Supplementary Material for
”UnICORNN: A recurrent model for learning very long time dependencies”

A. Training details

All experiments were run on GPU, namely NVIDIA GeForce GTX 1080 Ti and NVIDIA GeForce RTX 2080 Ti. The hidden
weights w of the UnICORNN are initialized according to ¢/(0, 1), while all biases are set to zero. The trained vector c is
initialized according to ¢/(—0.1,0.1). The input weights V are initialized according to the Kaiming uniform initialization
(He et al., 2015) based on the input dimension mode and the negative slope of the rectifier set to a = 8.

The hyperparameters of the UnICORNN are selected using a random search algorithm based on a validation set. The
hyperparameters of the best performing Un[CORNN can be seen in Table 1. The value for At and « is shared across
all layers, except for the IMDB task and EigenWorms task, where we use a different A¢ value for the first layer and the
corresponding At value in Table 1 for all subsequent layers, i.e. we use At = 6.6 x 10~ for IMDB and At = 2.81 x 107°
for EigenWorms in the first layer. Additionally, the dropout column corresponds to variational dropout (Gal & Ghahramani,
2016), which is applied after each consecutive layer. Note that for the IMDB task also an embedding dropout with p = 0.65
is used.

We train the UnICORNN for a total of 50 epochs on the IMDB task and for a total of 250 epochs on the EigenWorms task.
Moreover, we train UnICORNN for 650 epochs on psMNIST, after which we decrease the learning rate by a factor of 10 and
proceed training for 3 times the amount of epochs used before reducing the learning rate. On all other tasks, UnICORNN is
trained for 250 epochs, after which we decrease the learning rate by a factor of 10 and proceed training for additional 250
epochs. The resulting best performing networks are selected based on a validation set.

Table 1. Hyperparameters of the best performing UnICORNN architecture (based on a validation set) for each experiment.

Experiment learning rate  dropout batch size At @
noise padded CIFAR-10  3.14 x 1072 1.0 x 107! 30 1.26 x 10~1  13.0
pPSMNIST (#units = 128) 1.14 x 1073 1.0 x 10! 64 4.82 x 1071 12.53
pSMNIST (#units = 256)  2.51 x 1073 1.0 x 10~ 32 1.9x 107t 30.65
IMDB 1.67x107% 6.1 x 107! 32 2.05 x 1071 0.0
EigenWorms 8.59 x 10=* 0.0 8 3.43x 1072 0.0
Healthcare: RR 3.98x 1072 1.0x 107! 32 1.1x1072 9.0
Healthcare: HR 288 x 1073 1.0 x 107! 32 4.6 x 1072 10.0

B. Implementation details

As already described in the implementation details of the main paper, we can speed up the computation of the forward and
backward pass, by parallelizing the input transformation and computing the recurrent part for each independent dimension
in an independent CUDA thread. While the forward/backward pass for the input transformation is simply that of an affine
transformation, we discuss only the recurrent part. Since we compute the gradients of each dimension of the UnICORNN
independently and add them up afterwards to get the full gradient, we will simplify to the following one-dimensional system:

Zn = Rn—1 — Até’(C) [U (wyn—l + xn) + ayn—l]a
Yn = Yn—1 + At (c)zn,

where z, = (Vu,); is the transformed input corresponding to the respective dimension j = 1,...,m.
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Since we wish to train the UnICORNN on some given objective
N ~
&= &(yn), ()

where € is some loss function taking the hidden states y,, as inputs, for instance mean-square distance of (possibly
transformed) hidden states y,, to some ground truth. During training, we compute gradients of the loss function (1) with
respect to the following quantities ® = [w, At, x,,], i.e.

08 _ o~ 9E(ya)
00~~~ 90 °

Voeo. )

We can work out a recursion formula to compute the gradients in (2). We will exemplarily provide the formula for the
gradient with respect to the hidden weight w. The computation of the gradients with respect to the other quantities follow
similarly. Thus

6f = 05_1 +0)_,Ato(c), (3)
o€
OYn—ri’

6y = 0)_1 — 0 Ato(c) o’ (wyn—k + TN—pp1)w + o] + “)

with initial values 6§ = B{i/i and 65 = 0. The gradient can then be computed as
0€& . 2 A 4A /
o Zak, with a, = —0; At6(c)o’ (WYyN—k + TN—k+1)YN—k- 5)

Note that this recursive formula is a direct formulation of the back-propagation through time algorithm (Werbos, 1990) for
the UnICORNN.

