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Abstract

Applying a stochastic gradient descent (SGD) method for minimizing an objective gives
rise to a discrete-time process of estimated parameter values. In order to better understand
the dynamics of the estimated values, many authors have considered continuous-time ap-
proximations of SGD. We refine existing results on the weak error of first-order ODE and
SDE approximations to SGD for non-infinitesimal learning rates. In particular, we ex-
plicitly compute the linear term in the error expansion of gradient flow and two of its
stochastic counterparts, with respect to a discretization parameter h. In the example of
linear regression, we demonstrate the general inferiority of the deterministic gradient flow
approximation in comparison to the stochastic ones, for batch sizes which are not too
large. Further, we demonstrate that for Gaussian features an SDE approximation with
state-independent noise (CC) is preferred over using a state-dependent coefficient (NCC).
The same comparison holds true for features of low kurtosis or large batch sizes. However,
the relationship reverses for highly leptokurtic features or small batch sizes.

Keywords: stochastic gradient descent, gradient flow, stochastic differential equation,
weak approximation, Talay-Tubaro expansion

1. Introduction

Consider a d-dimensional discrete-time stochastic process x = (xn)nen, With dynamics

Xn+1 = Xn — AV R ) (xn), n € Ny, (1)

where (R,), is a family of differentiable functions from R? to R, h is a positive real number,
and (7(n))nen, is an i.i.d. sequence of random variables. We interpret (x?),en, as the se-
quence of estimated parameters when applying a stochastic gradient descent (SGD) method
for minimizing the function R(z) = E[R,(0)(x)]. The function R itself can be interpreted
as empirical risk (that is training error) or population risk. We refer to h as the learning
rate and R, ,) as the risk due to the n-th data point or mini batch. In the following we
simply call x a SGD process.
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To make the SGD process tractable with methods from mathematical analysis one fre-
quently approximates the SGD dynamics with an ODE, usually referred to as gradient flow
(GF), given by

dXy = b(X7)dt, X{ = xo, (2)

where b = —VR. One can show that (2) is then a first-order approximation of SGD in the
learning rate, that is for all 7" > 0 and nice test functions g we have

Bg(X|r/m)) — Bg(X9)| = O(h),

as h ] 0.

GF dynamics are deterministic and hence ignore the randomness in SGD. Therefore, in
recent years analytic approximations in terms of stochastic differential equations (SDEs)
have become common. In particular, SDE approximations have been used to optimize
hyperparameters (see Mandt et al., 2015, 2017; Li et al., 2017; Malladi et al., 2022), to
analyze the long-term behavior of SGD processes (see Cao and Guo, 2020; Kunin et al.,
2022; Wojtowytsch, 2024), to study the impact of normalization schemes (see Li et al.,
2020)), to analyze the runtime until convergence (see Hu and Zhang, 2020), to study the
transition between stationary points (see Yang et al., 2021; Zhou et al., 2020; Xie et al.,
2020; Hu et al., 2017), to study the implicit bias and regularization properties of SGD (see
Ali et al., 2020; Pesme et al., 2021; Li et al., 2022) and to study the effect of running SGD
in parallel (see An et al., 2019; Boffi and Slotine, 2020).

Following Ali et al. (2020) we refer to solutions of SDEs approximating SGD as stochastic
gradient flow (SGF). SGF dynamics are usually obtained by adding to the GF dynamics a
diffusion term, typically driven by a Brownian motion W, and take the form

dXP = b(XP) dt + Vho(X]) dW;. (3)

Here, o(z) € R™? denotes a symmetric positive semi-definite matrix. Two choices for o
are common: first, o is constant, that is independent of the state (see Mandt et al., 2015);
second, o(z)? is equal to the covariance matrix of the sample gradient VR, ) (z) (see Li
et al., 2017). We refer to a solution of (3) with constant o as constant covariance stochastic
gradient flow (CC-SGF), and a process with the second type of o as non-constant covariance
stochastic gradient flow (NCC-SGF).

However, without an additional modification of the drift coefficient b in Equation (3) the
SGF dynamics are still merely a first-order approximation. In fact, by choosing any smooth
o of linear growth with bounded derivatives in (3), one obtains a weak approximation of
order 1. Given that the order of approximation is not improved, does it make sense at all
to add a diffusion term to the gradient flow dynamics? And if it does, how can one quantify
the benefit?

To answer these questions, in this paper we expand the approximation errors of GF and
(N)CC-SGF in h and compare their linear error terms, that is the constants in front of the
linear term in the error expansion. It turns out that the linear error terms for GF, CC-SGF
and NCC-SGF are generally all different. We can thus confirm a conjecture proposed in
Feng et al. (2018, Remark 2.3.).

We characterize the linear error terms as integrals of functions applied to GF, hence our
results bear similarities with the formulas of the leading weak error term when approximat-
ing SDEs with an Euler or Milstein scheme (see Talay and Tubaro, 1990). Indeed, Theorems
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1, 2 and 3 can be seen as describing the leading term in the Talay-Tubaro expansion of the
weak error. We remark, however, that the error estimate in the second and third theorem is
given with respect to a family of SDEs, whereas the error considered by Talay and Tubaro
(1990) refers to a single SDE.

Moreover, under a symmetry assumption and using the objective function as test func-
tion, we simplify these error terms further. This allows us to derive a bound on the linear
error terms indicating that they tend to decrease as the curvature around the gradient flow
trajectory increases.

Finally, we show that for linear regression models and constant learning rates, the linear
error terms for the objective function can be calculated in closed form. A comparison
then reveals that any of three continuous-time approximations can be the best, depending
on the batch size. However, there is a notable caveat for the case of gradient flow being
the best approximation. Note that the dynamics of learning a linear model using SGD
with constant learning rate can be roughly separated into the initial descent phase and
the final fluctuation phase, where SGD, due to the variance of the stochastic gradients,
is mostly fluctuating around the global minimum. The batch size at which gradient flow
becomes the best approximation increases as the duration of the fluctuation phase increases,
relative to the time horizon. On the other hand, the approximation quality of the stochastic
approximations is unaffected by the relative duration of the fluctuation phase.

1.1 Summary of Contributions

Below we provide a summary of the main contributions of this paper.

e We show that gradient flow (GF), stochastic gradient flow with constant covariance
(CC-SGF) and stochastic gradient flow with non-constant covariance (NCC-SGF)
are first-order approximations of SGD and related algorithms, with respect to the
learning rate. In addition to previous works, we allow non-constant learning rates
schedules which lead to time-inhomogeneous approximations. Furthermore, we derive
an explicit expression for the linear error term in the error expansion with respect to
the learning rate.

e For constant learning rates we express the three linear error terms using the first
derivative VX© and second derivative V2XY of the gradient flow with respect to its
initial condition, as well as the first, second and third derivative of the objective func-
tion. We do this under the assumption that VX° is a symmetric matrix everywhere
and that the test function g is the objective function to be minimized by SGD. As a
consequence we obtain a natural bound on the linear error terms depending on the
curvature along the gradient flow trajectory, the third derivative and the choice of
diffusion coefficient.

e Using the linear error term expansion we study the example of linear regression with
non-zero residuals, that is data noise, using population risk as test function. We show
that there are two special batch sizes B4 and BEF, such that for batch sizes B < BFd
the NCC approximation is the best, followed by CC-SGF for B¥4 < B < BSF and
GF for B > BSF. However, we also observe that BGY increases with the duration of
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the fluctation phase of SGD. On the other hand, B®4 only depends on the kurtosis of
the features.

1.2 Related Work

The idea to use stochastic differential equations for approximating SGD processes was first
considered by Mandt et al. (2015) and Li et al. (2017, 2019). Mandt et al. (2015) heuristically
use CC-SGF for approximating and analyzing the SGD process. Li et al. derived NCC-SGF
(Li et al., 2017) and rigorously proved that it is a first-order approximation of SGD (Li et al.,
2019). The approximation result is shown for constant learning rates and hence only for
families of SDEs that are time-homogeneous. In contrast, our approximation results allow
for time-dependent learning rates and give the linear error term explicitly.

Further results for the NCC-SGF approximation are derived by Lanconelli and Lauria
(2022); Chen et al. (2020); Fontaine et al. (2021). Lanconelli and Lauria (2022) justifies the
NCC-SGF dynamics with a general Markov chain convergence theorem. Theorem 3.5. by
Chen et al. (2020) provides an estimate of the Wasserstein-1 distance between SGD pro-
cesses and NCC-SGF. Fontaine et al. (2021) also considers NCC-SGF with time-dependent
learning rates, assuming that the sequence of learning rates given by y(n 4+ 1)~ for some
v € (0,00) and « € [0,1). Further, they provide an asymptotic estimate of the weak error
as -y converges to zero (see Fontaine et al., 2021, Proposition 25). It is remarkable, that the
same article also contains a strong approximation result (see Fontaine et al., 2021, Theorem
1) based on a coupling technique. In contrast to Fontaine et al. (2021), we provide explicit
formulas for the linear error terms and we suppose less specific assumptions on the learning
rate schedule u.

Moreover, the literature comprises articles considering weak approximations of order 2
for SGD processess (see Li et al., 2019; Feng et al., 2018, 2019; Gu et al., 2023).

Finally, we remark that our approximation results are asymptotic results, proving that
(S)GF and SGD converge to each other as the learning rate converges to zero. The results
do not provide any estimate of the actual error for fixed learning rates. That (S)GF may
not be a good approximation of SGD if the learning rate is not sufficiently small is pointed
out by Li et al. (2021).

2. General Results on Linear Error Terms

Let d € Nand T' > 0. Given a subset D of Euclidean space, we write g € G(D) ifg: D — R
has (at most) polynomial growth, that is there exists a constant C' > 0 and x € Ny, such
that

()] < C(1 + |27) (4)

for all  in the domain D of g. Typically, D = R? or D = [0,T] x R%. The infimum of
all such C’s for a given x will be denoted by ||g|/c.. We also sometimes write g € Gy (D)
if ||g|lg,. < oo, especially for k = 1. We write g € GY(D) if g € C'(D) and all its partial
derivatives up to order [ are in G(D).

Now, let (2, Fq,P) be a complete probability space, I' be a measurable space and
(7(n))nen, be a sequence of i.i.d. I'-valued random variables. We can view y(n) as the data
point or mini-batch chosen in the n-th iteration of stochastic gradient descent (SGD). Also
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let 7 = (Ft)t>0 be a filtration on (2, Fq,P) independent of v satisfying the usual conditions
and let W be an R%-valued F-Brownian motion.

Let w: [0,7] — [0, 1] be a function.

Assumption (A1) We have u € C*°, such that u is constant or strictly decreasing.

The function u is a learning rate schedule and represents the change of the learning
rate over time. For all h € (0,1) the sequence of learning rates is given by (Aunh)nen,-
The parameter h € (0,1) acts as discretization parameter. If supycpgjut =1, then h can
be interpreted as the mazimal learning rate. Following Li et al. (2017) we have chosen to
decompose the learning rate into A and wu, because this makes the approximation results
analogous to the autonomous (that is constant learning rate) case.

Recall that v takes values in I'. Let H : T' x R — R?. Now, given an initial value
r € R?, define (generalized) stochastic gradient descent by

XE o1 = X0+ hunn Hy oy O0),  XG =2 (5)

Assumption (A2) The function H satisfies H € G1(R?) uniformly inr € T, that is there
exists a constant C > 0, such that

[Hy(z)| < C(1 + |z|),
for allr € T and x € R

Example 1 The prototypical example to keep in mind is online SGD with replacement.
Given a sequence of differentiable error functions Ry,...,Ry : R — R, where M is the
sample size of our data set, we set H(,)(x) := =V R,y (x) and choose y(n) to be uniformly
distributed on {1,..., M}.

Finally, set
H:=EH,q :R* - R?,

and
S = E[(H, ) — H)®] : R —» R™,

Here 292 = 221 € R™? for any 2z € R, By Assumption (A2) we have H € G1(R%).

Since ¥ is symmetric and positive semi-definite, a unique matrix square root v/% exists.
Assumption (A3) The functions H and V'Y are Lipschitz continuous and in C™, such
that all their partial derivatives are bounded.

