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Stability of deep neural networks via discrete rough paths

Christian

Bayer, Peter K. Friz, Nikolas Tapia

Abstract

Using rough path techniques, we provide a priori estimates for the output of Deep Residual

Neural Networks. In particular we d
weights for any p > 1.
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C. Bayer, P. K. Friz, N. Tapia 2

1 Introduction

Since their introduction in 2016 [13], Residual Neural Net-
works (ResNets) have gained a vast amount of popularity as 3dlayerplain  34-tayer residual
a preferred network architecture for Machine Learning appli-

cations. The general principle is that they allow for deeper
networks since they model only the change in the output for

B
H

each layer. This is achieved by introducing “skip connections” ot

which — at some steps — adjust the output of a layer by adding =
an earlier layer’s output (see Figure [T). The authors argue : :;;;: :
that this helps precondition the optimization solvers so that ——
increasing the network depth does not result in severe nu- “ ;:if::n :

merical instabilities and performance degradation, as is ob-
served in plain Neural Networks. In particular, this approach
allows them to successfully train a Deep Neural Network with
hundreds of layers.

In a plain Neural Network, the input vector w;1 of the (/ +
1)-th hidden layer is given by an application of the weights
and the activation function to the input of the previous hidden
layer. In symbols
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where o: R%+1 — R+ and W, is a dj41 X d; matrix. In
the ResNet approach, this is modified so that the output to
the next hidden layer is given as the sum of the input to the ———
previous layer, plus the previous operations; that is,
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Here, it is assumed that the width of all layers is constant, but
the approach can easily be adapted to the more familiar set- Figure 1: Example ResNet architec-
ting of varying widths by applying an appropriate projectionto ~ ture, taken from [13].
right-hand side of the last equation.
Remark 1.1. We simplify notation by leaving out the bias term in the update rule (). The usual update
rule

Wi = o(Wiw; + ;)
can be reproduced in the form above by adding a column of consisting of ones to w; and an
appropriate restriction on W; to map that column to another column of ones — in the appropriate
dimension.

Remark 1.2. In this work, we assume that the architecture follows the update (1) at each layer. In the
engineering practice, usually a few layers are skipped over. i.e. the true update may look as follows:

w; = o(Wiw;), w1 =w;+o(Ww;),
skipping over one layer in the process.

It has been pointed out by several authors [5, (10} [11] that the update in eq. can be seen as a step
of the Euler scheme for a controlled ODE of the form

w(t) = o(W(H)w(t)), w(0) = wo. @
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Stability of deep neural networks via discrete rough paths 3

Therefore, knowledge of stability and convergence of numerical schemes for such systems can be
used to derive corresponding results for ResNets, specially since one expects that the behavior of the
output layer of the network under consideration will follow closely that of the continuous-time solution
of eq. (2) for very deep architectures.

Instead of using continuous techniques, our approach consists of analyzing the evolution of the se-
quence (xo, ..., Xn), where N is the depth of the network, obtained by iteration of eq. directly at
the discrete level. This is achieved by carefully estimating p-variation norms of this sequence using
analytic techniques borrowed from rough paths theory and the algebraic framework developed in [4].
In particular, we show that for a regular enough activation function and any p > 1, there is an explicit
constant C, > 0 such that

_ : p—1 p p
[xn = Xol SPEI[qfoo) C, ol gl IWII, o,y V lloll o IWI oy |-

Here, [ p] denotes the integer part of p. The symbol W denotes the discrete signature lift of the weight
sequence W and |||l , is an appropriately defined norm on the spaces of lifts (Corollary . This
inequality holds uniformly over input data. In practice, the weight matrices are randomly initialized with
random i.i.d. values so typically the trained weights are also random. Our estimates hold pathwise, in
the sense that the depend only on a single initialization of the weight matrices.

This result is a first step towards the understanding of finer properties of (1), and can be used as a
stepping stone in order to prove results about worst-case behavior, i.e. controlling the size of |wy—Wy |
in terms of |wg — Wo|.

To see how our resulting a priori estimate compares to what the smooth theory would imply, we ran
a simple numerical experiment, using a pre-trained ResNet 152 of [13] obtained from https://
github.com/BVLC/caffe/wiki/Model-Zool|(Figure[2b).
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(a) Evolution of a single feature through a trained (b) Bound in eq. for different values of p € [1, 3]
ResNet vs. the difference |xy — Xo|

2 Elements of rough analysis

We begin with a brief overview of classical results present in the rough analysis literature. We remark
that many of these results are usually stated in terms of continuous-time variables which introduces
certain additional difficulties. In our case, no such difficulties arise so the statements and proofs of
analogous results become simpler.

DOI 10.20347/WIAS.PREPRINT.2732 Berlin 2020
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2.1 Discrete controls

We recall that in the setting of [15] a control function (or simply a control) is a function w: [0, co) X
[0,00) — [0, o) which is super-additive, in the sense that w(s,u) + w(u,t) < w(s,t) for all
§ < u < t. In the continuous-time setting, the main motivation for introducing control functions is to
measure the size of the increments of a function in a more flexible way than what the natural control
w(s,t) = |t — s| allows.

Definition 2.1 ([3]). A (discrete) control is a triangular array of non-negative numbers (wx; : k < [)
such that wy ¢ = 0 and
Wk,| + W),m < Wk,m

forallk <1 < m

Remark 2.2. Observe that for a control w the maps / — wy ; and k +— wy s are non-decreasing and
non-increasing, respectively. Indeed, if 0 < k </ < m < N then

Wi,) S Wi+ W m< Wkm

and
Wik,m = Wk |+ W m = W m.

Now we collect some results on how to produce new controls out of any given control.

Lemma 2.3. Let w be a control and ¢ : [0, 00) — [0, o) an increasing convex function such that
@(0) = 0. Then wy; == @ (w,) is also a control.

Proof. Since ¢ is convex and ¢ (0) = O we have that

Pp(Ax +y)) <Ap(x +y)
forany A € [0, 1]. Choosing A = ﬁ we obtain

X

p(x) < p(x+y).

X+y
Similarly, o (y) < %(p(x + y) so that
e(x) +o(y) <@(x+y),
i.e. @ is super-additive.

