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Abstract

We present, via the solution of nonlinear parabolic partial differential equations
(PDEs), a continuous-time formulation for stochastic optimization algorithms
used for training deep neural networks. Using continuous-time formulation of
stochastic differential equations (SDEs), relaxation approaches like the stochastic
gradient descent (SGD) method are interpreted as the solution of nonlinear PDEs
that arise from modeling physical problems. We reinterpret, through homogeniza-
tion of SDEs, the modified SGD algorithm as the solution of the viscous Burgers’
equation that models a highway traffic flow.

1 Introduction

Deep neural networks (DNNs) have achieved massive success in several areas including image classi-
fication, speech recognition, and natural language processing, particularly when there is a nonlinear
relationship between the given data and the labels [I-4]. The depths of these networks allow com-
plex data-label relationships to be expressed since each layer nonlinearly transforms the features
and therefore effectively filters the information content. This makes them superior to the traditional
techniques.

Neural networks (NNs) are considered a class of parametric functions each of which explains some
data-label relation. In order to train a given network architecture, we need to find the parameters
of these functions that generalize well to new unlabeled data. This leads to solving an inverse
problem, also called the learning problem, which involves minimizing a non-convex function. With
the presence of several hidden layers, the use of deeper network architectures introduces increased
network capacity, and thus a high computational complexity, of the parameter estimation problem.
Therefore, despite being used for decades, deep learning has only recently revolutionized many
applications incited by advances in computational hardware and availability of large datasets.

When considering very large datasets, notable sources of limitations encountered in deep learn-
ing are the dimensionality and non-convexity of the relative optimization problem. The stochastic
gradient descent (SGD) method [B5, 6] and its variants [[Z-T0] have been extensively used as a tra-
ditional learning algorithm for finding optimal solutions. In these SGD-based algorithms, iterative
procedures for parameter estimation are performed using gradient information computed via back-
propagation [TT-I3]. While they are efficient to implement and allow the estimation to scale to
massive datasets, the incremental updates to the parameter tend to be slow, especially in the initial
stages of the training.

Additionally, difficulties stemming from numerical instabilities of the neural network model, and
statistical inefficiency (as the algorithms do not use all the information in the dataset) have been
reported about these algorithms [I4, T5]. A related problem is the observation of vanishing or
exploding gradients [[I6]. Since the gradient represents the sensitivity of the output with respect to



a perturbation in the input, a vanishing gradient implies that the output is insensitive with respect to
the input, while an exploding gradient implies that the output is unstable with respect to the input.

These observations lead to the question of whether there are other methods for training deep neural
networks. Attempts to answer this question result to the development of alternative training methods
that outperform and eliminate some of the problems associated with the parameter estimation meth-
ods based on SGD. In recent times, researchers have developed frameworks inspired by differential
equations for training algorithms. The continuous dynamical system approach to deep learning has
been explored, where DNNSs are being idealized as a discretization of an ordinary differential equa-
tion (ODE) [Z-23], or as a discretization of a partial differential equation (PDE) [[24, DS]].

Motivated by previous work on local entropy that was introduced to replace the modified loss func-
tion of a non-convex optimization problem, [26] reinterpretes relaxation techniques arising in statis-
tical physics as solutions of a visous Hamilton-Jacobi PDE through a stochastic differential equation
(SDE) homogenization problem [27]. The authors proved, through a stochastic control interpreta-
tion, that the modified algorithm performs better than the SGD. In this work, we reinterprete the
modified SGD as the solution of the viscous Burgers’ equation that models a highway traffic flow.

The rest of this work is organized as follows: In section [, we introduce the concept of DNNs, and
study how optimization problems arise in machine learning. In particular, we present the use of
DNNs in perceptual tasks such as speech or image recognition categorized as supervised learning
tasks that involve large-scale, highly nonlinear, and non-convex optimization problems. We also
provide a review of the SGD algorithm for optimizing DNNs, and a motivation for seeking modified
SGD algorithms such as the one presented in this work. In section B, we derive the viscous Burgers’
equation as a model for a highway traffic flow, from which we obtain the stochastic differential
equation (SDE) satisfied by the parameter updates of the neural network. In section B, we solve the
viscous Burgers’ equation and show that the solution exactly gives the gradient of the local entropy
function interpreted as the objective function of the optimization problem that results from training
a DNN. In section B, we introduce the concept of homogenization for SDEs [28], and obtain the
continuous-time dynamics, which is then sampled numerically to obtain the discrete-time solution.