We can verify formula (3)-(5) by explicitly calculating the gradient in (2):

08 L 0E(yn) = 08(yn) . 0 [Oyn_: N o
ow — ow — Jw + Oyn { ow + Ao (o) ( ow Ato(e)(o (wyn—1 + )
Oyn 1 Oyn-1\| _ = 0€(yn) L02n—1 | O0yn—1
R T ﬂ_z_:l I S i S
2 A& (yn) Ay 0z
= 2 Own + a1 + 07 81\1[1:2 + (8YAté(c) + 67) ( 81\1[1)72 — Ato(c) (o' (wyn—2 +TN_1)
OYn-—2 Oyn—2,\ _ 58 0E(yn) ZazN 2 wOYN_2
(yn—2 + w5 =) + a7 - )> > +Z .+ 0 + 0y =

Iterating the same reformulation yields the desired formula (3)-(5).

C. Rigorous bounds on UnICORNN
We rewrite UnICORNN (Eqn. (6) in the main text) in the following form: forall 1 </ < Landforall1 <i <m
A N
zl' =z, | — Ato(c")o(A) ) — alto(c )y, 6)
A%il =wh 2)’5;1 1+ (VZYffl)i + b".
Here, we have denoted the i-th component of a vector x as x°.

We follow standard practice and set yg = zé =0, forall 1 < ¢ < L. Moreover for simplicity of exposition, we set & > 0 in
the following.
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C.1. Pointwise bounds on hidden states.

We have the following bounds on the discrete hidden states,

Proposition C.1. Let y’, z’ be the hidden states at the n-th time level t,, for UnICORNN (6), then under the assumption
that the time step At << 1 is sufficiently small, these hidden states are bounded as,

£yi
| < =
max [y, </ 2 (

1+26t,),  max |27 <v/2(1+28t,) VnV1<{<L, (7)

with the constant
B = max{1 + 2a,4a°}.

Proof. We fix ¢, n and multiply the first equation in (6) with ayfl’il and use the elementary identity
a2 2 1 9
b(a—b)—?—?—i(a—b),

to obtain
2,072 £i )2
alyy')? _alyn"0)® o, i e 5(c Yy 2
271 7; : 2 (Yfzvl - Ynl—l)Q + O[Ato-(ce,z)ynﬂ—lzflﬂ’

. (8)
4i N2 2
aly,” alAt™ . ; i i i
= Aoy OO et ek + adt(et
Next, we multiply the second equation in (6) with z/;* and use the elementary identity
a> b 1
—b)=— — —+ =(a—b)?
a’(a ) 2 2 + 2(0’ ) )
to obtain
i L \2
()2 (Z,20)° 1, 0 4 b 0 i b
= el (a2 - Ate( o (AL (2 2 ) o)

— At&(cé’i)J(Af{il)Zf{il — aAt&(ce’i)yfl’ilzf;i.
Adding (8) and (9) and using Cauchy’s inequality yields,

) . 4 £,i
a(yy’)? | (259)? < a(y,t)? i (1+ At)(z," ) n alt?

n n ~ (N2 (0,12
o < ; 5 (6(c")?(z")
~ 7 i At —1 7 i
+ (5(e") Ao (AR A+ = (2l — 21 )?

= oyl + (#5)? < alyhi)? + (14 An (i) + 201 + aAR (),
where the last inequality follows from the fact that |o|, |6| < 1 and At < 1. Using the elementary inequality,
(a+b+c)* < 4da® +4b* + 2¢2,
and substituting for z*,* from the second equation of (6) in the last inequality leads to,
a(yi)? + (2592 < (1 + 40?2 At oy’ )2 + (14 At + 20A8) (257 ) + 24t + da At
Denoting H,, = a(y%%)? + (259)2 and

G:=1+pAt, B =max{l+2a,4a?}

yields the following inequality,
H, < GH,_1 +2At(1 + 2aAt®). (10)
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Iterating the above n-times and using the fact that the initial data is such that Hy = 0 we obtain,

|
—

n

H, < (2At +4aAth) ) (14 pAL)*
0

=
I

_ (488"
=T BAL

< % (1+ 28nAt) (2 + 4aAt3) as At << 1,

(2At + 40{At4) an

< 2(1 + 2ft,,) (from definition of 3).
The definition of H clearly implies the desired bound (7). O

C.2. On the exploding gradient problem for UnICORNN and Proof of proposition 3.1 of the main text.

