Framing RNN as a kernel method: A neural ODE approach
Supplementary material

A Mathematical details

A.1 Writing the GRU and LSTM in the neural ODE framework

GRU. Recall that the equations of a GRU take the following form: forany 1 < j < T,

riy1 = U(Wrxj+1 + b, + Urhj)

zj41 = o(Wezj11 + b, + Uhy)

Nj+1 = tanh(Wan+1 + b, + Tj41 * (Unhj + Cn))

hj+1 = (1 - Zj+1) * hj + Zj41 * Nj41,
where o is the logistic activation, tanh the hyperbolic tangent, * the Hadamard product, r; the reset
gate vector, z; the update gate vector, W,., U,., W, U, W,,, U,, weight matrices, and b,., b, by, ¢,
biases. Since 111, 2j4+1, and nj1 depend only on x;11 and hj, it is clear that these equations can
be rewritten in the form

hjvr = hj + f(hj, 2j1).

We then obtain equation (1) by normalizing f by /7.

LSTM. The LSTM networks are defined, forany 1 < j < T, by
tj41 = o(Wizj11 + by + U;hy)
fit1 = 0(Wyzjp1 +bp + Ughy)
gj+1 = tanh(Wyzj 1 4 by + Ughy)
0j11 = 0(Woxjr1 + b, + Ushy)
Cit1 = fit1 % ¢j + i1 % gj
hj41 = 0j41 * tanh(c; 1),
where ¢ is the logistic activation, tanh the hyperbolic tangent, * the Hadamard product, ¢; the input
gate, f; the forget gate, g; the cell gate, o; the output gate, c; the cell state, W;, U;, Wy, Uy, Wy, U,
W, U, weight matrices, and b;, by, by, b, biases. Since 341, fj+1, gj+1, 0j+1 depend only on =41
and h;, these equations can be rewritten in the form
hjt1 = fi(hg, zjr1, ¢va)
¢jt1 = falhy, Tjq1,¢5)-
Let lNLj = (th, c;»r)T be the hidden state defined by stacking the hidden and cell state. Then, clearly,
h follows an equation of the form . 3
hjpr = f(hj, zj41).
We obtain (1) by subtracting ﬁj and normalizing by !/T.

A.2 Picard-Lindelof theorem

Consider a CDE of the form (8). We recall the Picard-Lindel6f theorem as given by Lyons et al.
(2007, Theorem 1.3), and provide a proof for the sake of completeness.

Theorem 4 (Picard-Lindeldf theorem). Assume that X € BV ([0, 1],R?) and that F is Lipschitz-
continuous with constant Kg. Then, for any Hy € R®, the differential equation (8) admits a unique
solution H : [0,1] — Re®.

Proof. Let €([s,t]),R®) be the set of continuous functions from [s, ¢] to R¢. For any [s, t] C [0, 1],
¢ € R®, let ¥ be the function

U4 ([s,t]),R?) — €([s,t],R®)

Y= (v C+ /UF(Yu)qu).
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Forany YV, Y’ € €([s,t]),R®), v € [s, 1],

) = )ll < [ [[(F(Ya) = F(Y]))dXu||

< | P = F) lloplld Xl

S

< / K|V, — V.|l dX.|

v
< KpllY — V')l / 1dx.|
< KpllY = Yool X|lrv o

This shows that the function W is Lipschitz-continuous on €'([s, t]), R®) endowed with the supremum
norm, with Lipschitz constant Kg||X||7yv,[s . Clearly, the function ¢ ~ || X|7v,[0,4 is non-
decreasing and uniformly continuous on the compact interval [0, 1]. Therefore, for any € > 0, there
exists § > 0 such that

t—s| <8 = |1 Xlzvion — I XlIzvios] <e

Take ¢ = 1/ky. Then on any interval [s, ] of length smaller than ¢, one has || X||7y,sy =
I XNl 7vij0,7 = IX|l7vi[0,5) < /K, so that the function W is a contraction. By the Banach fixed-
point theorem, for any initial value ¢, ¥ has a unique fixed point. Hence, there exists a solution to (8)
on any interval of length § with any initial condition. To obtain a solution on [0, 1] it is sufficient to
concatenate these solutions.
A corollary of this theorem is a Picard-Lindel6f theorem for initial value problems of the form

dHt = f(Ht7Xt)dt7 HO = Ca (16)
where f : R® x R? — R¢, € Re.
Corollary 1. Assume that f is Lipschitz continuous in its first variable. Then, for any ¢ € R€, the
initial value problem (16) admits a unique solution.
Proof. Let fx : (h,t) — f(h,X). Then the solution of (16) is solution of the differential equation

dHt = fX(Ht7 t)dt

Letd =1,e = e+ 1, and F be the vector field defined by

F:h— (fX(hl:;a hEH)) ’

where h'¢ denotes the projection of h on its first e coordinates. Then, since fx is Lipschitz, so is the
vector field F. Theorem 4 therefore applies to the differential equation

dH; = F(H,)dt, Ho=(¢",0)".

Projecting this differential equation on the last coordinate gives dHS ™" = dt, that is, Hf™ = ¢.
Projecting on the first e coordinates exactly provides equation (16), which therefore has a unique
solution, equal to H Le, O

A.3 Operator norm

Definition 3. Ler (E, || - ||g) and (F, || - ||F) be two normed vector spaces and let f € L (E, F),
where £ (E, F) is the space of linear functions from E to F. The operator norm of f is defined by

[fllop = sup  [[f(u)l|p-

u€E, |lullg=1

Equipped with this norm, £ (E, F) is a normed vector space.