2 Continuous-time stochastic optimization in deep neural networks (DNNs)

Suppose we are given a set of data points {(61,1),. .., (0n,yn)}, where 6; € R% ¢, € R,
1 = 1,...,n represent input-output pairs, and n is the number of samples. Here, the input instance
f; may represent a word vector, or the feature vector of an object or image, etc, while the output
instance y; may represent a real-valued vector for a regression problem, or an integer-valued vector
for a classification problem. A deep neural network (DNN) is a family A (called the hypothesis
space) of prediction functions defined by

H={y(;z):x e W} 2.1

where W is a set of parameters specified below, for some given y(-;-) : R% x W — R% whose
value, the predicted output vector § € R%, is computed by applying iterative transformations to a
given input vector § € R% through the recursion formula

20=0; z=cWizi_1+0b), 1l=1,...,L, 2.2)
where L is the number of hidden layers (or depth) of the neural network, z; is the hidden state at
layer I, the weight matrix W, € R%*di-1 together with the bias vector b, € R% constitute the
trainable parameters in the [-th layer, and x = (W}, b;) € W represents the collection of all the
trainable parameters with W = R%*di-1 » R%_ The function ¢ : R — R known as the neuron
activation function introduces nonlinearity to the network, and is applied element-wise. Hence, the
output z7, of the entire network is given by the function y : R% x W — R% defined by

y: R x W — R% (2.3)
0,2) = y(0;2) :=Tro(Ty, - - - 0(Too(T1(0)))), 2.4)
where Tj(z) = W;0 + bj,andl = 1,..., L.

2.1 Non-convex optimization problems in DNNs

Let / : R% x R% — R be a given distance metric called the loss function. The optimization
problem we want to solve involves choosing the parameter of the neural network that minimizes



the distance £(y;, §;) between the predicted output §; = y..(6;) and the true output y;. Assume
that the input-output space R% x R% is endowed with the unknown joint probability distribution
P :R% x R% — [0,1], and consider the following optimization problem

winElly. (0 ElnO) = [ fpwl)dPOy. @9
r R0 xRy
Since P is unknown, and that in supervised learning we have access to a set of N € N independently
drawn input-output samples {(6;,y;)}Y.; C R% x R% from P, we rather attempt to minimize the
empirical risk F' : W — R given as

N

F(x) =+ Zf(yzy Y2 (60)). (2.6)

Therefore, the optimization problem we wish to solve is the empirical risk minimization problem

min F'(x), 2.7)

and we write

x* = argmin F(z), (2.8)

xT
as the value of x that minimizes F'(x).

The choice of the loss function £(y, §/) mostly depends on the type of problem we want to solve.
For example, a popular choice of ¢(y, ) for a regression problem is the quadratic loss function
U(y,9) = |ly — 9|>. For binary classification problems, ¢(y, ) is usually chosen to be ¢(y,§) =
log(1 + exp(—y7)).

The optimization problem (1) is highly nonlinear and nonconvex in general, making it difficult to
solve to global optimality [29, B0]. Gradient-based methods have however been successfully used
to compute approximate solutions, where the gradient of the objective in (ZZ2) is computed by the
chain rule using back-propagation. A typical DNN contains very large numbers of parameters in
their layers, each of which has to be optimized. This can take several hundreds of hours of training,
and weeks of computation on a high-end computer. Popular gradient-based methods that have been
used extensively to optimize DNNs are the first-order algorithms such as the gradient descent (GD),
and the stochastic gradient descent (SGD) and its variants. Developments in this work are based on
continuous-time SDE interpretation of the SGD.

2.2 Gradient-based optimization

The GD [BT, 37] used for solving optimization problems of the form (X)) performs iteration of the
form

Tk+1 = Tk — (5tVF(JIk), (2.9)
where 8t > 0 is the step-size (or learning rate) and V F(z}) is the gradient of the loss function at
the k-th iteration (k € N).

