : ¢ ¢
g 2 e we) = L (w4 (= 5) D (e (we) = e, (w)
teJr tely 22)
2
< wo = walPP + (T + D)5
In particular, the inequality (22) gives that:
€ 2 52
(1=3) D2 (Car(we) = e (W) < [lwo = wa|* + (T + D)= 23)
teZp

Furthermore, for every ¢ € Zr, we have (£, (w;) — £z, (w.)) > 0, which yields (n — £) Y (¢, (W:) — £z, (w.)) > 0 since

telr
n > 5. Thus the inequality (22) also gives:

1 2 2 62

o D ey (wi) = L2 (wa)? < Jlwo — Wi |* + (T + 1)§~ (24)
teJr
Using the Cauchy-Schwarz inequality, we can further write:
2
S (W) = Ly () | < 1Tr] D (e (we) — e (wa))? (25)

teJr tedr

Therefore we have:

Z@M)MMsWMZ%M)@M%
teJr teJr

(26)
2
<wﬁwum0w—wWHruﬁ)
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‘We can now put together inequalities (23) and (26) by writing:

T

Z Zzt (Wt) - eZt (W*)

t=0

= Z L (Wt) — Lz (W*) + Z 1o (Wt) =Lz (W*)
teTr teJr

1 2
L (vao—w*|\2+<T+1> )

=
s 5

IN

5 @7
+ \/JT<02 +0) (Iwo = w4 (04 )5 )

1 2 52
< —= (Iwo—wi|[" +(T+1) =
-5 4

+ \/(T+ 1)(C2 +9) <||wO — w2+ (T + 1)%)

Dividing by T' + 1 and taking the expectation (over z1, ..., z7), we obtain:

1 T
()]s
T

%ﬂ ZE[f(Wt)] — f«, ([ is convex)

t=0

[wo — w.|? e ) [wo —w.|* | &
m-o@+) w5 N ETI T TF)

[wo — w.|? n e n (024‘5)HV"0—W*||24_E QQ_H
T m=-5T+1)  dn-%) T+1 ) ’

E

<

(28)

IA

When 7 is small, the convergence error of Theorem 1 is large. This is corrected in the following result which is informative
in the regime where 7 is small:

Theorem 2. We assume that ) is a convex set, and that for every z € Z, £, is convex and C-Lipschitz. Let w, be a solution
of (P) such thatVz € Z, {,(w,) < e. Then if we apply ALI-G with a maximal learning-rate of 1) to f, we have:

T
1 ”WO W*||2 (02 5)”“0 - W*||2
< 0 + 244.
f(T IE wt>] I W(T+1) + 2+ To1 2ney/C? + 6 29)

t=0

Proof:
We consider the update at time ¢, which we condition on the draw of z; € Z. We re-use the inequality (15) from the proof of

Theorem 1: , )
([Witr — wall” < [[we = Wi ||” — 72 (£z, (W) — £z, (W) + velzy (W) (30)

We consider again different cases, according to the value of ~y; and the sign of 2., (w¢) — €., (W).
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Suppose that £, (w¢) — £, (w,) < 0. Then the inequality (30) gives:

W1 — wa?
< we = wall? = e (e (W) = £y (W) + 7elay (W),
= |lwe — wi|® = veley (We) + 292l (W), 31)
< |wi — wal|? 4+ 29els, (W), (v, £z, (We) > 0)
< ||we — w*||2 + 2ne, (y¢ < n, definition of €)

Now suppose £, (w¢) — £, (w,) > 0 and ¢ = 7. Then the inequality (30) gives:

(Wit = wil[? < [lwe = wal|* = 32(€z, (W) = £, (W) + el (W),
= HWt - W*H2 - W(gzt (Wi) - gzt (W*)) + U@t (w*)7
(because v = 1) (32)
< we = Wl = 0l (W) = £, (W) + 7e,
(definition of €, 7 > 0)