Therefore,if0 < k </ <m< N,

Wk + Wim = @(wk,1) + @ (wrm)
< @(wgs + wrm)
< Qo(w/,m) = d’/,m

where the last inequality follows from the monotonicity of ¢. O

Remark 2.4. In particular, this implies that if w is a control, then w® is also a control, for any a > 1.

DOI 10.20347/WIAS.PREPRINT.2732 Berlin 2020



Stability of deep neural networks via discrete rough paths 5

Lemma 2.5. Let w, @ be two controls. If a, B > 0 are such thata + B > 1, then & = wl‘z‘/cbf, is
also a control.

Proof. Let 6 := a + 3. By Lemma|2.3| it is enough to show that
a B
6 =6
k,

Zi | = w Y1

is a control, since then wy ; = zf/ will also be a control. Since % + g = 1, Holder’s inequality implies

that

a B
Zks+ Zim < (W + w1m) @ (Wi + Wim) @

a B
6 0
< wk,m k,m
and the proof is finished. O
2.2 p-variation
In the following we will deal with time series, which are finite sequences of vectors w = (wg, W1, ..., Wy) €

(R¥)N . We will use the convention of indexing time steps with lower indices and components with up-
per indices, so for example w), € R refers to the /-th component of the k-th entry in the time series
w.

We will also need to deal with general triangular arrays, which are collections of vectors of the form
(Zks : 0 < k </ £ N). For any time series we define a triangular array (w ) by setting wg; =
W, — Wg.

Definition 2.6. Given p > 0, we define the p-variation with respect to a fixed choice of norm | - | on
RY, by
1/p

#s
Wllpgesy = | max > lwe,,, = we;|?

where the maximum is taken over the set Sy ; of all increasing subsequences
s=(so=k,s1,....8m Sms1 =1)

of{k,k+1,...,1—1,1} and we have set#s = m for such a sequence. For a triangular array = one
can also define its p-variation as

1
#s /p

1= lpen = | sup D 1565 l°
SESkyl JZO

We observe that in the case where =, ; = w; — wy both definitions coincide.
Since the trivial sequence (k, /) € Sk, we obtain immediately the bound

1=kl < 1= psean 3)
for any p > 0. In the particular case where = ; = w; — w we also obtain

[Wlleo == sup |wi| < |wol + [lwl|p; 0,n)-

yensy

DOI 10.20347/WIAS.PREPRINT.2732 Berlin 2020



C. Bayer, P. K. Friz, N. Tapia 6

Proposition 2.7. Let = be a triangular array and p > 0. Then wg; = ||E||g [ is a control.

s[k. 1]

Proof. Indeed, if s" € Sk and s” € S; ;thens = (s',5”) € Sk.m and so
#s #s”
= = =P
D EgsnlP+ D Ee e 1P <IN, ,
Jj=0 J'=0
and super-additivity follows from taking the supremum over S ; and Sy . a

Remark 2.8. Since the set Sy is finite, the p-variation norm of = is finite for any p > 0 and triangular
array =. This should be contrasted with the usual setting for rough paths, where one deals with paths
in continuous time; in that setting, the p-variation norm can become infinite and this introduces a
number of analytical problems which are not present in the present context.

Remark 2.9. The p-variation defines a quasi-norm for 0 < p < 1 (i.e. the triangle inequality fails),
and a semi-norm for p > 1 on time series, since all constant sequences have vanishing p-variation.
For p > 1, it becomes a norm on triangular arrays.

Lemma 2.10. Let0 < p < g < oo. Then [|=ll .1k < 1= piin

Proof. Observe that, since% > 1, the inequality
/p

#s #s q9
Z |E$j,$j+1 |q < Z |E$j,5j+1 |P
j:O _j:0

holds for any s € Sk . O

Given a triangular array =, we define another collection (6= m : 0 < k </ < m) by

S=klm = Zksm — ZkJ — =Im-
In the special case where =¢; = w; — wx we see that 6=, = 0. The operator § satisfies the
following product rule: if w is a time series and = is a triangular array, consider the triangular array
Zk,/ = WkEk’/. Then
SZk jm = WkO=k 1 m — Wk, 1= /,m- 4)
Finally we collect here some standard results for further reference.
Lemma 2.11. Let = be a triangular array and p > 0. Suppose there is a control w such that
— 1
=kt < ka’//p
forall0 < k < | < N and some constant C > 0. Then,

_ 1
1=l psen < ka{f

forall0 < k </ < N.

DOI 10.20347/WIAS.PREPRINT.2732 Berlin 2020



Stability of deep neural networks via discrete rough paths 7

Proof. By hypothesis the inequality
|ZklP < CPaoy

holds for all 0 < k < / < N. By superadditivity of w, if s € Sk then also

#s
Z |ESJ‘,SJ'+1 |P S prk,/'

Jj=0
The desired bound follows upon taking the maximum over s € Sk ;. O

Lemma 2.12. Assume thatp > 1 and
- 1
1=kl < ka,/,p
forallQ < k < [ such thatwi; < 1. Then
— 1
=lipilk, 1] = k.l
1= i) < Cl@,'F Vv wi))

forall0 < k < /.

2.3 The Sewing Lemma

At the core of the theory of rough integration lies the Sewing Lemma [7, [8]. Therefore, it is tightly
connected with the solution theory of differential equations driven by rough signals. Since our main
aim is to perform a precise analysis of the behaviour of discrete equations driven by irregular time-
series, it is no doubt that its discrete analogue will play a prominent réle here as well.

We begin by showing some preliminary results.
Lemma 2.13. Suppose s € Sk of length #s = m. For any given control w, there exists an integer
Jwith1 < j* < m such that

< —Wg.

2
wsj* E

—155% 41

Proof. Suppose, on the contrary, that for any 1 < j < m we have that
2

(A)SJ._NSJ.+1 > Ewk,/.
Then this would imply that
m
2wk, < Zwsj—hsjﬂ < 2w s

J=1
by super-additivity, which is a contradiction. O

Proposition 2.14 (Discrete sewing). Let (=« /) be a triangular array, and suppose that there exist two

controls w and w such that

|[6=k1ml < w,‘i,a?fm

forsome a,B > O witha + > 1. Then

/-1

Z Zje1 — ki <299 P (a + ﬂ)w,‘:’,Wﬁ,
=k

where { denotes Riemann’s zeta function.