This definition is valid when f is represented by a matrix.
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A.4 Tensor Hilbert space

Let us first briefly recall some elements on tensor spaces. If e, . . ., eq is the canonical basis of R?,
then (e;, ® -+ ® €;, )1<iy.....in<d is a basis of (R?)®*. Any element a € (R%)®* can therefore be
written as o

a4 = Z a(u ..... lk)eil ®,,,®eik7

1<iy,..ip<d

where (i) € R. The tensor space (R%)®* is a Hilbert space of dimension d*, with scalar
product

<CL,b>(Rd)®k = Z a(il""’ik)b(il’“"ik)

1<iy,..,ix <d
and associated norm || - || (ga)on.

We now consider the space 7 defined by (6). The sum, multiplication by a scalar, and scalar product
on 7 are defined as follows: for any ¢ = (ag,...,ax,...) € T, b = (by,...,bg,...) € T,
A eR,

oo

a+Xb=(ag+Nbo,....ax+Abg,...) and (a,b)7 = (ak,bp)gaer,
k=0

with the convention (R%)®? = R,
Proposition 6. (7, +,-, (-,-) ) is a Hilbert space.

Proof. By the Cauchy-Schwartz inequality, (-, -) & is well-defined: for any a,b € .7,

[a,0) 7 <) Kaw, br)gayor| <Y llarllgayor]brll gy
k=0 =0

o 1/2 , & 1/2
< (X Nawlaayer ) (S Ibrlarer) < oo
k=0 k=0

Moreover, 7 is a vector space: for any a,b € 7, A € R, since
a—+ Ab= (ag + Abg, ... a5 + Nbg,...),

and
Z ||ak + /\bk”%Rd)@k = Z ||ak||?Rd)®k + A2 Z kuH%Rd)@ﬂk
k=0 k=0 k=0

+ 2A Z(ak, bk>(Rd)®k
k=0

<3 llanlZanyer + A2 100l Znyer +2AM(a) 7 < oo,
k=0 k=0

we see that a + A\b € 7. The operation (-, -) 7 is also bilinear, symmetric, and positive definite:
(@,a)7 =0 > Jaklltgayer = 0 Vk € N, || fpoyer =0 Yk € Nyap =0 a =0.
k=0

Therefore (-, -) 7 is an inner product on .7. Finally, let (a("™),,cx be a Cauchy sequence in .7. Then,
for any n,m >

o = ™% =3 lla” = o™ faayen.
k=0

so for any k € N, the sequence (a,(c"))neN is Cauchy in (R%)®*. Since (R%)®* is a Hilbert space,

(a,(fn))neN converges to a limit ag)o) € (RH)®F, Let al>) = (al™,... ,ag)o), ...). To finish the
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proof, we need to show that a(®) € Z and that a(™ converges to a(®) in 7. First, note that there
exists a constant B > 0 such that for any n € N,

la™]| 7 < B.
To see this, observe that for e > 0, there exists N € N such that for any n > N, ||a(”) —a®™ lz <e,
and 50 [|a™| 7 < e+[jla™)| 7. Take B = max(||[aV || 7, ..., ||a"™)]| 7,&+[|a?™)| 7). Then, for
any K € N,
K

Sl ayen < lla™] 7 < B.
k=0

Letting K — oo, we obtain that ||a(>)| 7 < B, and therefore a(>*) € .7. Finally, let ¢ > 0 and let
N € N be such that for any n,m > N, ||a(™ — a™)| # < e. Clearly, for any K € N,

S llal — af™ [Fayen < £
k=0

Letting m — oo leads to

Z ”a(n) _ aioo) | ok < €2,

and letting K — oo gives
||a(n) _ a(°°)||y <e,

which completes the proof. O

A.5 Bounding the derivatives of the logistic and hyperbolic tangent activations

Lemma 1. Let o be the logistic function defined, for any x € R, by o(x) = 1/(1+e~*). Then, for any
n >0,
[0]|o < 27 tnl.

Proof. For any x € R, one has (Minai and Williams, 1993, Theorem 2)
n+1

o) =31 - 0" ot

k=1

where {Z} stands for the Stirling number of the second kind (see, e.g., Riordan, 1958). Let

U — ni(k— 1)!{"21}

k=1

forn > 1 and ug = 1. Since 0 < o(z) < 1, it is clear that |0(™ ()| < u,,. Using the fact that the
Stirling numbers satisfy the recurrence relation

S S N

valid for all 0 < k£ < n, we have

O RCA TR S R

(since {3} =0)

n n
<2 — 1) = 2NUp_1.
< nkz::l(k ){k} Ny —1

Thus, by induction, u,, < 2"~ In! from which the claim follows. O
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Lemma 2. Let tanh be the hyperbolic tangent function. Then, for any n > 0,

[tanh™ || < 4™n!.

Proof. Let o be the logistic function. Straightforward calculations yield the equality, valid for any
el tanh(z) = 20(22) — 1.
But, for any n > 1,
tanh(™ () = 2715 (™) (22),
and thus, by Lemma 1,
[tanh ™) || oo < 27|00 < 47n!.

The inequality is also true for n = 0 since ||tanh||, < 1. O

A.6 Chen’s formula

First, note that it is straightforward to extend the definition of the signature to any interval [s, t] C
[0, 1]. The next proposition, known as Chen’s formula (Lyons et al., 2007, Theorem 2.9), tells us that
the signature can be computed iteratively as tensor products of signatures on subintervals.

Proposition 7. Let X € BV([s,t],R?) and u € (s,t). Then
S[s,t] (X) = S[s,u] (X) ® S[u,t] (X)

Next, it is clear that the signature of a constant path is equal to 1 = (1,0,...,0,...) which is the
null element in 7. Indeed, let Y € BV¢([s,t],R?) be a constant path. Then, for any k > 1,

Yﬁs,t]:k! // dYy, ® - - @dY,, =k // 0®---®0=0.

s<uy<---<up<t s<uy<---<up <t

Now let X € BV¢([0,1],R?) and consider the path X ;) equal to the time-augmented path X on
[0,3/7] and then constant on [7/T, 1]—see Figure 4. We have by Proposition 7

Sio.11(Xp1) = Sto.a1 (X)) © Spypr1y (X)) = Sjo.i/a)(X) @ 1= Spg iy (X).