Finally, suppose that £., (w;) — £.,(w.) > 0 and v, = %. Then the inequality (30) gives:
z¢ (We)||%+38
[Wesr —we®
< ”wt - W*||2 - 'Yt(ezt Wi) - gzt (W*)) + ’Ytgzt (W*)7
< ”wt - W*||2 - ’Yt(ezt (Wt) - Ezt (W*)) + Ufzt (W*):
(because v¢ < 7, L., (w,) > 0)
< |lwe — wil|> = e (e (W) — L2, (W) +ne,  (definition of &, 7 > 0)
ezt (Wt)
T v~/ /- NI Zz - zz * + 5
TV, (w7 9 ot () = el )) e S
gzt (Wt) )
Vez, (W)l + 6
(lzy (W) = €z, (Wy))
Ve (wo)|? + 6
(because £, (wy) > £z, (W) — £z, (wy) > 0)
(lzy (We) — €= (W4))
C?2 44

= [[we — w.|®
(because v =

2
+ e,

< lwe = w|* ~

2
+ne,  (|Ve, (we)|? < C?)

< flwe — w|* —

We now introduce Z7 and Jr as follows:

Ir 2 {t €{0,...,T} : £, (Wi) — £, (W) < 0}

gzt (Wt)

m and ézt (Wt) - Kzt(w*) Z 0} (34)

jT é {t S {0,,T} N ’)/t =
Kr2{0,...,TY\Zr U Jr

Then, by combining inequalities (31), (32) and (33), and using a telescopic sum, we obtain:

ezt _gzt * 2
Iwren = el < oo v+ g + 3 (L) i)l )
teJr
(35)
£ (ol ) — ey () + 1)

tekp
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Using ||[wr+1 — wi||? > 0, we obtain:

g 0 we) L (W) 4 Y (Eaywi) = £y (w0)

teJr tep (36)
< [[wo — w | + (T + 1)2ne

Since Vt € Ky, L2, (W) — £, (w,) > 0, both LHS terms are non-negative and thus each of them is smaller or equal to the RHS:

Ny (La(We) = Lo (W) < [lwo — wi|[* + 2(T + 1), 37
teX
and: 1
o2 D> ey (wi) = L2, (wa)? < [lwo — Wl ” + 2(T + 1)ne. (38)
teJr

Using the Cauchy-Schwarz inequality, we can further write:

2

S L (we) — Lei(wa) | < 1Tl DD (e (i) — Ly (wi)) (39)

teJr teJr

Therefore we have:

S ey (wi) — £y (W) < \/|JT| S (b (we) — Loy (W2)?,

tegr teJr (40)
< VITrl(C? +6) ([wo — wil? + 2(T + 1)ne).

‘We can now put together inequalities (37) and (40) by writing:

T
Zézt (We) = Lz (W) < Z Lo (Wi) — £z (Wa) + Z L., (w¢) — £, (W), (only negative contributions in Z;)
t=0 tekKo teJr
1
< (lwo =l +-2(T + 1)ne) + V/[T21(C7 4 8) (Two — walP 2T+ 1), “h
1
<5 (IIwo — wo||® + 2(T + 1)ne) + /(T + 1)(C? +6) ([wo — w. |2 + 2(T + Lyne).

Dividing by 7" + 1 and taking the expectation, we obtain:

.z
E f(T_’_l;wt)]—f*
< : iE[f(Wz)}*f*, (f is convex)
—T+1

42)

2 2
[[wo — wil|
< IWo = Wl 4 o 2 Wo = Wil 9
S T + s-i-\/(C +6)< Tl +2ne ),

— 2 2 — 2
SIW(>MH+2€+\/(C +5¥|V+V01 W™y opevez 1.

3.2. Smooth Convex Functions

We now tackle the convex and S-smooth case. Our proof techniques naturally produce the separation n > % andn < %
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Lemma 1. Let z € Z. Assume that {, is 3-smooth and non-negative on RP. Then we have:
1
VweRP, £.(w) > @sz(w)\ﬁ (43)

Note that we do not assume that £, is convex.
Proof:

Let w € RP. By Lemma 3.4 of (Bubeck, 2015), we have:
VueRP, |l (u) — L (w) — Vi (w) (u—w)| < gHu —wl|®. (44)

Therefore we can write:

Vu € RP, £.(u) < £ (w) + Ve (w) (u - w) + §||u — w|f?. 45)
And since Vu € RP, £,(u) > 0, we have:
VueR?, 0§€z(w)+V€z(w)T(u7w)+gHuwaZ. (46)
We now choose u = w — %Véz (w), which yields:
0< Lew) — Z|VE(w) > + oo Ve () o)
> Lz B z 26 z 5

which gives the desired result.