DOI 10.20347/WIAS.PREPRINT.2732 Berlin 2020



C. Bayer, P. K. Friz, N. Tapia 8

Proof. By Remark we deduce that |[6=k/m| < wz‘m(ﬁfm, and Lemma implies that @ :=
a B

w8 @90 is acontrol.

Now we apply a Young-style argument to estimate the above difference. First we observe that if / —k =

1 then the bound is trivial since the left-hand side vanishes. Therefore we assume that / — k > 2. By

Lemma[2.13|we can find an index k < j* < / such that

2

Wjs_1 41 £ ————@
Jr=1 (I—k—1) k.l
Hence, if we denote by s := (k,k +1,...,/° =1,/ +1,...,/) we have
/-1 ) 0
— _ em o
2T = ) Zgsa| = 1621yl < (m) -

j:k S

Then we can apply Lemmaagaln to the sequence s to obtain a “coarser” sequence s’, containing
one less point, and such that
2 \° o
T \/-k-2

PIETEREDIETTH
s s’

Continuing in this way we obtain a sequence of coarsenings of the full sequence until we get to
s* = (k, 1), and by using the triangular inequality we then deduce the estimate

/-1 I—k—1

0
Z—j_/+1 —k/ <2 Z re k/

=k

from where the conclusion follows since @ = a + 8 > 1. O

We will also need the following generalization of the Sewing Lemma, whose proof is straightforward.

Proposition 2.15 (Generalized discrete sewing). Suppose that = is a triangular array as before. Sup-
pose that there are controls w, and &,, and exponents a,, B, > 0 such that a, + B, > 1 for all
r=1,...,n.If

16=k1.m| < Zwrkl~fr/m

then
/-1

Z—“H — k| < ZGC(G)ZQ’ Nﬁ’

Jj=k

where 0 := rPin {a, + B/}.
r=1,...n

3 The iterated-sums signature

3.1 Quasi-shuffle Hopf algebra

Consider an at most countably infinite set 2, hereafter called the alphabet, and whose elements we
shall call letters. Given k > 1, a word of length k over U is a sequence u = (u1, ..., ug) € AX: for

DOI 10.20347/WIAS.PREPRINT.2732 Berlin 2020



Stability of deep neural networks via discrete rough paths 9

convenience we use the notation u = uy - - - ux and we denote its length by £(w) = k. Note that the
order of the letters is crucial, so the words aja and ajaq are distinct if a1 # a». There is a single
word of length O, called the empty word, and denoted by e. Moreover, we make the convention that
A° := {e}. The collection of all words over U is denoted by

A = O A~
k=0

There is a monoid structure on 2* obtained by concatenation of words. Given two words u = uy - - - Ug €
A and v = vy - - - vp € AL, their concatenation is the word

Uv =uq - Ugvy - vp € AKTE

By definition ew = we = w so that the empty word acts as the neutral element for this composition.

The following construction, which already appeared in [4], is a particular case of the general quasi-
shuffle product introduced in [14]. Consider a finite set A = {1,...,d} of d distinct symbols. We
complete A to a commutative semigroup 2, whose internal law we denote by square brackets; there-
fore, we obtain a map [-+] : A X A +— A such that

[a1[a2a3]] = [[a1a2]a3],  [a1a2] = [a2a1]

for all a1, ap, a3 € . In view of the first identity, we denote the common result of this operation just
by [a7a2a3]. Therefore, any element a € U is of the form a = [ij ---ix] for someiq,...,ix € S.
Observe that a word w € U* has a lenght £(w) as before, but now also a weight |w| which counts the
total number of symbols from S forming it. For example, the word w = [13][23] has length £(w) = 2
but weight |w| = 4.

Now, we let H be the real vector space spanned by U*. A generic element of H is a finite linear
combination of words from 2* with real coefficients.

Example 3.1. If A = {1, 2,3}, a generic element of H might look like
3
V2[1] + S[112] + 72[1][23].

We consider the quasi-shuffle product x: H X H — H recursively by w x e = e x w = e and
vaxwb = (vikwb)a+ (vaxw)b+ (vxw)lab]
for v,w € A* and a, b € A. This definition is bilinearly extended to H ® H. An example:

[12] % [3] = (e x [3])[12] + ([12] x e)[3] + (e x €)[123]
= [3][12] + [12][3] + [123].
We observe in particular that the total weight [[12]]| + |[3]| = 3 is preserverd but the total length
is not, in the sense that all the terms in the right-hand side have the same weight but not the same

lenght. In general, it can be proven that if H, is the real vector space spanned by words of weight
exactly n, then the inclusion H, x H,, C H,.m holds [14]. Since the decomposition

H:éHn

n=0

DOI 10.20347/WIAS.PREPRINT.2732 Berlin 2020



C. Bayer, P. K. Friz, N. Tapia 10

is clearly true, (H, %, e) becomes a graded connected algebra, known as the quasi-shuffle algebra
over S.

The space H can be endowed with another operation, known as the deconcatenation coproduct
A: H— H® H, and defined foru = uq - - - u, by

n-1
A(w) ::W®e+e®w+2u1---uj®uj+1---u,,.
J=1

This definition is linearly extended to all of H. It can be shown that the compatibility condition A(v *
w) = A(v) x A(w) is satisfied, thus turning the triple (H, %, A) into a Hopf algebra.

The space of linear maps v : H — R can be turned into an algebra by dualizing the coproduct. More
precisely, given two such maps ¢, y, we define

(p*y)(x) =(p®yY)oA(x), x€H.
For a single word u = uq - - - u, this yields

n—1

(pxy)(w) = p(w)y(e) +p(e)y(w) + Z p(wi - @)y (wjs1 - wp). (5)
j=1

It is a general result that the set G of linear maps such that y (v x w) = y(v)w(w) forms a group
under the convolution product; that is, if ¢, w € G then ¢ * w € G, and for all y € G there exists
w™' € Gsuchthaty *w™' = w~! xy = £. Here, ¢ € G is the multiplicative linear map such
e(e) = 1 and zero otherwise. The map ¢ is called the counit of H and acts as the neutral element
for the group law in G. Elements of G are referred to as characters over H (or simply as characters)

if the underlying Hopf algebra is clear from context.