In practice, it is not possible to load all samples into the memory of a single GPU or CPU for

computing the entire gradient + Zf\il V(y;, F(0;)). A more practical choice is SGD or any of
its variants. Theoretically, SGD works as follows: at the k-th iteration, randomly select ¢ and update
the parameter by

Tp1 = x) — 'V (1), (2.10)

where F;(x) = £(y;, F.(6;)). The stochastic nature of SGD arises from the approximation of the
gradient over a subset of the data points. Also common is “mini-batch" SGD, where we choose a

random subset I, C 1,..., N, |I;| = B < N to write (I72) as a finite-sum optimization problem:
1B
min Fuy(2); - Fub(2) = 5 Zl Fi(z), (2.11)



where each F;(z) represents the sum of training loss for a “mini-batch" of training samples, and B
is the total number of mini-batches (smaller than the total number of training samples [N) [S]. We
then perform the iteration

Tk+1 = Tk — 5tVFmb(JCk). (212)

One reason for the use of SGD instead of GD is the faster convergence in a “memory-constraint”
system where it is difficult to find a parallel way to load and process all samples in a single machine
[33]. In such a system, batch GD has to scan through the entire training set during one iteration
before taking the next iteration, whereas the SGD starts to converge right away from the first sample,
hence a noticeable faster convergence speed in the early iterations.

2.3 Continuous-time stochastic optimization

While it converges very fast in the early iterations, the SGD algorithm slows down in later iterations
and thus struggles to reach an accurate solution. This is because although the stochastic gradient is
an unbiased estimator of the gradient:

E[V Fup(z)] = VF(z), (2.13)

it may end up with a high variance. In order to get the best of both the fast initial convergence
of SGD and the steady linear convergence of GD to a great extent, we further assume a bounded
variance for the stochastic gradient, that is, for all iterates x; of the SGD, there exists vy > 0 such
that [B4]

E[||V Fu () = VF(@)[|”] < 2vmp. (2.14)

Here, the "mb" in the notation vy, only indicates the noise is coming from the mini-batch gradients.
Henceforth, we will simply write v.

We start with the standard observation that the discrete-time dynamics in (ZI0) can be viewed as a
discretization of the continuous-time Langevin dynamics described by the Ito stochastic differential
equation (SDE) [35, Bf]

dz(t) = =VF(z(t))dt + V2vdW(t), t>0, x(0)= o, (2.15)
where W (t) € R™ is the standard m-dimensional Wiener process.

Under suitable assumptions on F', it can be shown that the unique invariant distribution of (-13) is
the Gibbs distribution

p>(v;x) x exp (—21VF($)> , (2.16)

and that using the idea of simulated annealing to evade metastability?, the distributions of z(t)
are made to converge rapidly to p> as ¢ — oo [B7-3Y]. Moreover from ('T), p> concentrates
around the minimizers of F'(z) for small enough values of v [&0, &1]. Consequently, as the Gibbs
distribution turns out to be an approximate minimizer for the empirical risk (IZ6), we will observe
that the resulting modified SGD algorithm tracks the Langevin dynamics in a suitable sense.

2.4 Regularization of the loss function

As discussed, training DNNs involves modeling a high-dimensional nonconvex loss function. In
order to improve the computational efficiency with a large number of training data, the stochastic es-
timation of the gradients of these loss functions are carried out using the SGD algorithm or any of its
variants. However, to improve performance of the optimization algorithm and the generalization of
the model, it is generally required to introduce a regularization term in the loss function. Several reg-
ularization techniques that show outstanding results have been developed for optimizing nonconvex
empirical risks of deep networks. These regularization techniques are categorized as either explicit,
e.g. weight decay, sparsity constraint, and entropy minimization or implicit, e.g. noise injection,
dropout, learning rate decay, model ensemble, and batch normalization [47].

"Metastability is a phenomenon that describes a set of states of a dynamic system that can persist for a long
time. In other words, a dynamic system is said to exhibit metastability if the convergence of the probability
density of its states takes an exponentially long time.