0.8 — X 0.8 \
0.7 0 \
\ ) B
0.6 0.6 \ 7/ X
/ -
\ / Xy
0.5 0.5 / ‘
/ X;
0.4 0.4 N / .
. . AN, —— Xy
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0.3 0.3 N -+ \/
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/I
; N
0.2 0.2 </
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Time ¢ Time ¢

Figure 4: Example of a path X € BV ([0, 1],R) (left) and its corresponding paths X j]» plotted
against time, for different values of j € {1,...,T} (right)

B Proofs

B.1 Proof of Proposition 1

According to Assumption (A ), for any hq, he € R®, zq, 29 € R%, one has

1f (P, 21) = f(ho, 21)l| < Kyllhy = haoll and  [|f(h1, 1) = f(ha, ) || < Kpllz1 — 22].
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Under assumption (A, ), by Corollary 1, the initial value problem (3) admits a unique solution H.
Let us first show that for any ¢ € [0, 1], H; is bounded independently of X. For any ¢ € [0, 1],

= ol = || [ e X < [ s X
t
- / V(B Xo) — F(Ho, X.) + £(Ho, X.)|du
H,, X.,) — f(Hy, Xy Hy, X,)||d
S/Ollf( )~ F(Ho )||+/0Hf( 0, X, du

t
<K, / [~ Holldu + t sup [1£(Ho, )],

lzll<

Applying Gronwall’s inequality to the function ¢ — ||H; — Hp|| yields

t
I Holl <t sup (o, )] e / Kpdu) £ sup |1 (Ho, )% o= 01
z||<L z||<L

Given that Hy = hg = 0, we conclude that || H;|| < M.
Next, let

[fllo = sup  f(h,x).

lzll<L;||hll <M

By similar arguments, for any [s,t] C [0, 1], Gronwall’s inequality applied to the function ¢t —
|H, — H,| yields

1y = Ha| < (= 5)[[ ]| oo™
Therefore, for any partition (¢, . .., ) of [s, ],

k

Z 1He, = Heo o] < U flloce™ D20t = tima) < 1 flloce™ (= 9),

i=1 i=1
and, taking the supremum over all partitions of [s, ], [|H||7v,s.q < || fllec€™! (t — s). In other
words, H is of bounded variation on any interval [s,t] C [0, 1]. Let (g, . .., t7) denote the regular

partition of [0, 1] with ¢; = j/7. For any 1 < j < T, we have

tj
”Htj - hJH = HHtj—l + f(Hu>Xu)du - hj*1 -

tj,1

tj
< |[He;_y — by +/ | f(Hu, Xu) = f(hj—1, ;)| du.
tj—1

J—

1
Tf(hjflvxj)H

Writing
| f(Hu, Xu) = f(hj—r,25)|| = || f(Hu, Xu) = F(Hu,25) + f(Husx5) = f(hj—1,25))|
< (s Xo) = f(Huy25)|| 4+ || f(Huy 25) = f By, 25)]|
< Kpl|Xu — ]| + Ky || Hu — 1],
we obtain

tj 2]
\Hy, — byl < |Hyy, — by | + K / |Ha — by |ldu + K / 1X,, — ;| du

tj—1 tj—1

tj
< VHiy =4 Ky [ (1Ha = Ho 4 | = by
ti—1

Ky
+ 7HX||TV [t;_1.t;]

(1+ “)\H, by 1||7L (”H”TV[t] vt FIX v —aty))-
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By induction, we are led to

7j—1

K\k
> (1+F) (v + 1X v i)
0

k=
( S (X lvom + 1 Hllzvion)

[He; = hyll <

SIS

<

(L4 ™),

which concludes the proof.

B.2 Proof of Proposition 2

Let h € R® and let h*J = (h', ..., h7) be its projection on a subset of coordinates. It is sufficient to

take F defined by

_ 0 Lf(ﬁl:e hc—i—l:e—i—d))

F(h) = exd T1_L ) ,

(h) (Idxd Oax1
where I, 4 denotes the identity matrix and 0. . the matrix full of zeros. The function H is then
solution of ) e etliesd

dH, = (Oexd e (e 2 )) <1d)L(t ) '
Iixa Odx1 Sodt

Note that under assumption (A, ), the tensor field F satisfies the assumptions of the Picard-Lindelof
theorem (Theorem 4) so that H is well-defined. The projection of this equation on the last d
coordinates gives

dHf+1:e+d _ dXt, ﬁg+1:e+d _ XO;

and therefore H¢T ¢4 = X, The projection on the first e coordinates gives

L 1. _
dt = f(H}¢, X;)dt, H}*® = h,

e 21—
dH}* = ﬁf(HtL ; Xt)

which is exactly (3).
B.3 Proof of Proposition 3
According to Lyons (2014, Lemma 5.1), one has

”XFOJ]”(R‘!)W < HX”]]C“V;[O,t]‘
Let (to, - .., tr) be a partition of [0, ¢]. Then

koo ) k A
Z ||th - th—1 || = Z \/th - th—l H2 + (T) (tj - tj—1)2
j=1 j=1

k

k
1-L
<D X = X+ =5 Dt — 1)
j=1

Jj=1

k
1-L
= Z ||th - th71 || + Tt

Taking the supremum over any partition of [0, ¢] we obtain

X 1-L 1-L 1+ L
1 XMl 7v0,9 < 1 X l7vij0,e + Tt <L+ —— = < 1,

_ k
and thus [|X, || gayer < (%) . Tt is then clear that
_ . 2 N R A _
1800l = (S I%E g lfner ) < D IRGglener <3 (—5=) =20-D)7
k=0 k=0 k=0
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B.4 Proof of Proposition 4

We first recall the fundamental theorem of calculus for line integrals (also known as gradient theorem).

