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A Generalised Weak Convexity and Two Layer Neural Networks

In this section we generalise the notation of weak convexity considered within the main body of the manuscript.
This section proceeds as follows. Section presents the generalised notation of weak convexity. Section [A.2]
gives bounds on the Optimisation & Approximation Error for two layer neural networks utilising generalised
weak convexity.

A.1 Generalised Weak Convexity

As highlighted in Remark [d] a drawback of Theorem [2] when optimising both layers for two layer neural network
is the Approximation Error’s dependence on the squared Euclidean norm of the population risk minimiser
lw*||3. This stems from the weak convexity assumption (Assumption |3) penalising all co-ordinates equally i.e.
adding ||wl||3. To improve upon this we introduce the following assumption which aims to better encode the
Hessian’s structure.

Assumption 5 For a conver set X C RP there exists non-negative function Gy : RP — R such that almost surely

u' V2R(w)u > —Gx(u) foranyu e RP,we X

Assumption [f] is a weakening of the weak convexity Assumption [3]in two respects. The first is that we have
restricted ourselves to a convex set X’ while Assumption [3] considers case X = RP. The second difference, is that
the quadratic form of the Hessian with vectors u is lower bounded by a function G (u). This function can then
encode additional structure of the Hessian which can be utilised to obtain tighter control on the Approximation
Error. We note by considering the function Gx(u) = <||ul3 for some ex > 0, we recover Assumption
restricted to the convex set X'. Meanwhile more generally, Gx(u) may depend upon other norms which penalise
subsets of co-ordinates as well as interactions. Given this assumption, we are present the following proposition
which bounds the Optimisation & Approximation Error that appears within the test error decomposition

).

Proposition 1 (Opt. & Approx. Error) Consider Assumptz’on and@ step size ns =n for all s > 1 and
w e X. Suppose that ws € X for all s > 1. If nB < 1/2 then

t

B BRG] —r(et) < PR 400 B 5+ BUR@) )
Opt. & Approx. Error ~—— s=1

Optimisation Error Approzimation Error

Observe that within Proposition [1] the bound now depends on the Hessian structure through Gy (-) as well as
now a free parameter w € X. The right most term can then be interpreted as an Approximation Error, as the
series involving Gy (W — Ws) can be viewed as a regulariser, with @ chosen thereafter to minimise a penalised
empirical risk. Although, we note that the regulariser depends upon the iterates of gradient descent i.e. the
difference w — Wy, as such, to proceed we must decouple @ and &, by utilising the structure of Gy (+). We therefore
now consider the case of a two layer neural network.

A.2 Optimisation and Approximation Error for Two Layer Neural Networks

In this section we demonstrate how the generalised notation of weak convexity just described in Section[Ad] can be
applied to a two layer neural network when optimising both layers. Specifically, we consider the setting described
in Section where the loss is a composition of a convex function g(-,y) and a Two Layer Neural network f. Let
us begin by introducing some additional notation. For a vector z € R? let Diag(z) € R7%? be the square diagonal
matrix where Diag(z)s; = z; fori = 1,...,q. Moreover, let us denote the vector u = (A(u),v(u)) € RM4+M which
is composed in a manner matching w = (A,v), so that A(u) € RM®*? is a matrix associated to the first layer
of weights and v(u) € RM is the vector associated to the second layer of weights. Let us denote the maximum
between two real numbers a,b € R as a V b = max{a, b}.

To consider the generalised weak convexity Assumption [5| we first introduce the appropriate set X and functional
Gy. For L, > 0 consider the set X, C RMa+d a5 well as for C > 0 the function G¢ : R? — R*. The
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set is then defined as Xr, := {w € RM4td . o, = (A, v),|v||eec < L,}, while the functional is defined for
u = (A(u),v(u)) € RMITM a5

C
(u)||% max ||A( TDlag(

Golu) := M |z

()l,-

The set X7, in our case is technical and is included to, in short, control the second layer weights that arises
within second derivative of first layer, see also Theorem [3] Meanwhile, the function G¢ now incorporates the
structure of the empirical risk Hessian. In particular, there is no term depending on the squared norm ||v||3, since
the Hessian restricted to the second layer is zero. The second term in G¢(+) then arises to control the interaction
between the first and second layers, with the maximum over vectors ||z||ooc < 1 coming from the activation o(+).

RMd+1\/I

Given the function G¢ we must now introduce a related function H : — R which encodes the structure

of regularisation. It is similarly defined as follows

() = A%+ ViTllo() |+ a4 Ding(v(w)ls
Note the structure of H(-) closely aligns with G¢(+) although an extra term /nt||v(u)||2 is included. This arises
due to the coupling between the gradient descent iterates and place holder uNJ ie. Go(w — Ws). Given this, it
will be convenient to denote for A > 0 a minimiser @y € argmin XL, {R + AH(w — ©9) } The following

theorem then utilises Proposition [I] to bound the Optimisation & Appr0x1mat10n Error within the test error
decomposition (2

Theorem 4 (Two Layer Neural Network) Consider loss reqularity Assumptzon I alongszde the setting of
Theorem@ with bounded activation |o(-)| < L,. Initialise gradient descent at &y = (A%, v°) € RMI+M If the
following holds almost surely

UtLg/ Lg>
Me

0> 2Ly (Lo T (8)) V (Lo Lo S]2)],

Ly 2 [10*]loe V (1lloc +

then the optimisation and approximation error is bounded

E[|©x —&oll3] | 3CE[R(wo) — R@")]nt
2nt Me

Opt. Error Opt. Component.

where A = 3C(y/R(Wo) — R(w*) vV 1)/M°.

Observe in Theorem @ that the parameter L,, which controls the constraint set X7, , is required to grow as
O(1 + nt/M*€), and therefore, is constant for sufficiently wide neural networks (see also discussion in Section .
Meanwhile, the parameter C, which controls the functional, must almost surely upper bound spectral quantities
related to the covariates covariance, namely, the trace Tr (Z) This can then be more refined than assuming
almost surely bounded co-ordinates i.e. |||/, as done within the main body of the manuscript. The resulting
bound on the Optimisation and Approximation Error then consists of two new terms: Opt. Component
and Stat. Approx.. The Opt. Component. is order O(dnt/M¢) and arises from the dependence on gradient
descent iterates @Wy. Meanwhile, the Stat. Approx. depends upon the population risk minimiser evaluated at
the regulariser i.e. E[AJH (w* — @p), and can be interpreted as a statistical bias resulting from the non-convexity.

Note it now depends upon H(-) and is scaled by A which is O( Tr(f])/MC).

E;[E[R(©r]] -r(w") <

+ENH(w* — @)
—_— ——

Opt. € Approx. Error Stat. Approz.

It is natural to investigate (picking @y = 0) the size of the Stat. Approx. for a particular problem instance.
Following the limitations of the weakly convex setting highlighted within remark [4] in the main body of the
manuscript, we focus on whether Stat. Approx. can be smaller than the Total Weight of the network TW(f).