We train the RNN (6) to minimize the loss function,

1 Y 1
==&, &,==lyk—v,I? 12

with y being the underlying ground truth (training data). Note that the loss function (12) only involves the output at the last
hidden layer (we set the affine output layer to identity for the sake of simplicity). During training, we compute gradients of
the loss function (12) with respect to the trainable weights and biases ® = [w’, V¥ b? cf], forall1 < ¢ < Li.e.

oe 1 X oe,

We have the following bound on the gradient (13),

Proposition C.2. Let the time step At << 1 be sufficiently small in the RNN (6) and let y* 7, for 1 < ¢ < L, be the
hidden states generated by the RNN (6). Then, the gradient of the loss function € (12) with respect to any parameter 0 € ©
is bounded as,

o€ < 1—(AnF
00| — 1-At

with Y =  max |71 loo, be a bound on the underlying training data and other quantities in (14) defined as,
7”7

T(1+29T)V(Y +F)A, (14)

(max (2, W oo + a))2

2 )

~ = max (2, ||WLHOO + a) +

L
V= H max{l, ”Vq”OO}a
qg=1

(15)
2
F=,/—(1+28T),
«
2
A=|24+/(1+28T)+(2+a) E(l—i—ZﬁT) .
Proof. Foranyl <n< Nand1</<L,let Xfib € R?™ be the augmented hidden state vector defined by,
X = lyatzgt vy w8 (16)

For any 6 € ®, we can apply the chain rule repeatedly to obtain the following extension of the formula of (Pascanu et al.,
2013) to a deep RNN,

080 S €, OXL o+ X!
=22 :

90 OXL 0X! 00 (7
—_—————

(=1 k=1
.(n,L
oel’; )

59
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+~l
Here, the notation 2 a)e(k refers to taking the partial derivative of Xf; with respect to the parameter 0, while keeping the other

arguments constant.

(n,L)
We remark that the quantity —5;— denotes the contribution from the k-recurrent step at the [-th hidden layer of the deep

RNN (6) to the overall hidden state gradient at the step n.

It is straightforward to calculate that,

a)(L:[yvli’l7y711505"'7yf;7 7yna05"'ay£’ 7Yn70j|' (18)

Repeated application of the chain and product rules yields,

OXL 12[ & ﬁ X

/2 L qg—1"
ox — Al oxr | 1l oxs

19)

For any j, a straightforward calculation using the form of the RNN (6) leads to the following representation formula for the
L

matrix a(z()j@i - € R2™ x RZm:
B 0 ... 0
XL 0o B ... 0
L= .. O I 20
oxT 20)
Lm
0 0 B;
with the block matrices BJL’i € R?*2 given by,
~ i i L, ~ i
e [1-Gletnan (whic (Al +a) s(ethAr
Bj == R L. L/ L. (21)
—o(cl)At (W ol (A7) + a) 1
Similarly for any ¢, the matrix 6?;;& € R2mX2™ can be readily computed as,
_D’ﬁ: 0 D’f’%’: 0 o .. D;I;g 0]
o EfY 0 E{y o ... ... E{, 0
qﬁlz PEEEY .. e e e .. e e , (22)
DZ* 0 D o ... ... DZ 0
EZT 0 EZS 0 ... ... EZt 0]
with entries given by,
DIF = —AC(6(c")20 (AL ) VE, EIF = —Ata(e)o’ (AL, ) VL. (23)
A direct calculation with (21) leads to,
B [loe < max (14 At + (jwh'| + a)At*, 1 + (jwh'| + ) At)
; ; 2 At? 24)
<1+ max (2,|wh| + @) At + (max (2, |w"'| + @)) -
Using the definition of the L°° norm of a matrix, we use (24) to the derive the following bound from (20),
oxXk At?
oxL || St max (2wl & a) At (max (2wl + ) 5 25)

