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Abstract

We present a new paradigm for Neural ODE algorithms, called ODEtoODE,
where time-dependent parameters of the main flow evolve according to a matrix
flow on the orthogonal group O(d). This nested system of two flows, where the
parameter-flow is constrained to lie on the compact manifold, provides stability
and effectiveness of training and provably solves the gradient vanishing-explosion
problem which is intrinsically related to training deep neural network architectures
such as Neural ODEs. Consequently, it leads to better downstream models, as we
show on the example of training reinforcement learning policies with evolution
strategies, and in the supervised learning setting, by comparing with previous SOTA
baselines. We provide strong convergence results for our proposed mechanism that
are independent of the depth of the network, supporting our empirical studies. Our
results show an intriguing connection between the theory of deep neural networks
and the field of matrix flows on compact manifolds.

1 Introduction
Neural ODEs [13} 10, 27] are natural continuous extensions of deep neural network architectures,

with the evolution of the intermediate activations governed by an ODE:

dXt

E :f(xt7t79)7 (1)

parameterized by § € R™ and where f : R? x R x R” — R? is some nonlinear mapping defining
dynamics. A solution to the above system with initial condition x is of the form:

t
Xt = Xy, —|—/ f(xs,s,0)ds,
to

and can be approximated with various numerical integration techniques such as Runge-Kutta or Euler
methods [48]]. The latter give rise to discretizations:

Xt+dt = Xt + f(Xt,t, a)dta
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that can be interpreted as discrete flows of ResNet-like computations [29] and establish a strong
connection between the theory of deep neural networks and differential equations. This led to
successful applications of Neural ODEs in machine learning. Those include in particular efficient
time-continuous normalizing flows algorithms [[1 1] avoiding the computation of the determinant of
the Jacobian (a computational bottleneck for discrete variants), as well as modeling latent dynamics
in time-series analysis, particularly useful for handling irregularly sampled data [44]. Parameterized
neural ODEs can be efficiently trained via adjoint sensitivity method [[13]] and are characterized
by constant memory cost, independent of the depth of the system, with different parameterizations
encoding different weight sharing patterns across infinitesimally close layers.

Such Neural ODE constructions enable deeper models than would not otherwise be possible with a
fixed computation budget; however, it has been noted that training instabilities and the problem of
vanishing/exploding gradients can arise during the learning of very deep systems [43} 4} 23]].

To resolve these challenges for discrete recurrent neural network architectures, several improvements
relying on transition transformations encoded by orthogonal/Hermitian matrices were proposed
[2}133]. Orthogonal matrices, while coupled with certain classes of nonlinear mappings, provably
preserve norms of the loss gradients during backpropagation through layers, yet they also incur
potentially substantial Riemannian optimization costs [211 [14} 28| [1]]. Fortunately, there exist several
efficient parameterizations of the subgroups of the orthogonal group O(d) that, even though in
principle reduce representational capacity, in practice produce high-quality models and bypass
Riemannian optimization [36} 40, 134]. All these advances address discrete settings and thus it is
natural to ask what can be done for continuous systems, which by definition are deep.

In this paper, we answer this question by presenting a new paradigm for Neural ODE algorithms, called
ODEtoODE, where time-dependent parameters of the main flow evolve according to a matrix flow
on the orthogonal group O(d). Such flows can be thought of as analogous to sequences of orthogonal
matrices in discrete structured orthogonal models. By linking the theory of training Neural ODEs with
the rich mathematical field of matrix flows on compact manifolds, we can reformulate the problem of
finding efficient Neural ODE algorithms as a task of constructing expressive parameterized flows on
the orthogonal group. We show in this paper on the example of orthogonal flows corresponding to
the so-called isospectral flows [8l 9} [16]], that such systems studied by mathematicians for centuries
indeed help in training Neural ODE architectures (see: ISO-ODEtoODEs in Sec. [3.1)). There is a
voluminous mathematical literature on using isospectral flows as continuous systems that solve a
variety of combinatorial problems including sorting, matching and more [8} 9]], but to the best of our
knowledge, we are the first who propose to learn them as stabilizers for training deep Neural ODE:s.

Our proposed nested systems of flows, where the parameter-flow is constrained to lie on the compact
manifold, provide stability and effectiveness of training, and provably solve the gradient vanish-
ing/exploding problem for continuous systems. Consequently, they lead to better downstream models,
as we show on a broad set of experiments (training reinforcement learning policies with evolution
strategies and supervised learning). We support our empirical studies with strong convergence results,
independent of the depth of the network. We are not the first to explore nested Neural ODE struc-
ture (see: [55]]). Our novelty is in showing that such hierarchical architectures can be significantly
improved by an entanglement with flows on compact manifolds.

To summarize, in this work we make the following contributions:

e We introduce new, explicit constructions of non-autonomous nested Neural ODEs (ODEtoODESs)
where parameters are defined as rich functions of time evolving on compact matrix manifolds (Sec.
[3). We present two main architectures: gated-ODEtoODEs and ISO-ODEtoODEs (Sec. [3.1).

e We establish convergence results for ODEtoODEs on a broad class of Lipschitz-continuous
objective functions, in particular in the challenging reinforcement learning setting (Sec. [4.2)).

e We then use the above framework to outperform previous Neural ODE variants and baseline
architectures on RL tasks from OpenAI Gym and the DeepMind Control Suite, and simultaneously
to yield strong results on image classification tasks. To the best of our knowledge, we are the first to
show that well-designed Neural ODE models with a compact number of parameters make them good
candidates for training reinforcement learning policies via evolutionary strategies (ES) [15].

All proofs are given in the Appendix. We conclude in Sec. [6]and discuss broader impact in Sec.



2 Related work

Our work lies in the intersection of several fields: the theory of Lie groups, Riemannian geometry
and deep neural systems. We provide an overview of the related literature below.

Matrix flows. Differential equations (DEs) on manifolds lie at the heart of modern differential
geometry [[17] which is a key ingredient to understanding structured optimization for stabilizing
neural network training [[14]. In our work, we consider in particular matrix gradient flows on O(d)
that are solutions to trainable matrix DEs. In order to efficiently compute these flows, we leverage
the theory of compact Lie groups that are compact smooth manifolds equipped with rich algebraic
structure [351[7,/42]). For efficient inference, we apply local linearizations of O(d) via its Lie algebra
(skew-symmetric matrices vector spaces) and exponential mappings [50] (see: Sec. [3).