Denoting w* = (A*,v*) a minimiser of the population risk, we focus on upper bounding 1/ Tr(E)H (w*)/M¢ by
the Total Weight of the network, since 1/Tr(3)H (w*)/M¢ equals the Stat. Approx. up to constants
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Begin by noting that H(-) depends upon the interaction between the first and second layer, therefore, introduce
the single valued decomposition A* = TAZT = 3¢ | A\py,€, where left-singular vectors {y,}¢_, are the columns
of I' € RM>d | the right-singular vectors {£}4_, are the columns of = € R¥*? and {\;}_, are the singular values.
Let us also denote the element wise multiplication of two vectors u,v € RP as u ® v = (u1v1,...,upvp) € RP.
With the single valued decomposition the regulariser can then be written as follows

d
1 *\ 1 * 12 * 2 * 2
A1) = g (AT + V1) s | D2 It 02
Norm Condition
Interaction

The first two terms above depend upon the norm of the population risk minimiser w*, while the third term now
encodes the interaction between the first and second layer. For clarity, let a;,as € R and assume each of the
second layers weights are the same magnitude so \v;‘| =ap for j =1,..., M as well as the singular values so
|Aj| = ag for j =1,...,d. The Interaction term can then be upper bounded by taking the maximum max|,|_ <1
inside the series

d d

1 1 1
.2 * V|2 121[4,% 12 —
77 | 2o PPl @ < oy WP 0l = averg

Interaction =

d
> Il
j=1

Note that this quantity now aligns with the ¢; o element-wise matrix norm on the left-singular vectors of A* i.e. I.
Therefore, let us assume that the left-singular vectors {%}le are supported on disjoint sets of size M/d > s > 1
and are such that |(v;);] = % fori=1,...,d, j € Supp(y;) (where Supp(-) denotes the support of a vector) and

zero otherwise. Noting that ||v*||2 = a1V ds since the second layer of weights will be supported on the non-zero
rows of A* as well as that ||v;||1 = v/s, yields the upper bound on the Stat. Approx. term

Tr (E)H(w*) < Tr (i) ( dCL2 + al\/ﬁ@ + alag\/% )

Me Me¢ Me Me
—
Norm Condition Interaction

Let us now consider the Total Weight with this particular choice of weights w* = (v*, A*). Precisely, for this
particular choice of second layer weights v*, singular values {)\j}?zl and singular vectors {v;}%,, the Total
Weight aligns with the £ element-wise matrix norm of T'T

1 Y o e a1as M d 5 G102 S ET d\/s
TW(f) = 35 Y45l = S22 D7\ [ Yo ()2 = 22237 < = aian T
Jj=1 j=1 i=1 j=1

. . . . d
Where we note that the first equality arises from the single valued decomposition A; = i1 Ai(74);& and thus

[A%]l2 = Zle A7 (7i)3. Meanwhile for the second equality, for each j = 1,...,d x s we have j € Supp(vx) for
at most one k € {1,...,d} since {v;}¢_, are supported on disjoint sets. Meanwhile for j =d x s+ 1,...,M
we have j ¢ Supp(qx) since the supports are of size at most s. This means for j = 1,...,d X s we get

2?21(%)? = Zi:jeSupp(%)(%)? = %, and then zero otherwise. Dividing the Stat. Approx. by the Total Weight
we have

1 Tr (2) H (w*) —, 1 NS
e VO Gt vt va)

Now, if s >d > 9, a,as > 1 and nt Tr(X) < d/9 then the Stat. Approx. error is upper bounded by the Total
Weight Tr(f])H(w*)/Mc < TW(f), as required.
B Proof of Generalisation Error Bounds under Weak Convexity

In this section we present the proofs related to the first half of the manuscript which gives generalisation
error bounds for gradient descent under pointwise weak convexity Assumption [2] and standard weak convexity
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Assumption [3] We begin by presenting the proof of Theorem [I]in Section Section present the proof of
Lemma [T] which is technical result used within the proof of Theorem Section then presents and proves a
generalisation error bound for gradient descent under standard weak convexity Assumption [3]

B.1 Proof of Theorem [II

In this section we give the proof of Theorem [l Using equation we can then bound the generalisation error for
gradient descent in terms of the difference between gradient descent with and without a resampled datapoint.
Specifically, using that the loss is L-Lipschitz as well as Jensen’s Inequality to take the absolute value inside the
expectation we get

=l

N
[E[R(w;) — r(wy)] Z A(Z —U(wy, Z;)]| <

N .
Z E[| @) — @|2)-

For i =1,..., N it then suffices to bound the deviation ||@; — @gi)Hg. Using that the gradient of the empirical
risk can be denoted VR (w) = VR(w) + & (Vl(w, Z!) — Vi(w, Z;)) alongside the Lipschitz assumption we get
for any k£ > 1,

2ng—1L
. 4
= (@)

@ — @ |2 < || @1 — B | — o1 (VR(@-1) — VR@L ) ]|2 +

The first term on the right hand side is then referred to as the expansiveness of the gradient update. Note, for
k =1 it is zero since the iterates with and without the resampled data point are initialised at the same location

Wo = @éi), and thus,

~ (i 2noL
1 - @il < =57 (5)

Therefore, let us consider the difference |wy — @,(f) |l2 for k > 2. Expanding the expansiveness of the gradient
update term we get

@1 — B | — e (VR(Dp—1) — VR@ ) |12

= | @k—1 — D 12+ 021 |[VR(@k—1) — VR(G|I3 — 2051 (VR(Fp—1) — VR(@Y ), D1 — By ,).

Now we must lower bound (VR(Wg—1) — VR(wk 1) We—1 — @,gzlﬁ utilising both the loss regularity (Assumption

and the pointwise weak convexity (Assumption [2)) ' These steps are summarised within the following lemma.

Lemma 1 Consider assumptions[]] and[3 Then for s >1 and n >0
~ ~(1)\ ~(4 Bn ~ ~(4
(VR(@,) — VR@), @, — 9") = 2n(1 = 5 ) IVR(@,) - VR@)]3
2 . s . s
~ (eat D)o, — 0 —n(VR(@) ~ VR@E))3
= Sl = @ = n(VR(@,) - VR@))|3
tilising Lemma |l with s = k — 1 and n = n;_; the expansiveness of the gradient update term can then be upper
Utilising L 1| with k—1 and h i f th di d hen b
bounded
ks = @2, = et (VR(@1-1) = VR@)) I < @y — 82,13
Bnk 1 ~ (7
+ 1t (1= 4(1 = =5)) IVR(@k-) = VR@,)[3
281\ 1~ _(4) . 50
+ 21 (ep—1 + W) |@r—1 — @y — M1 (VR(@—1) — VR(@,”))) I3

n 2nk71§|\@k71 — @ | — 1 (VR(@_1) — VR@))|I3.
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Note from assumptions within the theorem that n,_1 < % so the second term on the right hand side is negative.
Meanwhile, if we denote A(k) = wy_1 — 127,(31 — -1 (VR(Wp—1) — VR(@,(jzl)), the third term can be bounded
using Young’s inequality ab < %aQ + %bQ as

e 21N = (VI AR ) kT Y22 A

> 21— P°
< 771@—1HA(k)||2 R/ HA( )”421

Collecting the squared terms and taking on the left hand side, the expansiveness of the gradient update term can
then be upper bounded

28 L . . Ry
) DIARIS < Dy = @[5 + 725 A3

(

(1 —2np—1(ep—1 +

2 D()
< || g 1_wk 1”2"‘977 2 2||wk l_wk 1”2 (6)

Note that the second inequality above uses the Lipschitz property of the loss’s gradient and that n;_18 < 3/2 to
say

@1 — B = et (VR(@p—1) = VRGO )2 < (1+ g1 )| @1 — D [|2

< 3| @k—1 — @ |-

1
Dividing both sides of @ by 1 —2ng_1(€x—1 + %) —ng_,, taking care this quantity is non-negative from an
assumption within the theorem, applying the square root and plugging into then yields the recursion