We now extend a given time series w by computing additional “features”, which we will now describe.
These features provide a succint description of the behaviour of w, in the spirit of T. Lyons’ iterated-
integrals signature. In [4] it is shown that these features capture all time-warping invariants of w. In the
remainder of the paper we will see that they are also well suited for giving an analytical description of
the behaviour of ResNets, and more generally, of numerical schemes for approximation solutions to
ODEs driven by rough signals.

Recall from the previous section that H is defined to be the real-linear span of the set of words 2* over
the free commutative semigroup 2 generated by A = {1,...,d}. Giventwo indices0 < k </ < N
we define a linear map Wy ;: H — R in three steps:

1 Define the extended increments wEVHi”] of w by simply multiplying out the individual increments
in the corresponding directions, that is, for each n-tuple (i1, . ..,i,) € A”,

[i1-+in] . i1 in

Wer o W W

2 Eachword w = w1 - - - w, € A* is mapped to an iterated sum,

w . w1 Wn
= wotoeeewtr
Wk,/ Z Z 11+l Jann+1

k<j1<-<jn<l

By definition, the empty word is mapped always to 1.

DOI 10.20347/WIAS.PREPRINT.2732 Berlin 2020



Stability of deep neural networks via discrete rough paths 11

3 Finally, the map w W‘;{’, is linearly extended to H.

Definition 3.2. The collection W := (Wx, : 0 < k < | < N) is the iterated-sums signature of the
time series w.

Example 3.3. Before moving forward, we present some examples.

/-1

Wl[:j/] [i2] — (Wy )(W _ W )
j=k
P /_1 . . . .
W = D il — W (W, —wp).
j=k

i1 /2 I1

W, DI Z

J1J1+1 1212+1 J1j1+1 szz+1 JJ+1 JJ+1
k<ji<jo<! k<ja<ji<l

_ gylilliel | gyliellin] | qgivi]
k.l k.l k!

_ yyli*lel

=W,

From this we can observe two things: the entries in the iterated-sums signature are not linearly inde-
pendent from each other, and the quasi-shuffle product defined in Section [3.1] completely describes
the combinatorial properties of the relations between them. The map W enjoys several other combi-
natorial properties which are nicely described by the quasi-shuffle Hopf algebra, which we now recall
from [4].

Theorem 3.4. The iterated-sums signature satisfies:
1 the quasi-shuffle identities: for any v,w € H,
W/‘; ,W“’, = WV*W.
This means that Wy ; € G forallk < .
2 Chen’s identity: for any k < | < m we have Wy ; + W, ,, = Wy .

3 Recursive computation: for any u = uy - - - u, we have
V= S
k! w; _[+1

Remark 3.5. From Chen’s identity it can be deduced that Wy ; = Wa}( * Wo,/. Therefore, the iterated-
sums signature is characterized by the sequence k — W ¢. This identity can also be exploited during
numerical computations to reduce the amount of work required to compute Wy ; forO < k </ < N.

DOI 10.20347/WIAS.PREPRINT.2732 Berlin 2020



C. Bayer, P. K. Friz, N. Tapia 12

Indeed, one only really ever needs to compute iterated sums while calculating the value of Wg . for all
words u up to a certain weight, and all 0 < k < N. Once these values are stored, the inverse W?,
can be computed by using the antipod i.e. (W‘UZ, = W:(,”) which only needs to compute linear
combinations of the already stored quantities; these can also be stored. Finally, the value of WZ/ can

easily be recovered from Chen’s identity, since by eq. H W = W(;L * Wo,/ is also given as a linear
combination of already stored quantities.

The number of features contained in the iterated-sums signature, that is, the dimension of the linear
span H, := (u € A* : |u| = n) or, equivalently, the number of words u € A* with |u| = n is known
[4, Remark 2.3]. The first few are

d(3d +1 d(13d% +9d + 2
dimH; = d, dimH2=¥, im Hsz = ( ),...
2 6
We choose norms | - |, on each of the finite-dimensional spaces H,,, subject to some compatibility
conditions, and define the vector W™ = (WX : |u| = n). Finaly, we set

i
Wl .y = o W] p//rr77;[k,/]

where the p-variation of W s computed with respect to the chosen norm on H,,. The trivial inequal-
ity
W llp ey < WL e

can easily be seen to hold for all words v € H,,.

4 Controlled difference equations

In this section we consider equations of the form

d
Xt = X+ ) (k) (W — W), Xo=¢ €R” (6)

i=1

for some vector fields fi, ..., fy on R™ and where k ranges between O and some fixed time horizon
N € N. Our main aim is to obtain some control over the size of the end-point value x, of the solution.

In view of the previous sections, and in particular of the bound in eq. (3), we will try to obtain good
estimates for the p-variation norm ||x||p;[0,N]. Of course, such estimates will require some assump-
tions on the vector fields. It turns out that we will not only be able to control the “large scale” behavior
of X, but we will also obtain a cascade of estimates of some remainder terms, reminiscent of a Taylor
expansion.

The techniques needed to obtain those bounds will depend crucially on p € [1,00). At first, we
distinguish two basic regimes: p € [1,2) and p € [2, o). By analogy with the rough paths literature,
we call the former the Young regime, and the latter the rough regime — even though there is strictly no
notion of roughness in our setting. The rough regime can be further subdivided into the cases where

"This is a standard result in the theory of Hopf algebras. In the quasi-shuffle setting, @: H — H admits an explicit
expression in terms of compositions [14] 4]

DOI 10.20347/WIAS.PREPRINT.2732 Berlin 2020



Stability of deep neural networks via discrete rough paths 13

p € [n,n + 1), which we call the level n rough regime. The terminology will make itself clear later
down the road.

A central tool for constructing solutions to ODEs driven by rough paths are the so-called controlled
paths, introduced by Gubinelli [8]. See also [12]. In a nutshell, the notion of “controlledness” contains
all the necessary analytical estimates needed for the definition of a rough integral which then is used
to give sense to solutions of Rough Differential Equations. In the present setting no such definition is
needed since there are no divergences appearing from considering eq. (6). Nonetheless, we can still
derive similar bounds. Note however that in our case the estimates are proven rather than assumed.