Hypernetworks. An idea to use one neural network (hypernetwork) to provide weights for another
network [26] can be elegantly adopted to the nested Neural ODE setting, where [S5] proposed
to construct time-dependent parameters of one Neural ODE as a result of concurrently evolving
another Neural ODE. While helpful in practice, this is insufficient to fully resolve the challenge of
vanishing and exploding gradients. We expand upon this idea in our gated-ODEtoODE network, by
constraining the hypernetwork to produce skew-symmetric matrices that are then translated to those
from the orthogonal group O(d) via the aforementioned exponential mapping.

Stable Neural ODEs. On the line of work for stabilizing training of Neural ODEs, [22]] proposes
regularization based on optimal transport, while [37] adds Gaussian noise into the ODE equation,
turning it into a stochastic dynamical system. [20] lifts the ODE to a higher dimensional space to
prevent trajectory intersections, while [25][39] add additional terms into the ODE, inspired by well
known physical dynamical systems such as Hamiltonian dynamics.

Orthogonal systems. For classical non-linear networks, a broad class of methods which improve
stability and generalization involve orthogonality constraints on the layer weights. Such methods
range from merely orthogonal initialization [46, |32]] and orthogonal regularization [3} 53] to methods
which completely constrain weight matrices to the orthogonal manifold throughout training using
Riemannian optimization [35]], by projecting the unconstrained gradient to the orthogonal group O(d)
[47]. Such methods have been highly useful in preventing exploding/vanishing gradients caused by
long term dependencies in recurrent neural networks (RNNs) [30,31]]. [52,[12]] note that dynamical
isometry can be preserved by orthogonality, which allows training networks of very large depth.

3 Improving Neural ODEs via flows on compact matrix manifolds

Our core ODEtoODE architecture is the following nested Neural ODE system:

{X_t = [(Wixy) 2)
Wt = Wtb¢(t, Wt)

for some function f : R — R (applied elementwise), and a parameterized function: by, : R x Rxd
Skew(d), where Skew (d) stands for the vector space of skew-symmetric (antisymmetric) matrices
in R?¥4, We take W € O(d), where the orthogonal group O(d) is defined as: O(d) = {M €
R4 . MTM = I,}. It can be proven [35] that under these conditions W; € O(d) for every
t > 0. In principle ODEtoODE can exploit arbitrary compact matrix manifold X (with b,, modified
respectively so that second equation in Formula [2] represents on-manifold flow), yet in practice we
find that taking ¥ = O(d) is the most effective. Furthermore, for ¥ = O(d), the structure of by, is
particularly simple, it is only required to output skew-symmetric matrices. Schematic representation
of the ODEtoODE architecture is given in Fig. I} We take as f a function that is non-differentiable
in at most finite number of its inputs and such that | f'(x)| = 1 on all others (e.g. f(z) = |z]).

3.1 Shaping ODEtoODEs

An ODEtoODE is defined by: xg, Wy (initial conditions) and b,,. Vector x( encodes input data e.g.
state of an RL agent (Se or an image (Sec. [5.2). Initial point Wy, of the matrix flow can be
either learned (see: Sec. [3.2) or sampled upfront uniformly at random from Haar measure on O(d).
We present two different parameterizations of by, leading to two different classes of ODEtoODEs:

ISO-ODEtoODESs: Those leverage a popular family of the isospectral flows (i.e. flows pre-
serving matrix spectrum), called double-bracket flows, and given as: H; = [H,, [H;, N]|, where:
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Figure 1: Schematic representation of the discretized ODEtoODE architecture. On the left: nested ODE
structure with parameters of the main flow being fed with the output of the matrix flow (inside dashed contour).
On the right: the matrix flow evolves on the compact manifold X, locally linearized by vector space 7" and with
mapping I" encoding this linearization (O¢ = by (t, W)).

Q= ef Hy, N € Sym(d) C R¥*4, Sym(d) stands for the class of symmetric matrices in R4*? and []

def
denotes the Lie bracket: [A,B] = AB — BA. Double-bracket flows with customized parameter-
matrices Q, N can be used to solve various combinatorial problems such as sorting, matching, etc.
[9]. It can be shown that H; is similar to Hy for every ¢ > 0, thus we can write: H; = W, HyW 1

where W, € O(d). The corresponding flow on O(d) has the form: W, = W,[(W,)T QW ,, N] and

we take: biff’(t, W) &ef [(W;)TQW,, N], where ) = (Q, N) are learnable symmetric matrices. It

is easy to see that by, outputs skew-symmetric matrices.

Gated-ODEtoODEs: In this setting, inspired by [10,[55]], we simply take bgamd = Zj LaB
where d stands for the number of gates, a = (a1, ...,aq) are learnable coefficients and B;} déf

Y (FYYT  Here { £ i—1.__q are outputs of neural networks parameterized by 1/*s and producin
i i i s p p y p g
unstructured matrices and ¢» = concat(a, 1, ..., 1)?). As above, biated outputs matrices in Skew(d).

3.2 Learning and executing ODEtoODEs

Note that most of the parameters of ODEtoODE from Formula [2] are unstructured and can be
trained via standard methods. To train an initial orthogonal matrix W, we apply tools from the
theory of Lie groups and Lie algebras [33]. First, we notice that O(d) can be locally linearized
via skew-symmetric matrices Skew(d) (i.e. a tangent vector space Tw to O(d) in W € O(d) is
of the form: Ty = W - Sk(d)). We then compute Riemannian gradients which are projections of
unstructured ones onto tangent spaces. For the inference on O(d), we apply exponential mapping

(W) def exp(nby (t, W)), where 7 is the step size, leading to the discretization of the form:
Wiia = W I'(Wy) (see: Fig.[1).

4 Theoretical results
4.1 ODEtoODE:s solve gradient vanishing/explosion problem

First we show that ODEtoODEs do not suffer from the gradient vanishing/explosion problem, i.e. the
norms of loss gradients with respect to intermediate activations x; do not grow/vanish exponentially
while backpropagating through time (through infinitesimally close layers).