—~ (i 1 1/2 R (i 277]6,1[/
ik — @2 < ( ) B — @ o +
T—2mp_1(ep—1+ 37) — 154
1—-L 1 /2 ~ ~(1
+ 3nk_f”p( I ) @1 — @2, 3.
I—2mp—1(ep—1+ 57) — 4
Unravelling the iterates with the convention Hf;; ( 1 T )1/ P21 gives
1-2n4(es+32)—n&
1 k-1
N 2L & 1 1/2
- P < 225 T )"
=0s=j+1 1 —2ns(es + 5¢) —ns
k—1k—1 1 —— 4
+30)_ [ ( )y - w3

j=1s=j 1—=2ns(es + F) —ns'

1
We must now bound the product of terms. Using the assumption within the theorem that 27, (es+ %) +ns <1/2,
as well as th inequality 1 + z < e”, we get the upper bound

| e o | i e
1 nj = T Un
i=0s=it1 1= 2ns(es + %) — né 7=0 s=j+1 1 —2n,(es + ) ns
k—1
Zs 775
Z ety + ==+ Z ne)
Jj= s=j+1 s=j+1

where we have adopted the convention ZI:;; ns = 0. This then leads to following upper bound for k& > 2

k—1 Z
~ ~(1 s= +1 775
@y, — @[l < —Zexp D e+ T Z ne) (7)
s=j+1 s=j+1
k—1k—1

+3p) J] ( ”

T
j=1s=j 1_2776(65+W)_775a

— w3,

1/2 1—54 .
) U 2 H j
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Observe that the above bound depends on higher order terms from previous time steps |w; — w(i) 3. To control

|y — wk ||2 for some k > 2, we now utilise the fact that the difference from earlier iterations ||wJ - w ||2 for
j=1,...,k—1 can also be small. To this end, we use the upper bounds and @ to show 1I1duct1vely7 under
the assumptlons of the theorem, that the followmg holds for t > k > 2

(i) - AN anB | S s
ok — > < 2= Zexp S e+ =D S .
s=j+1 s=j+1
Showing the above would then imply the bound presented within the theorem. Let us begin by proving the base

case k = 2. Looking to (7)) and plugging in the upper bound on ||@; — @gl) l2 < 2n9L/N from yields

—~ (3 Z —j+1 ns3
2 — @z < 22 = Zexp Z Mty == Z ne)
s=j+1 s=j+1
1 1/2 1,747) 212
+3p( 25 T) / ]{)[2
1=2m(e+5) -
2L dm p 2Lm 1 1/2 1_f4770L2
= 57 &P (2me + —— + 07 o + ~ +3n( ) N

1—2m(ea + 22) —nf

1
Note from the assumption within the theorem 27;(e; + %) —n7 < 1/2 the third term can be upper bounded in
a similar manner to previously

1 1/2 1-5-4 2L 25 1o9-L4 212
28 L) / U Z]{)/v < eXP(2771(61 + N) +771a )771 7:]]\0[2 ;
L =2m(er + 57) — nf
and thus
. 2L Amp = oL 2Lm
|| Wy — ||2 < N XP (2mer + —— N +nf )770(1 + 6,0771 : N ) + N
—_————

Remainder Term

It is then sufficient to show Remainder Term < 1 for the base case to hold. Note that this is then implied by
the condition on the sample size within the theorem, namely that

¢ ¢ j—1
48, 1 L
N > 24pLexp (23", (€s+ﬁﬁ)+”§) S EY
s=1 j=1 £=0

1—-L
= 6pLn, 0.

Let us now assume the inductive hypothesis holds up-to k£ and consider the case k + 1. Utilising the inductive

hypothesis for u = 1,...,k as well as multiplying and dividing by (Z?;Ol 77]-)2 allows the squared deviation to be
bounded

— u—1 u—1 u—1
-0 < () (LT ow@ $ ne,+ et 5 Sl

7=0 7=0 s=j+1 s=j+1 7 oy
u—1 u—1 u—1
16L2 83 i1 MsB
< (D _m) ZmeXp > mees + $3+2 Z ne)
j=0 s=j+1 s=j+1
u—1
16L2 3
< ( 77] eXp Znses S 1 s + 2775
j=0

k

4 s
(Zmexp D mses+ e ]Hn + Z ng )

s=j+1 s=j+1
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where we note the second inequality arises from convexity of the squared function, and the third inequality from
adding positive terms within the exponentials. Plugging the above into the squared terms of @ foru=1,...,k,

42:—j+1 nsB

. 1
as well as factoring out % Z?:o exp (2 Z];:jJrl Ns€s + ——FH— + Z’::jH ns )n; allows the deviation at time
k 4+ 1 to be bounded

k k k k
—~ 2L 4 Es: i1 nsf3 1
| Wkt1 — wk+1||2 (F E exp (2 E 7s€s + 75\; + E 77§¥)77j)
j=0 s=j+1 s=j+1
k

k
(H%ZH( : 2 ) Zw exp ( Z”sfé e 1778 +Z”S )

Remainder Term

To prove the inductive hypothesis holds for k + 1 we must show that Remainder Term < 1. To this end, follow
the previous steps to bound the product of terms for j =1,...,k

k k
H( : 25) >1/2§9Xp(2277565 42 _Jné Zns

1
s=j 1 —2ns (63 + s s=j

to upper bound the Remainder Term

k
Remainder Term < TpL Z 1_7 Zm exp Znsés é 1 15 + Zﬁsé)

j=1 s=1

Following the assumption with the theorem, we then have when k <t

t
N > 24pLZ?7j an exp Zﬁses Nln s Zns )
s=1

j=1
k

> 24pLy g % ZW exp ( Zmes A2z P ms +Z
j=1

and therefore Remainder Term < 1 as required and the inductive hypothesis holds. This completes the proof.

B.2 Proof of Lemma [1]

In this section we give the proof of Lemma [I} We begin recalling a function f is S-smooth if for any z,y we have

B
f(y) = f2) = {Vf(z),y —2)| < Tz~ vll3
Moreover, to save on notational burden let us denote x = W, and y = @Si).

We begin by following the standard proof for showing co-coercivity in the smooth convex setting, see for instance
(Nesterov, [2013)). Let us define the functions ¢,(w) = R(w) — (R(x),w) and ¢, (w) = R(w) — (R(y),w). It is then
clear that ¢, ¢, are both 8-smooth. As such using smoothness we get

Gx(y =1V (y)) < ¢2(y) + (Vo (y),y —nVo(y) —y) + %nzllv%(y)ll%

= 6.) + (L~ )V I3

Plugging in the definition of ¢,, and repeating the steps for with x,y swapped we get the two inequalities

R(y —n(VR(y) = VR(z))) = (VR(z),y —n(VR(y) — VR(2))) < R(y) — (R(),y)

(™ 1), )3

R(z —n(VR(z) — VR(y))) — (VR(y),= — n(VR(z) — VR(y))) < R(z) — (R(y), z)

Fa( 1)V, )3
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We would now like to lower bound the left side of each of these inequalities. In the convex setting this is immediate
from the definition of convexity. In our case, we wish to use the local convexity of the iterates Wy on the objective
VR(-). We begin with lower bounding the left side of the first inequality.