Lemma 2. Let z € Z. Assume that (, is -smooth and non-negative on RP. Then we have:

l.(w) S 1 ]

vwere, W 1§ .
w C ’ HVEZ(W)||2+5 — 20 452gz(w) (48)
Proof :
Let w € RP. We apply Lemma 1 and we write successively:
lz(w) 0.(w)
>
B Lo (w) + % _ %
28(L. + 9y
o 2‘56) (49)
_ 1 35
26 2B(t-(w)+ 35)
1 5
=28 WZ() @G>0

Theorem 3. We assume that ) is a convex set, and that for every z € Z, [, is convex and 3-smooth. Let w, be a solution
of (P) such thatVz € Z, {,(w,) < &, and suppose that § > 20e. Further assume that n > % Then if we apply ALI-G
with a maximal learning-rate of 1 to f, we have:

1 <& 5 28 ||lwo — wi?
f<T“ZWt>]_f*§ﬁ<l—2ﬁs>+1—%?5 T+l (50)

t=0 0

Proof :
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We re-use the inequality (15) from the proof of Theorem 1:

||Wt+1 - W*||2 < ||Wt - VV*H2 - ’Yt(ezt (wt) - ezt (W*)) + ’Ytézt (W*)

As previously, we lower bound ¢ (-, (w¢) — £, (w,)) and upper bound £, (w,) individually.

Lzy (We)

We begin with ¢ ((, (w1) — £z, (W.)). We remark that either v = jo7o 57755 OF 1 = 7).
Zt

Suppose £, (W) — £, (wy) > 0and v = Wffﬁ%. Then we can write:

Ve (lzy (W) — Lz, (W)
— ézt (Wt)
Ve, (we)[[? 46

> (55t ) () = £ ()

(using Lemma 2, £, (w¢) — £, (wy) > 0)
— 7(5% (We) — Lo, (W) — O Ly (We) = loy (Wy)

(€2, (wi) — £, (wWy)), (definition of v¢)

20 432 Lo, (W)
1 J
> %(Ezt (Wt) - Zzt (W*)) - 4,32 (Kzt (W*) >0, ézt (Wt) > O)

Now suppose £, (w¢) — £.,(w,) > 0 and v, = 1. Then we have:

Ve(ley (We) = €z (W) = 1(Lz, (We) = £z, (W)

1)
>0, (we) — Lo (W) — E
! 5
2 55l (We) = e (W) = 773
(because n > % Cay (W) — £, (W) > 0).
Now suppose £., (w¢) — £z, (w.) < 0. We have:
< talw)
B IIWZf (we)||2+ 6
_ b(we) B
S Wl twi s G~ (W) 20
g

W (deﬁnltlon of E)

< (Ve (wo)l| = 0)

4
< % (6 > 28¢)
We now write:
Ve (L (We) — Lz (W) 2> %(&t (W) =Lz (Wi)) Lz (We) — L (W) <0,
1 1)
2 %(ezt (Wt) - Kzt (W*)) - E

Sﬁ)

(61

(52)

(53)

(54)

(55)
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In conclusion, in all cases, it holds true that:

Vel (We) = £ (Wa)) 2 o2 (Eay (W) — L2, (W) — 725 (56)

1
26

We now upper bound y:¢, (w,):
Ez (Wt)gz (W*) .s
z * < % zZ * >
Vel (Wy) < Ve (w246 (definition of ¢ and £., (w,) > 0)
< Ll WlalWe) - e, (w2 0)
(57)
< (b, (we) — ég‘ (w,) + E)E, (definition of € twice)
2

€ €

= ngt (wt) - ezt (W*)) + ?

‘We now put together inequalities (51), (56) and (57):

W1 — wa|?