Lemma 4.1 (ODEtoODES for gradient stabilization). Consider a Neural ODE on time interval [0, T
and given by Formula Let L = L(xr) be a differentiable loss function. The following holds for
any t € [0,1], where e = 2.71828... is Euler constant:

1, 0L oL
gl < || ||2 <els

H2- 3)



4.2 ODEtoODE:s for training reinforcement learning policies with ES

Here we show strong convergence guarantees for ODEtoODE. For the clarity of the exposition, we
consider ISO-ODEtoODE, even though similar results can be obtained for gated-ODEtoODE. We
focus on training RL policies with ES [45], which is mathematically more challenging to analyze
than supervised setting, since it requires applying ODEtoODE several times throughout the rollout.
Analogous results can be obtained for the conceptually simpler supervised setting.

Let env : R? x R™ — R? x R be an “environment” function such that it gets current state s;, € R?
and action encoded as a vector a; € R™ as its input and outputs the next state s;; and the next
score value I 1 € R: (Sgy1, k1) = env(sg, ax). We treat env as a “black-box” function, which
means that we evaluate its value for any given input, but we don’t have access to env’s gradients. An
overall score L is a sum of all per-step scores [;; for the whole rollout from state s to state s

K
L(so,a9,...,aK_1) = Zl;€7 VEe{l,...,K}: (sg,lx) = env(sg_1,a5_1). 4)
k=1

We assume that s is deterministic and known. The goal is to train a policy function gy : R? — R™
which, for the current state vector s € R?, returns an action vector a = gg(s) where @ are trained
parameters. By Stiefel manifold ST (dy, d2) we denote a nonsquare extension of orthogonal matrices:
if di > dy then ST (dy,d2) = {Q € R4*%2|QTQ = [}, otherwise ST (d1,dz) = {Q €
Ré1xd2 | QT = T}. We define gy as an ODEtoODE with Euler discretization given below:

. 1
go(s) = Qoxy, xo=Es, Vie{l,...,N}:x;=x;1+ Nf(wixi—l +b) S

1
W, =G;_; eXP(N

0={Q €ST(n,d),Q2 € ST(m,n),beR*" N €S(n),QeS(n),WyeOn)}eh

where by D we denote §’s domain: D = ST (n,d) X ST (m,n) x R™ x S(n) x S(n) x O(n). Define
a final objective F' : D — R to maximize as

F(0) = L(so,a9,...,ax-1), Vke{l,...,K}:ap_1=go(Sp_1) @)

For convenience, instead of (Soyut,!) = env(si,,a) we will write o,y = env()(s;,,a) and | =
env(® (s;,,a). In our subsequent analysis we will use a not quite limiting Lipschitz-continuity
assumption on env which intuitively means that a small perturbation of env’s input leads to a small

perturbation of its output. In addition to that, we assume that per-step loss I, = env(? (Sk—1,ak—-1)
is uniformly bounded.

(W QW N NwLQwi_u) e 0(d), ®)

Assumption 4.2. There exist M, Ly, Ly > 0 such that for any s',s"” € R? a’,a"” € R™ it holds:
lenv® (s a’)| < M, [lenvV(s',a") — envV(s”,a")||y < L16,
lenv® (s, a') — env? (s” a”)| < Ly, 6 =|s' —s"|2+ |Ja’ —a”|.

Assumption 4.3. f(-) is Lipschitz-continuous with a Lipschitz constant 1: Vx' 2" e R : |f(z') —
f@)| < |a" — 2”|. In addition to that, f(0) = 0.

Instead of optimizing F'(6) directly, we opt for optimization of a Gaussian-smoothed proxi F,(6):
Fg(é)) = EENN(O,I)F(a + CTE)
where o > 0. Gradient of F,,(#) has a form:
1
VF, (9) = ;EENN(O,I)F(H + 06)67

which suggests an unbiased stochastic approximation such that it only requires to evaluate F'(6), i.e.
no access to F’s gradient is needed, where v is a chosen natural number:

~ 1 <&
VE,(0) = — S F(O+oew)ew, €. e ~iid N(0,T),
w=1



By defining a corresponding metric, D becomes a product of Riemannian manifolds and a Riemannian
manifold itself. By using a standard Euclidean metric, we consider a Riemannian gradient of F,(6):

1 1
VRE,(0) = {Va, Q] = Vg, Va,2 — 2Vq,, Ve, 5 (VN + Vi), 5(Va + Vg), (®)
Vw,Wg — WV, }, where {Va,,Va,, Vb, VN, Vq, Vw,} = VF,(9). 9)

We use Stochastic Riemannian Gradient Descent [6] to maximize F'(f). Stochastic Riemannian

gradient estimate V' F,, (6) is obtained by substituting V — ¥ in (8{9). The following Theorem
proves that SRGD is converging to a stationary point of the maximization objective F'(6) with rate
O(7795%¢) for any ¢ > 0. Moreover, the constant hidden in O(7%-57¢) rate estimate doesn’t
depend on the length N of the rollout.

Theorem 1. Consider a sequence {#(7) = {{QY), Qg), b(") N Q) W(()T)} € D}, where
6©) is deterministic and fixed and for each T > 0:

ol = exp(aT%g,)Ql)ﬂngl), ol = exp(oq%%’)nz)ﬂgfl), b =pT=1 4 aﬁg?b,
N =N 4 arﬁg,)Nv Q(T) = Q(T_l) + a‘rﬁg,)Q’ W(()T) = exp(aTﬁg?wo)WéT*1)7
Vi, Vi, Vb Vin Vil Viw, ) = VRE(07), oz =777

Then ming<, < E[|[Vr Fy (07 )31 Fr.p.p,] < E -7 05F€ for any € > 0 where £ doesn’t depend
on N and D, D, > 0 are constants and F; p p, denotes a condition that for all 7' < T it holds

IN 2, 1QV |2 < D, [IbT)l2 < Dy

5 Experiments

We run two sets of experiments comparing ODEtoODE with several other methods in the supervised
setting and to train RL policies with ES. To the best of our knowledge, we are the first to propose
Neural ODE architectures for RL-policies and explore how the compactification of the number of
parameters they provide can be leveraged by ES methods that benefit from compact models [15]].

5.1 Neural ODE policies with ODEtoODE architectures
5.1.1 Basic setup

In all Neural ODE methods we were integrating on the time interval [0, 7] for T = 1 and applied
discretization with integration step size = 0.04 (in our ODEtoODE we used that 7 for both: the
main flow and the orthogonal flow on O(d)). The dimensionality of the embedding of the input state
s was chosen to be h = 64 for OpenAl Gym Humanoid (for all methods but HyperNet, where we
chose h = 16, see: discussion below) and h = 16 for all other tasks.