Lower Bounding First Inequality Let us denote y =y — n(VR(y) — VR({L‘)). We then must lower bound
R(y) = (VR(x),y).
Recall from Assumption [2| that the Hessian V2 R(-) has minimum Eigenvalue lower bounded by —e, at the point
x = Ws. To utilise this let us define the function for a € [0, 1]
_ €s _ , b 3
g9(@) = R(z + a(y — 2)) + 5 llz + oy — 2)llz + 5 rle - yllz-
Taking derivatives of g with respect to o we observe that

g"(a) = (§ = 2) " V2R(z + a(y — 2))(§ — 2) + e[|y — 3 + apllz 713
= (7~ ) (V*R(z) + &I)(7 — x)
+ (7 — ) (V’R(z + a(j — 2)) — V*R(2))(y — 2) + apllz — 713
>0 |l = 2|3 V*R(z + a(y — 2)) = V2R(x)|2 + apllz — 713
>0

where we have added and subtracted (7 — )T V2R(z)(y — x) on the second equality, and note that the first term
is lower bounded from the pointwise weak convexity V2R(x) = —e .

Therefore g is convex in a € [0,1], and thus for o’ € [0, 1] we get 0 < g(a) — g(&) — ¢’ (&) (o — &’). Picking o =1
and o/ = 0 and plugging in the definition of g we have

0 < RG) + S5 + £l = 313 - B(x) — Slzll3 - (7 - )T (VR() + )
= R() ~ R(z) — (VR@), - 2) + Sllo — 73 + llz — 1.
Rearranging the above then results in the lower bound
R(@) — (VR@),5) = R(z) — (VR(2),2) - S lle — 713 - 21} — 713

which will be the lower bound that we will use.

Lower Bounding Second Inequality With 7 =z — n(VR(z) — VR(y)) we now lower bound
R(z) = (VR(y),7)

This lower bound will be slightly more technical as the minimum Eigenvalue of V2R(y) = VQR(@@) is not
immediately lower bounded from our assumptions. Although, note that we have for any vector v € RP that

v V2R(y)v = v V2RO (y)v + v V2R (y) — VZR(y)v
; 1
=o' VIR () + o (V2U(y, Z)) = VU(y, Z:)v

> (0 + 22 el

Therefore V2 R(y) has minimum Eigenvalue lower bounded by — (es + %) Following an identical set of arguments
to the lower bound for the first inequality with €5 swapped with €5 + % we then get

€s +28/N

R(Z) — (VR(y),z) > R(y) — (VR(y),y) — 5

- P~
ly — 7|5 — g7 - yll3
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Using Lower Bounds Given the two lower bounds we arrive at after rearranging

(VR(),x —9) > R(x) ~ By) + 01— D) [Vou)I ~ Sl — 513 — Ll — 518
€s +28/N
2

The result is then arrived at by adding together the two above bounds and substituting in the definitions of
¢$7¢y757 gaxay'

3

(VR(9).y - 2) > B(w) - R@) + (1 - 20 |V6, ()] - Iy — 13 — 21 — 13

B.3 Generalisation Error Bound for Gradient Descent under Standard Weak Convexity

In this section we present and prove a generalisation error bound of gradient descent under standard weak
convexity Assumption [3] The following theorem presents the generalisation error bound.

Theorem 5 (Generalisation Error Bound Standard Weak Convexity) Consider Assumptions [1] and[3
If nB < 3/2 and 2ne < 1, then the generalisation error of gradient descent satisfies

The proof of Theorem [5| closely follows the steps in proving Theorem [I} Therefore in the proof we focus on the
key differences. We begin with the following lemma which lower bounds the co-coercivity of weakly convex losses.

Lemma 2 Consider Assumptions|1| and @ Then forn >0 and x,y € R?

(VA(z) - VR@).2 —y) > 2(1 ~ 20) |VR() - VRW)IE ~ clle —y — n(VAE) — VRG)I3

We now provide the proof of this Lemma.

Proof 1 (Lemma [2) Follow the proof of Lemma[1] to the point of lower bounding R(y) — (VR(z),y) where
y=y—n(VR(y) — VR(z)). Now, let us alternatively choose

9(0) = R(e +alf — @) + 5|l + a(f - 2)3

We then immediate see that g" (o) = (J— ) ' V2R(x + a(§ —2))(§ — ) + €|y — z||2 > 0 since Assumption@ states
that V2R(w) = —el for every w € R, Therefore g(a) is convex on a € [0,1]. Using that 0 < g(1) — g(0) — ¢'(0)
and rearranging we get the lower bound

€ ~
R() - (R(2),5) > R(z) = (VR(z),z) = 5 l= = 715
Performing an identical set of steps for R(Z) — (R(y), ¥) where T = x —n(VR(x) — VR(y)) yields the lower bound

_ - €1~
R(@) = (R(y), %) = R(y) = (VE(),y) — 57— yl3.
Following the steps in Lemma |1| then yields the result.
Given this proof, we now provide the proof of Theorem

Proof 2 (Theorem Let us begin by bounding the expansiveness of the gradient update. Note for 3/(28) >
n > 0 we have when using Lemma[2

i~y n(VR() ~ VR@)I = & ~ vl + 72| VE(z) ~ VRG)IE ~ 20—y, VE(z) ~ VR(y)
< lle — 9l + 721~ 41— ) IVR() - VR()I3

+ 2nel|lz — y — n(VR(z) — VR(y)) |3
< |lo —ylI3 + 2nellz —y — n(VR(z) — VR(y)) |3
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It is then clear that the expansiveness of the gradient update can be upper bounded

e =y = n(VR@) = VAWl € Z=llz — .

Following the steps in the proof of Theorem[]] (similarly (Hardt et al),[2016)) we immediately get

2nL
N

()

@ — |2 < o [l2 + 5

1
NI

<%vakZ_0(\/%zm)k

t—1
2nL
< 2L o
k=0

nek )
1 —2ne

where we have used that 1/(1 —u) =1+ % < eT-w. This yields the result.

1 u —
C Proofs of Test Error Bounds for General Loss Functions

In this section we present proofs related to test error bounds for general loss functions. This section proceeds as
follows. Section presents the proof of Theorem [2| which gives a test error bound for weakly convex losses.
Section [C.2] presents the proof of Proposition [I] which is presented within Appendix [A] Section [C.3] gives the
proofs of additional lemmas used within this section.

C.1 Proof of Test Error Bounds for Weakly Convex Losses (Theorem

In this section we present the proof of Theorem [2l We begin by introducing the penalised population objective
Te(w) := r(w) + §||@o — wl|3 as well as one of its minimiser w} € argmin,, r¢(w). The test error is then decomposed
as follows

E;[E[r(@7)]] = minr(w)
= E/[E[r(©r) — R@1)]] + E[E/[R@1)] - R@)] + E[R@])] — re(w!) +re(w!) — min7(w)
< max {E[r(@) — R(@)]} +EE([R@©)] - R@)]+B[R(@])] = re(wf) +re(wy) —minr(w)

.....

Term 1
Generalisation Error Term 2

which has three terms. The Generalisation Error is bounded by Theorem [5| within Appendix since we
assume standard weak convexity. Note the Generalisation Error term above depends upon the maximum from
k=1,...,t therefore, apply the bound within Theorem [I] for each instance k = 1,...,t and take the largest at
k =t. We now set out to bound Term 1 and Term 2, beginning with Term 1. To do so, we introduce the
following lemma which is proved in Section [C.3]

Lemma 3 Suppose assumption and@ hold, ns = n for all s > 0 and nB < 1/2. Then

1 t—1

~ = PO (A A ~
By (R@)] = 1 3 R(@er) < R + 020 4 2o S e — G212
s=0 5=0

and ||Bs11 — Doll2 < /2ns(R(Do) — R(@*)) for s > 0.