Our focus in this work is to derive, through homogenization of SDEs, a form of the regularized SGD
presented by [26], from the solution of the viscous Burgers’ equation that models a highway traffic
flow. [Z6] models the loss function of a class of deep networks as a spin glass Hamiltonian system,
and with results that show good empirical performance, they introduce a smoothing technique that
stems from imposing PDE regularity which contributes to the analysis of the geometric property of
the energy landscape of the networks. By combining tools from the theory of PDEs and tools from
modeling stochastic first-order algorithms as continuous-time stochastic processes, we are able to
provide insights on how new approaches for solving optimization problems that arise in DNNs
could be developed starting with mathematical models that describe real life situations. As shown,
this process can often lead to improvements in state-of-the-art DNN algorithms.

3 The viscous Burgers’ equation as the model for a highway traffic flow

Consider the viscous Burgers’ equation

up +u - Vu=vAu for (z,t) € R? x [0, 00), 3.1)
where v € RT is a positive coefficient, and V = > % and A = 68;2 are respectively the
i=1 " i=1

gradient and Laplacian in the space variables.

We will express the model for a highway traffic flow as the Burgers’ equation (B1l). The traffic flow
model will be derived using a continuous, deterministic approach. By continuous, we mean that
the traffic will be observed from a distance far enough that the size and behaviour of a car becomes
negligible, and will rather deal with average concepts, such as the number of cars per mile and the
average speed of the car. By deterministic, we mean to consider the situation where the change of
the traffic with time is exclusively specified by the model. Hence, in this setting, each car entering
and exiting a highway will be replaced by a continuous density function

p: R x (0,00) = R
(1) = p(x,1). (3.2)
With the additional constraint that follows from the realization that the typical car speed depends on

the level of traffic congestion (the car density), that is ¢ = Q(p), the differential form of the equation
for car (nonlinear) conservation is given by the closed system

pt+Vqg=0 3.3)

q=Q(p) (3.4)

where the traffic density p(z,t) € R? measures the number of cars per unit length of the road at
position z and time ¢, and the traffic flow Q(x,t) € R4, also known as the flux, represents the number
of cars crossing position x per unit time at time ¢ [43]. A third fundamental (dependent) quantity
that helps to describe the traffic flow is the velocity u € R? of a car at any point on the highway,

and is assumed to depend only on the traffic density, that is, u = U(p). These three fundamental
variables are related by the identity

Q=pU. (35)

The prescribed function Q(p) depends on the characteristics of the road, cars and drivers, such as
the car speed, speed limits, weather conditions, and the road conditions.

Equations (B3) and (B-4) together gives the first-order, non-linear, partial differential equation for
traffic flow in the form of a closed equation for the single variable p:

pi+ Q' (p)Vp =0 for(z,t) € R x (0,00). (3.6)

As the traffic flow model is based on the first-order approximation, we could define a better approx-
imation for ¢ by assuming it is a function of the density p as well as its gradient p,, and define

q=Q(p) —vVp. (3.7
Consider a linear relationship between velocity and traffic density [£3]:
u(p) = um (1 - p) , (3.8)
Pm



where u,, is the maximum velocity, and p,, is the maximum density. We have (from (B3))

Q') = i)(pU)

o)

o <1 _ 2P> (3.9)
pm

Also, from (B2)
Vq=Q'(p)Vp—rAp,

or (using (B3))
pi + Q' (p)Vp —vAp =0. (3.10)
Assume w, p € O (R? x (0,00)), and define
2
w(p) = Q'(p) = um (1 - pp> : (3.11)
then
Pm PmWi Pm VW PmAw
= 1— =—— Vp=-—"—"7"— d Ap= 3.12
p 2um( w),  pe o0 VP 5y, d Ap= - (3.12)

Substituting (312) into (BI0) and multiplying the resulting equation by w’(p) = — %, we get the
viscous Burgers’ equation for the highway traffic flow:

w; + wVw = vAw for (z,t) € R x (0,00). (3.13)

4 Nonlinear parabolic PDEs and the local entropy

Introduced for studying the energy landscape of neural network learning algorithms, the local en-
tropy is a modified form of the objective function F'(z) of the neural network parameters [see for
example, 24]. While extending the notion of local entropy to continuous variables, [7] replaced the
objective function F'(x), defined for x € R?, with the function F, (z) given by