Neural ODE policies were obtained by a linear projection of the input state into embedded space
and Neural ODE flow in that space, followed by another linear projection into action-space. In
addition to learning the parameters of the Neural ODEs, we also trained their initial matrices and
those linear projections. Purely linear policies were proven to get good rewards on OpenAl Gym
environments [38]], yet they lead to inefficient policies in practice [14]; thus even those environments
benefit from deep nonlinear policies. We enriched our studies with additional environments from
Deep Mind Control Suite. We used standard deviation stddev = 0.1 of the Gaussian noise defining
ES perturbations, ES-gradient step size 6 = 0.01 and function o(x) = |z| as a nonlinear mapping. In
all experiments we used & = 200 perturbations per iteration [[15].

Number of policy parameters: To avoid favoring ODEtoODEs, the other architectures were
scaled in such a way that they has similar (but not smaller) number of parameters. The ablation
studies were conducted for them across different sizes and those providing best (in terms of the final
reward) mean curves were chosen. No ablation studies were run on ODEtoODEs.
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Figure 2: Comparison of different algorithms: ODEtoODE, DeepNet, DeepResNet, BaseODE, NANODE
and HyperNet on four OpenAI Gym and four DeepMind Control Suite tasks. HyperNet on Swimmer,
Swimmer_15 and Humanoid_Stand as well as DeepNet on Humanoid were not learning at all so corresponding
curves were excluded. For HalfCheetah and HyperNet, there was initially a learning signal (red spike at
the plot near the origin) but then curve flattened at 0. Each plot shows mean +- stdev across s = 10 seeds.
HyperNet was also much slower than all other methods because of unstructured hypernetwork computations.
Humanoid corresponds to OpenAl Gym environment and two its other versions on the plots to DeepMind
Control Suite environment (with two different tasks).

5.1.2 Tested methods
We compared the following algorithms including standard deep neural networks and Neural ODEs:

ODEtoODE: Matrices corresponding to linear projections were constrained to be taken from
Stiefel manifold ST (d) (a generalization of the orthogonal group O(d)). Evolution strategies
(ES) were applied as follows to optimize entire policy. Gradients of Gaussian smoothings of the
function: F' : R™ — R mapping vectorized policy (we denote as m the number of its parameters) to



obtained reward were computed via standard Monte Carlo procedure [[15]]. For the part of the gradient
vector corresponding to linear projection matrices and initial matrix of the flow, the corresponding
Riemannian gradients were computed to make sure that their updates keep them on the respective
manifolds [14]. The Riemannian gradients were then used with the exact exponential mapping
from Skew(d) to O(d). For unconstrained parameters defining orthogonal flow, standard ES-update
procedure was used [45]. We applied ISO-ODEtoODE version of the method (see: Sec. [3.1)).

Deep(Res)Net: In this case we tested unstructured deep feedforward fully connected (ResNet)
neural network policy with £ = 25 hidden layers.

BaseODE: Standard Neural ODE d’;(tt) = f(x:), where f was chosen to be a feedforward fully

connected network with with two hidden layers of size h.
NANODE: This leverages recently introduced class of Non-Autonomous Neural ODEs (NAN-
ODEs) [19] that were showed to substantially outperform regular Neural ODEs in supervised training

[19]. NANODE:s rely on flows of the form: d’fiit) = o(W;x;). Entries of weight matrices W are
values of d-degree trigonometric polynomials [19] with learnable coefficients. In all experiments we
used d = 5. We observed that was an optimal choice and larger values of d, even though improving
model capacity, hurt training when number of perturbations was fixed (as mentioned above, in all
experiments we used k = 200).

HyperNet: For that method [55], matrix W, was obtained as a result of the entangled neural ODE
in time ¢ after its output de-vectorization (to be more precise: the output of size 256 was reshaped
into a matrix from R16*16) We encoded the dynamics of that entangled Neural ODE by a neural
network f with two hidden layers of size s = 16 each. Note that even relatively small hypernetworks
are characterized by large number of parameters which becomes a problem while training ES policies.
We thus used h = 16 for all tasks while running HyperNet algorithm. We did not put any structural
assumptions on matrices W, in particular they were not constrained to belong to O(d).

5.1.3 Discussion of the results

The results are presented in Fig. 2] Our ODEtoODE is solely the best performing algorithm on four
out of eight tasks: Humanoid, HalfCheetah, Humanoid_Stand and Swimmer_15 and is one of the
two best performing on the remaining four. It is clearly the most consistent algorithm across the
board and the only one that learns good policies for Humanoid. Each of the remaining methods
fails on at least one of the tasks, some such as: HyperNet, DeepNet and DepResNet on more.
Exponential mapping (Sec. computations for ODEtoODEs with hidden representations h < 64
took negligible time (we used well-optimized scipy.linalg.expm function). Thus all the algorithms
but HyperNet (with expensive hypernetwork computations) had similar running time.

5.2 Supervised learning with ODEtoODE architectures

We also show that ODEtoODE can be effectively applied in supervised learning by comparing it
with multiple baselines on various image datasets.

5.2.1 Basic setup

All our supervised learning experiments use the Corrupted MNIST [41] (11 different variants)
dataset. For all models in Table 1, we did not use dropout, applied hidden width w = 128, and trained
for 100 epochs. For all models in Table 2, we used dropout with = 0.1 rate, hidden width w = 256,
and trained for 100 epochs. For ODEtoODE variants, we used a discretization of = 0.01.

5.2.2 Tested methods

We compared our ODEtoODE approach with several strong baselines: feedforward fully connected
neural networks (Dense), Neural ODE:s inspired by [13] (NODE), Non-Autonomous Neural ODEs
[19] (NANODE) and hypernets [55] (HyperNet). For NANODE, we vary the degree of the
trigonometric polynomials. For HyperNet, we used its gated version and compared against gated-
ODEEt0ODE (see: Sec. [3.I). In this experiment, we focus on fully-connected architecture variants
of all models. As discussed in prior work, orthogonality takes on a different form in the convolutional
case [49], so we reserve discussion of this framing for future work.