Note for t —1 > s > 0 that the deviation [|@s.1 —@*||3 can be bounded by adding and subtracting the initialisation
Wo and applying the upper bound on ||@s1 — Wpl|2 from Lemma 3] Specifically, using triangle inequality alongside
that (a + b)? < 2a? + 2b? for a,b € R gives

@51 = w3 < 2@ssr = Doll3 + 2lI@0 — 5713
< 2(nt(R(@o) — R(@")) + 2| @0 — &7 3.
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Combining this with the first part of Lemma [3| and taking expectation then gives the following upper bound for
Term 1

E[[lwo — @¢|13]

Term 1 <
2nt

+ e(ntE[R@0) — R@")] + El|Zo - &113]).
To bound Term 2 begin by noting that we have the lower bound

re(w?) = B[l(w, Z) + e @o — w|[3]

N
]‘ * -~ *
~E ﬁgawe,zn + ell@o — w2 3]

E[R(w?) + el|@o — w? 3]
E[R(@?) + el|@o — &3],
where we recall that @} = argmin,, (R(w) + €/|@y — wl|3). Moreover, note that we also have 7 (w}) < re(w*) where

w* € argmin,, r(w). By adding and subtracting eE[||g — &7 ||3] and using these two facts then ylelds the following
upper bound on Term 2

—

Term 2 = B[R(G;) + el|@o — &7|[3] — re(wy) +re(ws) = r(w*) — B[[l@o — &3]

<0

< re(Wf) — r(w*) — eE[|@o — @713

< €f|@o — w3 — eE[ll@o — &7]13)

Bringing together the bounds for the Generalisation Error, Term 1 and Term 2 and noting that eE[||&o—@7||3]
in Term 1 and Term 2 cancel, yields the result.

C.2 Proof of Optimisation and Approximation Error Bounds under Generalised Weak
Convexity (Proposition

In this section we present the proof of Proposition[I} Following the proof of Theorem [2]in the previous section,
we begin with the following decomposition of the Optimisation & Approximation Error. Specifically, for
wex

E/[E[R(/]] — r(w") = E[E[[R(W;)] — R(w)] + E[R(W)] — r(w”).

Opt. & Approx. Error Term 1 Term 2

Where we have labelled the Term 1 and Term 2. We now proceed to bound Term 1. To do so we will use the
following lemma, which is a generalisation of Lemma [3] given previously.

Lemma 4 Suppose assumption and@ hold, ns = n for s > 0 and nB < 1/2. Furthermore suppose that s € X
for s > 0. Then for @ € X we have

t—1
~ 1 ~ ~ -
BIR@)] = 13 R@e) < R@) + 22l 2 ZGX &~ i)
s=0

and ||@s1 — @oll2 < v/2ns(R(©o) — R(@*)) for s > 0.

Plugging the bound from the first part of Lemma [4] and taking expectation gives the result.

C.3 Proof of Lemma [3] and (4]

In this section we provide the proof of both Lemma [3] and [d] We note that Lemma [4] holds under a weaker

assumption than Lemma [3] We therefore begin with the proof of Lemma [d with the proof of Lemma [3] given
after.
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Proof 3 (Lemma Recall that R() is 3-smooth, and therefore, using smoothness and the first iteration of
gradient descent for s >0 i.e. Us41 =05 — nVR(Ws) we get

R(@s11) < R(@s) + (VR(@s),Dsq1 — Ds) + g”"AJSH -3

. ~ ~ (12 772ﬁ ~ N2
= R@,) - nl[VR@,)I3 + - |IVR@,)I3
< R(@,) - JIIVR@.)I3 (8)

where at the end we used that nB < 1. We now wish to upper bound R(X@s), for which we will use our Assumption
[ In particular, let us define the function for a € [0,1] as

9(0) = R@, + @ - 0)) + 5 Gx (@ - B.).

Differentiating with respect to o twice we get
g (a) = (@ — Q) " VR(@s + a(@ — @y)) + aGx (T — Ds)
") = (@ —&) " VER(@s + a(@ — @) (@ — @) + Ga (@ — @s).

Observe that g" (o) >0 for o € [0,1] from Assumption[5 That is @s + a(@ — @) € X, since both ©s, & € X and
therefore so is the linear combination (1 — &)@y + a provided « € [0,1] by the convexity of the set X. Since g(«)
is convex on « € [0,1] we then have the inequality g(0) < g(1) — ¢’(0). Plugging in the definition of g(-) into this
then gives

R(G.) < R@) + 3Gx(@ - 0,) — @~ 2.)TVR(@,)

Using this upper bound with and following the standard steps for proving the convergence of gradient descent
yields
R(Bss1) < R(@) + VR@)T @, ~ )~ JIVR@)I + 5Gx(@ - )
= R@)+ (@~ Br) @ =) = 5 [Buis =Bl + 562 (@ =)
— R@) + 5 (18 ~ 318 = 81 -~ BIB) + ;6@ - B2).
Summing up this bound for s =0,...,t — 1 and diving by t gives

t—1 —~ ~ t—1
1 - ~ Do — 0|2 11 U
Bi[R(on)] = 3 R(@ur) < R) + ”Qm” S Ga@ B,
s=0 s=0

which proves the first part of the lemma. To show the second part of the lemma, upper bounding ||0s — Wol|2, we
look back to . Recalling that nVR(Ws) = Ws — Wst1, and rearranging we get the upper bound

||‘AUS+1 - @5||§ < QU(R(QS) - R(as-‘rl))-

Summing up both sides yields

t—1
S et — 8,3 < n(R(@o) — R@) < n(R(@o) - R@),
s=0

where we have plugged in a minimiser &* € argmin,, R(w). Note that convezity of the squared norm || - ||3 gives us

the lower bound %22:0 [@s41 — @sll3 > |14 Ei:o Wor1 — Ws|3 = % @141 — @ol|3. Using this to lower bound the
right hand side of the above when multiplying then proves the second part of the lemma.

We now proceed to the present the proof of Lemma [3] which come as an application of Lemma [

Proof 4 (Lemma (3)) Note Assumptz’on@ implies Assumption @ with X = RP and Gx(u) = €||ul|3. Plugging in
the bound from Lemma 4] immediately yields the result.
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D Proof of Results for Two and Three Layer Neural Networks

In this section we present proofs of the result within Section 4 as well as Theorem [4] from Appendix[A] Recall that
we consider the supervised learning setting described within Section where the loss function is a composition
of a function g : R x R — R, which is convex and smooth in its first argument g(-,y) : R — R for any y € R, as
well as a prediction function parameterised by w € R? such that f(-,w): R? — R. For an observation Z = (z,y)
the loss function is then ¢(w, Z) = g(f(z,w),y).

Recall the minimum Eigenvalue of a matrix can be defined as the minimum quadratic form with vectors on a unit
ball i.e. for A € RP*P the quantity min,cge |ju|,=1 u' Au (see for instance Section 6.1.1 in (Wainwright}, [2019)).
Therefore, we are focused on lower bounding quadratic forms of the empirical risk Hessian i.e. u' V2R(w)u with
u € RP. It will therefore be convenient to write out the gradient and Hessian of the empirical risk in this case

N Zg xl? yl)vf(‘r7/7 )

NZg” (i, 0), 9i)V f (i, ) f (5, NZg (i, ), 4i) V2 f (@i, w).

Moreover, note for u € RP the quadratic form of the Hessian then decomposes as

JTV2R v?
V*R NZg” (@i, w), yi){u, Vf(x;,w NZg (@i, w), yi)u' Vf(x;,w)u. (9)

>0

Since the first quantity above is non-negative, to lower bound the quadratic form u ' V2R(w)u it is sufficient to
lower bound the second term only.

The remainder of this section is then as follows. Section presents the proof of Theorem [3] which considers
the minimum Eigenvalue of the empirical risk in the case of a two layer neural network. Section presents
the proof of Theorem [6] which considers a three layer neural network when both the first and third layers are
optimised.