Given a vector field f : R™ — R of class Cg’, i.e. it and all its derivatives up to order n are bounded,
we define

. k
IFlley = max [ID¥F |

It F = (f,...,fq) is a collection of vector fields on R" of class C (or, equivalently, a map in
Cl(R",R9™)), we define

Fllcr := max [|fillcn.

IFllcg = max_lIfl

4.1 The Young regime

In this regime, we can easily obtain good bounds with minimal assumptions on the f;. These bounds
have already been shown by Davie [3], but it will be an enlightening exercise to go through the proof
in full details, since it will lay the foundations for our approach in the rough regime. Also, our methods
are slightly different and already in this case they highlight the importance of the réle played by the
Sewing Lemma (Propositions [2.14]and [2.15).

Before beginning we define the remainder

d
Ri.s =Xk — Z fi (X )W), (7)
i=1
so that
d .
Xk = Z fi(xe)wy  + R
i=T1
Theorem 4.1. Let1 < p < 2, and suppose that F = (fi, ..., fy) is a collection of vector fields in

R of class Ct] . The bound

-1
Ixlloten < (2G5 IFIZ, Wy v 21F iy Iwlen )

holds, with
Cp = 22P4(2/p).

Proof. Consider the triangular array =4 ; := »; f,-(xk)wf(’/. By eq. (4) we immediately see that

5Zkim=— Z(f;(xl) - ﬂ(xk))w;’m’
i
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so that the usual Lipschitz bound implies
16=k.1.ml < IF Ml X1 p: e Wl i1
and the hypothesis of Proposition is satisfied since 2/p > 1. Thus, we obtain

/-1
> =i = Zid| < CollFllgr Xl 1wl
=;

with C, := 22/P¢(2/p). Now, we observe that by eq. @

/-1

Z Zjj+1 = Xkl

j=k
thus obtaining
|Resl < Coll Fllgt XNl piren Wil pifaeny - (8)
By Lemma the same bound holds if we replace |R /| on the left-hand side by || R||,/2.(,/]-

Using the relation between the remainder R and the increments of x we get
xics| < Coll Fll g Xl ps iy Wl pigiry + 1F g Wi
forall0 </ < k < N. We deduce that

P < op-1 P P P p—1 P P
XD .y < 27 CollF I IKIE,  j IWIE gy + 277 G, D

If we now consider a pair k < / such that a‘)}(’//p = ZCPHF”C,; lwllp:[x,;; < 1, we obtain

X2y < 2PNFIE, WP,y = CoP e

for all such (k, /). In particular
-1 =1
Ixes] < 201F Nl Gy @, f -

From Lemma we then get

1 = -1
Xl < C5' (@ v @)?)

pilk.1] ;

from where the result follows. O

_ -1 P AP (P p
= G (2 NFIE, Iy v 21F gy Colwil

4.2 The rough regime

Before continuing we review the combinatorial setting for describing the composition of vector fields.
We fix a collection fi, ..., fy of vector fields on R”. It turns out that a convenient framework for
describing the kind of expansions we are looking for, is that of pre-Lie algebras.

Let 7 denote the set of non-planar rooted trees labeled by an at most countable index set I. By a
slight abuse of notation, we denote by the same symbol the linear span of this set, i.e. the vector space
formed by linear combinations of decorated trees. By forest we mean a disjoint union of trees, and we
denote by ¥ the set of all forests. There is a unique empty forests which we denote by @.

Given a label in I, we define an operator B/?L: ¥ — 7 such that the image Bf('n -+ Tp) is obtained
by grafting each of the trees 14, . . ., T, onto a new root labeled by /.
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Example 4.2.

Given two trees 7,0 € 7, T v o denotes the linear combination of trees obtained by grafting the

root of o onto every vertex of 7.

2

2
4 2 1

I 2 I = + @4 @1
3 1 4

3

3

We note that the operator BI?L defined above corresponds to the special case where T is a tree con-
taining a single node.

Example 4.3.

It can be shown that the grafting operation satisfies the (right) pre-Lie relation
(tvrmo)wvrny—-t(cny)=(TwHny) mo-1A(y mo),

i.e. the associator a~(7,0,y) = (T v\ o) m~y —T v (0 v y) is symmetric in o, y. In fact, the
pair 7, v~ is the free pre-Lie algebra on #I generators [2].

The linear span of forests, also denoted by ¥, can be thought of as the free polynomial algebra over
7 that is, a forests can be uniquely identified with a commuting polynomial with variables indexed by
7. In order to keep the notation simple, we identified these variables with their indices. In this sense,
single forests correspond to monomials of trees. In particular, we use the standard product notation
oc=01--0k€F

The grafting operator can be upgraded to an operator v\: 7 X% — ¥ given by grafting every forests
on the right onto every vertex of the tree on the left. As a special case, we also define T v @ = T for
every T € 7.

Example 4.4. Continuing with the above example,

2 2
2 5 @2
4 2 1 1 ®5
InIos: + +e4 01 051+ @4 o1
3 1 4 @5 4
3 3
3 3

The extended grafting is such that 7~ becomes what is known as a symmetric brace algebra [17]. In
particular, the following formula holds.

Proposition 4.5. LetTy,..., T, €T ,0=01---0¢ € F andi € I. Then

Bi (t1---1Tp) v\O = Z Bf (11 vwoy) - (Th v 04,)05,.,).
Tioidoen

where the sum is over all ways of decomposing the set {1, ..., k} into n + 1 disjoint subset (some
may be empty), and o = @,0; = o), --- 0, for{ji,...,jr} C{1,..., k}.

Vector fields also satisfy the pre-Lie relation under composition as differential operators. Recall that
any smooth vector field f on R” can be identified with a first-order differential operator acting on C'
functions by

(f>g)(x) = Dg(x)f (x).
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Then, if f, g, h are vector fields of class C’,
(fFrg)>h—f>(g>h)=D[Df(x)g(x)|h(x) — Df(x)Dg(x)h
= D*f (x)(g(x), h(x))
which is clearly symmetric in g, h. This justifies the following definition.