Theorem 5. Let g : R® — R be a continuously differentiable function, and let v : [a, b] — R® be a
smooth curve in R®. Then

b
| Iatudn = gtw) - ).
where Vg denotes the gradient of g.

The identity above immediately generalizes to a function g : R® — R®:

b
/ J(9)(ve)dve = g(v) — 9(Va)s

where J(g) € R®*€ is the Jacobian matrix of g. Let us apply Theorem 5 to the vector field F*
between 0 and ¢, with v = H. We have

t t d
Fi(Ht)—Fi(HO):/0 J(Fi)(Hu)dHu:/O J(Fi)(Hu)ZFj(Hu)qu

d " d t
= Z/ J(FY)(H,)F’(H,)dX, = Z/ FJ % F'(H,)dX,.
j=1"0 j=1"9
Iterating this procedure (N — 1) times for the vector fields F'!, ..., F'¢ yields

d t
H, :HO+Z/ Fi(H,)dX}!
i=170
d t . d t d u . ) ) .
:H0+Z/ FZ(HO)dX;+Z/ Z/ Fi % Fi(H,)dX]dX},
i=170 i=170 j=170

d
= Ho+ Y Fi(Ho)Sly)y(X)+ > / Fi % Fi(H,)dXIdX]
i=1 ' 1<i,j<d 0<v<u<t

N
=Hoty Do FUseox FU(Ho) S ()

k=11<i1,....ix<d

+ > Fitxos FIN4(H, )AXE - dXiNE
1<iy,cyin41<d Y AN+1L(0,)
where A 0.4 := {(u1,- -+ ,un) € [0,8]V 0 <uy <--- < uy < t}is the simplex in [0, ]V The
first (N + 1) terms equal H} . Hence,
|H, — HY||
- H > F oo ox FNTU(Hy )d X)L - dXONH
1<it, .. ins1<d”’ BAN+1[0,4]
< Y 75 e P (B X A X
1<it,...ins1<d”’ BN+1[0,4]
< > sup IF™ oo FN41 (R || dX2 | - - [d XN+
1<iq,..ing1<d Aniii0,4) 1<0 0 ing1 Zd | R||ISM
<Ava®) X |- X i |

1<iy,...,in+1<d AN+1500,¢]
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Thus,

[~ HY | < Ay (F) [ i
ANt1;00,¢]

1<iq,.. aZN+1 <d

<Aya@®) Y /A JdX |+ 1A
N+1;[0,t]

1<iy,..iny1<d

qN+1
=A F)—— dXu, ||+ |dXa
S )y [ 8K X
dN+1
=A dX,
v ®) o ([ 1axa)”
AN+1 N AN+1
=A F X <A F)——.
e ) i I o < AvrB) ey
B.5 Proof of Proposition 5
For simplicity of notation, since the context is clear, we now use the notation || - || instead of || - [| geex.

According to Proposition 1, the solution H of (4) verifies ||Ht|| < M + L := M. We therefore place
ourselves in the ball %;;. Recall that forany 1 < 4q,...,ixy < d, he Bir

F oo % F'N(h) = J(F2 % - x F'N)(h)F™ (h). (17)

Linear case. We start with the proof of the linear case before moving on to the general case.
When o is chosen to be the identity function, each Fjyy is an affine vector field, in the sense that

Fian(h) = Wih 4 b;, where W; = Ogxe, b is the i + dth vector of the canonical basis of R, and

2 2
Wd+1 = 1*LW and bd+1 =1z Lb
Oaxe 04

Since J(Finn) = Wi, we have, forany h € R4 and any 1 < iy, ...,4; < d,
FéNN* Flgl&N(B):Wlkwlz(W21B+bll)
Thus, for any h € %,
1 Frioy * -~ % Frkn (B < Wi llop =+~ Wi lop (11 Wiy llop D+ [z, [1)-
Fori # d+ 1, ||[W;, |lop = 0, and so
Ak (Fran) < C[Wagallhy
with C' = HWd+1||OpM+max(1, 2(1— L)’1Hb||). Therefore, using the convention Ag(Frnn) = M,

o~ dF _ k-1
o Ak (Fray) < M Cdz k' (2d(1 = L) [Wllop)™ < o0

k=0 k=1

General case. In the general case, the proof is two-fold. First, we upper bound (17) by a function
of the norms of higher-order Jacobians of F'’1, ..., F*N. We then apply this bound to the specific
case F = Frnn. We refer to Appendix C for details on higher-order derivatives in tensor spaces. Let
F : R® — R€ be a smooth vector field. If F(h) = (Fy(h), ..., F.(h))T, each of its coordinates F;
is a function from R¢ to R, ¥°° with respect to all its input variables. We define the derivative of
order k of F' as the tensor field

JF(F) : R — (R%)®FH!
hos JE(F)(R),

where . "
O"F;(h
Jk(F)(h): Z mej®€i1®"'®eik~
1<j,i1,...,ix <e
We take the convention JO(F) = F, and note that .J(F) = J'(F) is the Jacobian matrix, and that
JE(TF(F)) = JE(F).
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Lemma 3. Let A',... A* : R® — R€ be smooth vector fields. Then, for any h € R®
[ wx AW €S Clhin.e )l (AR [T (AR,
ni+---4np=k—1

where C(k;nq,...,ny) is defined by the following recurrence on k: C(1;0) = 1 and for any
ny,...,nge1 > 0,

k
Clk+ Ly, ongg1) = > Clhina,...omg =1, ny) if nppq =0, (18)
(=1
Clk+1Lny,...,nk41) =0 otherwise.