Next, we introduce three different (families of) differential equations, the solutions of
which approximate the SGD iterations. Assumptions (Al) and (A3) guarantee that the
coefficients of those equations are Lipschitz continuous. This assumption is standard in
the literature on stochastic differential equations (SDEs) since it implies the existence and
uniqueness of a solution. Assumptions (Al) and (A3) further imply the coefficients to be
smooth with bounded partial derivatives. This property in turn implies smoothness of the
SDE solutions with respect to the initial condition (see Theorem 27 in the Appendix or
Kunita, 2004). Finally, Assumption (A2) yields linear growth and uniform integrability
conditions on SGD and its increments (see Lemma 7 below).



ANKIRCHNER AND PERKO

2.1 Gradient Flow

Consider the ordinary differential equation
dX? = u H(X)Y) dt. (6)

We will refer to equation (6) as (generalized) gradient flow, or GF for short.

The appearance of the learning rate schedule u in (6) may surprise. We are essentially
considering the equidistant time grid {h,2h,...,T} in continuous-time. The discretization
parameter h and the learning rate schedule u take on different roles, because the time grid
is not affected by u. Let

H:={he€(0,1): T/h € N} (7)
be the set of acceptable learning rates and g € G®(R?). For all (¢,z) € [0, T] x R? we define
vi(x) = 9(Xg' (), (8)

where X%(z) denotes the solution of (6) on [t,T] with initial condition X{(z) = x. Note
that X%t(as) = X9_,(z). We write v/ if we want to emphasize the dependence of v on g.
One can show that v € C°([0,T] x R?). Moreover, the partial derivatives of v with respect
to time and space have polynomial growth in the space variable, uniformly in time. Hence,
v € G®([0,T] x R?) in the sense that for every k € Ny and multi-index! o C {1,...,d}
there exist constants C' € (0,00) and x € Ny such that

|0F Dave(2)] < C(L+|a]"), (9)

for all ¢ € [0,7] and = € R%. Then, we define the function?

() :%uf tr[V2u,(x)H (2)®?] + utBtht(:c)Tf__T(x) + %8?1),5(1‘), (10)

with (t,z) € [0,T] x RY. Whenever we want to stress the dependence of ¢ on g we write
@

Theorem 1 Assume (A1), (A2) and (A3). Denote by X the solution of (6) with initial
condition Xo = x. Then for all g € G™®(R?),

T
1
Eg(Xt/m) — 9(X7) = h/o o7 (XP) + 5“? tr[V2f (XP)S(XY) dt + O(h%),  (11)
for all h € H, that is all discretization parameters h such that % s an integer.

The parts of Assumption (A3) concerning v/3 are superfluous for the proof of this theorem.

1. See the appendix before Theorem 27 for a definition of (unordered) multi-indices.
2. Here, V denotes the gradient and V2 the Hessian matrix with respect to .
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2.2 First-Order Stochastic Gradient Flow with Non-Constant Covariance

For all h € HU{0} we consider the following family of stochastic differential equations, first
introduced by Li et al. (2017),

AXNCCN = H(XNOOM) dt + ug/ hE(XNCCM) aw. (12)

We refer to a process solving (12) as (generalized, first-order) stochastic gradient flow with
non-constant covariance or NCC-SGF for short (in accordance with the terminology used
by Ali et al., 2020). Notice that, as h | 0, the diffusion term in (12) vanishes and hence
(12) becomes the ODE (6).

Theorem 2 Assume (A1), (A2) and (A3). For all h € H denote by X" the solution of
(12) with initial condition X} = z. Then for all g € G*®(R?) and h € H,

T
Bayn) ~ B = b [ (XDt +002), (13)
where ¢ is defined in (10).

Note that the process X? is the same as gradient flow defined in (6).

2.3 First-Order Stochastic Gradient Flow with Constant Covariance

Finally, we consider an approximation to SGD with constant diffusion coefficient. Here, we
have to make a choice on how to approximate X by a constant. Frequently one is interested
in the behavior of SGD around a stationary point. In fact, suppose gradient flow converges
to a, necessarily stationary, point X2 € R?. Then for every h € H U {0} we consider the
SDE

dXtCC’h = utI_{(XtCC’h) dt + ug/hE(XY,) dW;. (14)

We refer to this approximation as (generalized, first-order) stochastic gradient flow with
constant covariance or CC-SGF for short (again, in accordance with the terminology used
by Ali et al., 2020). In the case u = 1 this is essentially the continuous-time approximation
introduced by Mandt et al. (2015). Note that the diffusion coefficient may depend on the
initial condition, since X2 may already depend on it.

Notice again that as h | 0 the diffusion term in (14) vanishes and hence (14) becomes
the ODE (6).

Theorem 3 Assume (A1), (A2), (A3) and that gradient flow converges to a stationary
point X%. For all h € H denote by XCO" the solution of (14) with initial condition
XOCC,h = 2. Then for all g € G®(R?) and h € H,
T
CC,h 1
Eg(x7/n) —Eg(X7 ") :h/o e (X7) + g e[V (X7) (B(X7) — D(X))]
+0(h?), (15)

where v is defined in (8) and ¢ in (10).
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2.4 Linear Error Terms for Minimization Problems

In specific settings we can give more explicit formulas for the linear error terms, building
on top of Theorems 1, 2 and 3. In particular we consider SGD with H = —VR, where R is
some objective function to be minimized. For simplicity we consider only constant learning
rates.

Note that (A3) implies X° € C2([0, T] x R?) if we consider gradient flow as a function of
time and its initial condition. Therefore, we can consider the first and second derivative of
gradient flow with respect to its initial condition. That is VX?(z) € R¥*¢ and V2X?(z) €
R¥xdxd where

VX?(:L’)Z'J' = 8]Xt0(x)z, VQX?(:L')iyjyk = aj’kX?(.T)i, i,j, k c {1, Ce ,d},

for all t € [0,7] and = € R?. More generally, if a function f : R? — R? is C2, then we write
V2f : R? — R&IXd where
(V2 )ik = Osnfi.
Similarly we define V3f = V2(Vf) for f:R? = R. For k € Ny we write
R =dx- xd.
o

Given k,l € Ny as well as tensors A € R and B € R we define (A,B) € R by
summing over the common indices, that is

<A3B>i1,...,z‘k = Z Airsigsgtseenit Bit e
Jisendi
In particular, given vectors u,v € R and matrices A, B € R**“ we have
(u,v) =u'v, (A, B)=tr(A'B) e R.

The quantity (A, B) is also known as the Frobenius inner product of A and B. The inner
product (-,-) on RY" induces the Frobenius norm, given by ||A|r = /{4, A) for all A €
R

Given a continuous-time (stochastic) approximation ¥ = (Y;th)te[o,T],heH of SGD we
define the linear error term (with respect to R) by

ER(x%,,) — ER(Y}
LE(Y) = l}gg ( T/h)h ¥r)

)

where the limit is taken in H.

Theorem 4 Assume u = 1, (A2) and (A3). Further, assume we are given R € C*®(R%),
such that H = —VR and VX is a symmetric matriz for all t > 0 and initial values.
Let x € RY, D € {0,%(X2), X} and® consider the solution X to the family of stochastic
differential equations

dX} = —VR(X})dt + \/hD(XI)dW,;, Xt ==z te[0,T],he (0,1).

3. In the case D = £(X%) we implicitly assume that the limit X2 exists.
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Then we have

1 1
LE(X) =2 (V*R(X7), of — TVR(X7)®?) + - (VR(X7), A7), (16)
where
D T 0,t 0,t dxd
o = /0 VXD (X9)(2(X0) — D(X2)) VXL (X?) dt € R4,
T
8P = [ (VXP(X0), VROX)®? + B(XP) — D(XD))dt € R
0
Moreover,
2| LE(X)| <dTM3|VR(z)[*(|V*R(X)||F + d*/*|VR(x)|¢r)
+ dER (|| VR(XD) || F + VA|[VR(z)|(r), (17)
where

t t
M; = exp (— / Amin(v2R(X§))ds>, G = / M| V3R(X)|  ds,
0 0

e /0 I5(X9) - D(X?)

MS? Iz ds, tel[0,T).

Note that in the case of the NCC approximation we have 5%7 = §% = 0. The term My
goes to 0, as the curvature, that is the smallest eigenvalue of the Hessian matrix, along the
gradient flow trajectory becomes large. Thus, as long as {7 does not grow too rapidly as
curvature increases, the linear error term of NCC-SGF vanishes as curvature becomes large.
This observation is analogous to a result by Elkabetz and Cohen (2021) suggesting that “the
“more convex” the objective function is around the gradient flow trajectory, the better the
match between gradient flow and gradient descent is guaranteed to be.” However, they only
consider deterministic gradient descent and the gradient flow approximation. Curiously, the
third derivative of the objective function (and by extension (r) also does not seem to play
a role in their theory.

We can also make rough statements to compare the three approximations in general.
Note that either the first or second summand in (16) dominates the other in size. In any
case, by considering D = ¥(XJ) we can see that the absolute linear error term for the
CC-SGF approximation becomes large as F(z) = L(x) — X(X,), that is the noise outside
of the stationary point, becomes large. Therefore, for large F' the NCC approximation is
better than CC-SGF. By considering D = 0 and writing ¥(x) = F(x) + X(XY) we also see
that NCC-SGF is better than gradient flow for large F'. Moreover, for large noise around
the stationary point that gradient flow approaches, that is large (XY, ), Theorem 4 further
indicates that the stochastic approximations are preferable to gradient flow.

In the next section we will use Theorem 4 to analyze and compare the three continuous-
time approximation more precisely in the setting of linear regression.
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3. A Comparison of Continuous-Time Approximations to SGD for Linear
Regression

In this section we compare gradient flow and the two stochastic gradient flow approximations
(NCC and CC) in the setting of linear regression using mini-batch SGD. For simplicity we
only consider constant learning rates in this section, that is u = 1.

Firstly, we provide a theoretical comparison using Theorems 1, 2 and 3 (see Theorem
6). We will see that the comparison highly depends on the batch size and on the kurtosis of
the features (also called independent variables). Secondly, we substantiate the theoretical
findings using a numerical example.

In a fairly general, parametric, statistical learning setting we are given an unknown
measure v, called population, on a measurable space Z, a set of parameters © C R? and a
family of risk functions (R.(0))pco,cz. The general goal of statistical learning is then to
minimize over © the population risk, that is the mean risk of the data under the measure v

R(0) == E.,[R.(9)].

Accordingly, we focus on comparing the weak error of the continuous-time approximations
of SGD for the population risk function R associated with a linear regression task.

In terms of our interpretation and in our examples we focus on this “population setting”,
where we are essentially performing SGD without replacement for an infinite sequence* of
i.i.d. data.

3.1 The Statistical Learning Setting

In this subsection we introduce the statistical learning setting in the case of linear regression.
Suppose we are given an R%valued random variable 2 and an R-valued random variable &
defined on a probability space (£2, F,P), such that  and € are independent, Ee = 0, a? =
Ee? < oo, the covariance matrix x of x is positive definite, and z has finite joint fourth
moments

Elx;x;xrz| < oo, 4,5,k le{l,...,d}.

Let 6* € R?. We define the R-valued random variable y by
y=(0"x)+e.

Denote the distribution of (x,y) by v. We call v the population. We consider data drawn
from v, which follows a linear model. The population is considered unknown to us.

Note that in this section we follow the convention from statistics and denote the features
(explanatory variables) by = (or @ if they are random). The initial condition of SGD and
its approximations is here denoted by 6 (and not by x in contrast to the previous sections).

Let ¢ be the square loss, given by £(y,y') = %(y —y")2. The goal is to fit the data drawn
from v using a linear predictor § — (A, x). Thus, for any data point (z,7) € R? x R we
consider the squared risk

Rey(0) = £((0,2),) = 3 ((6,2) — )"

4. Only finitely many samples are used, since we are given fixed time horizon.

10
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We define the population risk by
R(0) = E[Ra (6)].