<1+ ~At,
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with « defined in (15).
As At < 1, itis easy to see that,
X1
bl < VoAt (26)
). -
Combining (25) and (26) , we obtain from (19)
H Xk ﬁ oxk ﬁ aX!
7 L -1
X |l oo Pl 8Xj_1 o q=b41 oxX{ -
I L 27
<A T IVllee(X+2v(n — k)AL),  (as At << 1)
q={+1
< VA1 + 29t,),
where the last inequality follows from the fact that ¢,, = nAt < T and the definition of V in (15).
Next, we observe that for any 6 € ©
. . T
o+ xXe _ 8+y£’1 8+zf;’1 8+yi’Z 5‘+zf;’l 8+yi’m 3+z£’m 28)
a0 00 ' 89 T e T 08 T 08 0 08
For any 1 < ¢ < m, a direct calculation with the RNN (6) yields,
vl C9ckt gtgbt
Vi = At! (") T a + Ate () Sk
a0 a0 00 (29)
otz iy 0 0 Ty i OAY PN
agk = _AtO'/(C ’ )WU(Ak’—l) — AtO'(C ’ )U/(Ak,—l)w — OéAtO'I(C ’ ) 80 yk,—l’

. > OADY . . .
Next, we have to compute explicitly Bge and —;;= in order to complete the expressions (29). To this end, we need to

consider explicit forms of the parameter 6 and obtain,

If0 =w?P forsome 1 < g < Land1 < p < m,then,

X} i . .
aAk—l _ YQ_p if q= Evp =1, (30)
00 0, if otherwise.
If 0 =b?P forsomel < ¢ < Land 1 < p < m, then,
0, . .
8Ak—1 — 13 lf q:&p:’é, (31)
00 0, if otherwise.
If = Vg,ﬁ, forsome 1 < ¢ < Land1 < p,p < m, then,
0y 15 . .
aAkil — Yi 147, if q= gap =1, (32)
09 0, if otherwise.
If0 = c?Pforany 1 < ¢ < Land 1 < p < m, then,
8Ai’i 1
— = (. 33
20 (33)

Similarly, if 0 = w%P or § = b%?, forsome 1 < ¢ < Land1 < p < m,orlfd = Vg@ for some 1 < ¢ < L and
1 <p,p <m,then

ot

06

=0. (34)
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On the other hand, if § = c%Pforany 1 < ¢ < Land 1 < p < m, then

(35)

actt  f1, if g=tlp=i,
99 )0, if otherwise.

For any 6 € O, by substituting (30) to (35) into (29) and doing some simple algebra with norms, leads to the following

inequalities,
8+zf;’i -1
< D
50 At (1 + a|y 1| + max <|y s Iye , 1)) , (36)
and,
At < At At? (1 Lp g 37
ae 2|+ +alyy” |+ max |y ] ly, P 1)) (37)

forany 1 <p < m.

By the definition of L°° norm of a vector and some straightforward calculations with (37) yields,

<At (24 [|Zf oo + 1+ Q) Iyh_illoe + Iy5 lso) - (38)

oo

oYX,
00

From the pointwise bounds (7), we can directly bound the above inequality further as,

By (18) and the definition of Y as well as the bound (7) on the hidden states, it is straightforward to obtain that,

orx4 2
80’“ <At<2+ 2(1+28T)+(2+a) a(1+2BT)>. (39)

— 2
< -
H 8XL Y + o (1+28T) (40)
From the definition in (17), we have
oe Pl aen || [oXL| |otXt @
00 OXE 6X£ 09 |
Substituting (40), (39) and (25) into (41) yields,
n,L
eyt e —
20 < At (14+29T) V(Y + F)A, 42)

with F and A defined in (15).
Therefore, from the fact that At < 1,¢,, = nAt < T and (17), we obtain

08, |  1—(At)E -
‘ae < A TU+2DVY +F)A. (43)

By the definition of the loss function (12) and the fact that the right-hand-side of (43) is independent of n leads to the desired
bound (14).

O
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C.3. On the Vanishing gradient problem for UnICORNN and Proof of Proposition 3.2 of the main text.

By applying the chain rule repeatedly to the each term on the right-hand-side of (13), we obtain

" 68(" Dooglt  oe, axkorxy “
ZZ 0 T OXEoXL 96 9

{=1 k=1

R
Here, the notation 2 8)9(k refers to taking the partial derivative of Xf; with respect to the parameter 6, while keeping the other
(n,L)

arguments constant. The quantity denotes the contribution from the k-recurrent step at the [-th hidden layer of the

deep RNN (6) to the overall hidden state gradient at the step n. The vanishing gradient problem (Pascanu et al., 2013) arises
86 (n L)

if ’

55— |» defined in (44), — 0 exponentially fast in &, for & << n (long-term dependencies). In that case, the RNN

does not have long-term memory, as the contribution of the k-th hidden state at the ¢-th layer to error at time step t,, is
infinitesimally small.