D.1 Bounding Empirical Risk Hessian Minimum Eigenvalue for a Two Layer Neural Network
(Theorem (3))

Recall Section [d] where the prediction function is a two layer neural network. This is defined for width
M >1 and scaling 1/2 < ¢ < 1 as f(z,w) := 51 Z;\il vjo((A;,z)). The parameter is then the concatenation
w = (A,v) € RIM+M where the first layer A € RM*4 has been vectorised in a row-major manner. For a
parameter w and input x € R? the gradient and Hessian of the prediction function are, respectively, a vector
Vf(z,w) € RMIFM and matrix V2 f(x,w) € RIMIFM)x(Md+M) = We now go on to calculate these quantities,
noting for k =1,...,d that the kth co-ordinate of the input z will be denoted ().

Let us decompose co-ordinates of the gradient (V f(x)); for ¢ =1,..., Md+ M into two parts associated to the
first and second layer. Specifically, for the first layer consider i = (j — 1)d+ k with j=1,...,M and k =1,...,d.
With this indexing, the ith co-ordinate aligns with the gradient of the jth neuron and kth input, which is

0f(z,w) 1

(V1)) = =52 = pevio’ (s, a)) @)

Meanwhile, for the second layer consider i = Md+ k with k =1,..., M. The ith co-ordinate then aligns with the
gradient of the kth weight in the second layer, which is

Of(z,w) 1

(Vi@w)) = 252 = Smo((Aa).

Let us now decompose the entries of the Hessian (V2 f(x,w))s for i,£ = 1,..., Md+ M into three parts associated
to the second derivative of the first layer only, second derivative of the second layer only, and the derivative with
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respect to both the first and second layers. Specifically, for the second derivative with respect to the first layer
consider ¢ = (j —1)d+k and i = (j — 1)d + k with j,j = 1,...,M and k,k = 1,...,d. For these indices the
Hessian is

(V2 f(z,w))ie = 7 Fla,w) {MF o (Aj, o) (@) () ifj =]

8A]k8A- 0 otherwise

For the second derivative with respect to the second layer, consider the indices i = Md + j and £ = Md +} with
4,5 =1,..., M. For these indices Hessian is

_flrw)
(VQf(x7w))ig = 81}]'81}; =0.

Finally, for the derivative with respect to the first and second layers consider the indicies i = (j — 1)d + k and
{=Md+ j with j,5=1,...,M and k =1,...,d. For these indices the Hessian is

2 1 5 ez i L
(VQf(xaw))iezaf(x’w):{Mc (4, 2) (@) =

0A,; kav; 0 Otherwise

Now let the vector u € RM¥+M haye unit norm |jul|z = 1 and be composed in a manner matching the parameter
= (A,v) so that u = (A(u),v(u)) where A(u) € RM*4 has been vectorised in a row-major manner and
u(v) € RM. Following the previous definitions, the quadratic form of the prediction function Hessian is

8fxw 8f($w)
T 2
v “’“_Z ZA oAl GAJkE)Aw+2ZZA Jiwolu aaAjkam

7_7_1/f,k_1 ],]_1k 1
M 2
+ Z U(U)jU( 388{13(81)”)
1 J;I:1 1 M
= 7 D e (A @), A} + 2 S wlu) o’ (A, ), Alw);)

Let us now lower bound the quadratic form of the empirical risk’s Hessian u V2 R(w)u, and thus, the minimum
Eigenvalue. Recall the discussion around equation @7 in that the first term in the decomposition of the quadratic
form u " VZR(w)u is non-negative. Utilising this and plugging in the above gives the following lower bound

fzi,w),yi)u TVQf(:I:Z, w)u

Mz

1

W2
V-R(w N
i=1
N

M
Z Pew) ) Y- vg0” ((Ay ) s, Alw);)?

=1

2]\} M D)) 3 vl (i) s AL (10)

j=1

We now set to lower bound each of the terms in . For the first term note we have, using upper bounds on the
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derivative of g as well as the activation o, the lower bound

MC i Zg (zi,w Z "((Aj, 20)) (g, Alu) ;)2

j=1
> MCN Z|g (i, A), yi)vjo” ((Ag, i) (@i, Alu) ;)2
i=1 j=1
Ly La~||v||oo .
> — v (i A
=1 j=1

N
_Ly L"””””°°ZA (1 ;xm;r)Au

Ly La//llvll
> - I IS ZIIA )iz

Let us now consider the second term in . Bringing out the summation over j = 1..., M and using
Cauchy-Schwarz we get

1 M
w 29 (Fiw),yi) > vlw);o’ (A i) (i, Alu);)

i=1 j=1

M 1 N
=Y vl Do 9 (Flaiw), 1o (4,2 o, Au),)

> =] 3 o)y Yo (i) 5o’ (A i) i, Ala)|
M M 1 N 2
> = [ D02 | 3 (5 20 0 @inw), )0’ (4,2 (i, Aw),))
j=1 j=1 i=1
M M 1 N )
> = [0y | 30 5 3 () (g 0) (. Alw), )2

Y4
&
&
M=
[
=
LN )
M=
==
WE
Bl
IS
=
=

where we note some key steps within the above calculation. The third inequality arises from convexity of the
squared function. Meanwhile the fourth inequality follows from the steps to bound the first term. Plugging each
of these bounds in then immediately yields the lower bound

~ M S
Ly Lo |Sallol Lot Ly 1]z
uT Ry > 0P e §7y g3 o 2TV,

j=1
Ly Lo Sl Ll /15
- MC Mc b
where at the end we used that |[ul|3 = [Jv(u)|3 + Zj]\/i1 | A(u);]|3 = 1. This is then a lower bound on the minimum

Eigenvalue, as required.
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D.2 Bounding Empirical Risk Hessian Minimum Eigenvalue for a Three Layer Neural Network

In this section we provide a lower bound on the minimum Eigenvalue of the empirical risk Hessian when the
prediction function is a three layer neural network. Specifically, for My, Ms > 1 and 1/2 < ¢ < 1 the prediction
function takes the form

1 Mo 1 My
F) = g Ywio (e 2 AL (A0, )), (1)
=1 s=1

where we have denoted the first layer of weights A1) € RM1%d  the second layer of weights A2 ¢ RM2xM:
and third layer of weights v € RM2. The first activation is linear, while the second activation is more generally
o : R — R. We consider the setting in which we only optimise the first and third set of weights, and thus, the
parameter will be the concatenation w = (A, v) € RM14+M2 where the first layer of weights A1) have been
vectorised in a row-major manner. It will also be convenient to denote the empirical covariance of the second
layer X 42 = Miz(A(Q))TA(Q). The following theorem then presents the lower bound on the minimum Eigenvalue
in this case.