2 1 52
S hwe = well” = 55 (G (we) = Lo (W) + @ + =< (EZt (we) =Ly (W) + 5, (58)
2 1 € g2
= v wall = (5~ 5 ) (e = e w) + 5 + 5
Therefore we have:
o ) Carlwe) ~ ey (w)) — (o + 5 ) < e =l g — wa (59)
25 5 Zt t zZt * 4ﬁ2 >~ t * t+1 * .
By summing over ¢ and taking the expectation over every z;, we obtain:
T
5 —2Be 8% +4p%e?
S (g B g (o)~
B (60)
< flwo — wal|* = E [[[wr1 — wal|’] ,
< [lwo — wa %
By assumption, we have that § — 28e > 0. Dividing by 7"+ 1 and using the convexity of f, we finally obtain:
1
<T+ 7 Zwt):| —f < T—|—1 ZE (w¢)] — f« (convexity of f),
286 52+45 g? N 286 |lwo — wi?
T 6—2B8e 4526 §—28 T+1
_ 8% 4 4p8%¢* 285 ||wo — wi||? 61)
26(6 —2Be)  §—2Be T+1
5 265 [wo — w.|?
6 —2Be >
SB6-280) To-28 T+1 0 0720
_ 1) n 28 |[wo — w|?
Bl—2Bey 12 T4l

Theorem 4. We assume that ) is a convex set, and that for every z € Z, {, is convex and [3- smooth Let w, be a solution
of (P) such thatVz € Z, {.(w,) < ¢, and suppose that § > 2f3¢. Further assume thatn < 5. Then if we apply ALI-G
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with a maximal learning-rate of n to f, we have:

[ I | B L 2 A
T+14"" ToaT+1) 280 T

t=0

Proof :

Similarly to the beginning of previous proofs, we have that:

Wit = Wl * < [[We = Wl =92 (Ley (We) — £z (W) + 7Lz, (W)

As previously, we lower bound ¢ (€., (w¢) — £, (w)) and upper bound ~;£., (w,) individually.

Lzy (W)

We begin with v¢ (£, (w¢) — £, (w.)). We remark that either v¢ = o (w258 OF vt = 1.
Zt

Suppose v = % and ., (w¢) — £, (w,) > 0. First we write:
2zt
— ézt (Wt)

Ve, (we)|[* 40

_ Ezt (Wt) + % _ %
Ve (W)l +6 (VL (wo)|I> +6
V€, (we)|l?

> 33 —— % — i ! (Lemma 1)

T IVE (W)lIP 6 28 (VL (we)l[? + 6

_1_9 1
28 2B |VL (wi)|? + 0

5 1 1
>p— - - <
=1 2B |V, (Wi)]|2 + 8 (< 2,3)

Since £, (w¢) — £, (w.) > 0, this yields:

L
28 [|VLzy (wo)ll? + 6
1) fz, (Wt) - EZt, (W*)

(e (w0) — oy (W) (n

= 77(6% (Wi) =Lz, (W*))

1 lzy (We)
2l (we) = b (W) = 55 7, (w2 4 8

(because £, (w,) > 0)

L2y (We)

. 0,
I ORCDIEETR and ¢ < 1, then necessarily o £ (we)

We now notice that since y; = TS, (w258
Zt

e (Cor (We) — £y (W) 2 1l (W) — Loy (W) — %

Now suppose v = 1 and £, (w¢) — £-, (w,) > 0. Then we have:

Yt (Zzt (Wt) - eZt (W*)) = U(fa (wt) - ezt (W*))

> (L, (We) — Lo (W) — %_

) eewi) = £ (w))

28 Ve (w2 +6

< n. This gives:

(62)

(63)

(64)

(65)

(66)

(67)
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Now suppose £, (w¢) — £.,(w,) < 0. Since v; < 7 by definition, we have that:

Ve (bay (We) = Loy (W) 2 n(lzy (We) = £z (Wi)) - (e (Wi) = £z, (Ws) < 0)