5.2.3 Discussion of the results

The results are presented in Table [T and Table 2] below. Our ODEtoODE outperforms other model
variants on 11 out of the 15 tasks in Table[I] On this particularly task, we find that ODEtoODE-1,



whereby we apply a constant perturbation to the hidden units (0) works best. We highlighted the
best results for each task in bolded blue.

Models Dense-1 Dense-10 NODE NANODE-1 NANODE-10 HyperNet-1 HyperNet-10 ODEtoODE-1 ODEtoODE-10
Dotted Lines 92.99 88.22 91.54 92.42 92.74 91.88 91.9 95.42 95.22
Spatter 93.54 89.52 92.49 93.13 93.15 93.19 93.28 94.9 94.9
Stripe 30.55 20.57 36.76 16.4 21.37 19.71 18.69 44.51 44.37
Translate 25.8 24.82 27.09 28.97 29.31 29.42 29.3 26.82 26.63
Rotate 82.8 80.38 82.76 83.19 83.65 835 83.56 83.9 84.1
Scale 58.68 62.73 62.05 66.43 66.63 67.84 68.11 66.68 66.76
Shear 91.73 89.52 91.82 92.18 93.11 92.33 92.48 93.37 92.93
Motion Blur 78.16 67.25 75.18 76.53 79.22 78.82 78.33 78.63 77.58
Glass Blur 91.62 84.89 87.94 90.18 91.07 91.3 91.17 93.91 93.29
Shot Noise 96.16 91.63 94.24 94.97 94.73 94.76 94.81 96.91 96.71
Identity 97.55 95.73 97.61 97.65 97.69 97.72 97.54 97.94 97.88

Table 1: Test accuracy comparison of different methods. Postfix terms refer to hidden depth for Dense,
trigonometric polynomial degree for NANODE, and number of gates for HyperNet and ODEtoODE.

Models Dense-1 Dense-2 Dense-4 NODE NANODE-1 NANODE-2 NANODE-4 HyperNet-1 HyperNet-2 HyperNet-4 ODEtoODE-1 ODEtoODE-2 ODEtoODE-4
Dotted Line 94.47 93.21 91.88 92.9 92 92.02 92.02 92.35 9291 92.57 95.64 95.66 95.6
Spatter 94.52 93.59 93.63 93.32 92.81 92.82 92.84 94.09 93.94 93.73 95.28 95.47 95.29
Stripe 29.69 32.73 31.49 36.08 27.32 23.56 24.66 30.86 3112 29.1 36.25 2821 31.91
Translate 25.85 28.35 27.27 29.13 29.11 29.24 28.7 29.85 29.68 29.87 25.61 26.1 26.42
Rotate 83.62 83.73 83.88 83.09 82.5 82.77 83.03 83.96 84.04 84.13 85.1 85.03 84.72
Scale 61.41 65.07 63.72 63.62 65.49 65.33 64.03 69.51 68.77 69.8 67.97 66.95 67.09
Shear 92.25 92.76 92.55 9227 92.08 92.18 923 93.35 92.84 93.04 93.15 93.06 93.38
Motion Blur 76.47 73.89 74.95 76.3 75.24 75.88 76.22 80.67 81.26 81.36 78.92 79.11 79.02
Glass Blur 92.5 89.65 90.29 89.47 89.5 89.5 89.8 93.07 92.67 92.69 94.46 94.19 94.3
Shot Noise 96.41 95.78 9522 95.09 94.18 94.12 93.85 95.36 96.88 96.77 96.93 96.88 96.77
Identity 97.7 97.75 97.71 97.64 97.6 97.5 97.52 97.7 97.82 91.79 98.03 98.12 98.11

Table 2: Additional Sweep for the setting as in Table This time all models also incorporate dropout with rate
r=0.1 and width w = 256. As above in Table[[} ODEtoODE variants achieve the highest performance.

6 Conclusion

In this paper, we introduced nested Neural ODE systems, where the parameter-flow evolves on the
orthogonal group O(d). Constraining this matrix-flow to develop on the compact manifold provides
us with an architecture that can be efficiently trained without exploding/vanishing gradients, as we
showed theoretically and demonstrated empirically by presenting gains on various downstream tasks.
We are the first to demonstrate that algorithms training RL policies and relying on compact models’
representations can significantly benefit from such hierarchical systems.

7 Broader impact

We believe our contributions have potential broader impact that we briefly discuss below:

Reinforcement Learning with Neural ODEs: To the best of our knowledge, we are the first to
propose to apply nested Neural ODEs in Reinforcement Learning, in particular to train Neural
ODE policies. More compact architectures encoding deep neural network systems is an especially
compelling feature in policy training algorithms, in particular while combined with ES methods
admitting embarrassingly simple and efficient parallelization, yet suffering from high sampling
complexity that increases with the number of policy parameters. Our work shows that RL training of
such systems can be conducted efficiently provided that evolution of the parameters of the system is
highly structured and takes place on compact matrix manifolds.

Learnable Isospectral Flows: We demonstrated that ISO-ODEtoODEs can be successfully applied
to learn reinforcement learning policies. Those rely on the isospectral flows that in the past were
demonstrated to be capable of solving combinatorial problems ranging from sorting to (graph)
matching [8}154]. As emphasized before, such flows are however fixed and not trainable whereas we
learn ours. That suggests that isospectral flows can be potentially learned to solve combinatorially-
flavored machine learning problems or even integrated with non-combinatorial blocks in larger ML
computational pipelines. The benefits of such an approach lie in the fact that we can efficiently
backpropagate through these continuous systems and is related to recent research on differentiable
sorting [[18} 15} 24]].
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APPENDIX: An Ode to an ODE

9 Proof of Lemmal4.1]

Proof. Consider the following Euler-based discretization of the main (non-matrix) flow of the

ODEtoODE: ) )
2
Xixr :X;]-‘,-Nf(WG (N)XX’>’ (10)

where ¢ = 0,1,.,,,N —1land N € N+ is fixed (defines granularity of discretization). Denote:

al =x;.c¢ =b,, VY = W(g)andz}, = Vv iiaN + cN,. We obtain the following

discrete dynamical system:

1
aly=a) + = f (24), (1n)
fort =0,1,...,. N — 1.
Let £ = L(x1) = L(aX) by the loss function. Our first goal is to compute L fori=0,..,N —1.