Theorem 6 Consider the loss function as in Section [{_1] with three layer neural network prediction function
, Suppose the activation o has first and second derivative bounded by L, and L, respectively. Moreover,
suppose the function g has bounded derivative |g'(y,y)| < Ly. Then with w = (AN, v)

P ”UHOO + 2Ly Lo —
MzeMs ! ’ M, 1/2Mf

VQR(W) >~ —(Lg//Lg/
We now briefly discuss the above theorem, with the proof presented thereafter. We note that the lower bound
in Theorem (6| now scales with the product of layer widths i.e. Mlszchl and MQC_l/QMf. Let us then suppose
that each layer is the same width so My = Ms = M, the spectral norm of the second layer’s empirical covariance
|2 4 |2 is constant and the third layer remains bounded ||v|s. In this case the bound is then O(1/(M?¢~1/2)).
In contrast, the bound for a two layer neural network presented in Theorem [3|is O(1/M¢). The lower bounds are
then the same order for ¢ = 1/2, while for ¢ > 1/2, the three layer neural network case is smaller. We now give
the proof of Theorem [f]

Proof 5 (Theorem @ In a similar manner to the proof of Theorem@ let us begin by defining the gradient and
Hessian of the prediction function with respect to the parameter w. In this case they are, respectively, a vector
Vf(z,w) € RMIMe gnd matriz V2 f(z,w) € ROMid+Mz)x(Myd+Mz)

Once again split the co-ordinates of the gradient (V f(z,w)); fori=1,..., Mid+ Ms into two parts associated to
the first and third layers. For the first layer, consider i = (j —1)d+k with j=1,..., My and k =1,...,d. This
aligns with the gradient of the jth neuron in the first layer and kth input, which is

2)

M, (

af(.fc,w) 1 1 (2) 1 Aij
(Vi(,w)i = === = == > wio’ (== > A7 (AN, 2) ) = ()
814%) Ms ; (]\41 ; ) M5

For the third layer consider i = Myd + k with k =1,..., Ms. This aligns with the gradient of the kth weight in
the third layer, which is

My

(91w = L) - 1157 (5 oA A )).

s=1

Let us now decompose the entries of the Hessian (V2 f(x,w))s fori, £ =1,..., Myd+ My into three parts associated
to the second derivative of the first layer only, second derivative of the third layer only, and the derivative with
respect to the first and third layer. For the second deriative of the first layer consider the indices i = (j — 1)d + k
and ¢ = (3— 1)d + k with j,i=1,...,M; and k‘,E =1,...,d. For these indices the Hessian is

Mo M, A(Q) A(E)

0?f(z,w) 1 1 i
2 R ) - E : 5" E : (2) ij i ~
(v f(‘rvw))le : 8A§}€)8AL}3 M2(~ P Vi0 (Mlc Azs <AS; :L'>) M{ Mlc (I)k(x)k

J

s=1
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Meanwhile for the Hessian with respect to the third layer consider the indices i = Myd + k and £ = Myd + k with
k.k=1,...,Ms. The Hessian in this case is then

0% f(z,w)

vy 0vy: =0

(V2 f(,w))ie =

Finally, for the derivative with respect to the first and third layers consider the indices i = (j — 1)d + k and
{=Md+kwithj=1,...., My andk=1,...,d and k=1,...,My. The Hessian in this case is then

(2)
Pf(z,w) 1 1 & o AL

(V2 (2,w)ie = — it = ——0' (==Y AAW 2)) 2L (2),.
8A§}€)(‘3UE M; (Ml Sz:; ks ) M;

Let the vector u € RM1d+Mz haye unit norm |jull2 = 1 and be composed in a manner matching the parameter
w= (AW v), so that u = (AM (u),v(u)) where AV (u) € RM1*? has been vectorised in a row-major manner and
v(u) € RM2. Following the previous definitions, the quadratic form of the prediction function Hessian then takes
the form

Tv2f _ Aii zd: AD () AD O f(z,w) izd:ffl(l an(xaw)
v e T aoal Y oA o
jg=1k, k=1 Tk J=l k=174 ik 7k
Mo 2
O f(z,w)
+ Z v(u)rv(u); Bor o
-~ k
k,k=1
M, Mo M, (2) A®
1 1 A5
= 3 g v (g AR AN ) T A @) 2) (A () 2)
i1 i=1 s=1
My M, ) LN A(Q)
+23° N w(u)r——o' (2 > AYAW 2)) B (2, AV (w))
e kM (M1 2 ) M
M2 Afl
_ L @ (A0 )L @) A0 (). )
_Mgz;w ( ZA (A )M120<Z:AijA (u)J,x>
M. M, M
+222:’U(U)~ 1 0_/( 1 ZA(2)<A( ) < Z 2)A(1 >
= kMg My ks 7 j
k=1 s=1 =1
where on the second equality we have taken the summation over jj =1,..., M inside the inner products. We now

set to lower bound the quadratic form involving the empirical risk Hessian u' V2 R(w)u, and thus, the minimum
Eigenvalue. Recalling the discussion around equation @D and plugging in the above we get

u' VER(w)u

=1
fii /(f( ) )i% ( ZA (2) A(l ) 1 <§A(2)A(1)( ) >2
N e:1g To, W), Yp M2C p Mlgc P ij u)j, Ty
=:Term 1
1 N Mo 1 1 M, 1 M
2y 2 I (anw)u) 2 i3 U/(M“ Z AL AW, 2) ﬁl<” D A%A“Nu)) '
=1 '];:1 =
=:Term 2

Which has then been decomposed into two components labelled Term 1 and Term 2, each of which will now be
lower bounded separately. For Term 1, aligning with the Hessian of the first layer, we get using the upper bound
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on the gradient of g i.e |¢'(-,y)| < Ly and the activation |o” ()] < Ly

N Mo M,

Term 1> — Ly L;/:;BUHOO NMQC ZZ<2A(2 AWM (u); ,.’L‘g>2

(=11i=1 j=1

Meanwhile, for Term 2 bring out the sum over k= 1,..., M5 and apply Cauchy-Schwarz to get

Term 2

Mo N M,
= > vl S0 e w3 (5 ZA AR, 20)) e (e Y AL A )
7 =1 J=1

Mo M, 1 N 1 1 M, 1 M 9
w2 | S0 e v o (57 o ATAL w0) e (0 30 AT AN w); )
k=1 =1 =1 s=1 j=1
LyLy | & a1l S
s Lo 5SSz | 63 (D A0
k=1 k=1 j=1

Where for the second inequality we have followed a similar set of steps to those within the proof of Theorem[3 In
particular, we applied converity of x — x? as well as the upper bounds on the gradient of g and the activation o.

We are now left to upper bound the quantity ~ ~ Zz 1 ZMZ <EM1 A(2 AW (y )j ,xg>2 which appears within the
bounds for both Term 1 and Term 2. To bound this quantzty, let us rewmte the summation as a vector matrix
multiplication so 2?4:11 AE?)A(D(U) A(z)A (u) where A is the ith row of A®). Normalising by My, we note
this quantity can be bounded in terms of the spectral norm of the empirical covariance ||§1H2 and covariance of the
second layer ||S 4 ||2. Specifically,

N M, My 9 1 M,
ZZ<ZA(2>A ]7xe> :E (A2)A(1 ) ( wa )(A(Q)A(l)( ))
z 1i=1 j=1 =

s

IN

M,
S|
1=l 57 3 AP AN ()3
=1
1 & . .
- , i
= ”EHQE ZTI“ (Al( )A(l)(u) (A(l)(u)) (AE )) )
=1

= ST (A A0) (1 D (42)47))

< NZl2lIZ aca 12114 () I

The final lower bound is then arrived at by using the above to lower bound Term 1 and Term 2 and recalling
that [|ull3 = lo(w)|3 + [AD (w)|F = 1.

D.3 Bounding Optimisation and Generalisation Error for a Two Layer Neural Network
(Theorem

In this section we present the proof of Theorem [] from Appendix [A-2] The proof proceeds in two steps. The
first step is to apply Proposition [I| from Appendix to bound the Opt. & Approx. Error. The second step
involves utilising the structure of G¢(-) to decouple the place holder @ and the iterates of gradient descent @s.
Each of these steps will, respectively, be included in the following paragraphs Applying Proposition [1| and
Decoupling Gradient Descent Iterates.
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Applying Proposition [1| To applying Proposition [I| we require showing two conditions: Assumption [5 holds for
the set X7, and function G¢(+) described in Section and the iterates of gradient descent to remain within
the set &, € X, for s > 0. Let us begin with the first of these conditions.