We stress that the bold letters @,y denote random variables, while x,y represent realiza-
tions. The minimum of R, that is the best possible fit, is given by the population parameter
0*. Fix a batch size B € N. We can determine an estimate of 8* using mini-batch stochastic
gradient descent

B-1

h
X?L‘Fl :XZ - E Z vaka+B7l7yk+Bn (XZ)
k=0
, Bl
=X — I Z(<Xfu Tkt Bn) = Yk+Bn)Th+Bn (18)
k=0

where (2, Yn)nen, is an i.i.d.sequence with (zg,yo) ~ v. We calculate

02
R(0) = SEI(6 6, @) — )] = 5 (x. (6 - 67)%%) + %

Hence, R is a quadratic form with minimum at 6*. Now, consider D € {0,3(6*), X} and

dX]! = ~VR(X]) + \/hD(X)dW;, te€[0,T],he (0,1).
One can show (see Section 6.1) the linear error term is given by
Lo 3 2Tk N D
LE(X):_§T<"£€ 7(0_0 ) >+§</€7aT>a
where .
o = /O e T=0R(n(XD) — D(X?))e~T—Dx gt

To calculate ap we will start with the covariance matrix of the gradient noise at batch size
1, which is given by
S(0) := Cov[VgRay(0)] = (ut — £%%,(0 — 6*)%?) + 02k

xT

where p} € R dxdxd with
(H2)ijkt = Elwizsare],  i,j,k e {1,...,d}.
Note that the covariance matrix of the gradient noise is given by %(6) = £.5(6).

In the next subsection we add a natural assumption on S that allows for computation
of explicit linear error terms not involving any integrals.

11
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3.2 Theoretical Comparison of the Linear Error Terms

In this subsection we will give a comparison of the linear error terms of the three continuous-
time approximations of SGD for linear regression. We will see that the comparison depends
on the batch size B and the kurtosis of the features. Before we start we narrow down the
assumptions further to two particular settings in order to simplify the covariance matrix S.

Example 2 We study in detail the following two specific settings.

(a) We assume that the features are centered Gaussian, that is € ~ N (0,k). Then we can
simplify the covariance matriz of the gradient noise for batch size 1 to

S(0) = 2k(0 — 0")2%k + o2k
(b) We assume that d = 1, but not that  is Gaussian. Then, we can write
S(0) = k*(Kurtx — 1)(0 — 0")? + ko2,
where Kurt x := E[x?*]/k? is the kurtosis of = (see Section A in the appendiz for more
information about kurtosis).
From now on, assume that there exists a constant B¥4 > 0, such that

S(6) = 2B®k(0 — 0*)%k + 02k, 0 e R

In particular, in Example 2 (a) we have BE4 = 1 and for (b) we have B¥ = J(Kurtx — 1).
Proposition 5 below implies that if B®4 € N, then it is the batch size B where the NCC
and CC approximation have the same error, up to flipping the sign.

Now, the three continuous-time approximations (6), (12) and (14) take the form

dX) = — k(X — 0" dt

h
dXNOON = — g (XNCOM _9%) dt + ‘/E\/ 2Bk (X OGN — 04)92% 1 o2k dW,

R P L i

Note that the process with constant covariance dynamics (19) is an Ornstein-Uhlenbeck
process. Using (42) we can derive the following expressions for the linear error terms of the
three continuous-time approximations of SGD.

Proposition 5 Suppose x’é = X{ = Xé\lcc’h = XOCC,h =0 € R? for all h € H. Then, we
have

he\ 3 —ore .
ER(xf/n) — ER(X}) = = ST(s%e™*1%, (0 — 0)%2) + O(h?),

BFa 1
ER(X} /) — ER(X7O") =h <? - 5) T(Pe 2T, (0 — ")) + O(h?),
ER( h ) _ ER(XO) —h B_Eq _ 1 T< 3 _—2Tk (9 _ 9*)®2>
XT/h T) — B 9 K€ )
+ %o—?(m, Laxa — e 2Ty 4+ O(R?). (20)

as h | 0, with T/h an integer.

12
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We introduce some additional notation to succinctly state the following theorem. Given
two continuous-time approximations Y, Z we write Y < Z if |LE(Y')| > |LE(Z)|, that is
if the approximation of SGD with Y has (in absolute terms) a greater linear error term
than the one using Z. More briefly it means that Z is not worse than Y. Evidently < is a
reflexive and transitive relation. We write Y < Z if Y < Z and Z <Y, that isif Y and Z
are equally good approximations. Further, we write Y < Z if Y < Z and Z £ Y, that is if
Z is strictly a better approximation than Y.

Theorem 6 Suppose B¥4 > 0 and we are given an initial value 6 # 0*. Define

o2(k,1 — e 2T%)

BCF = op¥a :
T AT (w3217 (0 — 6+)2)

Then, we have the following
(i) X0 < XCC < XNCC 4f B < BFa,
(i) X0 < X©C¢ =< XNCC if B = BFq,
(iii) X0 < XNCC < XCC jif BFa <« B < BGF — BFa,
(iv) XNCC < X0 < XCC jf BGF _ BFa « B < BGF,
(v) XNCC < X < X0 if B> BOF,
(vi) LE(X®C) =0, if B = 2B™,

In other words, for small batch sizes the best approximation is NCC-SGF, followed by CC-
SGF and then gradient flow. If we increase the batch size, then NCC and CC switch places.
After that NCC and GF switch places. Finally, for large batch sizes GF becomes the best
approximation. Somewhere in between CC is not only the best approximation among the
three, but also has a linear error of 0.

Even though the gradient flow approximation can be the best approximation for large
batch sizes, the lower bound BCF for this to occur diverges to oo as

T — o0, or 0. — 00, or k = 00 (for d =1), or 6 —6* = 0 (for d = 1). (21)

In fact, one can summarize (21) by saying 7 — oo, where 7 is the time that SGD spends
fluctuating around the global minimum 6*. Therefore, for large 7 the SGF approximations
are preferable to gradient flow, for all reasonably large batch sizes.

When it comes to deciding between NCC and CC-SGF, the important quantity is B9,
This quantity only depends on the distribution of  and not on T, k,0. or § — 6*. For x
Gaussian we have B®4 = 1, so the CC-SGF approximation is, perhaps surprisingly, almost
always preferred over the NCC approximation. We also consider the case where d = 1 and
BFa = %(Kurtx — 1). In this case we observe for batch sizes that are small, relative to
the kurtosis of the features x, the NCC approximation can still be the best one (see also
Section A in the appendix for more information on kurtosis).

Overall, one can also say that for highly leptokurtic features, the NCC approximation
is the best across a large range of batch sizes. On the other hand, for lower kurtosis the CC
approximation is best.

Figure 1 below provides a visual comparison of the three approximations in terms of
kurtosis and batch size in two specific examples.

13
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Figure 1: The best continuous-time approximation of SGD for linear regression in dimension
1 in terms of the kurtosis of the features and the batch size. Here k = 1, (§—0*)? =
1 and T'= 0.5 (T = 2.0) in the left (right) plot. In the lower part of the middle
region, where CC-SGF is the best approximation, gradient flow is worse than
NCC-SGF. In the upper part of the middle region, gradient flow is better than
NCC-SGF.

3.2.1 THE CASE OF BATCH SIZE 1
Here, we specifically study the case B = 1. Firstly, we have

X0 < XCC < xNCC " if ¢ is Gaussian.
Secondly, if d = 1 and so B®4 = {(Kurtz — 1), then

(i) X0 < XCC < XNCC if Kurt x > 3,

(i) X0 < X©€ =< XNCC if Kurt & = 3,
(iii) XNCC < XCCif Kurtx € (1,3),
(iv) XNCC = XCC if Kurtx = 1,

)

(v) LE(X®C) =0, if Kurt & = 2.

Note that distributions with kurtosis < 3 / = 3 / > 3 are also called platykurtic / mesokurtic
/ leptokurtic (see also Section A)

Gradient flow is always the worst approximation for Kurt x > 3. Assume we are in the
platykurtic setting Kurta € (1,3). Then gradient flow is the worst / second-best / best
approximation if

<BYF —BEd ; BOF _BEa 1 < BOF / BOF 4

3.3 A Numerical Example

In this subsection we present results from a numerical experiment confirming the theoretical
results presented in Theorem 6. We also compare the three approximations to yet another

14
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continuous-time approximation to SGD, which we call second-order stochastic gradient flow,
or SGF2 for short. The corresponding family of stochastic differential equations is given by

h
AXP" = = RPN = SRIPRI(XE") dt +/ hE(X) W (22)
h [h
=—K (ldxd + 5%) (X} —0")dt + E\/QBEQR(XE’h — 0%)92K + o2k dW;

with XOQ’h = Xo- Then the following holds: for every 7' > 0 and g € G*°(R) there exists a
C > 0, such that (see Li et al., 2019)

[Eg(xlr ) — Eg(X3")| < Ch2, (23)

In other words, the linear error term is 0 (regardless of whether g = R or not). In this
sense SGF2 is the best approximation we have seen so far. To achieve this improvement we
use the same diffusion coefficient ¥ as NCC-SGF, while making the drift coefficient more
complicated.

For the remainder of this section we exclusively work in setting (b) from Example 2

3.3.1 EXPERIMENTAL SETUP

We consider using SGD for fitting the particular one-dimensional linear model
y=—-xc+e (24)

with @, € independent, centered and of variance 1, where € is Gaussian. Note that in this
case we have 0* = —1. We compare the weak errors of the population risk R for different
continuous-time approximations of SGD. Here we use time horizons 7' = 0.5 and T' = 2.0,
varying distributions of & and initial values . We use a Monte Carlo approximation to
estimate }ER(Xf}/h), that is

~1,h
ER (X)) =~ ZER X71)

where ¥!,..., XM are independent copies of y. More precisely, to compute one copy X
we draw BT'/h i.i.d. samples from the data-generating model (24) and then perform SGD
for T'/h steps using a batch of B samples in each step, never using any sample twice.
Thus, every copy of x uses a different (pseudo-) data set. For the experiments we have
chosen M large enough (between 10® and 2 - 10%) so that the variance of the Monte Carlo
estimator is negligible compared to the weak error. Moreover, to reduce the computational
burden significantly, we determine ER® (Y{}) for Y = X0, XNCCph xCCh Xx2h ysing explicit
formulas, which can be derived in this example (see Proposition 25 in Section 6.3). We
consider the learning rates h = 0.5,0.1,0.05,0.01, 0.005,0.001. Notice that 7'/h is an integer
in each case, where T € {0.5,2.0}. Plotted is the dependence of the weak error

1
—[ER(x7/1,) — ER(YT)],

divided by k (!), on the learning rate h.
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3.3.2 RESULTS

In the following v, denotes any distribution with expectation m, such that € + m ~ v,.
That is « has distribution v,, but shifted to have expectation zero. Figure 2 depicts the
weak error’s dependence on the learning rate in the following settings:

Nr | T | @ Ve k | Kurte | B | B® | BGF — pFa | pBGF

(1)[05] 0 [ Exp(0.1)] 10 9 1| 4 114.127 | 118.127
(2) 05| 0 N(0,1) | 1 3 1] 1 1.85914 | 2.85914
3)]20] 0 | N(O,1) |1 3 41 1 7.69977 | 8.69977
4)]05] 0 Exp(1) | 1 9 8 | 4 4.85914 | 8.85914
()05 0 | N(0O,1) | 1 3 41 1 1.85914 | 2.85914
6) | 0.5 —09| N(0,1) | 1 3 2| 1 86.9141 | 87.9141

Aside from minor deviations stemming from the Monte Carlo estimation, the empirical
results in Figure 2 confirm the theoretical results in the last subsection. In particular, we
observe:

(i) The experimental settings (1)—(5) correspond exactly to the settings (i)—(v) in The-
orem 6. Note that instead of merely varying the batch size B we also varied B® and
BEF by choosing different 7' and distributions of .

(ii) As indicated by Proposition 5, the experimental setting (6) shows that for § ~ 0* and
only moderately small learning rates there is little difference between the NCC- and
the CC-SGF approximations, while gradient flow is lagging behind by neglecting to
model the variance of the residuals 2.

(iii) For B = B, NCC- and CC-SGF are equally good (setting (2)).
(iv) For B = 2B¥4 the CC-SGF approximation is of second order® (settings (4) and (6)).
(v) The SGF2 approximation is always best, irrespective of batch size.