Proof. We refer to Appendix C for the definitions of the tensor dot product ® and tensor permutations,
as well as for computation rules involving these operations. We show in fact by induction a stronger
result, namely that there exist tensor permutations 7, such that

AF sk AN (R) = > > T [J(AY () © - @ J™ (AF)(h)] . (19)
ni+---+npg=k—1 1<p<C(k;n1,...,nx)
Note that we do not make explicit the permutations nor the axes of the tensor dot operations since we

are only interested in bounding the norm of the iterated star products. Also, for simplicity, we denote
all permutations by 7, even though they may change from line to line.

We proceed by induction on k. For & = 1, the formula is clear. Assume that the formula is true at
order k. Then

J(AF 5 - % AY)
SR R YR P Rl

ni+-tnp=k—1 1<p<C(k;ni,...,nx)

3 3 T | T AN @ 0 T (A)] ]

ni+-Fnp=k—1 1<p<C(kini,...,nk)

k
> > Yomem|ImAe

ni+-Fnp=k—1 1<p<C(k;n1,...,nx) =1

o-~®]m+1(Ae)®~~~®J”’“(Ak) )
In the inner sum, we introduce the change of variable p; = n; for ¢ # ¢ and py = n, + 1. This yields
J(A* % % AY)

k
= Z Z Z 7TpO7Tg|:Jn1(A1)®

pi+-+pr=k £=1 1<p<C(k;p1,....,pe—1,...,p)

eI (AN O J”k(Ak)]

= > mo[ I AN @0 P (AR,
p1+-+prr1=k 1<g<C(k+1;p1,...,Pr+1)
where in the last sum the only non-zero term is for p;+; = 0. To conclude the induction, it remains
to note that

AR g AV = J(AF x kAN © AR = J(AF w -k AY) @ JO(AFTY).

Hence,
Ak+1 * oKk Al
= Z Z Ty [J”l(Al)Q...QJPk(Ak)] @ka+1(Ak+1)
p1t+-tper1=k 1<¢<C(k+1;p1,....Pk+1)
= Z Z u [J”l(Al)@...@JPk(Ak)Qka+1(Ak+1)] .
pi++prr1=k 1<g<C(k+1;p1,....Pk+1)
The result is then a consequence of (19) and of Lemma 6. L
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We now restrict ourselves to the case F' = Frnn as defined by (5) and give an upper bound on the
higher-order derivatives of the tensor fields F'1,. .., FV,

Lemmad. Foranyic {1,...,d+ 1}, h € @M,forany k>0,
i N\(T 2 k
175 B W) < (7= Wl ) 1o @l

Proof. Forany 1 < i < d, Fiyx(h) is constant, so J*(Fayn) = -+ - = J*(Fay) = 0. Fori = d+1,
we have, forany 1 < j <ee,

8’€F£§§](ﬁ)
Ohi, - O,

2 k -
(1 — L) Wjil . WJZkU(k)(th+b)7

where W;. denotes the jth row of W and fore 4+ 1 < j < ¢, Ff“ = 0. Therefore,
k d+1\/7\ 12 2 2k (k-) - 2
IFEEDEIP < (177) 7 S W Wi oW, R+ b)
1<4,i1,...,in<e

(2) 1o @I > (W)’

9 \2k
< (7=7) I w3

O

We are now in a position to conclude the proof using condition (11). By Lemma 3 and 4, for any
1<idp,...;in <d+1,

||FéNN* *Fé%N(ﬁ)H

< > C(Nsnn, - ) [T (B (R -+ 1™ (Frio) (R) |

nitny=N—1
2 N-1 L .
< (ﬁHWHF) Z C(N;ny,...,n1)a"™ oyl .a"™ Tlnyl
ni+-4+ny=N-1
2 N-1
§a(17La2||W||F) Z C(N;nn,...,n1)ng!--nn!.
Assume for the moment that C(N; ny, . .., nq) is smaller than the multinomial coefficient (nN N _ m).

ni+--4+ny=N-1
Then, using the fact that there are ("Zf ;1) weak compositions of n in k parts and Stirling’s approxi-
mation, we have

) S gele) N G =)
ga(12 awie) 3%y 7)
) ()

v2e 8 4 N-1 NI
(7= IWir) TN

IA

Hence, provided ||W || < (1=L)/8424,

— d* > 8da2||W|\F 1
e <o ey (L) e

and (Asz) is verified.

To conclude the proof, it remains to prove the following lemma.
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Lemma 5. Foranyk > 1andni,...,n, >0, C(k;ny,...,ng) < ( k—1 ).

N1y Ng

Proof. The proof is done by induction, by comparing the recurrence formula (18) with the following
recurrence formula for multinomial coefficients:

o) =2 )
N1,y N1 o\ e =1 N -

More precisely, for & = 1, C(1;0) = 1 < (8) =land C(1;1) = 0 < ((1]) = 0. Assume

that the formula is true at order k. Then, at order k + 1, there are two cases. If nx11 # 0,
C(k+ 1;nq,...,n5+1) = 0, and the result is clear. On the other hand, if ny11 = 0,

k
C’(k:—i—l;nl,...,nk,O):ZC(k;nl,...,ng—L...,nk)

B.6 Proof of Theorem 1

First, Propositions 1 and 2 state that if H is the solution of (4) and Proj denotes the projection on the
first e coordinates, then

|z —(Proj(H1))| = [12(hr) = ¥ (Proj(F]))| < [éllop]|lor = Proj(HL) | < [[¥llop -
Forany 1 < k < N, we let Z*(Hy) : (R%)®* — R be the linear function defined by
PH(Ho)(es, ® - ®e;) = F' 5 - x F*(Hy), (20)
where €1, ..., eq denotes the canonical basis of RY. We take the convention (Rd)®0 = R and

2°(Ho)(x) = Ho for any 2 € R. Then, under assumptions (A;) and (Ay), if X* denotes the
signature of order k of the path X; = (X', %t)T, according to Propositions 4 and 5,

M8

i 7 = 1 1 yeeesl i i 7 7
Hi=Ho+Y o D Spl ™ QOF s x F* (Ho) = Y~ 7" (Ho)(Xfy ),

k=1"" 1<iy,...,ix<d

1
k!