F,(z) =2vlog (Ggw * exp (—;}F(@)) (x € RY), 4.1)

where G, (z) = (2m7)%2 exp ( ‘—‘) is the Green’s function (or heat kernel), and f * g defines
the convolution of f and g:

(frg)(e / F(O)g(e — t)dt @)

Assuming F' € C°°(R%), we will derive a closed form solution w(z, t) of the initial-value problem
w + wVw = vAw in (z,t) € R? x (0,00),
w(z,0) = F(x) on (z,t) € RY x {t =0},
for the viscous Burgers’ equation (B-13), by a non-linear change of variables, due to the transforma-
tion of Cole [45] and Hopf [46], which turns it into an initial-value problem for a linear diffusion
equation (the heat equation). We will then show that this solution w(x,t) recovers the gradient of
F, ().
4.1 Proposition. The local entropy function F,(x) defined by (B) is the solution of the initial-
value problem for the viscous Hamilton-Jacobi equation

(Vo)?
2

(4.3)

¢ +

with initial values V¢ (z,0) = F(x) [26]. Moreover, the gradient VF, (x) solves the viscous Burg-
ers’ equation (E3).

=vA¢ for (z,t) € R? x (0,00), 4.4



Proof. We start by writing the viscous Burgers’ equation (B13) as

w?
w; +V 5 vVw | =0. 4.5)

As it is not yet specified, let us assume for the moment that w is a smooth solution of (E3), we set
¥ = ¢(w), where ¢ : R? x (0, 00) — R is a smooth function. We want to choose ¢ so that 1 solves
a linear equation. Let w satisfy the irrotational condition

d
VxW="> (aa:,; _ax]) (e; Aej) =0, (4.6)

ij=1

where e;,7 < 1 < d are basis of R<, and for vectors u,v € R, 4 A v defines the wedge/exterior
product given by

UNV=URV—VR U 4.7
We define
o(x,t) ::/ w(z,t)dz, = w(z,t) = Vo(x,t), 4.8)
and write the Hopf-Cole transformation [46, 45]
¢ = —2vlog(v), (4.9)
where log(v) = (log v;), ;< for a vector v € R
We have
2v
¢t = _Ewta
2v
Vo = —JVM (4.10)
Vi
3o (Z2)
(U (U
Putting (E10) in (EX) and (B3), we get the linear d-dimensional heat equation
Py =vAY  (zeRYt>0), 4.11)

with the initial condition ¢)(x,0) = g1 (z). In terms of the initial value w(z,0) = F(z), and from
(E1Td), the initial data for ¢ becomes

_ _ o Vy(z,0)
w(z,0) = F(x) = —2v w0) 4.12)
Integrating, we get
W(z,0) = g1 (x) = exp <_1 /JE F(z)dz) . (4.13)
2v J,

The general solution to the resulting initial-value problem for 1) is given as convolution of the initial-
value with the heat kernel H (x,t):

(z,t) / H(z —y,t)¢(y,0)dy for (z,t) € R? x (0,00),

(4.14)
xT
H(I,t):WCXp< 4]/t>

By normalizing ¢(z,t) by ¢(0,t) = 0, we obtain from v (z,t), the solution for the initial-value
problem for the viscous Hamilton-Jacobi equation (E4):

00 1 _ 2 1 Yy
o(x,t) = —2vlog /_OO T exp [_m “a ), F(z)dz] dy p = Fi(z). (4.15)



Finally, the solution of the viscous Burgers’ equation (BI3) is
Joo Fexp ( 141:1) wlo F dz) dy
S exp ( 4Vt ~swl F dz) dy

where z € R, ¢ > 0. |

w(z,t) = Vo(z,t) = , (4.16)

4.2 Remark. The solution 1 (z, t) of the heat equation (E—Il), given by (EId), can be written in a
more convenient form as