We remark that the theoretical rates of convergence are difficult to observe without using
a high number of Monte Carlo samples. Moreover, note that in the experiments we always
plotted the weak error while Theorem 6 only applies to the linear error term. The results
indicate that the higher order error terms have negligible impact on the total error.

3.4 Generalizations

One may wonder how much the results from this section generalize beyond the particular
setting of linear regression using SGD without replacement. For example, a more commonly
studied example is that of SGD with replacement, where the randomness stems from the
sampling procedure and not from the underlying population measure. Then the objective
function R is the empirical risk, also called training error. In this case the covariance matrix
is still, in some sense, given by a quadratic form (of matrices). Proposition 5 still holds true,

5. More precisely, the approximation is of order 2 for the chosen test function R. This is a weaker property
than (23).
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Figure 2: The weak error’s dependence on the learning rate for several continuous-time
approximations to SGD, in various settings. The plots (1)-(5) correspond to the
settings (i)-(v) in Theorem 6. Further, (4) and (6) also correspond to (vi). Finally,
(6) depicts a situation where X©C % XNCC but the weak errors are close to each
other since the common initial value is close to the minimum.
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albeit with somewhat less simplified terms. However, in this case the minimum® of ¥ may
be different from the minimizer 6* of the objective function R. In contrast, we assumed
2(6%)

that X is minimized at 6. If this is not the case, then it is possible for a-;
4 to have negative eigenvalues. Hence, we may have

in Theorem

LE(XCC) = LE(XNCC) 4+ %

for some b with b < 0 (instead of b > 0). Thus, Theorem 6 does not easily generalize to this
setting.

Disregarding this issue let us consider more general non-quadratic objective functions R
with convergent gradient flow X° and ¥ which is minimized at §*. By assumption V3R # 0,
so V2X0 £ 0 and Br # 0 (see Theorem 4). In general, neither the sign nor the relative
size of (VR(XY), Br) in Equation (16) is known. Unfortunately, this means that Theorem
6 cannot be generalized to this setting either. We leave it to future work to study this term
in other practically relevant settings.

4. Proof of Theorems 1, 2 and 3

In this section we give proofs of Theorems 1, 2 and 3. However, before doing that we need
to establish a few preliminaries.

4.1 Preliminaries

Let I be a set and X = (Xf)ie 1t>0 be an I-indexed family of continuous-time stochastic
processes. Given p € [1,00) we define

t 1/p S\ P
1 X [lp,e = sup (JE/ IXélpds> o X llps = sup (E sup \Xélp) :
i€l 0 iel s€[0,t]

Although usually X will be R%-valued and then | - | refers to the Euclidean norm, these
definitions naturally extend to R% > %% _yalued processes as well. Similarly, given an I-
indexed family of discrete-time stochastic processes X we define

1/p
X*||pn =sup (E  max |X}[P :
” HPJZ iE? ( nle{o,,..,n}‘ " ‘ )

Given an I-indexed family of random variables Y = (Y?);c; we also let

IY']lp == Sg?(E\Yi!p)l/p-

Recall the definition of x in (5), as well as Assumptions (A1) and (A2). We shall prove
growth results concerning stochastic gradient descent. Denote the SGD iterations starting

6. Here, we mean minimum in the sense of the Loewner order. In particular, ¥ is minimal at 6* if X(0) —
¥(6*) is positive semi-definite, for all § € R
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at time k with initial value € R? and maximal learning rate h € (0,1) by x"*(x). Given
a discrete process Y indexed by h € (0,1), for example Y = x, we write

AYH () = Y () — YR (), (25)

for all h € (0,1),k,n € Ng with & < n and initial values 2 € RY. We let AY := AYM.
Observe that AY,""(z) = Yjﬁ( ) —z.

In order to simplify notation, in this section we often omit the initial condition from y
or the solution X of a given SDE and formulate statements for the mapping from the set
of initial conditions R? to the collection of random variables (x,)n or (X;);.

Lemma 7 The following estimates hold true:

(i) For every T > 0 and p > 1 there exists a constant C > 0, such that

h *
sup |[x"(z | <C(1+ |x|),
S @l 7)< O+ )

for z € R%,
(ii) There exists a constant C' > 0, such that
1AXR" (@) ]lp < hC (1 + |x]),
for all h € (0,1), n € N and z € R%.

Proof

(i) Let p € N. For every h € (0,1) and n € Ny,

N N 1/p
I >*||p,n=(E max |xn/+1|*’) .

n'e{-1,..,n-1}
If we let x_1 = 0, then
X7 < + Pn Hoy gy (00 P

<t |P+Z( )|xn|P a1 oy ()

Now, for i € {1,...p}, h € (0,1) and n € Ny,
([P~ H. M e < HIXPAIH G, (14 XD
X 40y (X 1n <X el X 1n
1. » L
= e P i [P

< A IOM 5 ),
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with ¢ := 2||H||¢, and using the inequalities y? + y? < 2(1 4 y?) for 0 < p < ¢ and
y > 0. Therefore,

hy* P h
1O e <E bl

p
p i —i i
VE  max Z@(hun/h) P Ly (120

n'e{-1,..,n} 4

Ml +Z( )n (i I P o (1)

<NOM B+ CRA O )
=L+ CI(X")|IB . + Ch,

1n

where C' := Y" | (¥)¢". By induction over n,

n—1
OB < (L4 CR) () lp0 + CR (Z(1+0h)i) :

i=0
for all h € (0,1) and n € N. Consequently,
L%)

I @I ) < (U O e + CR 3~ (14 Oy’
1=0

T
< (1+Ch) ¥ [ + Cho (1 + Ch)’
= (CT + |z|P)elos1+Ch
< (CT + [z[P)e T,
for all h € (0,T) and = € RY, since log(1 +y) < y for all y > —1. Now, the inclusion

follows for p € N. For arbitrary p > 1 we have [|[Y*[|, < [|[Y*[|;,; and thus the result is
proven.

(ii) We have
1AX"™ (@) lp = [IhunnH (@) lp < Bl H |6, (1 + |]),

for all 2 € R? and h € (0,1).

We shall now consider moments and growth conditions for solutions of (families of) stochas-
tic differential equations that will act as approximations to SGD. Let [ € Ny. We write
f € Lipt if f € CY([0,T] x R%) and there exists a C' > 0 such that

|0 ft(x) — O fi(y)| < Cla —yl,

for all ¢ > 0 and multi-indices a with size #a < I. Also set Lip := Lip’. Given an index
set I, these conditions extend to I-indexed families of functions (f;);c; in a uniform sense.
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Further, we extend the use of the notation G to families of functions. More precisely,
given a family of functions

fiIxRY SR, (i,2) = fi(z),
we write f € G(R?) whenever there exists a constant C' > 0 and & € N such that
|fi()| < C(1 + |2[7), (26)

for all x € R? and i € I. Again, we define ||g||g, as the infimum of all C’s in (26).

Notice that the index set may comprise the time interval [0, 7"]. Usually, we have I = H
oror [ =H x[0,T] or I =(0,1).

Similarly we extend the use of the notations G! to families of functions. In particular,
for an I-indexed family of functions f : I x [0,7] x R — R we write f € G*([0,T] x R%)
if each f; is infinitely continuously differentiable in time and space, and all derivatives have
at most polynomial growth, uniformly in ¢ € I. Finally, all the definitions extend naturally
to other codomains such as R? or R4,

We shall consider stochastic differential equations with (families of) coefficients

b:Ix[0,T] xR RY o : 1 x[0,T] x RS — R4,

Proposition 8 Letl € N,p > 1 and b, € G1(R?) NLip!, such that b is R%-valued and o is
R4 yalued. Let X be the unique solution to the family of stochastic differential equations

AX* (@) = (X} (2)) db + ol(X (@) dWs, - XE(2) = .
and g : I x R = R € GY(R?). Define
vy (@) := Bg'(X{*(x)).
Then v € GYRY).
Note that the polynomial growth of v and its partial derivatives up to order [ is considered
uniformly in i € I and s,t € [0, 7.

Proof Let o be a multi-index. By induction one can show Ed,g(X) = 0,Eg(X) using
Theorem 27 in the Appendix. By the higher chain rule,

#a
100ty =E|0ag (X7 )| < D IV7g"(X) 2 Y N(a,B) [] 105X " [|l248,
j=1 BeSs BeB

where S is the set of all partitions of « into ¢ multi-set multi-indices (each partition
being a multi-set as well), N(«,B) € N, #B is the size of the partition and the product
II sep respects the multiplicities of § € B. From g € G'(R%) and Theorem 27 we conclude

dov € G(RY). [ |

21



ANKIRCHNER AND PERKO

Remark 9 Assume now we are given an SDE with separable coefficients, specifically
dX; = utB(Xt) dt + ’LLtS(Xt) dWry,

where B, S € LipNG™. Further, suppose Assumption (A1) holds. Given g € G™(R?) we
want to show that v defined by

o = Eg'(X7")

satisfies v € G*®([0,T] x RY).
To this end let U be a map from the image of u to R, such that

U wou™l, w strictly monotone,
0, u constant.

Then U is continuous, bounded and
d'U,t = U(ut) dt,t > 0.

Consider the system
dZy = b(Zy) dt + 3(Zy) dWy,

- ()6 0 +6)- ().

Then b,% € G(R?). If the coefficients of an autonomous SDE

with

dZ; = b(Zy) dt + 3(Zy) dWy
are in G and g € G®(R?), then clearly also Lzg € G*=([0,T] x R?), where Ly is the
infinitesimal generator of Z. By Proposition 8 then ELzg(Z) € G=([0,T] x RY). If g €
G>=(RY), then vz’h = ]Egi(Xéf’t) satisfies the Feynman-Kac equation”

O+ Lxvy =0, vr =g,
where Lé‘( is the infinitesimal generator of X". In particular,

OEg(XT) = HEg(Zh) = 0Eg(Z} ) = Lz(Byg(Zy_,)) € G([0,T] x RY),
with the understanding that g(x,y) := g(x). Inductively,
OuOFEg(XE) = 0uLE(g(Z0_)) € G(0, T) x RY.

All in all we have v € G®([0,T] x RY), that is v is smooth in time and space, and all its
derivatives have polynomial growth (uniformly in time).

7. See, for example, the book by Graham and Talay (2013, Theorem 7.14 and Remark 7.6).
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Next we shall consider families of stochastic differential equations
dX]P = bp(X]) dt + Vho!(X]P) awy,

indexed by a discretization parameter h € (0,1). Given the family of solutions X of an h-
indexed family of stochastic differential equations we define the family of discrete processes

X (2) = Xy (@), (27)
with h € (0,1),2 € R and n € {0,...,|T/h]}. Then,

AXE™ (@) = X1 (@) - .

Lemma 10 Let
b:(0,1) x[0,T] x R = R%, ¢ : [0,T] x R = R4 € G1(R?) N Lip
and X be the unique solution to family of stochastic differential equations
dXP = bM(XP) dt + Vho (XY dW,,  X[(x) =2 e R h e (0,1).
Then for all p > 2 there exists a C € G(R?), such that
JAXEm, < hC,
for all h € (0,1) and n € {0,...,|T/h|}.

Proof We have

- (n+1)h (n+1)h
jAKEn, < | / sl + VA / o oxhawi,
n n

On the one hand

(n+1)h L (n+1)h 1/p
H / b (Xt <h'F / EJbl (X)[P dt
nh nh

1/p
<h <E sup |bé‘(Xt>|P>
t,h

=h|[6(X)"

and x — [|b(X (2))*||l, € G(R?) by Theorem 26 and since b € G1(R?). On the other hand,

(n+1)h _
plp—1),1-1
VAL ey awily <y PR o1
<ehllo(X)"],

where we have used It6’s isometry and Jensen’s inequality. |
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Lemma 11 Let b,o € G1([0,00) x R?) N G>®([0,00) x R?), such that b is R%-valued and o
is R yalued. Let h € (0,1),5 > 0 and consider the stochastic differential equation

AX[ = by(XP) dt + Vho(X]) dWs, X, =z,
with t € [s, s+ h]. Then there exists a function C € G(R?), such that
E[AX"] = hbs + h2C, E[(AXM)®?) = h2C, (28)
for all h € (0,1), where AX! := XI, — X',

Proof For any multi-index a define

d
me(2) = (2 —2)* = H(Zj — xj)o‘(j).

j=1
Then for any other multi-index S,
d B(j)
dsma(2) = [T [ () =k + 1)(z —2)* 77,2 e R,
j=1k=1

where it is understood that y*=# = 0 if a(j) < B(j) for any j € {1,...,d}. Further,
(AXM* = mqa(XE ). Write

h
Axg= 0,9+ b'Vg+ 5 tr[aTaVQQ], g€ G™,

and .A%( = Ax o Ax. Observe that Axg already depends on time even if g does not. An
It6-Taylor expansion implies (see Theorem 30)

E(AX"(2))® = hAxma(s, ) + /S+h /t EA%meq(u, XM(x)) dudt, = e R he(0,1).