=
Il

0

and
W o Proj(H1) = 4 o Proj ( 3 %@k(ﬁo)(s’gk)) = %w o Proj (2 (Hy)(X*)),
k=0 k=0

by linearity of ) and Proj. Since the maps 2% (H,) : (R%)®*¥ — R® are linear, the above equality
takes the form

o Proj(Hy) =Y (o¥, XF) gayer, (21)
k=0
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where o € (R?)®¥ s the coefficient of the linear map ;¢ o Proj o Z¥(Hy) in the canonical basis.

Leta = (a®,...,a%,...). Under assumption (Asz),
| k12 - 1N2 o iy in 2
Dol e <D0 X () IIBIE « - F (o)
k=0 k=0 1<ii,...,ix<d

<SRy X () Aty

k=01<i1,...,ir<d
< Il Y- (G AE)) < .
k=0
This shows that « € .7, and therefore, using (21), we conclude
— cl
lzz = (e, SCX)) 7l < [ llop 77

B.7 Proof of Theorem 2

Let
¢ ={g0: ®)T < Rgo(x) = 21,0 € O

be the function class of (discrete) RNN and
= {60+ 2 2RI, (X) = (0, S(X)) 7,0 € O},
be the class of their RKHS embeddings, where «y is defined by (21). For any 6 € O, we let
Ay (0) =E[l(y,go(x))], and Z(0) =E[(y, &, (X)),

and denote by @ng and @n . the corresponding empirical risks. We also let 87, 0%,, @L,g, and
0.~ be the corresponding minimizers. We have

P(ygs, (x) <01Zy) — s (Ong) <E[l(y.g L (X ))] — By (On,z)
= L@g(a ) s (Onss)

= Ry (Ong) —

-l-e%’n,y(

< sgplﬂ"g( ) —

~

R (Ong) + By Ong) — %onr Ons)
> Rt (On. )

<>\+sup|%y<> R, (0)|
T sgp@n,g(e) - @ny(en.

Using Theorem 1, we have
sgp\%y@ — R (0)] = SgplE[ﬁ(y,ge(X)) — Uy, &ay (X))]|
< SngUqS(yge(X)) — (yay (X))]]

< StelpE [Kely| x g0(x) = €ay (X)]]

1 C2

< K == o
= fsgp(HwHOI’Clﬁ)T 2T’

where ¢1,9 = Ky,e™% (L + || fol|oce™ ¢ ) (the infinity norm || fy ||~ is taken on the balls %/, and
PByr). One proves with similar arguments that

sgp@ng(e) — R (0)] < 2.



Under the assumption of the theorem, there exists a ball 8 C J# of radius B such that .%¥ C A.
This yields

SUp R (0) = 7 (O)| S sup | Rip() = B0

a€7 |lall 7 <B

where

n

Rz(a) =E[(Y,£,(X))] and @n,@(a) — 1 Zé(y(i)’ga()z(i))).

n -
=1

We now have reached a familiar situation where the supremum is over a ball in an RKHS. A slight
extension of Bartlett and Mendelson (2002, Theorem 8) yields that with probability at least 1 — 6,

~ 1
sup | Zp(@) — Bn.(a)| < AK ERad,, () + 2BK,(1 — L)—M/log; /%)
n

a€T |lal|ls<B

where Rad,, (%) denotes the Rademacher complexity of 2. Observe that we have used the fact that
the loss is bounded by 2BK,(1 — L)~ ! since, for any &, € %, by the Cauchy-Schwartz inequality,

Uy, €a(X)) = ¢(y (o, S(X)) 7) < Kily (e, S(X)) 7| < Kellall 7 [|1S(X)] 7
<2K,B(1—-L)".

Finally, the proof follows by noting that Rademacher complexity of % is bounded by

B | & L
Rad, (%) < — ;K(wam) —

B.8 Proof of Theorem 3
Let

¢ ={g0: ®YT = @) |go(x) = (=1,...,2r),0 € ©}

be the function class of discrete RNN in a sequential setting. Let

7 ={To: 2 = @) To(X) = Eo(Xp). ... Zo(X1m) }.

be the class of their RKHS embeddings, where X [j] is the path equal to X on [0,7/7] and then
constant on [/, 1] (see Figure 4). For any X € 27,

(1,0, S(X)) 7 €aro(X)
Eﬂ(a) = = € Rp7
(ape,S(X)) 7 Eap,o (X)
where (a19,...,ap0)" € ()P are the coefficients of the linear maps 71 o Proj o 2*(Hy) :

(R%)®k — RP, k > 0, in the canonical basis, where Z* is defined by (20).
We start the proof as in Theorem 2, until we obtain

~ ~

R On ) — Ron9(On.0) < sup|#y (0) — R (6)| + supl R (6) - Fn.7(0)|

n sgp@n,ae) — D (0)].
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By definition of the loss, for any 6 € ©,

(%4 (6) — #:7(6)| = [E[£(y, 90(x)) — £y, To(X))]|

<]E{|l 3

=l

<E[7 anJ Z0(Xp) - 2051 % 125 — Zo(Xg)I

(Ilys = 2112 = lys = Sa(X)IP)|
=1

'ﬂ\’—‘
MH

(2 + Zo(X(j)) — 2y;, 2 —59(5([]‘]»”

=

(by the Cauchy-Schwartz inequality).