Using Equation[TT} we get:

oL 8a1\j_1 oL 1 oz oL
_ I -1 ~di 1 N it+1 _
aa£V a a ﬁl ( d+ N lag(f (ZZ+1)) aaf\[ )aalJrl
1 oL (12)
(L + pding (7' (=35I Vi) g
Therefore we conclude that:
oL N 1 Nov] OL
= |11 o st V20 5 (13)

Note that for function f such that | f'(z)| = 1 in its differentiable points we have: diag(f’(z2)) is
a diagonal matrix with nonzero entries taken from {—1, 41}, in particular D € O(d), where O(d)

stands for the orthogonal group.
Define: G = diag(f'(z"))V+?. Thus we have:

N
oL 1 N 0
i r=it1 N
Note that the following is true:
il 1 1
II @+ 56N = > TGN G (15)
r=it1 {ri,o..,re }C{i+1,...,N}
Therefore we can conclude that:
N
1 1
I TT (@t Gl < > ~EIGN - G e
r=i+1 1,07k JC{i+1,...,N
~ 1 (N—i (N —i—k+1) .- (N =) 1
S w()-X o SIED
k=0 k=0 k=

where we used the fact that O(d) is a group under matrrx -multiplication and |G|z = 1 for every
G € O(d). That proves inequality: ||-2 aaN llo < ef| 2 aaN II2-

To prove the other inequality: ||-2% a¥ 2> (2 — o))l 2% Bal ||2, for large enough N > N (e), it suffices to
observe that if G € O(d), then for any v € R¢ we have (by triangle inequality):

1 1 1
[T+ GV 2 ¥l — | Gvlle = (1= 1) V] a7
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Lemmauthen follows immediately from the fact that sequence: {axn : N = 1,2,3, ...} defined as:
an = (I'= )" has limit e~! and by taking N — cc. O

10 Proof of Theorem [T

We first prove a number of useful Lemmas. In our derivations we frequently employ an inequality
stating that for @ > 0 (1 + %)Y = exp(Nlog(1 + £&)) < exp(N - &) = e* which follows from
exp(+)’s monotonicity and log(+)’s concavity and that log(1) = 0,1log’(1) = 1.

Lemma 1. If Assumptiond.3|is satisfied, then for any 0' = {2}, 5, b’ N, Q', W(} € Dand §" =
{Q7,95,b", N, Q", Wy} € D such that | N'[|, [[Q]|2, [N"|l2, [|Q"[|l2 < D, [[b[|2, [[b”][2 <
Dy, for some D, Dy, > 0 it holds that

v, € B lgo () — g ()l < el "1
1 21
+(elsle+ e~ 003) (14 €= D+ = )10 - a9

lge (") l2 < ells”[l2 + (e = 1) De. (19)

Proof. Indeed,

" "

llger(s') = gorr (s")l2 = llgo (s") — gor (") + gor (") — gor (s”)|2
< llger (s) = gor (s")ll2 + llger (s”) = garr (s 2. (20)
Letx),...,x)y andxY, ..., x/; berollouts (56) corresponding to computation of gg (s") and gg/ (s")

respectively. For any Stiefel matrix Q € ST (d1, d2) (including square orthogonal matrices) it holds
that ||©2||2 = 1. We use it to deduce:

a0 (5) — g (")l = |2y — gy < [24lalixy — ol = Iy — Kl
1
~ sy = ks 3 AWy 4 B) = AWty b))

1

<lxyo1 —xnoalla + NHf(WNX?v_l +b) — f(Wnxy_; +Db)l2
1

< xy—y = X3l + N”WNXIN—l - Wxx\ 42

= [xy_1 —xN_all2 + N”X/N—l = xy_1ll2
1 1
= 1+ )l =Xl < - < (1 )Vl — G
< ellxg — xqll3 = el|21s" — Q"I < el|[|a]ls" — 8"IJ5 = ells’ —s"[3. @D
Let x}, Wi, ..., xy, W/ and x{, WY, ... x;, W/ be rollouts (516) corresponding to computa-
tion of go/(s”) and gg (s ) respectively. We fix i € {1,..., N} and deduce, using Assumption[4.3]
in particular, that

1 1
e llz < fIxiZlle + S ILF Wiy +B)lo < fIxialle + 5 IWixiiy + b7l

1 1 1 1
< ol + WLl + 3 B = (1 ) o + 2 1B

N

1. 1 i—1 1. 1

< (1+ ) Il + 0"z Zo(l + ) = (L )94 s
]:

L. " L Ginar " 1.,
(14 )" = DIPll2 = (1 + )12 l=l1s"ll2 + (1 + 5)" = DDy

1 1
< (1 AN 1 L N—l D
—(+N) s H2+((+N) ) Dy
<e|s"||l2 + (e = 1)Dy. (22)
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s a particular case of wen2= and ||gg/(S7)||2 = X2 X gweotam et
As a particul f (22) when ¢ = N and i Qx| < b .S

A N(WITIQw lN/_N/W/TlQ W’L 1)

A N (W//TlQ// " N// N//W//Tl Q// " )

Since A’; A” € Skew(d) and Skew(d) is a vector space, we conclude that exp(aA’ + at(A” —
A")) € O(d) for any t, « € R where we use that exp(-) maps Skew(d) into O(d). We also use a rule
[51]] which states that for X : R — R4xd

X (t)
dt

1
& exp(X(1)) = / exp(@X (1) 2 exp((1 — @)X (t))da

to deduce that

lexp(A') — exp(A")||5 = H/ *exp(A”th(A’ —A"))dt|3

— H/O /0 exp <aA” + at(A’ - A”)> (A — A”)exp<(1 — QA

+(1—a)t(A - A”))dadt”%

11
< / / || exp <aA” +at(A — A”)> (A"—A") exp((l —a)A”
0 Jo

+ (1 —a)t(A' - A”)) |2dadt

1,1
= [ [ 1a" - A" dads = &7 - A

o Jo
Consequently, we derive that
[Wi — W2 = [Wi_j exp(A’) — W', exp(A”)]2
= ||[W._,exp(A’) — W/ ;exp(A’) + W/ | exp(A’) — W/ | exp(A”)||2

i1 1 1 1
< [[Wi_y exp(A”) = Wi exp(A')[|2 + [[W_; exp(A’) = Wi_ exp(A”)]|2
= Wiy = WiLi[l2 + [[exp(A’) —exp(A”)[2 < [[Wi_; = Wi [l2 + |A" = A"