Definition 4.6. Letf; : i € I be vector fields in R". We recursively define the elementary vector fields
f: forT € T recursively by fe; = f; and

fg+ (r1-1,) (X) = D Fi (%) (£ (%), . . ., Fr, (X))

This definition is extended to linearly to ¥ in such a way that fr,...., = 0ifn > 1} We also set f; = id.

This definition is consistent because of the universality property of (7°, v™). As a direct consequence
of Proposition we obtain

Lemmad4.7. LetTy,..., T, €T ,0=01---0r €F andi € I. Then

n+k

ot (1) mo (X) = D £;(X) (Frrmprs - - +» Ferempns Fry -« -5 By
i (r—n)! £

where the sum is over all forests p1, ..., Pns¥1s--->Yr-n € F suchthatoc =p1---pn Y1 Yr-n-
Proof. By Proposition the formula

fB,.*('n T )OO (X) = Z fBl.*((ﬁ N0, (TreN0, )0, ) (X)
I,.... I

holds. We split this sum according to the size of J,.1 C {1,..., k} to obtain, in accordance with
Definition [4.6]

fB+(T1 T,,)ncr(x) = Z Z Dn+rf(£r1f\ou1 ﬁl’,,f\O'Jna fa
r= 0I1

/a"'9f0',’)

1

where 0, ,, = 01’ -+ -0, and the combinatorial factor appears because of the symmetry of this ex-
pression with respect to o, ,,. The result follows from this formula by substituting indices in the first
summation and identifying px = o, vk = a/’(. O

For notational simplicity, instead of eq. (6), we address the slightly more general problem

[p] d

X1 = Xk + Z Z f|1 is ] (xk)(wk+1 (wk+1 wk (9)

s=1 iq,.nis=1
]
=X, t+ Z f|1 is] (xk)wk k+1

This includes eq. @ as the special case where we set f|j,..;; = 0 for s > 1. Equation @) is a discrete
analogue of a truncated version of Marcus’ canonical exten3|on [16].

2Maps with this property are sometimes called infinitesimal characters in the literature.
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Remark 4.8. Formally speaking, the formalism we have introduced also serves to handle the case
where the right-hand side of eq. (9) is replaced by an infinite series containing all possible contractions.
To avoid any analytical complication that might arise from such considerations we refrain from doing
so, but we note that at least the combinatorial formulas carry over without any difficulties.

We particularize the sets 7 and ¥ of decorated trees and forests to decorations from the extended
alphabet 2. Concretely, this means that any contraction of the form a = [ij - - -ix] € 2 can appear
attached to a node.

We also consider the contracting arborification a.: ¥ — H [11,[6]. It is recursively defined by

ac(B7 (11 7k)) = (ac(1y) * -+ % ac (i) [i].

This formula defines the image of a. over 7. Since ¥ is the free polynomial algebra over trees, this
definition admits a unique extension to ¥, which is given by

ac(Ty -+ Tp) = ac(T1) * -+ Kk ac(7y).
Example 4.9.

ac(ere2) = [1][2] + [2][1] + [12],
ac(v ) = (ac(e1) x ac(e2))[3] = [1][2][3] + [2]{1][3] + [12][3].

Finally, we introduce a grading on forests which is compatible with the weight of words in H. For
T = es,a € A we set |T| = |a|. Inductively, we define |B} (71 ---7,)| = |11--- 74| + |a| and
|71+ Tal = |Ta| + -+ |7l

Concretely, the grading on ¥ counts the total weight in 2 of the decorations appearing in the forest.
Note that this differs with the usual grading introduced on ¥ by the number of nodes. As a simple
example, the tree o231 has degree two instead of just one. By analogy with the definition for words,
for every integer n > 0 we let 7, be the set of forests with weight exactly equal to n, and 7—”(,,) is the
union of the ¥ for k < n. We also define F = Fn) \ {2}

We use the contracting arborlflcatlon map to transform eq. (9) into its arborified version. First, we
define a transformed path Wk, = W ( ®) for all forests € Fd.

Example 4.10. For all a, b, c € A we have

W V [b][C][a] [c][b][a] [bc][a]
Wy, _Wi,, w, k/ +Wk,/ +Wk’/ .

By its very definition, the aborified map W satisfies the product rule

—T —O —TO

Wy W, = W,
for all forests T, o0 € F4. Moreover, it satisfies Chen’s relation

—T —T —T —T —T1 —T2
W tm =Wy =Wy =W, = Z W W -
(1)

for all T € 7. Here, the terms in the sum are obtained from T by performing admissible cuts, and
we use the convention where 77 is the connected component containing the root. See e.g. [9, 12] for
further details. In particular, this sum can be rewritten as

>, clo.pi )W W, (10)

peT ,o€F
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where the coefficient c(o, p; T) is the coefficient of T in the linear combination p v~ o.

We are now ready to prove a formal Taylor-like expansion for the large scale increments of the solution
x of eq. @ Given p > 2, we [p] € N denote its integer part, i.e. the unique integer such that
[p] < p < [p] + 1. With this notation, the controlled difference equation becomes

—0a
X1 = Xk + Z for (XK )Wy 4 y1-

ael:|al<[p]

Theorem 4.11. For any p > 1, the inequality

-1
X[l sk < (Cff IIFllp[p]+1 W, iy v IF g lere |||W|"p;[k,/])

holds, with

C, = 2<[p]+1>/pg( Lp1+1 )
p

We prove Theorem[4.11]in various stages, but first we observe that since eq. () is bilnear in f and W
we can —and do— assume that ||F||C[p|+1 < 1. The first step is to consider the “germ”
b

Ek,/I Z z( )f(Xk)Wk/ (11)

7:<O[p])

where we recall that X (7) is the internal symmetry factor of the tree 7 [d].

For a given tree T € 7 we define the remainder term

— ‘] -
Rey=fex) = . Sy e (W, (12)

lol<[p]-I7|

It will also be necessary to allow for a more general version of this remainder, parametrized by an
integer 0 < s < [p] — |7, defined as
—T,S 1 —0
Ry, = fr(x)) — Z %frna(xk)wk,/, (13)

lol<s
The general idea is that such remainder should have be measured in the == +1 -variation norm.