According to inequality (14), one has

819
Iz — Eo(Xppll < 1% llop =7~

where c1 9 = Ky, e™% (L + || fol| o€’ /¢ ). Moreover,

P

I1Zo(XD|" = S [, S(Xp)) 7| < Z lae sl 1S(Xl% < pB2(2(1 — L)1),
/=1 /=1

since ||S(Xm)”q = ||S[07j/T] (X)Hg < HS(X)”y This yields
25 + Z0(Xg) = 2u5ll < ll25]l + 120 (X)) + 2yl
< [ llopll folloo +2v/PB(1 = L)~ + 2K,

Finally,
Hq (0
sup| %y (0) — .7 (0)] < 2T
where c3 = sup(c1,0+ [|¥lop|| follso ) +2/PB(1 — L)™' +2K,,. One proves with similar arguments
0
that R N ‘
g (0) — Fon,(0)] < =
Sup|Fn.zs (6) 2O < oF

We now turn to the term sup|Z.o (0) — @n,y (0)|. We have
0

R (0) — R, (0)

n

= E[l(y, T'o(X))] - %Zf(y(i), To(X@))

i=1

T
Z( [ly; = Zo(Xp)]I* ~ ZHy =(XG)I7)-

Therefore,
- 1 &
Ul (0) — o, (0)] < 75 D sup|Ef s ~ Zo(Xiy) HQ—fZHyj (X7
j=1

Note that for a fixed j, the pairs (X [(;]), y](’)) are i.i.d. Under the assumptions of the theorem, there

exists a ball # C 7 such that forany 1 </ < p,0 € ©,&,,, € % . We denote by %, the sum of
p such spaces, that is,

By ={fa: X S R| fo(X) = (far (X)sevs fa, (X)) T, fa, € B}
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Clearly, 2y € %), and it follows that

sup By, — Zo(XplI* - ZH O — =&
< sup [E[ly; ~ fulX Zn = g

We have once again reached a familiar situation, which can be dealt with by an easy extension of
Bartlett and Mendelson (2002, Theorem 12). For any f, € %, let bofa: X xXRP: (X,y) —
ly — fa(X)||? = |ly||>. Then, ¢ o f, is upper bounded by
160 fa(X,9) = [lly = faCOI® = Iyl < 1faCON XN+ 2]lyll)
<2pB(1 - L) '(2ypB(1 - L)™' +2K,)
<4pB(1-L)"YB(1 - L)' + K,).

Letcy = B(1— L)™' 4+ K, and ¢5 = 4pB(1 — L)~ '¢4 4+ K. Then with probability at least 1 — 4,

= (i ~ 2¢5 log(1/5)
s [Elly; — fa(Zp)II] ——ZnyJ Ja(XEDI| < Rada(d o 8,) + 1 2252

where ¢ o = {(X Y) bo fa(X,9)|fa € %p}. Elementary computations on Rademacher
complexities yield

4pcyB(1 — L)~ 1

Rad, (¢ 0 B,) < 2pcsRad,, (B) < T ,

which concludes the proof.

C Differentiation with higher-order tensors

C.1 Definition

We define the generalization of matrix product between square tensors of order k£ and /.

Definition 4. Let a € (R®)®*, b € (R®)®Y, p € {1,...,k}, ¢ € {1,...,L}. Then the tensor dot
product along (p, q), denoted by a ®, , b € (R®)®F+4=2) is defined by

(@ @pog D) (i1 sins direes) = D Oirseonipssfiimseonin )P sera 1 udaseesie—1)-
=

This operation just consists in computing a ® b, and then summing the pth coordinate of a with the
qth coordinate of b. The ® operator is not associative. To simplify notation, we take the convention
that it is evaluated from left to right, that is, we write ¢ © b ® ¢ for (a ® b) ® c.

Definition 5. Let a € (R®)®*. For a given permutation  of {1,...,k}, we denote by 7(a) the
permuted tensor in (R®)®* such that

W(a)(ih..-,ik) = Qligery,esime))”
Example 5. If A is a matrix, then AT = 7(A), with  defined by 7(1) = 2, m(2) = 1.
C.2 Computation rules

We need to obtain two computation rules for the tensor dot product: bounding the norm (Lemma 6)
and differentiating (Lemma 7).

Lemma 6. Let a € (R®)®%, b € (R®)®*. Then, for all p, q,

lla ©p,q bllreyerte-2a < [lal| ge)er]|bll @e)se-
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Proof. By the Cauchy-Schwartz inequality,

o ©p.q bllZge)ense—s

_ 2
= Z (a Op,q b)(i1,..‘,ikfl,jl,-..,jzfl)

1<it,eyil—1,015--:Je—1<¢€

2
= > ( > a(z‘l,...,z'pfl,j,z'p,...,ikfl)b(jl,...,jqfl,j,jw.A.,jzfl))

1<i1,sik—1,J1,-Je—15e  1<j<e

< § E 2 E 2
= iy, yip—12Gyipseerit—1) b(]l7~~»v]q—11]7]q"--1]l—1)
U1yeees— 15015 500—1 J J

< E 2 E 2

= Qs yeeyip—1,dyipyeesin—1) v, darrdrdarie—)
Byeeeyll—1,] J1seesJe—1,]

IN

lalifgeyor 1D Feyoe-
O

Lemma 7. Let A : R® — (R®)®*, B : R® — (R®)®* be smooth vector fields, p € {1,..., k},
q€{l,...,0}. Let A®y,, B : R® — (R®)®*+=2 pe defined by A ©, 4 B(h) = A(h) Op.q B(h).
Then there exists a permutation T such that

J(A Op,q B) =m(J(A) Op,q B)+ A Op,q J(B).