G
Y(x,t) 2\/7?/ xp< )dy, (4.17)
where
Y (z—y)* d
G(x,y;t):/ F(z)dz—i—T (z,y e Rt > 0), (4.18)
0

and the gradient is given by

1 Cx—y G
Vip(z,t) = — —— | dy. 4.19
vlzt) /vt [oo & P ( 2”) Y @19
4.3 Remark. We can equivalently write (E218) as

o0

wlet) = Vol = [ LRy = [ VF@-gpRn, @20

oo

where x € R ¢ > 0. The functions p$°(y; x), p3° (y; ) are invariant distributions given by

() = - exp [~y — 2o
LA A 2w 4ut ’

, 4.21)
PR (i) = - ex (—2 (@) 'j't> 7
and
o] 1 _ 2
Zy(z) = _/_OO exp <_21/F(y) - |x4yty| ) dy,
(4.22)
Z(x):—/oo exp —iF(x— )—@ dy
2 oo 2v 4ut ’

are normalizing constants.

5 The local entropy via homogenization for SDEs

We assume a smooth, steady, periodic, and incompressible (or divergence-free) flow velocity, that
is, w(z,t) = —h(z), where h is a smooth periodic vector field with V - h(x) = 0. Consider
F(z) = ¢g° := g(ex), with € > 0, so that initially the velocity is slowly varying in space. We
expect that the velocity will not vary significantly on small length and time scales, hence to see
the effective behaviour of (B713), we need to look at large length and time scales. Furthermore, if
h averages over the unit cube (not necessarily to zero), and if we consider the rescaling © — x /¢
and t — t/eP (p > 0), so as to bring out order-one variations in velocity on large length and time
scales, homogenization techniques enable us to show that the rescaled velocity field w®(x,t) :=
w(x /€, t/€P) converges, for € < 1, to the solution w(x, t) of the viscous Burgers’ equation (E3).

In this setting, equation (E3) becomes

1
s wi — —hfwy, = vwg, in (z,t) € R? x (0, 00),
€“—P € 5.1

we(z,0) = g(ex) on (z,t) € R x {t = 0},




where h = h(z/€). As to what time scale to consider (choice of p) in order to observe interesting
dynamical behaviour, it is intuitive to study (BI) for different values of p in cases when h averages
to zero and when it does not average to zero. For the purpose of this work, with v > 0, we are
considering the case when h averages to zero, hence the choice p = 2, and equation (Bl) becomes

1
€ _ ZhEwt = € . t Rd 0
Wy € Wy VW n (‘Ta ) € X ( 700)7 (52)

we(x,0) = g(ex) on (z,t) € R x {t = 0},

Let W(t) € R™ denote an independent standard m-dimensional Wiener process, h : Z = R" —
R™ a smooth periodic vector-valued function, and 8 : Z = R™ — R"™*™ a smooth matrix-valued
or scalar-valued function. Consider the 1t6 SDE

dz aw
- = h(z) + 5(2)—, 2(0) = zo, (5.3)
which is interpreted as an integral equation for z(t) € C(R™T, 2Z):
2(t) = 29 +/ ))ds +/ B(z W (s). (5.4)

We introduce the auxiliary dynamics y = z/e and consider the case where z = (27, yT)7, with
x e X =R4 yey= R" 4, We then write the system of SDEs

dx(s) = h(x,y)ds, x(0) = xo,

1 1
dy(s) = ~g(x,y)ds + —B(z,y)dW(s),  (0) = yo,
y(s) = —g(w,y)ds + \ﬁﬁ(x y)dW(s),  y(0) = wo
where we have scaled time to s = et, and g is a sufficiently smooth function. Both z(s) and
y(s) contain fast dynamics, but with the homogenization parameter ¢ > 0, the dynamics in y(s) is
provided with a faster time-scale than that in z(s).