We have

Ax (mj) (s, x) =bs(x);
Moreover, by Lemma 31, A% m; € G([0,T] x R?), so Theorem 26 implies

I(A%m;(s, X2 (2))) [l < O+ [[1X2(2)["[h) < C(L+[a]), = €RYhe(0,1),

for some constant C' > 0. Hence,

E[AX"] =hb, + R2C,
for some C' € G(R?). Now, let us consider a multi-index a = {j1,j2}. Then,

Ax (ma)(s, ) :5(0%)3(3;]-1%),
with ¢ € G. Again using Lemma 31 we can estimate the remainder term to arrive at
E[(AX])®?] = n*C,

for some C' € G(R?), for all h € (0,1). [ |
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4.2 Proof of the Gradient Flow Approximation

We shall give a proof of Theorem 1. Fix g € G®(RY) and define once more vy () :=
g(X%t(x)), where XV is the solution to the gradient flow equation (6),

dX? = u H(X}) dt.

We then have v € G*([0,T] x R%) by Proposition 8 and Remark 9 and since we have
H € G*(RY) by Assumption (A3). Further, v satisfies the Feynman-Kac equation

Ayv(x) + Vog(z) uH(z) =0, wvp(z) = g(x). (29)

From now on let x" and X° denote the solutions of (5) and (6), respectively, with the same
fixed initial condition o € R
Recall the definition of ¢ in (10) and the statement of Theorem 1. We define

P (@) = i) + 0k V20 (2) (2],

for all z € R% and ¢ € [0, 7.

Lemma 12 Let £ : H — R be the function such that for all h € H
_4
h

Eg(yp) — 9(X9) = h? 3 EofF () + h2¢(h).
k=0
Then & is bounded.

Proof By Taylor’s theorem,
vipn (@ + 0) — ve(x) =hdi(z) + Vo (x)T6 + %28,52vt(x)
+ hd Vg (x)T6 + %tr[v2vt(x)(5®2]
+r"(9),
where

3
1
)=y > Waﬁaﬁvtwh(x + 08)hksP
k=0#p=3-k """
for some 6 € (0,1), all h € (0,1) and § € R% By choosing t = kh, x = x}', § = Ax} and
applying expectation we get

Ev(e ) (Xir1) — Bogn(xit) = RAT + h*(A3 + A5 + A) + Er"(Ax}),
where
Al = E[0rrn () + b~ Vo (3 TAXE,
A = S E (Vo () + (Hy o)~ H) ),
= SR E (Vo () (A2 4 5) ()]
A% = wenE[0,Vorn () TH (X)),

1
Al = §E[3tgvkh(XZ)]-
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Using the Feynman-Kac equation (29) we can simplify
Al =E[E(0vrn (xit) + Vorn(0G) Tun H () [x3)] = 0.

We want to show that the remainder satisfies Er*(Ax") = O(h3). For k € {0,...,3} and

#/B =3- ka
E[R*(Axp)"] = B~ (unn )’ "EH (x3)” = O(R?),

since u < 1 and

E[|H (xp)"]V#7 < S [ECON IS
S k]

<|Hlle, [ 14 sup (M)l pp
n Hl( 106 s )
SC(I + ‘X0|)a
by Lemma 7. Since 9f02~%v € G([0,T] x R?) for all k € {0,1,2}, we have Er*(Ax") =
O(h3). Therefore,
Eg(xXf1) — 9(X2) =Evr(x7,s) — Evo(xo)
1
_ E h - E h
= U(k+1)h(Xk+1) Okh (Xk)

=3
I

L
h

=h" " Eepr (xi) + O(h?),
k=0

for all h € H. [ |

The bound on the function £ in Lemma 12 only depends on the growth of g and its deriva-
tives, as well as H, 3 and T. We use this fact in the next step, where we apply Lemma 12
to the family of functions (@SE)hEH,nST/h’

For all h € H and n € {0,...,T/h}, let &,(h) € R be, such that

n—1
Epm (Xn) = @ (Xan) = B>~ Ebun o (x1) + h*6n(h) (30)
k=0
with
o (2) ::%u% 60V 224 4 (2) (22 + 5) ()] + w0,V 2. (2) H (2)

1
+ 50 204(0),
Zot =P (X
Now choose a constant B € [0, 00) such that for all n and h we have

& ()| < B. (31)

Using this estimate we can bound the differences of the form E@SF (x") — oSF (X,,).
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Lemma 13 There exists a constant C > 0 such that

I,

Z [Erh () = @i (Xpp)| < C
for all h € H.
Proof By (30) and (31)
__1 %_171—1
Z B Ocn) = @on (Xop)l <52 0 Elvhunin ()| + Bh
n=0 k=0

<C (1 + mnal«CXEth,kh(XZ”) ;

for some C' > 0 and all h € (0,1).
Because 0F02 %y € G([0,T] x R?) for all k € {0,1,2}, g € G(R?), u is bounded and
H,Y € G(R?), we have ¢S € G([0,T] x R?). With Lemma 7,

me}cXE|¢nhkh(Xn)| <ll¢“lla. (1+ sup [|(x")* ||’f)
he(0,1)

<C(1+ |xol"),

for some C' > 0,k € N and all h € (0,1). [ |

Proof of Theorem 1 Let g € G*®°(R?) and h € H. Then Lemma 12 implies

Eg(xX) — 9(X§) = h Z hEgnx (xn) + O(h?),

We can then write the linear error term as follows.

I T I
Z hESOnh Xn /0 (Xt dt +h Z E‘Pnh Xn) QOSI‘LF(Xgh)

71 T

+ 30 eSO - [ et an
n=0 0

Using Lemma 13, we then have

I
hz By (X)) — onuh (Xpp)| <hC.
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Further, approximating the integral [ ©SF by a left Riemann sum yields
%_1 T
> St - [ ar| <ac
n=0 0

Hence,

T
Eg(xln) — 9(X) = h /0 GG (X0) dt + O(h?),

for all h € H. u

4.3 Proof of the Stochastic Gradient Flow Approximations

The first part of the proofs of Theorems 2 and 3 are somewhat analogous to the ODE case.
We focus on proving Theorem 2 while omitting the proof of 3 since it is completely analogous.
One notable difference to the GF case comes from the newly acquired dependence of the
solution X := XNCC of (12) on h € H. This carries over to v and by extension to the
function

o (z) :=%u? tr[V20l (2) H®?(2)] + w0, Vol (z) H () + %8,?1)?(3:)

Note the absence of the ¥ term compared to the ODE case. By using arguments as in
Section 4.2, we arrive at an approximation of the form

T
B(y) ~ Ba(XF) = h [ Bl (X))t 002). (32)

We then need to improve the estimate to

T
Ba(y) ~ Ea(Xh) = h [ (XDt +002),

This requires an additional estimation of the difference o (X}') — o9 (X?). Let us be more
specific now. Let g € G®(R?) and define, for all h € [0,1), t € [0,T] and = € R?,
op () = Bg(X7'(2)),

where X™(z) denotes the solution of (12) on [¢,T] with initial condition X/"'(z) = .
Then v € G*([0,T] x R%), as defined in (26) with I = H, and it satisfies the Feynman-Kac
equation

O (z) + Vyg(x)utﬁ(:v) + %hut2 tr[V20(2)2(x)] = 0, wvr(z) = g(x). (33)

Given a family (f/) he(o,1),¢>0 of continuous-time stochastic processes (or merely functions)
we define for every h € (0,1) the discrete-time process
f‘r}LL = T}LLhJ n e N

From now on let x" and X" denote the solutions of (5) and (12), respectively, with the
same fixed initial condition yo € R? and h € H. Then we have the following.
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Lemma 14 We have

T
T

Eg(xp) — Eg(X7) = B Y E(x}) + O(h?),
k=0

for all h € H, where ®" .= @l
Proof Follow the proof of Lemma 12. A Taylor expansion of v yields

Eoj 41 (Xk1) — B0k (k) = hAT + h?(AS + AF + A + Er'(Axg),
as before, except with

Al =Elaaf () + h O AN + g, V2 () S

=0
by (33) and to compensate for the additional term
A = L Bl VAL G AP ()]
|

Again, we could have stated Lemma 14 with g depending on A and t, so the following holds.

Lemma 15 With the conditions as in Lemma 14, there exists a constant C > 0 with

T_1
h
Y B (x) —ERL(X)| < C

n=0
forallH>h|O0.

Our initial approximation follows just as in the ODE case, so we shall omit the proof of the
following lemma.

Lemma 16 For all g € G®(R?) and h € H,

T
Eg(xln) — Eg(X}) = h /0 Egl (XD dt + O(h?), (34)
where

1 _ _ 1
@?(:c) :iu% tr[V2vf(:c)H®2(:c)] + utathf(x)H(x) + §8t2@h(x).

Next we shall improve (34) in order to arrive at the equality in Theorem 2. An additional
step compared to the ODE approximation is then deriving an estimate of [E@l'(X}) —
o (X?)| to get rid of the dependence of the integral fOT [E@}(X[)|dt on h € (0,1). First,
consider estimating the difference v® — v% and its derivatives up to order 2.
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Lemma 17 Let v}'(z) = Eg(X;E’t(a:)). Define the H-indexed family
5f($) — Ut (.73) — U?(.’E)
h
Then 6" € G?([0,T] x R?), uniformly in h.
Proof For every s € [0,T] and h € H, such that 7 € Ng we have

T—s
1

h 0 0 h, 0 h:
|Us - vsl < Z |]Evs+(n+1)h(Xs+S(n+1)h) - ]Evs-l—nh(Xs:nh)l’

n=0

where this is meant as an inequality of functions on R?, the set of possible initial values.
To shorten notation, throughout this proof we omit the initial value in X/*(z).

Set Al = v?+h(Xth) —0Q(X*). Since v € G=([0, T] x RY), applying Taylor’s theorem
to it implies

S S S 1 S S
A} =000 (X" )h+ Vo) (X AXY + 2 [ V20 (X)) (AX) %)
+ WA (AX])

with some remainder term r : % x[0, T|xR? — R € G([0, T]xR?) and AX]"* := X&Z—Xf’s.
By the Feynman-Kac formula (33),

EA} =E[Vo) (X"*)(AX]"* — hu H(X]"))]
1
+ QIEtl‘[VZU?(X?’S)((AX[“S)‘X’2 — WP S(X%)] + WP (AX]),

With an It6-Taylor expansion (see Lemma 11) we see that there exists a C' € G(R?) with

IAX]"* — hu H(X[®)||e <CR?,
[(AX])®2 — R2uZS (X)) <Ch?,

for all h € (0,1) and s,t € [0,T] with s < ¢. Since Vv° and V?v° have polynomial growth,
uniformly in space and time, there exists a C' € G(R?) with

[EA7] <IVoP (X 2 AXE — hueH (X |2
+ S IVl (X — RS (X + WEr(AX])
<Ch* heH,
by Theorem 26 and using the Cauchy-Schwarz inequality. We conclude
lop — 0] < %C’hQ <TCh,

for some C € G(RY), all h € H and s € [0,T] such that $ € Ny. For general ¢ € [0, 7] with
nh <t < (n+ 1)h a Taylor approximation yields

o = | < (¢ = nh)|Opvy| + hPr
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for some remainder r € G([0,7] x R%). Since dv € G([0,T] x R?) and (¢t — nh) < h we
conclude the existence of a C' € G(R?) with

‘U? - th‘ < Ch?

for all h € H. A similar argument applies to the difference vy — vgh. Hence,

h ho o h h
v — | < o = vl | + v — vanl + v, — vf| < Ch,

for some C € G(RY), all h € H and t € [0, T]. This shows that 6" € G([0, T]xR?), uniformly
in h.