Proof. The left-hand side takes the form

0A
(J(A®p,qB))n,...,ik_l,jl.,..‘,jz_l,mZZ{aTv o Blidedidaeie)
j M (1,00 sip—1,0,0p,erik—1)
0B
Al sipot dripsein-1) P }

The first term of the right-hand side writes

(T(A) pg Bir,eisriminreie s = D |

J

0A
ahm, (i1,

Sip—1,0ip,eeyik—1)

and the second one
0B
(A Op,q J(B>)i1)~~7ik—1,j17-~>]‘£—1>m = E [A(hwwip—l’j,ip,---’ik—ﬁaT }
j M (f1,,0q—1,0.Jq,--»Je—1)
Let us introduce the permutation = which keeps the first (k — 1) axes unmoved, and rotates the
remaining ¢ ones such that the last axis ends up in kth position. Then

0A
m(J(A) Op.q B)h7---,ik717j1,--47j271,m = Z [aT(

J

Hence J(A ©p,q B) = m(J(A) ©p,q B) + A ©®p 4 J(B), which concludes the proof. O

B

) . ) jl:uqu*l,jvquu:jf—l):l'
-~a1p—1~,.717'p1~-71k—1)

The following two lemmas show how to compose the Jacobian and the tensor dot operations with
permutations. Their proofs follow elementary operations and are therefore omitted.

Lemma$8. Let A : R — (R®)®* and 7 a permutation of {1, ..., k}. Then there exists a permutation
7of{1,...,k+ 1} such that

Lemma 9. Let a € (R°)®F, b € (R®)®,
{1,...,k}. Then there exists p € {1,...,k},
¢ — 2} such that

{1,...,k}, ¢ € {1,...,£}, ® a permutation of
€ {1,..., 4}, and a permutation 7 of {1, ...,k +

m(a) Op,q b= 7(a ©pqb).

s
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The following result is a generalization of Lemma 7 to the case of a dot product of several tensors.

Lemma 10. For ¢ € {1,...,k}, ny € N, let Ay : R® — (R®)®"™ be smooth tensor fields. For
any (pe)1<e<k—1 and (qe)1<e<k—1 such that py € {1,...,n4}, go € {1,...,np11}, there exist k
permutations (7;)1<e< such that

k

J(Al Op1,q1 Az Opa,g2 " Opr_1,qk-1 Ak) = Zﬂf [Al OAO--O J(AZ) ©- 0O Ak] )
=1

where the dot products of the right-hand side are along some axes that are not specify for simplicity.

Proof. The proof is done by induction on k. The formula for £ = 1 is straightforward. Assume that
the formula is true at order k. As before, we do not specify indexes for tensor dot products as we are
only interested in their existence. By Lemma 9, we have
JAL O ©Agtr)
=J(A1 OO Ak) © Agt1)
=7(J(A1 O O A) ©Ap1) + A1 O O A © J(Agy1)

I

T [A1 A0 - OJ(A) O QA O A | + AL O O Ak © J(Ag41)

o~
S I\Mw
A

’ﬁ'g[Al@AQ@"'@J(Ae)@"'QAk@Ak+1]
1

+A10 - OA O J(Aks1)

4

T[A1 QA OJ(A) O QA O Apy1] + A1 O - © A © J(Ak41)

~

=1
(where 1 = m o 7)
k41
:Zﬁg[Al®A2®-~-®J(Ag)©~--®z4k@Ak+1]~
(=1

D Experimental details

All the code to reproduce the experiments is available on GitHub at https://github.com/
afermanian/rnn-kernel. Our experiments are based on the PyTorch (Paszke et al., 2019) frame-
work. When not specified, the default parameters of PyTorch are used.

Convergence of the Taylor expansion. For Figure 1, 103 random RNN with 2 hidden units are
generated, with the default weight initialization. The activation is either the logistic or the hyperbolic
tangent. In Figure 1b, only the results with the logistic activation are plotted. The process X is
taken as a 2-dimensional spiral. The reference solution to the ODE (3) is computed with a numerical
integration method from SciPy (Virtanen et al., 2020, scipy.integrate.solve_ivp with the
‘LSODA’ method). The signature in the step-N Taylor expansion is computed with the package
Signatory (Kidger and Lyons, 2021).

The step-N Taylor expansion requires computing higher-order derivatives of tensor fields (up to
order N). This is a highly non-trivial task since standard deep learning frameworks are optimized
for first-order differentiation only. We refer to, for example, Kelly et al. (2020), for a discussion on
higher-order differentiation in the context of a deep learning framework. To compute it efficiently, we
manually implement forward-mode higher-order automatic differentiation for the operations needed
in our context (described in Appendix C). A more efficient and general approach is left for future
work. Our code is optimized for GPU.

Penalization on a toy example. For Figure 2, the RNN is taken with 32 hidden units and hyperbolic
tangent activation. The data are 50 examples of spirals, sampled at 100 points and labeled +1
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according to their rotation direction. We do not use batching and the loss is taken as the cross entropy.
It is trained for 200 epochs with Adam (Kingma and Ba, 2015) with an initial learning rate of 0.1.
The learning rate is divided by 2 every 40 epochs. For the penalized RNN, the RKHS norm is
truncated at N = 3 and the regularization parameter is selected at A = 0.1. Earlier experiments
show that this order of magnitude is sensible. We do not perform hyperparameter optimization since
our goal is not to achieve high performance. The initial hidden state hg is learned (for simplicity
of presentation, our theoretical results were written with hg = 0 but they extend to this case). The
accuracy is computed on a test set of size 1000. We generate adversarial examples using 50 steps of
projected gradient descent (following Bietti et al., 2019). The whole methodology (data generation +
training) is repeated 20 times. The average training time on a Tesla V100 GPU for the RNN is 8.5
seconds and for the penalized RNN 12 seconds.

Figure 3 is obtained by selecting randomly one run among the 20 of Figure 2.

Libraries. We use PyTorch (Paszke et al., 2019) as our overall framework, Signatory (Kidger and
Lyons, 2021) to compute the signatures, and SciPy (Virtanen et al., 2020) for ODE integration. We
use Sacred (Klaus Greff et al., 2017) for experiment management. The links and licences for the
assets are given in the following table:

Name Homepage link License
PyTorch  GitHub repository BSD-style License

Sacred  GitHub repository MIT License

SciPy GitHub repository  BSD 3-Clause "New" or "Revised" License
Signatory  GitHub repository Apache License 2.0
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