) (68)
> (e, (W) = £y (W) — ;’—5.
In conclusion, in all cases, it holds true that:
)
e (e (We) = Loy (W) > 0(Lsy (We) — £z, (W) — 373 (69)

We upper bound ~¢+£., (w.) as follows:

Vil (W*) < nl, (W*) (2 (W*) > 0)

70
< ne (definition of €) (70)
We combine inequalities (63), (69) and (70) and obtain:
2 2 no
twers = w[” < flwe = wu|[ = n(ley (we) = &2, (W) + 55 + e an)
By taking the expectation and using a telescopic sum, we obtain:
z 5
0 i = e < o = e = 37 (WCBLF )] = £2) + 35+ @)
t=0
Re-arranging and using the convexity of f, we finally obtain:
T
1 [wo —wi|* 0
E _— w —fil<—F—+ —+e. 73
f<T+1tz; ’f)} k=T ‘o 73

3.3. Smooth and Strongly Convex Functions

Finally, we consider the a-strongly convex and S-smooth case. Again, our proof yields a natural separation between 1 > ﬁ
1

and n < 35

Lemma 3. Let z € Z. Assume that {, is a-strongly convex, non-negative on RP, and such that inf ¢, < e. In addition,

suppose that 6 > 2ae. Then we have:

L (w) <

1
VweRP, ———~ -~ < |
Ve VL W+ © 2a

(74)

Proof :

Let w € R? and suppose that £, reaches its minimum at w € R? (this minimum exists because of strong convexity). By definition
of strong convexity, we have that:

VW ERP, (.(W) > Lo(w) + Vi (w) | (W —w) + %uw — w|? (75)

We minimize the right hand-side over W, which gives:

YW € RP, £.(W) > (W) + Vi (w) | (W — w) + %uw —wl?
(76)

1
2 la(w) — %\IV&(W)HQ
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Thus by choosing W = w and re-ordering, we obtain the following result (a.k.a. the Polyak-Lojasiewicz inequality):

1
Co(w) = L2(w) < 5| VL (W) (77
Therefore we can write:
0.(w) ()~ bo(w) te _ Ve +e -
V(W24 = [[VEW)|2+d — [[VL(W)|2+6
xte
We introduce the function ¢ : 2 € RT — MT, and we compute its derivative:

i(z—&—&)—im—s

V() = :
+6)?
s ff ) (79)
=22 >0, 6>2
@wtop =0 (02209
Therefore 1) is monotonically increasing. As a result, we have:
Vo eRT, (x) < lim (x) = 1 (80)
T— 00 2c

Therefore we have that:

1 2
s IVL(w)||* + e 1
2||Véz(w)\|2 T P ([Ve(w)]*) < 2% (81)
which concludes the proof.
Lemma 4. For any a,b € RP, we have that:
1
lall® + 16> > §|Ia—bll2 (82)

Proof: This is a simple application of the parallelogram law, but we give the proof here for completeness.
1 1 1 T
lall® + [1Bl1* = S lla = blI* = llal® + [IBI* = Sllal® = SlI6]* +a"b
2 2 2
1 1
= Sllal” + 56l +aTb

= Slla+ |
>0

Lemma 5. Let z € Z. Assume that {,, is a-strongly convex and achieves its (possibly constrained) minimum at w,. € €.
Then we have:

VweQ, L(w)—C(w,) > %HW—W*H? (83)
Proof: By definition of strong-convexity (Bubeck, 2015), we have:
VweQ, b(w) — l(w,) — Vi (w,) (Ww—w,) > %Hw — wi? (84)
In addition, since w, minimizes £, then necessarily:

VweQ, Vi (w,) (w—w,)>0. (85)

Combining the two equations gives the desired result.
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Theorem 5. We assume that €2 is a convex set, and that for every z € Z, {, is a-strongly convex and [3 smooth. Let w, be
a solution of (P) such thatVz € Z, {.(w,) < ¢, and suppose that § > 2[3¢. Further assume that 1) > 5. Then if we apply
ALI-G with a maximal learning-rate of 1) to f, we have:

2
EUWWHHﬂs5mp<j§)wmwm2+j+%}+2ﬁe (36)

Proof :