As argued in the main text, the vanishing gradient problem for RNNs focuses on the possible smallness of contributions of
the gradient over a large number of recurrent steps. As this behavior of the gradient is independent of the number of layers,
we start with a result on the vanishing gradient problem for a single hidden layer here. Also, for the sake of definiteness,
we set the scalar parameter 6 = wbP for some 1 < p < m. Similar results also hold for any other § € ®. Moreover, we
introduce the following order-notation,

B =0(n), forvy,8 € Ry if there exists constants C, C such that Cy < 8 < Cr.

_ — (45
M = O(y), for M € R*92 4 c R, if there exists constant C such that | M|| < Ch.

We restate Proposition 3.2 of the main text,
Proposition C.3. Lety,, be the hidden states generated by the RNN (6). Then the gradient for long-term dependencies, i.e.
k << n, satisfies the representation formula,

ey
Bl At ()20’ (AP )y T (yiP = 58) + O(AER). (46)

owlp

Proof. Following the definition (44) and as L = 1 and # = w'*P, we have,

0esY o, 0XL oYX}
owlr = 9XL 0X1E owle’

(47)

We will explicitly compute all three expressions on the right-hand-side of (47). To start with, using (28), (29) and (30), we
obtain,

1, T

AR, P ayk"a+ P 00

8W1,p A I I anp 8W17p"“"“7 9 )
X}, 3+Yi’p 2

= = —At2(6(ctP))2o’ Al’p 1,p (48)
<8W1,p>2 . owle (6(c™P)) o’ (AL))yily,
3+Xllc 8+z,1€’p R Ly

(Gott), = Gty = ~Ata(e ) (AL 1

Using the product rule (19) we have,
X, “r X
no_ : (49)
ax; — 1l ax

Observing from the expressions (20) and (21) and using the order-notation (45), we obtain that,

1
X!

— = Typmxom + AtCL + O(A#?), (50)
oxX1_, ) J
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with I is the k£ x k Identity matrix and the matrix C} defined by,

c;' 0 ... 0
‘ 1,2
aXf’_l_ . e PP 3
0 0o ¢
with the block matrices C;’i € R2*2 given by,
L 0 a(ct?)
Cj = —U(Cl 1,) (Wl’iUI(A;fl) + a) 0 . (52)
By a straightforward calculation and the use of induction, we claim that
H Xl = Tomxam + AtC + O(A), (53)
j=k+1 Jj—1
with
ctt 0 0
0o Cc'? ... o0
ct=|... ... ... .|, (54)
0 0o cbtm
with the block matrices C1* € R?*2 given by,
0 (n —k)o(ct?)
14 _ , , o n .
cr= —(n —k)ac(ch) — s(ctHwht 3 U’(A;fl) 0 : (35)
j=k+1
By the assumption that £ << n and using the fact that ¢,, = nAt, we have that,
0 tn6(ct?)
Li _ 4 , 4 n ,
ACT =1y as(c) —s(ct)whiat > o/(AM) 0 |- (56)
Jj=k+1
Hence, the non-zero entries in the block matrices can be O(1). Therefore, the product formula (53) is modified to,
- 8X1 =C+O(At 57
| I1 6X711 =C + O(A1), (57)
Jj=k+1 J
with the 2m x 2m matrix C defined as,
ct o0 0
0 C* ... 0
C=|... ... ... .|, (58)
0 0o Ccm
and,
. 1 tno(ch?)
C = | tia(ch) —s(ct)whine > o/(AM) 1 | (59
J=k+1

Thus by taking the product of (57) with (48), we obtain that,
T

no X! 9tX} vt
d Yy ey ,0,0] + O(AE?), (60)

otz P
H 0 Sk 00,...,..., Zk
, 6X | owlhp Owl.p

126

+ <, 1P +,,1.p
v 0Ty, 07z,

+C 2 owle T gwle
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with C},, Ch, are the off-diagonal entries of the corresponding block matrix, defined in (59). Note that the O(At?)
remainder term arises from the A¢-dependence in (48).

From (18), we have that,

88" = 7 —1 m —m

ﬁ:[yi’l—y%,o,...,y# —yn,O,...,y}l’ —yn,O]. 61)
Therefore, taking the products of (61) and (60) and substituting the explicit expressions in (48), we obtain the desired
identity (46). O

C.4. On the vanishing gradient problem for the multilayer version of UnICORNN.