(5.5)

The system (B3) corresponds to the backward Kolmogorov equation

1
%—T:Eﬁgw in (z,y,t) € X x Y x (0,00), (5.6)
w(z,0) = g(ex) on (z,y,t) € X x Y x {t =0},
where the generator £ is defined as
1
Low = g(z,y) - Vyw+ §BAyw, (5.7)
with B(z,y) = B(z,y)B(z,y)".
The corresponding Fokker-Planck (forward Kolmogorov) equation is
ow 1 .
i gﬁow in(z,y,t) € X x Y x (0,00), (5.8)
w(z,0) = g(ex) on (z,y,t) € X x Y x {t =0},
where the L?(R%)-adjoint operator £} is defined as
. 1
Low = =Vy(g(z,y)w) + 54y (B(z, y)w). (5.9

Next, we eliminate the y(s) dependence in the Kolmogorov equation (B8) to identify only a simpli-
fied equation for the dynamics of z(s). To do this, we make an ergodicity assumption: we asume
that for each fixed z, £ has a one-dimensional null space, and £§ has a null space spanned by the
invariant distribution p$°(y; ). That is, £ satisfies

L:Ol(y) = 07
5.10
{£3pi°<y;x> =0, (>-10)

where 1(y) denotes constants (equal to 1 a.e.) in y(s) and p3°(y;x) is the density of an ergodic
measure fi;(dy) = pi°(y; ©)dy.



5.1 Result. For ¢ < 1 and times ¢ up to O(1), w*(x,t) solving (B2) is approximated by w(x,t)
solving the homogenized equation

{wt =VF,(z)w,  in(z,t) € X x (0,00), (5.11)

w(z,0) =g, on (z,t) € X x {t =0}.

We equivalently state the result as follows: For € < 1 and times ¢ up to O(1), z(s) solving (B3) is
approximated by X solving

B v ), x0) =, (5.12)

where the homogenized vector field VF' for X is defined as the average against the ergodic mea-
sure [, and by ergodicity, the spatial average fy y(s)f_xdum, is equal to the temporal average

% fOT Lszﬂfds forT > 1:

VFW(X) :/ M

T —
pio(dy) = lim l/ ye) =, (5.13)
y Y T—o0 0

t

Put 8 = (2v)'/2, and define g(z,y) = —V,G(z,y;7) = —VF(y) + £-% in (83). We obtain the
system of SDEs

dz(s) = —y "' (z — y)ds, 2(0) = o,
- 5.14
dy(s) = f% {VF(y) + y,y} ds + \/fz/l/QdW(s), y(0) = yo. G149

Let p(z,t) € C%! (X x (0,00),R) N C (X x (0,00),R) denote the probability density of the
dynamic y(s), then the Fokker-Planck equation for p(z, t) is given by

o e 1 .
5 —Lop—Vy(Vpr)+§\/2yAyp in (z,y,t) € X x Y x (0,00), (5.15)
p(x,0) = pg on (z,y,t) € X x Y x {t =0}.
The invariant measure p$° given by
1
P (yiw) = — oxp (=BG(w,y:7)) (5.16)

satisfies the Fokker-Planck equation (B13) [2R, &7], which agrees with equation (E221l) of Remark
3.

5.2 Sampling for a discrete-time solution

Using the Milstein method [#8], the system (514 is sampled for y(s) and z(s) on the time interval
[0, T) with step 6° > 0, known as the learning rate. Suppose that we partition the interval [0, T into
N equal subintervals

O=mp<nn<---<71ny=T, 5.17)

with 7, = k6 and §* = T'/N, then for k = 0,..., N, we obtain the discrete-time system

Vei1 = yp — O [VFmb(yk) + @ + V2508, (5.18)

— &ty ap — if (kmod N) =0
s — {xk v Mk —yk) i (kmod N) =0, 5.19

Ty otherwise,

where again, the "mb" notation indicates we only have the mini-batch gradients, and 6" = W, o

W, are normal random variables with mean zero and scale v/¢¢.
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6 Conclusion

We presented an optimization method which is based on the SGD in continuous-time. Like any
other gradient-based algorithm developed through a continuous-time model, the algorithm allow pa-
rameters to be updated on-line in continuous-time with the parameter updates x; satisfying an SDE.
While establishing a connection, via homogenization techniques, between solutions of nonlinear
PDEs (like the viscous Hamilton-Jacobi equation) and stochastic optimization algorithms used for
training DNNs, it was studied in [6] that one could develop modified SGD algorithms that scale
better in practice than the SGD method. Following this result, we were able to show in this work
that the resulting modified SGD algorithm which is interpreted as the gradient of the solution of a
viscous Hamilton-Jacobi equation indeed solves a viscous Burgers’ equation that models a highway
traffic flow.
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