We condition the update on z; drawn at random. The beginning of the proof is identical to that of Theorem 3 (and in particular
requires § > 2f¢). In addition, we remark that § > 23 > 2ae, because it always holds true that 8 > «. Combining inequalities
(15) and (56), we obtain:

1
Hwt+1 — W*”2 < HWt - W*H2 - %(&n (Wt) - éz ( )) 4/82 +7tezt (W*)
1 ..
< ||wy — W*HQ _ %(@t(wt) — 0., (W) + 4/82 + e, (definition of €)
1 1
< ||we — W*H?’ — %(Ezt(wt) — 0 (W) + 4—52 + %0 (Lemma 3) 87)
Taking the expectation over z¢|z¢—1, we obtain:
1 1
Eeyles [[Wer1 — wi|[] < [lwe — wi|[* — ﬁ(f(m) = flw.)) + 452 %
2 o 1)
<lwe — w7 = EHWt —w.|® + 15 +oa (by lemma 5)

Now taking expectation over every z:, we use a trivial induction over ¢ and write:

Elllwiti —w. ]

(-5
B D
|
|

(1= 2 o wlr+ 2 (4 2 (38)
- ag) oW 4 '

Given an arbitrary w € RP, we now wish to relate the distance | w — w, ||? to the function values f(w) — f(w).

Since each £ is a-strongly convex and S-smooth, so is f = E.[¢,]. We introduce w the minimizer of f on its unconstrained
domain R?. Then we can write that for any w € R?:

f(w) = f(w.)
< f(w) = flw), (f(w) < f(wy))

< V() (w - w) 5w = wl®,(fis B-smooth)

= §HW -w|? (Vf(w)=0)

< B(Iw = wal* + lw. — w[*), (Lemma4)

26

< Bllw = wa|? + 22 (f(w.) = f(w)), (fis astrongly convex)
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2
<plw —wl? + P w0 < flw)
< Bllw —wo|* + 2%, (definition of €) (89)

Taking the expectation, we can combine the results to obtain the final result:

Be

[wWers —wll*] + 2—,

E[f(wit1)] = f(ws) < BE
<o ((1-55) w2 (e 2)) 402

1 |

1

g
t

a 48 eB Be
——5> [wo — w||* + — . <—ﬂ+—)+2;,

2
5( ——ﬂ> [wo — w.|? +6+266+2ﬂ

B /52

5
§/3exp( )Hwofw*H + — +205+2

Theorem 6. We assume that ) is a convex set, and that for every z € Z, £, is a-strongly convex and ﬁ smooth. Let w, be
a solution of (P) such thatVz € 2, {.(w,) < €, and suppose that § > 2[¢. Further assume that ) < 5. Then if we apply
ALI-G with a maximal learning-rate of 1) to f, we have:

—anT 0 4ep
Blfwran)] - £, < Gexp (50 ) o~ wall?+ 2+ 22 %0
Proof: Re-using inequalities (63) and (69) from the proof of Theorem 4, we can write:
2 2 no
Werr — Wil " < flwe = Wi || = n(lz, (We) — £z, (W) + 2%t Yelzy (W),
no 91
< flwe = Wil = e (W) = e (W) o+ g+ e oD
(using ve <1, 0 < £, (wy) < e).
Taking the expectation over z¢|z:—1, we obtain:
1)
Eeppeyy [IWesn = wilP] < [lwe — wa|[* = n(f(we) = f(w2)) + ;Lﬁ + ne. (92)
Therefore, we can write:
«@ no
Eeppepy [IWesr — wil*] < [lwe — wa|[* = ynllvw wo|® + o2 o5 T e (Lemma5)
93
:(1—ﬂ)||w w4+ e, >
g )Wt = WAl Tog T
Then a trivial induction gives that:
E 2 < (19" 1 3 1oy
v =l (1= G) o =l + (35 0e) 2 (1= )’
<
t=0 94)



Training Neural Networks for and by Interpolation

We now re-use the inequality (89) in expectation to write:

Bl (wr)] — f. < BEllwror — w2 + 222,
<5 (1= 2w — w2+ 22,

>||wO—w*||2+g+@

(95)
—anT

SﬁeXp(

o .