The explicit representation formula (46) holds for 1 hidden layer in (6). What happens when additional hidden layers are
stacked together as in UnICORNN (6)? To answer this question, we consider the concrete case of L = 3 layers as this is the
largest number of layers that we have used in the context of UnICORNN with fully connected stacked layers. As before,
we set the scalar parameter § = wbP for some 1 < p < m. Similar results also hold for any other § € ®. We have the
following representation formula for the gradient in this case,

Proposition C.4. Lety,, be the hidden states generated by the RNN (6). The gradient for long-term dependencies satisfies
the representation formula,

0" Oralr I -
Guis = At )t o z;Ggi_l,ap_l (y*' =¥') + 0(At?), (62)

with the coefficients given by,

a+zllé7p ~ 1,p\ ./ 1,p 1,p
owlr —Ato(cP)o' (ALL))y, 2y
) n (63)
Goi12p1=» GYG3, V1<i<m, GI =-—(5(c"))% (AL,) VL, ¢=23.
j=1
Proof. Following the definition (44) and as L = 3 and § = w'*P, we have,
ag(”vg) & 9X3 otxt
k1o 0&, 0X; 07Xy (64)

owlr "~ X3 0X1t owle’
We will explicitly compute all three expressions on the right-hand-side of (64).

In (48), we have already explicitly computed the right most expression in the RHS of (64). Using the product rule (19) we
have,

oX3 90X} 0X2 ﬁ oX}
X} 0X2 X! !

(65)

. .. . > ST
Note that we have already obtained an explicit representation formula for ] axT— in (57).
j=k41 971

3 2
Next we consider the matrices g%% and %' By the representation formula (22), we have the following decomposition for

any 1 < g <n,
0X4

XTI = A2GT™ + AtH?™, (66)
with,
GY{" 0o G&* 0 ... ... G{» 0
0 0 0 0o ... ... 0 0
Gq’n _ 7 GZ:gk _ —(&(cq’i))2al (A;]Ill> V?{a (67)
QI 0 G0 Qs 0

0 0 0 0 ... ... 0 0



Supplementary Material for ”UnICORNN: A recurrent model for learning very long time dependencies”

and
0 0 0 0 ... ... 0 0
H" 0 HYY 0o ... ... H{ 0
HOm — ’ Hg:;k:*6(Cq’i)al(Ag{i1)Vg} (68)
0 0 0 0 ... ... 0 0
HYY 0 HYY 0 ... ... HZ" 0

It is straightforward to see from (68) and (67) that,
HY"H" = Ogsam,  GPH?" = Opam, (69)

and the entries of the 2m x 2m matrix G = G3"G?™ are given by,

m

Goro126-1 = Z G?;;‘GZ’" Gor_19s = Goros—1 = Gopas =0, V1<rs<m, (70)

2,8
j=1

while the entries of the 2m x 2m matrix H = H3>"G?" are given by

Hyp 051 = E HffGig‘, Hor12s-1 =Har 195 = Hap0, =0, V1<rs<m. (71)
j=1
Hence we have,
OX3OX2
= At (G + At 'H). 72

Taking the matrix-vector product of (72) with (60), we obtain

0X3 9t X1 oty,? otz P\ - . _ - T
8X}£ 6W1’]; = At4 < awlkjp + 011]2 awllip [G1,2p717 At 1H2,2p717 R G2m71,2p717 At 1H2m,2p71] + O(Atﬁ)
4p a+z11€’p ~ 15 =~ 15 T 6
= At Clgm [G12p—1, At Ho 91, ..., Gap—1,2p—1, At ' Hap0p 1] + O(AL°),
(73)
+ 1P
where the last identify follows from the fact that %“f'l’fp = O(At?).
Therefore, taking the products of (61) and (73), we obtain the desired identity (62).
O

An inspection of the representation formula (62) shows that as long as the weights are O(1) and from the bounds (7), we
know that y ~ O(1), the gradient

oey?
owlp

where the additional At stems from the At¢-term in (48). Thus the gradient does not depend on the recurrent step k. Hence,
there is no vanishing gradient problem with respect to the number of recurrent connections, even in the multi-layer case.

~ O(AtY),

However, it is clear from the representation formulas (46) and (62), as well as the proof of proposition C.4 that for L-hidden
layers in UnICORNN (6), we have,

(n,L)

k,1 2L—1
Thus, the gradient can become very small if too many layers are stacked together. This is not at all surprising as such a
behavior occurs even if there are no recurrent connections in UnICORNN (6). In that case, we simply have a fully connected
deep neural network and it is well-known that the gradient can vanish as the number of layers increases, making it harder to
train deep networks.
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C.5. Residual stacking of layers in UnICORNN.