Now, we want to show that the partial derivatives of § up to order 2 have the same
property. Fix j € {1,...,d} and define

wl(z,y) = E[Vg(X3" (2))10; X7 (2, ).

Note that w"(z,1) = 0;v"(z). Furthermore, by differentiating the SDE (12) governing
X with respect to its initial condition (see 27), we see that the partial derivative Y, :=
8jX,}}’t(x, y) satisfies

dY, = u, VH (X" (2))Y; dr + u,VEV\/ (X" (2))Y, dW,,

with initial condition Y; = y, where

d
(VVE@))ij =Y 0in/ () kY,
k=1

for all z,y € R% and 4,5 € {1,...,d}. The Feynman-Kac equation applies to the system
(Xﬁ’t7 BjXﬁ’t) giving us
0 =0uw}(z,y) + wVow} (z,y) H(x) + Vyw}(z,y)yd; H (x)
1
+ g had V2l (2, ), ),

with S given by the block matrix

S(e.g) ( X(a) VE@)(VVE@) ) |
A VVERVER) (VVE@)(VVE@)Y)'
Similarly to the above argument, using Taylor’s theorem we can show

1
& HE(]Ew?+(n+1)h(th}L+(n+l)h(x)7 anZL—Q—(n—i—l)h(x? 1)) (35>

= B (X7 i (2), 05Xy (2, 1)) € G(RY) (36)

and conclude, using a telescoping sum,

(901 — 9;0)) € G(RY).

SHES
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By differentiating the process X once more, an analogous argument works for any second
space-derivative to prove

1
E!@‘,jvf — ;07| € G(RY),
with 7,7 € {1,...,d}. Then use the Feynman-Kac equation for v to conclude
Lioon 0 d
E|8tvt — at’Ut| € G(R )
We can then do essentially the same for 0;0;y with j € {1,...,d} and 0?y. [ |
Consider the linear operator
F:G*([0,T] x RY) — G([0,T] x RY)

given by
Fif(z) = %u? (V2 (2) HO(2)) + wdyV fo(x) H (z) + %af ().

Implicitly, we have already seen it in action. In particular, @} (z) = F"(z) for all t € [0, 7]
and z € R%. In the next lemma we consider spaces of the form

GL([0,T] x RY) = {f € C([0,T] x RY) : [|0FDufllq,. < 00,k <1,]a| <1 —k}.
This is a Banach space when equipped with the norm
l
Ifller ==Y D 10f0afllc,-
k=0 |o|<I—k

This works regardless of whether we consider functions f : [0,7] x R? — R or families of
functions, such as f : H x [0,7] x R — R with polynomial growth uniformly in # and
[0,T7]. Of course, by construction

GY([0,T] xRY) = | ] GL([0,T] x RY).
kENp
Lemma 18 Let k € Ng. The function
F:G2([0,T] x RY) — Gry2([0,T] x RY)

with
1 _ _ 1
Fuf (w) = Jui r[V2 (@) HZ (2)] + w0V folw) H(2) + 507 fu().
s a continuous linear operator. The statement applies for spaces of families of functions as

well (see Equation 26). Moreover, if f € G2([0,T] x R?) with f; € GX(RY), uniformly in t,
then F fy € G2o(RY), uniformly in t.
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Proof The linearity of F is trivial. Now, given f € G2([0,7T] x R?) we have

d
9 _ _
IF fll G §§||u||go > 1105 fllc Hillo | Hjlloy
i)j

d
. 1
+3lulloc Y 100 6. | Hillo, + 519 flla.
=1

From this we can see that ||Ff|g.+2 < 00, so F is well-defined. Furthermore, the bound
on || Ff| ... is a scalar multiple of the norm on G2([0,7] x R?) proving the continuity. To
show the last sentence note that [|0°F f||q,,, is bounded by a linear combination of the
G.-norms of f,0,f,0?f and their derivatives, as well as ||H||g, and the oo-norms of the
derivatives of H. [

Corollary 19 There exists a function C € G(R?), such that
|t (z) — @i (2)| < hC(2),
for allt € [0,T),z € R? and h € H. Consequently,
[Epi (XP) — Bl (X{)| = O(h) (37)
for allt € [0,T] and h € H.
Proof With § defined as in Lemma 17 we have
o' — ¥ = hFoh.

Now apply Lemma 17 and the fact that F maps into G([0, 7] x R%). With this, Inequality
(37) follows from Theorem 26 in the Appendix. [ |

Lemma 20 We have
[Ep?(X]) — o (X)) = O(h) (38)

for allt € [0,T] and h € H.

Proof If we replace XZ by X ,? in Lemma 12 and its extension in (30), then we can proceed
with the proof in the same way to show

n—1
Eh(Xn) — eon(Xon) = B2 Y EUR (Xp) + O(h?) (39)
k=0

where .
WP () i= Frn(Bephy (X)) ().

Here XZh is a random field with variable initial value z € R,
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We use the Ito-Taylor approximation in Lemma 11 to calculate E(AX" X") and
E((AX")®2X"), and estimate || X"|| 45 using Theorem 26.
Having established (39) next we consider the family

we' (z) = Bl (X} (),

which satisfies w € G*°([0,T] x R?), uniformly in h,r and s, by a straightforward extension
of Remark 9. Therefore, Lemma 18 implies

U5 k(@) = [(Fro™™") (@) < O(L + |z]),

for some C' > 0 and x € N. This proves (38) for ¢ = nh.
Now consider an arbitrary ¢ € [0,7] with nh < ¢t < (n + 1)h. Then Taylor’s theorem,
the Cauchy-Schwarz inequality and the fact that (t — nh) < h, imply

B (X[) — Eony, (X)| <hIEOD, (X1 + Voo, (X ) 2l AX ) |2
+0O(h?),

with some remainder r € G([0, 7] x R%). So,
[EQ? (X1') = Egon(Xnn)l = O(h)

for all h € H by Lemma 10, Theorem 26 and since V¢? € G([0,7] x R?) by the last
statement of Lemma 18. Similarly,

|28 (XY) — onn(Xan)| € O(h),
for all h € H. Hence,
Bt (X7) — o (XD)] <[Ee? (X]) — Ephy (X))
+ Bl (X0) — @0 (X0p)

+ 0 (X7) — o2 n (X))
€0O(h)

for all t € [0,7] and h € H. u

Proof of Theorem 2 Combining inequalities (37) and (38) gives us

IEgl(X]) — o)(XP)| <IEQMXP) — Eod (X! + [EP (X)) — o0 (X))
€O(h)

for all h € H. We conclude with the help of (34),

T
Eg(xl/) — Eg(X}) = h /0 AXO)dt + O(h2).
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5. Proof of Theorem 4

In this section our main aim is to prove Theorem 4, which extends the results from Theorems
1, 2 and 3. We have already used Theorem 4 to study the case of linear regression.

First, we need to introduce some additional facts and notation. Given tensors B € R
and C € RY" we define their outer product B® C € R&*Y by

(B ® C)ihm,iz,jl,m,jk - Bi17-“7ilcj17~-~:jk7

and we set B®? := B ® B (as we did previously for vectors). Given vectors u,v € R? we
also write u ® v := uv’ € R¥9. Note that given a matrix A we have ufAv = (4, u ® v).
Further, |[v®?||F < |v]?.

In this section, to reduce notational clutter we again often omit the initial condition
from the solution X of a given SDE and formulate statements for the mapping from the set
of in initial conditions R? to the collection of random variables (X;);.

The next proposition gives alternative representations for the functions ¢ and VZv
appearing in Theorems 1, 2 and 3.

d><l

Proposition 21 Define .
o = (@) :RT = RY,
where @i = @] for g(x) = x; andi € {1,...,d}. Then

i 1 _ _ _ 1 - _
e = (VX H?) — (VX' VH(X) H + SVH (X H(X7"), te0,T].

Further, if g € G®(R?), then
0,t id
o] = (Va(X7"), 1),
and for any S € R¥*4,

(V2. S) = (V2g(X2"), VXL S (VXY + (Vg(X2N), (V2XFE, S)),

for all t € [0,T]. Finally, if H is a conservative vector field and VX is symmetric every-
where, then

w1 i 1_ - _
el = (VX! H®%) — SVH(XpHH(Xp"), te0.T).

Remark 22 Note that H is called conservative if it is the gradient of some function. For
emample,_m case of SGD with replacement (see Example 1) we have H = VE[Rv(n)] and so,
indeed, H 1is conservative.

On the other hand, characterizing the symmetry of VX, is a delicate issue that goes
beyond the scope of this paper. A sufficient condition is that H is conservative and
fot VH(X;)ds commutes with VH(X}), for all t > 0. In this case, we can solve the differ-
ential equation

dVX) =VH(X))\VX)dt, VXo=14xa,
explicitly. The solution is then given by

t
VX} = exp (/ VH(X?) ds) , te[o,T).
0

Since VH(X?) is symmetric for all s € [0,T], so is VX}. For more general conditions for
the symmetry of VX)) one may refer to Fetisov (2021).
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Proof of Proposition 21 Recall the definition of ¢ in Equation (10). Note that X%t =
X%_t. Thus,

8tX§)"—t = - atX%—t = _ﬂ(X%—t)a
ath’?‘—t == at(ﬁ(X%—t)) = VI_{(X’?‘—t)I:I(X’?‘—t)v
atVXg“—t = VH(X%—t)VX%—m (40)

where the last equation follows from Theorem 29. Moreover,
On(H (X7")) = VH(Xp" )0 Xp" = —VH(X7") H(X7"),

and the solution to this linear equation can be expressed in terms of the solution to associ-
ated matrix equation (40)

H(XYY =VX)Y'H, telo,T) (41)
For all g € G, we have
ol = ig(Xy") (0 X7")',
ofvf = i(@-jg(X%t)<atX%t>Z’<atX%t)j +0,9(X3")(97 X7"))
,J
Ohvf = ig(X7") (9 X7")!

kO] = Z(aijg(X%t)(atX%t)j(3kX%t)i + 0ig(X7") (0k0 X3")1)
,J
Ovf = (059 X7" )@ X7" Y (0 X7") + 0ig (X7 ) (OuX7")).
,J
Thus,
v =(V2g(X7"), (0 X)) + (Va(X7"), X7,
(V! HY =(V2g(XX), VXI' H @ 0, X2") + (Vg(X3), 0(V X2 TH).

Moreover, note that for matrices A, B € R¥*4 we have (A, B) = tr(A'B). In particular, for
A, B,C, S € R¥? using the cyclic property of the matrix trace,

(ABC,S) = tr(CTBTATS) = tr(BTATSCT) = (B, ATSCT).
Thus,

(V2f, 8) =((VX3") V(X3 ) VXP, S) + (Vg(X3), (V2X7, )
=(V2g(X3"), VXP'S(VXPOT) + (Vg(X3), (VX7 S)), S e RP

Further, note that by (41)

VXS HE(VXIN = VXM HAT VXY = B(XIYHXINT = B(X2H)®2,
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and so
(O, X0N®2 4 2V XN H @ 0, X" + VXN HE2(V XY
=H(Xg_)®* = 2H(X7")®* + H(Xg_,)®*
=0.
Thus,
gL, oo g Fe2 9 7y L2
QOt :§<V Ut,H >+<atvvtaH>+§atvt

1 - 1
=(Vg(Xg"), 5 (VX" H®?) + 0,(VX7") H + S07X7").

For g(z) = z; we have Vg(z) = e;, and therefore

L1 _ _ 1
i :§<v2x%t, H%?) + 0,(VX3' )T H + §8§X%t, te0,T).

Moreover, using once more the equations (40), we may rewrite ¢'¢ as follows
; 1 _ _ _ 1 _
d 0,t 0,t 0,t 0,t 0,t
@ :§<V2XT H®?) — (VXY VH(X)TH + §VH(XT JH(X7").
Furthermore, for an arbitrary g € G* we have
0, i
o = (Va(X7"),0t), te[0,T].