One last remark: from now on we continue working with W instead of W. This causes no harm since

by definition
—
Z f‘r(xk)wk,/ = Z fIIZ(u) (Xk)wz,/,
T€T uel

S0 any estimate we prove using the sum on the right immediately implies that the same bound holds

when we put the sum on the right in its place. In the same vein, we define W( ) = (W |T| = n)

and

_ 1
Wl ..y = e ||W ||p//7;[k/

.....

and remark that since a.(H,) C 7, for all n > 0, the bounds

W < IWH ey S Wy

hold uniformly on k, / forall p > 1.
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Proposition 4.12. The bound

1 —r —
1= D) s OWel <o DL IR prctpr-te e I
o<irizlp] <" o<{rl=lp]

holds for all0 < k < | < N, where C,, = 2(“’]”)/”4(—["1,”)-

Proof. By eq.

6=eim == D, Fem| (0 = DT, = D AT

0<|z|<[p] ()

Thanks to eq. (10), we rewrite it as

D D, e p AW W = D D e (W W

o€ ,peT 0<|t|<[p] lp|<[p] c€F

since, by definition

pNNO = Z c(o,p;1)T.
TeT

Therefore, since the internal symmetry factor is multiplicative,

_ 1 1 —0c |—
6=kim=— Z % fr(x) — Z —Z(O') frnaWk,/ W/,m'
o<|7|<[p] lel<[p]-I7l|
In particular,
_ 1 i T )+l /p slel/p
|5:k,l,m| < Z _lR/:/HW/ml = 6‘Juk/ 6()'1"/m
o<iezip) =0 o<ietztp =)
’|_
with e o= [RTIEIETD - and ey = WP, .
Since
+1- + 1
[p] |7] N Il _lpl+1 1.
p p p
the Sewing Lemma (Proposition [2.15) implies the desired bound. O

We now introduce the error terms

e =y, - — £ (x) W,
k.l X/ Z z( ) (x/() k,/

|r|<s

fors =0,...,[p]. We remark that since the elementary vector fields vanish on forests, the error term
consists of a sum only over trees.
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Lemma 4.13. LetT € 7 with |[t| < [p] and n nodes, and0 < s < [p] — |7| There is a contro/

w®) | depending polynomially on the error terms ES*"~") r = n+1,....n+s, |W| p and R”
lp| < || and some s’ < s, such that

pl(s+1) _ L)

—T,S p
p/(s+1):[k.1] < Ilx ”p [&./] + "|W"|p:[k nT Py

‘ Ry

Moreover, the dependence on Es+n=r) js g polynomial of degree r — n and a sum of homogeneous

’

. —T,S
polynomials of degreeO, . .., n on the R

Proof. We proceed by induction on the number of nodes in 7, the case when 7 = @ corresponds to
Proposition|(4.12} since Rf 8 p = Xk — =,/. We also note that in general n < |7|.

Suppose T = B} (7 - - - T,) for some trees 7y, ...,7T, € 7 and some a € A. On the one hand, by
performing a Taylor expansion up to order s we see that

fr(x;) = D"f, (x/) (s 1)
n+s

—Z( 0" Fo 006) Fe (%), By (X0 Xkt Xer) + Bics (14)

where the remainder term satisfies

X /| SF!

Beil <

On the other hand, thanks to Lemma[4.7]we see that

1
< XIS -

n+s

1
D o (X)W _Z = )'ZD Fa(%k) = (Frymprs - « - Fepmprs s+« s By YWy (15)

lo|<s

where now the inner sum is over forests p1, ..., Pn, Y1, - - - » ¥Yn—r Such that the sum of their weights is
less than or equal to s, and [y;| > 0.

Forafixedn < r < n+ s, we replace in eq. the identities

fr (x1) = Z /+R

lpl<s;

and
—y _
Xk, | = Z fy(xk)Wk,, + S/SIM ),

O<|y|<s+n—-r

where 0 < sj’. < [p] - |'rj| will be chosen later. In the end, we see that the corresponding term in
eq. equals

. /y/
D D %) < (Frrmpl - s P B0 B JWe |+ RE
Py’

where R; / is the sum of all the terms that contain at least one factor from the set

74,8] Tn,Sp o (s+n—r)
{RE, . R &,
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and 8,(5;”"_’) can appear between zero and r — n times. Also, |p7| < sjand0 < [y/| < s+n—r.In
order to have enough terms to cancel out eq. we need that )’ sj’. > s—(r —n) and so we choose

0<y¢sl = [SJ’L’,"] < s. Given this condition, we can be sure that the difference between egs.
and will be of the form
Ry, =R+ X, + By

where now X* contains all the terms like those in eq. withs < |p|+|y| < (s+n—=r)(r—n+1).
This term is bounded by

(s+n—r—=1)(r—n)
TS+
X< DL W, S W,
j=1
by the smallness assumption on |||W_\/|||p;[k,,].

Finally, we analyse the remainder term R™* more closely. A generic term looks, modulo a combinato-
rial factor, like

1-’ Ti.,S) (s+n—r) t —oy
ZDrf (Xk) { Y ,"'aRk’J/ ’f‘t'e1~/\pe1’~-~’fl'gn_jmpgn_j,(Skf/n r ) ’fy1""’f}’r—n—t}wk/
forsome r € {n,...,n+ s}, and integers j,t > O suchthatj < nandt < r — n, and the sum is
over forests pe;, y;. Its absolute value is therefore bounded by
n-r ’ ’
Saomé —T1,S, —Tn,S,
D Z Z 1E 8 sty I g Sk (IR Npgcszty - IR lysan) ).

t=0 k=1 €=r—n—-t

where

Sk(X1,...,X%p) = Z Xjy oo Xj,

1</1<...<Jk<n

is the elementary symmetric polynomial of degree k, and

8= (n—K) (S + 1)+ (r—n—t)(s+n—r)

Finally we note that for each term the sum of exponents is

t(s+n—r+1)+£’+ks;+k> t(s+n—r+1)+(r—=n—-t)+[(s+n-r)/n] >s+1

p p P
O
Proof of Theorem @11l First, we claim that for all r = 1,..., [p], there exists a control w("”) such
that
([p]-r) P/ (Lp)=r+1) p/([pl-r+1) P(|T| f)/([] r+1)
je eyl sw ey ||R (RPN (7Y .

r<|t|<[p

Moreover, w (") can be chonsen to have the form

.