Given the above considerations, it makes imminent sense to modify the fully-connected stacking of layers in UnICORNN
(6) if a moderately large number of layers (L > 4) are used. It is natural to modify the fully-connected stacking with a
residual stacking, see (Li et al., 2019). We use the following form of residual stacking,

Yo =Yh_1+ Ate(ch) 0z, (75)
sz = sz*l - At&(ce) Olo (WZ © yghl + Xﬁ + bl) + OQ’fol]» (76)

where the input x/ corresponds to a residual connection skipping S layers, i.e.

o = {Aeyfl_s_1 —|—Veyfl_1, forl > S

o viyet forl < S’

The number of skipped layers is 2 < S and A’ € R™*™ is a trainable matrix.

The main advantages of using a residual staking such as (75) is to alleviate the vanishing gradient problem that arises from
stacking multiple layers together and obtain a better scaling of the gradient than (74). To see this, we can readily follow the
proof of proposition C.4, in particular the product,

OX X T Xy X

- (77
1 L—sS —1 0
0Xy, s=1 Xy =2 OXa (=1 0X},
with,
L [£], if LmodS #0, 78)
[é] —1, if LmodS=0.

Here [z] € N is the largest natural number less than or equal to « € R.

Given the additive structure in the product of gradients and using induction over matrix products as in (69) and (70), we can
compute that,
2. o (At“”*L*"S’l)) Lo (AtQ(L71)> (79)
oxXL '

By choosing S large enough, we clearly obtain that v+ L — S — 1 < L — 1. Hence by repeating the arguments of the proof
of proposition C.4, we obtain that to leading order, the gradient of the residual stacked version of UnICORNN scales like,

ey

an’p

~ O (At2u+2L72usfl) ) (80)

Note that (80) is far more favorable scaling for the gradient than the scaling (74) for a fully connected stacking. As a
concrete example, let us consider L = 7 i.e., a network of 7 stacked layers of UniCORNN. From (74), we see that the
gradient scales like O(At'?) in this case. Even for a very moderate values of At < 1, this gradient will be very small and
will ensure that the first layer will have very little, if any, influence on the loss function gradients. On the other hand, for the
same number of layers L = 7, let us consider the residual stacking (75) with S' = 3 skipped connections. In this case v = 2
and one directly concludes from (80) that the gradient scales like O(AtS), which is significantly larger than the gradient
for the fully connected version of UnICORNN. In fact, it is exactly the same as the gradient scaling for fully connected
UnICORNN (6) with 3 hidden layers (62). Thus, introducing skipped connections enabled the gradient to behave like a
shallower fully-connected network, while possibly showing the expressivity of a deeper network.

D. Chaotic time-series prediction: Lorenz 96 system

It is instructive to explore limitations of the proposed UnICORNN. It is straightforward to prove, along the lines of the proof
of proposition C.1, that the UnICORNN architecture does not exhibit chaotic behavior with respect to changes in the input.
While this property is highly desirable for many applications where a slight change in the input should not lead to a major
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(possibly unbounded) change in the output, it impairs the performance on tasks where an actual chaotic system has to be
learned.

Following the experiment in (Rusch & Mishra, 2021), we aim to predict future states of a dynamical system, following the
Lorenz 96 system (Lorenz, 1996):

2 = (Tip1 — Tip)ri1 — x; + F, (81)
where x; € Rforall j =1,...,5 and F'is an external force controlling the level of chaos in the system.

We consider two different choices for the external force, namely F' = 0.9 and ' = 8. While the first one produces
non-chaotic trajectories, the latter leads to a highly chaotic system. We discretize the system exactly along the lines of
(Rusch & Mishra, 2021), resulting in 128 sequences of length 2000 for each the training, validation and testing set. Table 2

Table 2. Test NRMSE on the Lorenz 96 system (81) for UnICORNN, coRNN and LSTM.