4. Detailed Non-Convex Results

The Restricted Secant Inequality (RSI) is a milder assumption than convexity. It can be defined as follows:
Definition 1. Let f : RP — R be a lower-bounded differentiable function achieving its minimum at w,. We say that f
satisfies the RSI if there exists o > 0 such that:

Vw € R, Vi(w) (w—w,) > aljlw — w,|> (96)

The RSI is sometimes used to prove convergence of optimization algorithms without assuming convexity (Vaswani et al.,
2019).

As we prove below, the Polyak step-size may fail to converge under the RSI assumption, even in a non-stochastic setting
with the exact minimum known.

—frww? = |w)?
—— Linearizations of f

Figure 1. Illustration of the function f, which satisfies the RSI. When starting at w = —3/5, gradient descent with the Polyak step-size
oscillates between w = —3/5 and w = 3/5.

Proposition 3. Let f : w € [22; 2] — w? — |w|>. Then f satisfies the RSI with o = .

Proof : First we note that f achieves its minimum at w, = 0, and that f(w,) = 0. In addition, we introduce the sign function o(w),

which is equal to 1 if w > 0, and —1 otherwise. Now let w € [%3, %] Then we have that:

|
g
o

V() — w.) ~ 3 (0= w.)?, = (2w~ Bow)u)w ~ 0) ~ (w02,

_ 9 2 3
=zw 3o(w)w”, ©o7)

Proposition 4. Assume that we apply the Polyak step-size to f : w € [%3, %} > w? — |w|?, starting from the initial point
wo = —3/5. Then the iterates oscillate between —3/5 and 3 /5.

Proof: We show that, starting with wo = —g, we obtain w1 = g This will prove oscillation of the iterates by symmetry of the problem.
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=3, we have f(wy) = = — 3¢ = Furthermore, V f(wo) = 2(=52) + 3(4%) = 3. Therefore:

5 25 125 125
f(wo)

(Vf(wo))?
_ _ J(wo)
T Y (wo)’

-3 &
=— 415 (98)
25

Since wg =

V f(wo),

w1 = Wo —

wCﬂ

L6
57

Ul.\wm‘ |

Theorem 7. We assume that Q2 = RP, and that for every z € Z, {, is 5-smooth and satisfies the RSI with constant o.. We
further assume that there exists w,. a solution of (P) such thatVz € Z, £,(w,) = 0. Let 1) be such that 5 <nN< 2% Then
if we apply ALI-G with a maximal learning-rate of ) to f, we have:

ﬂwTHy—ﬁf;pr((—5+“f)1>nwO—wqﬁ 99)

Note: this result assumes perfect interpolation, and thus we set § = 0 (no small constant for numerical stability).

Proof: We consider the update at time ¢, which we condition on the draw of z: € Z. Since we consider § = 0, we have vy =

. £z )
min {HVKZZ(+)IIZ’ 77}. We suppose V2., (w:) # 0.

[wigr — well” = [Ta(we — % VL, (we) — w.|,
< ||wi — Ve, (we) — wi|]?, (Il projection)

= [[wi — Wil = 29 VL, (we) | (Wi — W) + 77 |V Lz, (W) |7,
Zzt (Wt)

< - * 2 - z T - * z i < Mv~—, 7/ _ _ Nlo
< lwe — wio||” = 2% VL, (W) (Wi — W) + 72l (W),  (since y < ||V£Zt(wt)|\2)

(100)
< lwe — wa||> = 29 VL, (we) | (Wi — wi) + %gHWt —w. %>, (Lemma 3.4 of (Bubeck, 2015))

< flwe — wall? ~ 2vialiwe — Wl + 32w w.?, (RSl inequality)
= (1= 20+ 75 ) fwe — wi .

Since we know that ——zt%t) > 26 (Lemma 1) and n >

W we have that v > % Then, using both v; > ﬁ and v < m, we can

25 g
write:
«

Iwess =l < (1= G+ ) oo = wa P (101

With a trivial induction we obtain:

T
a  np
HWT+1 — W,(H2 < (1 - B + %) ||W0 - W*H27

< exp ((75 + ﬂ) T) [wo — w .