_ Jp (r)

= Z X[E5 .y + W
Jj=1
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with w (") depending polynomially on &P1=7=) j =1, ... [p] - r and |||W|||p .Indeed, if r =1,
J
we have

-1 = W
|8/(<Ff] | < xey = Zpl + "lWl"/[f:?[]k,/]'

Therefore, by Proposition [4.12|we obtain

-1 —
|8§f;’] P/l < gpllpl-1 Pl le] Z IR ||p/( el WPV PT 4 e/ Le1=1 iy P

pilk.1] pilk.11°
O<|z|<[p]

Consider the term with |7| = 1. By the Lemma4.13} the bound

1
IRTNE ey < NEUPIVIEREL o+ wl) + I,

1]

holds for all trees with || = 1, and some control W( ) depending polynomialy on 8 forr =
2,...,pl
Choosing k < / such that 2Cp|||\/_\/|||p;[k’,] < 1 we obtain

(Lp]-1)yjp/ 1Pl 1 a1 p<|r| 1)/[p] 0
1& ooy S 1€ ” [k/] 2 Z p/([p e TWIE @ s

1<|7|<[p

and the claim is proven in the base case.

Now, assume it is true for all integers from 1 up to r — 1. Then, since

_ —r+1 —T
e =N Y W,
Itl=[p]-r+1

we obtain (ol /([ :
pl=r)p/([p]-r+1) (pl=r+1) P/ ([p]=r+1 Wil
e L e e oI A 0T

By the induction hypothsis,

”8( r+1)||P/( —r+2)

(r=1)
p/(lpl-r+2)lks] S V.

2 1 2
o + Z ||R ”P/( —r+2) |||W|||P(|T| r+1)/([p]l-r+ )

p/(lp]=Itl+1)[k./] pilk.1]
r=1<|7|<[p]

Raising both sides to the power of ﬂ > 1, we get

] —r+2

_ _ 1 ~r+1 1 1 1
|8/(£/p] r)lp/([P] r+1) < ( (r- )) + Z ||R HZ;E |r—:i+)1) e |||W|||P(|T| r+1)/([p]-r+ )
r-1<[l<lp]

Isolate from the right-hand side the term with |7| = r. According to Lemma |4.13] for all such trees
remainder satisfies

||R ”P/( —r+1) ||8( r)”P/( —r+1)

r)
p/([p]=r+1);[k.I] p/([pl=r+1);[k.I] ’

Il

x o~
-

Again by Lemma|4.13| the dependence of w("=" on E(P1=7) is such that

Ipl-r+2

(r=1)\ lpl-r+1 Jp/([pl-r+1) ~(r=1)
( e ) <Z”8([p] r)”p/( —r+1) T Wiy
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so that

([p)-r) P/ (lpP)=r+1) e pl=r)yp/(pl=r+1) (Lpl=r) P/ pl=r+1) (1)
(g ”P/([P] —r+1):[k.1] S ”8 ||/D/( —r+1);[k./] 22”8 ||p/([P] —ra1) T @

This polynomial inequality is of the form
On(A) =A"+ A" T4 4 A2 - A +c>0

for some small constant ¢ > 0. Note that Q,(0) = ¢ > O and Q,(2¢c) = —c +o(c) < Oifcis
sufficiently small. Therefore, given that ¢ is small enough, the smallest possitive root of Q,, is smaller
than 2c. More precisely, we need that

(2¢ —-2"c") -
(1-2¢) 2
So the claim is proven.
At the end of the induction we have that
P ([pD
XI5 ey S @k

and the inductive argument shows that in fact

‘I . -
p N E P P
||x||p;[k,/] S 2 - ”x”p;[k,/] + "lWl"p;[k,/]'
J:

We again arrive at a polynomial inequation of the previous form, so the same argument gives

p p P p
X2y S 2°CRIWID
The conclusion is obtained by an application of Lemma and scaling back || F || o1p1+1. O
Corollary 4.14. Let (x¢ : 0,..., N) be the complete evolution of the input features xo through a
trained ResNet with weights w and activation functions o ; that is, the values of xx, k = 1,..., N are

obtained from eq. (@) Forp > 1, suppose that o € Cb[p I+ and consider the discrete signature lift W
ofw. The inequality

-1
Il < (c,‘; [ LT v||o||cb[p]+1|||wu|,,;[k,/])

holds uniformly over allQ < k < | < N, with Cp, = 2([”]”)/”{( [pLH ) In particular

. -1
[xn = Xo| < pel[qfoo)(c,’f IIGII’ZJP]H WLy v lloll glere |||W|||p;[k,/])- (16)

Proof. Let d be the width of the network. Apply Theorem [4.11|with f; = o forall i = 1,...,d
and ff;,..;,) = Oforall n > 0. This proves the first mequallty. The second result is obtained from
Equation (3). O

3In fact, by Decarte’s rule of signs, the polynomial Q, has either 0 or 2 positive roots, for any n > 2.
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5 Conclusion and outlook

We have shown how to control the total p-variation of the evolution of features through a Deep ResNet
by the p-variation of the weights (trained or not). When compared to the classical p = 1 setting,
the improvement was seen to be significant and exhibits a structural feature of deep neural networks,
whose importance, to the best of our knowledge, has not yet been sufficiently appreciated: weights are
indeed rough, so that a proper stability analysis much benefits from our discrete rough-path approach.

Work in progress deals with a variation of these estimates to prove stability under retraining. Con-
cretely, we expect a bound of the form

S {Kp (lXO %ol + W~ me) Kp (IWIE_ o+ 1) } (17)

for some explicitly computable constant K, > 0, depending only on p and || ||,uniformly in the
network depth N. Here is some numerical evidence suggesting that considering p > 1, i.e. going
beyond the Lipschitz theory can provide an advantage.

— log(bound)
log|xy — Xl

1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00
p

Figure 3: Bound on eq. for different values of p € [1,2] vs. the output value of two different
values of a single feature.
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