= [IWi, W’-’_1Hz+*H(WQLQ’Wé_lN’—Wé’lQ” LN - (N'WIL QW
NNWHTlQNW;/ 1)”2
< Wity = Wil + — HW QW N - W/ Q"W N'|ly + — ||N/W QW
N//W//TlQ//W// 1”2
= Wiy = Wil + HW QW N -W L QW N+ W[, QW] N
_ngjlql/ " N//||2 i ”N/W/TlQ WZ L legilQ”ng—l +N/W/T1Q//
N//W//TlQ//W// 1”2
1
< Wisy = Wi+ — HWIT1Q W, N - W[, QW] N+ — ||W/T1Q Wi N”
- WILQ'WIL N||> + NIIN’W QWi - N'WLQ"WL, > + —||N’W LQ'wW,
N//W//TlQ//W// 1”2

<Wisi — W”1H2+*HQII2IIW N = WL N + = HN”II WL Q - Wi, Q"
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N QW Q“W"luﬁ—ncz“n IN'WT, -~ N"W

< ||W1 L W+ I WN = W N+ 2 WL Q- W Qs
ZIQWy — Q"W [lo + D [N'WIT, — N"WT

= Wiy = W+ W N = W N+ W N~ W N+ o [WT,
-WiLQ + WiLQ" - WiLQ +—||QWH QWL + QW - Q"W |
+ %HN’W;T1 - N'W/ + N'W/ - N'W/T |,
< IWiy =W+ 5 \\w<_1N'—W;_1N"||2+9||W<_ N"—w;'_lN"nz
+NIIW£LQ’ LQe + ||W Q- WILQ e + IIQ Wi - QW
FOIQWL, — QWL+ FINWI, — N'WT s + ZINWT, — NYWT
< IWEy = Wl N Nl D[N Wiy — W+ Q7 Qs
F QW Wl QW ~ W+ Q) — Qs
+ DN IWLT, — W + N = N,

<+ a2 WL W 22 N N+ 22— Qs

D?
< (14 Wiy = Wil 1||2+4*||9’ 02 <

1—1

D? D D?
< (1L+45)Wo - W6’||2+4NZ L+ 4= )07 = 0"l
J=0
D? % / 1" 1 D? % / /"
= (144 [Wh = Wl + 5 (1 47-) = 1)~ 0]

D2 1 D2,
S A+ = 0"+ (A +475)" -

=(<1+117><1+4?V> 510 =0l < (@ Z)a+ o - 5 )l -

1 2 1
< (4 5t = 5 )= o1

We use (22)) and derive that

= DIIo" = 6"]l2

Wiy +b) — F(WIX 4+ b))

< xioy = xi g2 + N”f(wixiﬂ +b) — f(W{x{_; +b)]2

i = xill2 = [Ixjy = xi"1 +

1
< ||X271 _X;L1||2+ ||W; i 1 WH P i1l
<xioy —x gl + = ||W1 Xy — Wixi + Wixi | — Wi ||
<xiog = x4l + ||Wz xi_1 — Wixi_l2 + *HW' = Wikl

iXi—1

1
< (U4 iz =xiTalla + ||X 2 W5 = W2
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1 1
< (U gl =Xl g (el (e = 0Dy ) IWE— W

1
< (1+ Pl =%l

1 1 2 1
+ 5 (el = 0Dy (@ )t = 5 )1 = 1

By aggregating the last inequality for ¢ € {1,..., N} we conclude that

llger (") = gor (s") 12 = [ QX — Qox[la = [[Qoxy — Qoxy + Qoxy — QX |2
< 190 lallxy = xxll2 + (1R [l2]€25 — €512

< lxhy — 3 llo + <es"||2 e 1>Db> 16— 8"

<1+ )Nllo X |2

1 1

+ (ells”|l2 + (e —1) Db) <1 + Z ((1 + 5)641)2 _ D)) 16" — 0"l
< (14 )V~ 5"
(el (e = DDy ) (14 (14 ¥ =@+ )t = ) )67 - 0]

2 b N D ) 2

1 21
< (el = 0D ) (14 (e~ DG+ ) = 1) )1 = 0]
The inequality above together with (20) and (21) concludes the proof of bound (T8). O

Lemma 2. I]‘Assumptlonsﬂ nare satisfied, then for any ' = {Q}, 5, b’ N' Q' ,W(} €
D and 0" = {Qf, Q)b "W{} € D such that ||N’H2,||Q’H27HN”||2,HQ”H2
D, |b||2,[Ib"]]2 < Dbfor some D Db > 0 it holds that

|F(0") — F(0")| <Cllo" —60"||2
where

1

C:LQK((1+6)’Y(K)L1+1) <€(L{((1+€)K+1)”50”2+’Y <L1 e — 1 Db+ ||So||2
Ly _ L
* D) D)

all) + ||env<1><so,a>||2) . 1>D,,) (1 Fe-1(

k, ifLi(1+e)=1
v(k) = {L’f(1+e)k1

Ti(lte)—1° otherwise
and a is an arbitrary fixed vector from R™.

Proof. Lets),li ... s, lcandsg,lf ... 8%, le rollouts of (7) for #” and 0" respectively starting

from s, = s(j = so Tn the light of Assumption 4.2|and Lemmal|l|for any k € {1,..., K'} we have
1

s/ = env(V(s)_ |, ger(sy_,)) and, therefore,

Is¥ll2 = llenv® (s}/_y, gor (s§_1)) — envV (s0,8) + env((so, ) 5

< llenv® (s}, 9o (s},_1)) — env® (s, )12 + envV (s, 8)]
<L, (ns;;_l — soll2 + llgo (Y1) —§||2> T llenv (so, &)
< Lullsy_1ll2 + Lallsoll2 + Lillger (sy—1)|l2 + L1|[@]l2 + [lenv (so,a) |2

< Li(L+e)llsi_ill2 + La((e = 1) Dy + [Isoll2 + [[&ll2) + [lenv (o, @) |2 <

18



k—1

< LY+ ) [solla + Y Li(1 +e)’ (Ll((e—l)Db+||Sollz+lal )+||env(”(So,5)ll2>
7=0

< Li(1+ €)*[lsollz + v (k) (Ll((e —1)Dy + [soll2 + I[all2) + Ienv(l)(SO,ﬁ)Hz)