Finally, suppose H is conservative and VX} is symmetric everywhere. Then VH(X?) is
symmetric as well for all ¢ € [0, 7], since higher partial derivatives commute. Hence,

VX)VH(X?) = (0, VX)) = 0, VXY = HX))VX?, tel0,T).
Consequently, by (41),
(VX' VH(Xp)H = VH(Xz ) VXp'H = VA(Xp')H(X7"),

and so !4 simplifies, as desired. |

For the remainder of the section we consider an objective function R € C°(R%)NG2(R?)
with VR € Lip™®(R?) and set g = R. Since we are looking at a minimization problem the
objective function is arguably the most important test function g to consider. As we can
see in Theorem 4, the linear error terms for the various continuous-time approximations of
SGD have a particularly nice form in this case.

Proof of Theorem 4 By the last equation in Proposition 21, we have
. 1 1
d(y0 2 v 0.t 30 0\®2 2 0 0
P (D) =5 (V2D (XP), VR(XP)®2) — SVPR(XD)VR(XY),
and further

PROXD) = S (VPR(XD), VR(XD)T?) + 3 (VR(XD), (V2XL(X0), VR(X])72)).
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Hence, by Theorem 2,
L) = [ R () a
= —OTWQR(X%), VR(X7)%?)
+ /0 (VR(XD). (VXA (XD), TR(XD)) .

Moreover, by Theorem 1 and 3, as well Proposition 21,

2LE(X) =2LE(XNCC)

T
+ / (V2R(XD), VX2 (XO) D(XO)V X% (X0)) dt
0

+ / (VROXD), (VEXACX), DX e
0
=(V*R(Xp), ar = TVR(X7)®) + (VR(X7), Br),

where D = % — D. To prove (17), we estimate using Theorem 29

T
lar|F S/O VX7 (XDIFISXT) — DXP) || dt

T M7 0 0 D
<d [ JBISOX) - DOX) | di = dep.
o M
Further, note that in our case (41) takes the form
VR(X?) =VX)VR, t>0,

and so
IVR(XY)| < IVX?P || FIVR| < VAM[VR|, ¢ >0.

Equation (45) in Theorem 29 1mphes
M- T M.
2 +v-0,t 0 T s 3 0
VX2 (X <d—— —||[VR(X ds.
” T ( t)”F— M, /t M, H ( s)”F $

Note that [|[v*2||r < |v]?,v € R% Further, for tensors A and B we have the following

generalization of the Cauchy-Schwarz inequality
I{A, B)|lr < [IAllF|| Bl F.

Therefore,

T
1Br| < /0 V2 X240 ((TRXO + IS(X0) — D(XO) | r) dt
TMT 042 T 3 0
<id [ MOgrxO2 ([ MIVPREO)||pds ) dt
o M; ¢

TMT 0 0 T 3 0
wd [ TEISOE) = DD ([ MIVRED 5 ds )
t

<PTMr|VR[*¢r + dM; R ¢r.
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Thus, by the Cauchy-Schwarz inequality,

2| LE(X)| <(V’R(XP), ar — TVR(X$)®?)| + (VR(X]), Br)|
<T|V*R(XD)|r|[VR(X) P + | V*R(XD) | Fller || 7
+|VR(XP)|r]
<dTMZ|VRI|V*R(X2)| r + d| V> R(XD) | 6T
+ VAMp|VR|(d*T Mp|VR*¢r + dM; €2 ()
=dTMZ|VRI*(|V*R(XP)| r + d**|[VR|(r)
+déP (| V*R(XP) | » + VA|IVRICr).

6. Derivations and Proofs for Section 3

In this section we give proper justifications for the results of Section 3.

6.1 Quadratic Objectives

Here, we derive the linear error terms for the three continuous-time approximations when
the objective function is quadratic. This includes ordinary linear regression with SGD using
the population risk, but the derivation applies more generally.

Suppose we are given a symmetric and positive definite matrix x € R?*? and a quadratic
form

R(O)=0'k0+ 60T +d', 0eRe

where ¢ € R? and d’ € R. Then R has a global minimum 6* € R? and so we may rewrite
it as
R(O) = (k, (0 — %)% +d, 0cR?

for some d € R. Now, consider SGD with H () = —VR(6). The gradient flow equation
dXP = —VR(X)) = —k(X) — %) dt,

has the unique solution

X2(0) =e "0 - 0"+ 0%, tel0,T),
for every initial condition # € R?. Note that XP(0) — X% (0) = 6*, as t — oo, for
every § € R% Further, V2R = k, V3R = 0,VX? = e V2X° = 0, VX' (X?) =
e~ T=Dr VR(X2(0)) = —e T"k(0 — 6*), and so

(k, VR(X2(0)®?) =tr(kTe T"k(0 — 0)(0 — 0*)TKT6_TM)

:<K’3e—2Tn’ (9 _ 9*)®2>'
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Now, consider D € {0,%(6*),X} and

dX]' = —VR(X[") + \/hD(X]}) dW;, t€[0,T],h € H.

By Theorem 4 we have
1 1
LE(X) = — 5 T{s% 2T, (0 - 6°)°) + (w0, (42)

where

T
a?:i/ e~ TDR(2(X0) — D(XP))eT=D" gt
0

6.2 Derivation of the Covariance Matrix of the Gradient Noise

Recall the statistical learning setting in Section 3.1. Then for S(#) := Cov[VgR 4 (6)] we
have

E[((6, @) — y)?2®?) — (5(0 — 0°))°?
E[(6 - 6, ) — £)%2] — n(0 — 0")°
E[(0 — 6%, x)*x®?] — 2E[c(0 — 6%, x)x®?
+ E[e?2®?] — k(0 — 6%)92%T

(it (60— 0")%2) — k(0 — 09)®%kT + 02k
(id = K2, (0 — 0)°2) + o

S(9)

I

|

Recall Example 2 (a). We will now derive the explicit formula for S given there. Let 7 be
a permutation of the set {1,...,l} and B € R?" an I-tensor. Then we write B; € R for

(Br)it,eosic = Biraysingy -

For example if B is matrix, then Bf = B(12). Here we use the cycle notation for per-
mutations. By Isserli’s theorem (see Bose, 2021), the joint fourth moments of a centered
Gaussian satisfy

,u, = x®? + H?Z) + /1(13)

Rdxd

Given matrices U, A € we have

U2§),A irj —ZUi,kU',lAk,l

:UAUT
U®2 A ZUk] zlAkl

:UAHL

Therefore, S(6) = 2k(0 — %)%k + o02k.
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Proof of Proposition 5 Recall Equation (42). The first equation in Proposition 5 follows
by setting ar = 0 in the linear error expansion. Moreover,

BFa
Y(XY) - 2(0) = 2?:%6_“{(9 — %)%y,
and so
* BEa
a?(g ) — _/ 6_(T_t)nlﬁ:€_tn(0 o 9*)@26—tn/€e—(T—t)n dt
B o
BE
:2T—(ne_T"(0 —0%))%®2,
B
Therefore,
BYa
LE(X®C) = LE(XNCC) + T (s, (ke T5(0 — 0%))®?)
BM 1 3 —2Tk #\®2
Moreover,

T
LE(X?) :LE(XCC)—F%(FL, / e~ T=0r5 (9 )~ (T=Dr) gt
0

1 T
:LE(XCC)+EU§</<;2, / e HT=0x gt
0

Finally, since k is positive definite, we may simplify

1 T 1 _ _ _

ﬁaé?(/«?,/ e 20 gy = Eaﬁ(mz, (Laxa — e ")k ™) = —0%(k, 14xq — e 2FT).
0

The following lemma is used in the proof of Theorem 6.

Lemma 23 Let a,by,ba, B > 0 with by < by and set e; = —a + % Then,

b1 +0b
senller] - leal) = sen (B~ -2 )

Proof Note that B < % if and only if ¢; > 0, and B > % if and only if e; < 0. Moreover,

b by +b b
1<1+2<2

a 2a a’

Thus, we have |ej| < |ez] if and only if
(a) B< %1 and e; < eg, or

(b) %2<B§%andel<—eg,or
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(c) %1<B§%2and—el<eg,or

(d) B> %2 and —e; < —es.

Since e; < eg, case (d) can never occur and (a) is equivalent to B <

%1. Further, since

b1 < b, (b) is also impossible. Moreover, (c) is equivalent to

by <B< b1 + bz'
a 2a
Putting (a) and (c¢) together yields
by +b
le1] < Jes] & B < X2
2a
Finally, since
b1 +0b
|€1| = |€2| S el =—es B= 12@ 2,
the result follows. [ |
Proof of Theorem 6 Set
1 1
a:= §T</13€_2T“, (0—0%)%2), b := BEIT (k3e721% (—0%)92), ¢ := ZO‘?</€, Laxa—e 2Ty > 0.
By definition and Proposition 5
b b
LE(X"®) = —a, LE(X")=—a+ 5. LE(X")=-a+ 5+ %.
Lemma 23 implies
b b
B< o |LE(XNC)| < |LE(X“C)|, B> e © | LE(XNCC)| > |LE(X©°)],
b b
B < ZC & |LE(XNYY)| < |[LE(XY)|, B> ZC & |LE(XNCO)| > |LE(X?)),
2b 2b
B < 2C 4 |LE(XCO)| < |LE(X®)|, B> 2% & |LE(XY)| > | LE(XSC)|.
Further,
BFa _ i c 02(k,1 — e 2T") BGF _ 2b + ¢
20" 2a AT{k3e=2Tx (0 — 0*)®2)’ 2a '
and so the cases (i) - (iv) are proven. Finally,
LE(X““)=0< B = b_ 2BYd,
a
2
LE(XCC) = 0o p= 2TC_20FC, € _ por por gk
a 2a 2a
proving (v) and (vi). |
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Remark 24 There are few additional statements one can make, adding to the list in The-
orem 6. Firstly,

(i) X° =< XNCC if B = BOF — p¥a,
(ii) X0 = XCC, if B = BCF,
(i4i) LE(X?) =0, if B = 2(BCSF — BF9).

Note however that these will almost never occur in practice because it is unlikely that BGF is
an integer. That is, unless one specifically designs the problem in such a way. On the other
hand, notice that B¥4 = 1 if x is Gaussian and B* = 4 if d = 1 and x is exponentially
distributed and so the case (ii) in Theorem 6 can realistically occur in applications.
Moreover, note that for B¥9 = 0 we have %(0) = X(0*) for all § € R% and so
XCC = XNCC I, particular, this happens for d =1 and if € has a symmetric Rademacher
distribution, since then Kurtxz =1 (recall example 2). Thus, we are left with the cases

(i) X° < XNCC if B < BEF,
(ii) XNCC < X0 if B > BEF.
6.3 Explicit Formulas for the Expected Risk of the Continuous-Time

Approximations of SGD for Linear Regression

Here, we derive explicit formulas for the expected (excess) population risk for four
continuous-time approximation of SGD for linear regression. These are used in the numerical
experiments to compute the continuous-time half of the weak error. Firstly, recall the
following stochastic differential equations from Section 3.2

dX) = — k(X — 0%) dt,

h
dXNCOr = — g(xP - 6%)dt + ’/E\/ 2BEak (X, “O" — 04)92% + o2k AW,

AXEN =~ w(XCOM g e+ Loz aw,

We also consider the following second-order diffusion approximation of SGD

h h
dX?" = —k (1d><d + FLE) (XP —60%)dt + \/ E\/2BEO‘"¢(9 — 0*)%%k + o2k dW.

For simplicity we set d = 1 and so B*4 = %(Kurt @ —1). The next Proposition gives ex-
plicit formulas for the expected excess population risk E[R¢(Y;)] for Y € { X0, XNCCh xCCh x2ZhY
2
where R¢(#) = (0 — 6*)%. The actual population risk is also given by R = kR¢ + %. Note

that
RE(0) — R(6) = %(R(G) _R(@), 0,6cR.
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Proposition 25 Define

h=1- %fﬁ;(Kurtm —1), &h=¢h4 gl{, =1+ %H(B +1—-Kurtxz), hel0,1).