Model F=09 F=38 #units  # params
LSTM (Rusch & Mishra, 2021) 2.0 x 1072 6.8 x 1072 44 9k
coRNN (Rusch & Mishra, 2021) 2.0 x 1072 9.8 x 1072 64 9k
UnICORNN (L=2) 22x1072 3.1x10"% 90 ok

shows the normalized root mean square error (NRMSE) for UnICORNN as well as for coRNN and an LSTM, where all
models have 9k parameters. We can see that UnICORNN performs comparably to coRNN and LSTM in the chaos-free
regime (i.e. F' = 0.9), while performing poorly compared to an LSTM when the system exhibits chaotic behavior (i.e.
F' = 8). This is not surprising, as LSTMs are shown to be able to exhibit chaotic behavior (Laurent & von Brecht, 2017),
while coRNN and UnICORNN are not chaotic by design. This shows also numerically that UnICORNN should not be used
for chaotic time-series prediction.

E. Further experimental results

As we compare the results of the UnICORNN to the results of other recent RNN architecture, where only the best results of
each RNN were published for the psMNIST, noise padded CIFAR-10 and IMDB task, we as well show the best (based on
a validation set) obtained results for the UnICORNN in the main paper. However, distributional results, i.e. statistics of
several re-trainings of the best performing Un[CORNN based on different random initialization of the trainable parameters,
provide additional insights into the performance. Table 3 shows the mean and standard deviation of 10 re-trainings of the
best performing UnICORNN for the psMNIST, noise padded CIFAR-10 and IMDB task. We can see that in all experiments
the standard deviation of the re-trainings are relatively low, which underlines the robustness of our presented results.

Table 3. Distributional information (mean and standard deviation) on the results for the classification experiment presented in the paper,
where only the best results is shown, based on 10 re-trainings of the best performing UnICORNN using different random seeds.

Experiment Mean  Standard deviation

psMNIST (128 units) 97.7% 0.09%
psMNIST (256 units) 98.2% 0.22%
Noise padded CIFAR-10 61.5% 0.52%
IMDB 88.1% 0.19%

As emphasized in the main paper and in the last section, naively stacking of many layers for the UnICORNN might result in
a vanishing gradient for the deep multi-layer model, due to the vanishing gradient problem of stacking many (not necessarily
recurrent) layers. Following section C.5, one can use skipped residual connections and we see that the estimate on the
gradients scale preferably when using residual connections compared to a naively stacking, when using many layers. To
test this also numerically, we train a standard UnICORNN (6) as well as a residual UnICORNN (res-UnICORNN) (75),
with S = 2 skipping layers, on the noise padded CIFAR-10 task. Fig. 1 shows the test accuracy (mean and standard
deviation) of the best resulting model for different number of network layers L = 3, . .., 6, for the standard UnICORNN and
res-UnICORNN. We can see that while both models seem to perform comparably for using only few layers, i.e. L = 3,4,
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the res-UnICORNN with S' = 2 skipping connections outperforms the standard UnICORNN when using more layers, i.e.
L =5, 6. In particular, we can see that the standard UnICORNN is not able to significantly improve the test accuracy when
using more layers, while the res-UnICORNN seems to obtain higher test accuracies when using more layers.

Moreover, Fig. 1 also shows the test accuracy for a UnICORNN with an untrained time-step vector c, resulting in a
UnICORNN without the multi-scale property generated by the time-step. We can see that the UnI[CORNN without the
multi-scale feature is inferior in performance, to the standard UnICORNN as well as its residual counterpart.

40
— Wl — Wl
2
=
o)
C
5 20
5 60
C
0
2 res-UnICORNN 10
58/ — UnlCORNN
—— UnlCORNN w/o multiscale
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Figure 1. Test accuracies (mean and standard deviation of 10 re- Figure 2. Norms (mean and standard deviation of 10 re-trainings)
trainings of the best performing model) of the standard Unl- of the hidden weights ||w'||oo, for I = 1,2, 3, of the UnICORNN
CORNN, res-UnICORNN and UnICORNN without multi-scale during training.

behavior on the noise padded CIFAR-10 experiment for different

number of layers L.

Finally, we recall that the estimate (14) on the gradients for UnICORNN (6) needs the weights to be bounded, see (15). One
always initializes the training with bounded weights. However, it might happen that the weights explode during training. To
check this issue, in Fig. 2, we plot the mean and standard deviation of the norms of the hidden weights w' for [ = 1,2, 3
during training based on 10 re-trainings of the best performing UnICORNN on the noise padded CIFAR-10 experiment. We
can see that none of the norms of the weights explode during training. In fact the weight norms seem to saturate, mostly on
account of reducing the learning rate after 250 epochs. Thus, the upper bound (14) can be explicitly computed and it is
finite, even after training has concluded.
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