Since f is B-smooth and the problem is unconstrained by assumption, we have f(wry1) < %HWT_H — w,||? (by Lemma 3.4 of
(Bubeck, 2015)), and we obtain the desired result.

(102)

Theorem 8. We assume that Q) = RP, and that for every z € Z, {, is 3-smooth and satisfies the RSI with consmnt a. We
further assume that there exists W, a solution of (P) such thatVz € Z, £.(w,) = 0. Let ) be such that 0 < 1 < 55. Then
if we apply ALI-G with a maximal learning-rate of ) to f, we have:

fwpi) — fi < gexp ((—77 <2a - g)) T) [wo — w2 (103)
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Note: this result assumes perfect interpolation, and thus we set § = 0 (no small constant for numerical stability).

Proof : We consider the update at time ¢, which we condition on the draw of z; € Z. Since we consider § = 0, we have ~;
min {%, 77}. We suppose V£, (w:) # 0. We re-use equation (100) to write:
2zt

[Wes1 — wi® < (1 —2’yta—|—%§)||wt —wa? (104)

Since we know that % > ﬁ (Lemma 1) and n < ﬁ, we have that v, = 7 necessarily. Thus we obtain:
zt

Iwes = wal < (1= 2nat 05 ) we — wal

With a trivial induction we obtain:

Since f is B-smooth and the problem is unconstrained by assumption, we have f(wry1) < %HWT_H — w,||? (by Lemma 3.4 of

(Bubeck, 2015)), and we obtain the desired result. |
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5. Additional Experimental Details
5.1. Standard Deviation of CIFAR Results

Task Optimizer Avg  Std
DN10 ADAMW 926 0.08
DN10 ALIG 95.0 0.16
DN10 AMSGRAD 91.7 0.25
DN10 DFW 946 0.22
DN10 L4AADAM 90.8 0.09
DN10 LAMOM 919 0.17
DN10 SGD 95.1 0.21
DN10 YOGI 92.1 0.38
DN100 ADAMW 69.5 0.54
DN100 ALIG 76.3 0.14
DN100 AMSGRAD 694 041
DN100 DFW 73.2  0.29
DN100 L4ADAM 60.5 0.64
DN100 L4AMOM 62.6 198
DN100 SGD 763 0.22
DN100 YOGI 69.6 0.34
WRN10  ADAMW 92.1 0.34
WRNI10  ALIG 952 0.09
WRN10  AMSGRAD 90.8 0.31
WRNI10 DFW 942 0.19
WRNI10 L4ADAM 90.5 0.09
WRN10 L4MOM 91.6 0.24
WRN10  SGD 953 031
WRN10  YOGI 912 0.27
WRN100 ADAMW 69.6 0.51
WRN100 ALIG 75.8  0.29
WRN100 AMSGRAD 68.7 0.70
WRN100 DFW 76.0 0.24
WRN100 L4ADAM 61.7 2.17
WRN100 L4MOM 614 0.86
WRN100 SGD 77.8 0.13
WRN100 YOGI 68.7 0.47

Table 3. Test Accuracy (%) on CIFAR including standard deviations

5.2. Additional Details About Training Protocol on ImageNet

. Each experiment was run three times.

Data Processing. We use 1.23M images for training. As mentioned in the paper, we do not use any data augmentation on
this task. Our data processing can be described as follows. Each training image is resized so that its smaller dimension is of
224 pixels, after which we take a centered square crop of 224 by 224. The cropped image is then centered and normalized
per channel (for this, the mean and standard deviation per channel is computed across all training images), before being fed

to the neural network.

Loss Function. We use the top-k truncated cross-entropy (Lapin et al., 2016) as our loss function for training the model
on ImageNet. In particular, we use £ = 5 so that we optimize for the commonly used top-5 error, and we use the default

temperature parameter 7 = 1.

Our PyTorch code re-uses the implementation from https://github.com/locuslab/1ml.


https://github.com/locuslab/lml
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