To ensure Assumption |5| I 5 holds we must lower bound the quadratic form v V2R(w)u > Gc(u) for w € Xy, and
u € RMd+M, To this end, let us recall the steps in the proof of Theorem I 3l in Appendix [D.1] Specifically, looking
to equation (10)) where we have for u = (A(u),v(u)) € RMI+M 3 lower bound on the quadratlc form u ' V2R(w)u
involving the sum of two terms. For the first term simply consider the lower bound presented within Theorem [3] B3l
which is —L, LU//||E|| lv]|oo|| A(w)||%/M¢€. For the second term note it can be lower bounded

MCNZg (i, Z:j (A, i) (i, A(u);)

Ly
Z‘QMch;<
N

L, 1
=237 n [

i=1
N
L,
> -2 — ’
>N 2

where at the end we applied Hélders inequality. Furthermore, if we denote the vector o € RM™ such that
ag = o' ({(A,z;)) for £ = 1,..., M, note we can rewrite Zj]\/ilv(u)ja'«Aj,xi))A(u)j = A(u) "Diag(a)v(u).
Since the activation o has derivative bounded by L, we then have «;/L, € [—1,1] and the upper bound
HA( ) T Diag(a) H2 < Lo max || <1 HA )T Diag(2)v H2 Combined with the upper bound on the covariates

LSV gl < %W\/Zizl Jasll3 = /Tr (), we get the lower bound

NE

oW’ (A, 2)) Alu) 21

<.
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Bringing together the bounds on the two terms yields

E)

Ly LIS Lg Lo/ Tr (

T2 2 T
uT V2 R(w)u > — =2 ol o | ACw) [ — 2= max || Al Diag(z)u(u)]|

2

We then see that Assumptionis satisfied with X7, and G¢(-) provided C' > 2L/ [(Lg/ Tr (i)) \/(LG//LU||§||2):| .

Let us now ensure the iterates of gradient descent remain within the set A7, . To do so we must consider the
infinity norm of the second layer throughout training. Let the gradient descent iterates be denoted as @y = (A®, v?)
for s > 0 where A° € RM*? has been vectorised in a row-major manner. Plugging in the definition of the
empirical risk gradient, the second layer is updated for s > 0 as

o 1
i =vj — 77N Zg (i, w i)m”(@k@ﬁ)

Using the upper bound on the derivative |¢/(-)| < Ly as well as the activation |o(-)] < L, we get [[v5T ||

[lv°]|co + nLA%f” < 10000 + ntLIV"[/CL”. Therefore, we can ensure &g € X, for t > s > 0if L, > ||v°]|o0 + ntiw,cL

We can now apply Proposition |1} to upper bound the Opt & Approx. Error.

Decoupling Gradient Descent Iterates: Given the upper bound presented within Proposition [I} we must
now decoupling the iterates of gradient descent &, and the placeholder w within the Approximation Error,
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specifically Go (W — &s). We will, in short, add and subtract the initialisation of gradient descent @y and apply

triangle inequality a number of times. Let us denote the placeholder w = (K, v) where A € RM*d hag been
vectorised in a row-major manner and the second layer of weights is 7 € RM. For a general w = (A, v) and
W = (A%, 0%), we then get when adding and subtracting A° inside the Frobeinus norm to get

2C
Me

14 — 4)" Diag(2)(@ - )],

1A% = A%

~ 2C | ~
Go(@—w) < T llA= A% +

e
max
Me |zl <1

We now consider the second term. Adding and subtracting A and v° we get the following four terms

|(A — A) " Diag(z) (@ — v)]|,
< H(Z— A°) " Diag(2) (7 — )|, + |[(A° - A) "Diag(2) (7 — v)|,
< ||(A — A°) "Diag(2)(¥ — v*)||, + ||(A — A°) "Diag(z)(v* —v)||,
+ [|(A° — A) "Diag(z)(@ — v°) ||, + ||(A° — A) " Diag(2)(v* — v)|,-

The second, third and fourth terms can then be bounded as follows. The second term can be bounded

[|(A - A°) "Diag(2)(v° — v)|,

IN

[(A =A%) ||, I Diag(z)||2]|0° = vll>

IA

1, ~ 1

SIA = A0+ 3 — o]
1, ~ 1, ..

SIA = A1 + 30 — wl?

IN

where we have used the following set of steps. The first inequality arises from using the consistency of matrix
norms to be break the product of matrices into operator norms. The second inequality follows from: noting
that ||Diag(z)||2 < 1 since ||z||co < 1; upper bounding the matrix o operator norm by the Frobenius norm; and
using young’s inequality to break apart the product of norms. The final inequality comes from simply adding the
co-ordinates associated to the first layer to the second term. Following a similar set of steps the fourth term can
be bounded

. 1 1
(4° - 4) " Ding(z) (e = 0)]], < 5114° — Al + 3 0° — o]
1. .
= 51120 — wl.

Meanwhile, the third term is bounded without applying Young’s inequality so

| (42 = )T Diag(=) (@ — )| < 14° — Al ]| 2

< 1o = wll2llv = 2°ll2.

Bringing everything together we get the following upper bound on the function G¢ (@ — u)

~ 3C | .
Geo(@ —w) < —[ldo — wl3

Mec
+ ]?(f 14— A%)7 + ]\(j @0 — wll2|[7 — |2
- ]\(/j max (4 - A% Diag(z)(@ =),

We now utilise the above within the Approximation Error in Proposition[l] In particular, for s =1,...,¢ pick

w = Wy and sum up the above for s = 1,...,¢. Utilising the bound [|&s — &ol2 < /2nt(R(@o) — R(©*)) (See
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Lemma [4)) then yields

t

1 ~ . 6Ont(R@o) — R@*)) , 3C o2 , CV20t((R(@o) — R@*)) .
_ — < — —
tSZ:;Gc(w Ws) < e + oA = AlE + e [0 ="l
+ 8 max |(A — A%) "Diag(z)(@ — °)||
Me |zllw<1 2
. SCnt(R(@o) — R@Y)) 3C(\/(R(@) — R(@*)) V1)
- Mce M«
X (IIK— AP + v/t ]|o = 02 + s [(A =A%) "Diag(z)(7 - UO)H2)
H (w—wo)

where on the second inequality we simply pulled out the constant on the second term. Plugging into the
Approximation Error within Proposition |1} then yields

3Cnt(R(@o) — R(@))

%% S Go(@-8,) + R@) - rw*) <

71 MC
4 SOV —FEDVY 15 _ 54 + R@) - r(e)
_ 3OS Z R 4 \b@ - o) + R@) - ()

where we have defined A = 3¢V (R(”%:R(W*))VI). With a population risk minimiser w* = (A*, v*), we recall that
Ly, > |[v*||o and thus, w* € X, . Therefore, if we pick @ = @y € argmin, ¢y, {R(w)+ AH(w — @)}, the right
most quantity above can be upper bounded

AH (& — Bo) + R(@) — r(w*) < NH(w* — Do) + R(w*) — r(w").

Taking expectation and noting that E[R(w*)] = r(w*) yields the following bound on the Approximation Error

- 3CHtE[R(@o) — R(@*)]

% > E[Ge(@ - 6,)] + E[R@)] - r(w") Me

s=1

L ENH (W — o).

The result is then arrived at by plugging the above into the bound presented within Proposition [I} and recalling
that w = @)\.