< L1+ e)%soll2 +v(K) <L1((6 — 1Dy + [Isoll2 + [[a]l2) + IICHV(”(Soﬁ)z)

=L{(1+e)"|lsoll2 +v(K)A

where we denote

A= Li((e — 1)Dy + [Isoll2 + [[all2) + lenv (so,@)]|2.
In addition to that, denote

— Ly ape 1
B=1+(e 1)((1+D)e D).
From the last inequality it follows that

lIsi_1ll2 < max(||soll2, L (1 + €) ¥ [Isoll2 + 7 (K)A) < (L{ (1 + €)™ +1)[[soll2 + 7(K)A
Next, observe that

Ish — sl = lenv®) (s}, (1)) — envD(sf_y. g0 (s5_1)
< L (s sl + w5k s) — 0 (5l )
< L1+ )k — sl
1 1
s (elalact (e - 000 ) (14 (e~ DG+ ) = ) )10 =071
< L1+l — sl L (L1 + 0 + sl +2(K).4)

+ (e— I)Db>B||t9’ —0"2 <
k—1

< LE(1+€)*Iso = soll2 + Y Li(1 +e) Ly (e((Lf((l +e) + 1llsoll2 +v(K)A)
§=0

+ (e — 1)Db>B||9/ — 9”||2
(k)L (e«Lf (L4 €)% + Dllsoll2 + 1(K)A) + (e — 1)Db)8||9’ o,

< (KL (e<<Lf (140 4 1flsollz +7(E)A) + (e — 1>Db)6||e' ).

We conclude by deriving that

K K
[F(6") — F(6")| < Z 1= B <Y lenv®(sh_1, g (s),-1)) — env (], gor (s7_1))]

]~

Lz(nsk L= sl lle + llgor(Sey) — gef«szl)nz)

=
Il

M*H

| /\

2

(1+e sy — s llo + (e|sk 1||2+<e—1>Db)B||e’ 0"||2)

k=1

Mx

Lo (1+e skt — st 1l

k

1
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+(dﬁﬁ+@K+mmm+wKM+@—nDQMW—Mu)
K
< 20301+ L (O + 0% 4 Dllsol +9(6)4) + (e~ 1)D
k=1
X BHG/ — 9””2 + (G(L{{(l + 6)K 4+ 1)||S()H2 =+ ’Y(K)A+ (6 — 1)Db)8”9/ — 9””2)
=MKm+QWKwu4(dﬁﬂ+@K+mmm+wKM

+ (6 — 1)Db>8||9/ — 9//”2

O
Lemma 3. IfAssumptions are satisfied, then for any ' = {Q},Q,, b’ N' Q' ,W(} €
D and 6" = {QF,Q5,b",N", Q" Wi} € D such that N[z, [[Q'[l2, [IN"[]2, Q"2 <
D, |b'||2, [|b"||2 < Dy for some D, Dy, > 0 it holds that
cvi

IVE(0') = VE,(6")]l2 < ——16" = 0"

g

where C is from the definition of Lemma[2]

Proof. We deduce that

1
IVE,(8") — VE,(8")]5 = ;HEWMO,I)(F(@' +0€) — F(0' + 0¢))ell3
1
< —5Eenon) I(F(0' +o€) — F(0' + o¢))ell3
1
= ;EeNN(o,I)(F(ﬁl +o0€) — F(0 + UE))QHGH%

1
< Eeano.nC?l10" = 0" [3lell3

c?-1

C2
= 510" = 0”13 Ecuno.nlel3 = == 110" 0" 3.

Lemma 4. [f Assumption|.2\is satisfied, then for any 6 € D

K2M?]

EIVE, 0} < .

g

Proof. By using Assumptionand that |F'(0)| = | Zszl l| < KM we derive

~ ~ 1 v
EIVE:(0)]2)* < El[VoFo (0)II7 = ——5E(cu~no.n) D F(0+oew)eulls

w=1

Efe,~nny O IF(0+oew)ewll3

w=1

1

<7
~ vo?

1 1
= —3EeunionIF (0 + ge)ell3 = —3Bennion F (0 + ae)?|lell3

1 K2M? K2M?]
EE6~N(0,1)K2M2H€||§ = T]ECNN(O,I)“Eng = o2

IN
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Proof of Theoremm Hereafter we assume that F, p p, holds for random iterates 9(0), ey 607,

According to Lemma %ﬂ is a bound on F,;(0)’s Hessian on {6 € D| ||N||2, ||Qll2 < D,b < Dy}.
We apply [6, Appendix] to derive that for any 7/ < 7

F(OT)) = F(O7 V) 2 anVrE, (07 ) VR E, (07 V) - (;—ﬂaiwﬁwa(e“’—“)n%
7 (23)
Let A denote a sigma-algebra associated with ), ..., ("' =1 We use that IE[%RFU (0(71_1) )|A] =
VrF, (0(7/*1)) and E[||€RFU(9(T/*1))||§|A} < Kzﬂle (Lemmalé-_ll) and take an expectation of

o

conditioned on A:
Vi o2 K2M?]

EIF(OT)A = F(07™Y) 2 ar[|[VRE, (07 V)3 — 5 a2 - =

Regroup the last inequality and take a full expectation to obtain

, , , I, K2M2
B VrE, (07 "2 <EFOT)) —EF@OT D) + C%[az/ Nl
g (o

Perform a summation of the last inequality for all 7/ € {1,...,7}:

- , CK*M?1:
7'—1 2 T 0 2
D arE|VRE, (07 )} < EF(OT) = FO) + =5 53— 3 _ oF

7/=1 T/=1

CKQle% u
— (0) el E 2
<KM—-F(6"™)+ 253 az

T/'=1

since F'(#) < KM for all § € D. We next observe that

' Ty minge.r<, B VR E, (00 —1)|12
min E|[VrF, (002 = 2oz=10r Wity <r B[V Fo )3
0<r'<T 27—/=1 .
- 1 ST a2 CK*M2I3
B Z:/:l Qrr Z:/:l Qs 20’3 '

The proof is concluded by observing that .7, _; .y = Q(7%%) and >°7,_ | a2, = O(log 7) = o(7¢)
for any € > 0.

(KM — F(0©)) +

O
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