Then, we have
RE(XY) =e R (6),

ho?

E[R®(X,; %) = 2 R(0) + 5 (1= e,
NCC,h 2kCnt ha? 2rCpt
E[RE(X, )] =e P MREB) + ot (1 — e 25,
4BGCh
]E[Re(XZ,h)] :e—anhtRe(g) + th (1 _ e—2n§ht)
t 4Bg, ’
for all h € (0,1) and t > 0.
Proof Recall that
X =e "0 —0%) + 6%,
and so
RE(XP) = e 2"R().
Further, X" is an Ornstein-Uhlenbeck process and so
CC.h ho?
X0 =X+ 5 § W1 _o—2nt.
Hence,
CCh 2t ho? 2t
E[RA(X, )] = e “"R(0) + 4B€ (1 —e "),

Now, by Ito’s formula

h h
AR (XNCOMY = — (X NCOh _g*y2 4 5p (Kurt - )XY — g4y 4 507 dt + M,

= (%fﬁ(Kurtm —-1) - 2&) Re(XFCC’h) + %Fw? dt + M;

where M is a martingale starting in 0, a.s. Hence, by optional stopping

B[R (XNCOM)] — _on B[RS (XNCCM] 4 T o2 ar,

2B
and so 1o
E[Re(XFCC’h)] — 6—2nChtRe(0) + O¢ (1 _ €—2rz(ht).
4B},
Similarly,
E[RE(XQ,h)] _ e—25§htRe(0) + hO’? (1 _ e—2n£ht)
¢ 4Bg, ‘
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Appendix A. A Remark on Kurtosis

The kurtosis of a distribution is its standardized fourth central moment. That is, given a
random variable Z with EZ* < oo it is defined by

E[(Z — E[Z])"]

Kurt Z =
o (Var Z)?

Note that Kurt Z > 1 by Jensen’s inequality. Further, kurtosis is invariant under affine

transformations, that is
Kurt(aZ + b) = Kurt(Z2).

This property is of great importance in regards to machine learning, because this means
that the typical pre-processing steps of centering and dividing by the standard deviation do
not affect the kurtosis of the features (or labels). In other words, the presence of Kurt  in
the expression for 3(f) cannot be explained away by a standardization of x.

For convenience, here is a list of common distributions and their kurtosises.

Dist. | Exp(\) | Poi(A\) | X% | N(p,0?) | U[a,b] |  Lognormal(u,o?)
Kut. | 9 | 3+1 [3+2] 3 [ 2 |l 4363 432" -3
Further, if p € [0,1] and Z ~ Bin(1, p), then
2
— 1
Kurt Z = M
p(1—p)

which has minimum 1 at % That is, a symmetric Bernoulli attains the smallest possible
Kurtosis of 1.

If Kurt Z = 3, then we say Z (or its distribution) is mesokurtic. If Kurt Z > 3, then Z
is called platykurtic and we call Z leptokurtic for Kurt Z < 3. These terms also delineate
the settings for the error expansions in Section 3.2.1.

Finally, we remark that the common interpretation of kurtosis as heaviness of the tails
of a distribution is somewhat misleading. Let us suppose the distribution of Z is unimodal,
for simplicity. Then, according to Balanda and MacGillivray (1988), kurtosis is “vaguely
[...] the location- and scale-free movement of probability mass from the shoulders of a distri-
bution into its center and tails [...]”, that is higher kurtosis implies both higher peakedness
as well as heavier tails. The term shoulders refers roughly to the area between the tails
and the center. For multimodal distributions, the interpretation of kurtosis is a lot more
involved or perhaps not even well understood. We will restrict our attention to unimodal
distributions only (which includes all previous examples).
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Appendix B. Results from (Stochastic) Analysis

Here we collect some known results from stochastic analysis that are needed for the proofs of
our main theorems. We adapt the presentation to our setting in order to make the present
article more self-contained.

Theorem 26 Letb,o € G1(R?)NLip, such that b is R%-valued and o is R™%-yalued. Then,
for every p > 2,T > 0 and random field ¢ : Q x [0,T] x R? — R? with |¢*|l,7 < oo, the
stochastic differential equation

dXt = bt(Xt) dt+0t(Xt) th, XO =@

admits a uniqued solution X on [0, T, such that the family of solutions X = (X;)¢>0 satisfies
| X*||pr < 00 and
1 Xl < (14 1" p,1)-

The same bound holds if we consider I-indexed families b, o, and X for some index set I.

Proof This essentially a standard result (see, for example, Kunita, 2004, Theorems 3.1 and
3.2). The extension to an index set I and from an initial value = € R? to a process ¢ is
discussed by Li et al. (2019, Theorem 18 and 19). [

A (unordered) multi-index o C {1,...,d} is a multi-subset of {1,...,d}, that is a
function « : {1,...,d} — Ny. The size #a of « is given by

d
#a= Y alj).
j=1

Every subset A C {1,...,d} becomes a multi-set by identifying it with its indicator function.
Given multi-indices o and f we write o < S if a(j) < B(j) for all j € {1,...,d} and in that
case the multi-index 8 — « is well defined by component-wise. Further, we write j € « if
{j} <aandset o —j:=a—{j} in that case.

If a function f : R — R is I-times continuously differentiable, then by Schwarz’s theorem
the partial derivative with respect to a multi-index o with #a < [ is well-defined recursively
by

Oaf = 0j0a—jf,00f = f.

where j is any j € {1,...,d} with j € a. Given € R? and a multi-index o we define
- )
o, alJg
v = [[ 29,
j=1

Theorem 27 Letl € N,p > 1 and b,o € G1(R?) N Lip', such that b is R%-valued and o is
R _yalued. Let x € R%, s € [0,T] and X be the unique solution to the family of stochastic
differential equations

dXt = bt(Xt) dt + Ut(Xt) th, Xs =2x.

8. Of course, here we imply uniqueness up to indistinguishability.
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Then X is I-times continuously differentiable w.r.t. = at any (t,z) € [s,T] x RY, a.s. and
for every multi-index o with 0 < #a <1, 0,X satisfies the stochastic differential equation

t t
Oa Xy = the + / Vb (X)0a Xy du + / Vou(X)0a Xy dW,,

S

where ||k, € G(RY) for all p > 2. Moreover,
E[0aXt] = 0.E[ X4,

for all t > 0. Again, the results extend readily to I-indexed coefficients and processes for
some index set I.

Proof For the proof we refer to Kunita (2004, Theorem 3.4). More specifically, for every
[ € N, assuming the result holds for all I’ < [ define

Y = (X,0X,...00X,001X,...,014X,01X,...,04. aX)",

where the last partial derivative is of the order [ — 1. Then Y satisfies the stochastic
differential equation

e t Vb, (X,)01 X,
Y = .1 + 1/{1 +/ ( .) ' du
0 Yd,...d Vi, (X4) 04, aXu
Uu(Xu)

t VO’U(XU)alXu
+ / . aw,,
; :

Vl_lau(Xu)ad dXu

geeoy

where the processes 91, . ..,1q.. 4 consist of additional integrals fst du and fst dW,, of the
remaining terms induced by repeated application of the chain rule. The terms within
fst du and fst dW, respectively are seen to be functions of u and the state Y, satisfying the
conditions given by Kunita (2004, Theorem 3.4). By applying it again to the SDE governing
Y the result follows via induction on . |

We denote the spectral norm of a square matrix or linear map A by ||A|2. Note that for

any linear map ® : R¥* Rka, where R is equipped with the Frobenius norm, the
operator norm is given by

1212, = i A7 = o 1<‘I>T<I>K, K) = Anax(®T®) = || 2|3,
F= F=

where ®1 is the adjoint operator of ®. Hence,

Xk
0K < [|@]2|K |, K eRT.
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Lemma 28 Let A : [0,T] — R™? be a family of symmetric matrices and ® : [0,T] —

Ri*d e C1 ¢ solution to the non-autonomous matriz linear ODE
dd; = Ay®pdt, Po = lgxq.
Then,

t
H<I>t<I>S_1H2 < exp (/ Amax (A7) dr) , 0<s<t<T.
S

This is a combination of special cases of Lemma 1b and 1c by Strom (1975).

Theorem 29 Let b: R? — R? € Lip? and X : [0,T] x R? — R? be the unique solution to

the ordinary differential equation
dXy = b(Xy) dt,

in the sense that
dXi(x) = b(Xy(x))dt, Xo(x) =z,

for all z € RY. Then X : [0,T] x R? — R € C?([0,T] x RY), with
AV X, = Vb(X)VX,dt, VXo=lax,

and

d
AVPXF = (VX)'VPhe(X) VX + Y 0bp(X) VX[ dt, V°XF=0, ke{l,...

=1

Further, suppose b= —VR and define

M; := exp (— /Ot Amin(V2R(X)) ds) )
Then, |VX¢||2 < My, and

IVl bt [ MR .

for all t € [0,T].

(43)

(44)

(45)

Proof Since b € Lip?, we have X : [0,7] x R? — R? € C?([0,T] x R?) (see Teschl, 2012,

Theorem 2.10). Since higher partial derivatives can be exchanged, we have

d
010;X] =0;0, X} = Okbi(X0)0; XF, i, je{l,....d},
k=1

and hence (43) follows. Now, let us consider V2X. We compute

d d d
00 X} =0; (Z albk(Xaant’) = Opub(X)0 X0 X] + > Oibi(X1)0i; X1,

=1 m,l =1
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for i,j,k € {1,...,d}. Thus, (44) holds true. Now, assume b = —VR. Lemma 28 implies
IVX¢||2 < M. Denote by L(V, V) the set of linear operators V' — V for some vector space
V. Define a family of linear operators A : [0, T] — L(R¥*dxd Rdxdxd) 1y

d
Ay(K)ijr = Z(‘)laiR(Xt)Kljk, tel0,T], K e R4 i i ke {l,...,d}.
=1

Further, define f : [0, T] x RY — RZxdxd py
(Ff)ijke = (VX)V3R. (X)) VXy)ij, t€10,T),4,5,k € {1,...,d}.
Recall that Vinjk = 8iji. Therefore, we can write (44) as
dV2X, = —A(V?Xy) — fr. (46)

Fix t > 0. Let {v!,...,v%} be an eigenbasis of V2R(X;) with corresponding eigenvalues
A, ..., Ag. Then for all i, 4§,k € {1,...,d}, define K%k ¢ R*xdxd by

i’j’k — 7/
Kl,m,n - U16j7m6k7n7

where § is the Kronecker delta. Then (see also user1551 on Math Stack Exchange, 2023),

d d
A (KT =Y O VPR(X D) Kk, = VPR(X ) Ky
p=1 p=1
:)\ivféj’mék,n = )\lK”k

lmn*

Thus, K/ is an eigenvector of A; with corresponding eigenvalue \;. Further, the K% are
linearly independent and thus form an eigenbasis of A;. In particular, the set of eigenvalues
for A; and V2R (X;) coincide, and we have Apin(A¢) = Amin(V2R(X;)). Further, suppose
@ : [0,T] — L(RIxdxd Rdxdxd) s 5 solution to the operator-valued ODE

dq)t = _At(q)t), (I)o - idexdxd .
Then, by Lemma 28,

o t
007 s = 18852 < ex [ A -PPROC)) d5) = 11

where ®, is a matrix representing ®; in some basis of R**¢*4_ Further, the solution to (46)
is given by

t
VQXt:/ O, f ds.
0

We have

d d
£ell7 =D NFf)-rlF S IVXNE DY IVIR.L(X)I7 = VX EIVER(X) 17
k=1 k=1
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and so
t
IVl < [ 19005 ol il ds
t
M,
< [ S IVXIEIVIR(X) | # ds
0 S
t
ngt/ M| VP*R(X,) | r ds,
0
noting that ||A||p < v/d||Al|2 for any square matrix A. [

Given a set A the Kleene closure is the set of all A-tuples of arbitrary length, that is

A= | ] A,

n>0
where A° = {()}. We let |(a1,...,a,)| =n and |()] = 0 be the length of such a tuple.

We care about the set of (ordered) multi-indices {0,...,d}*, where R is the state
space of W. Note that we have (1,2) # (2, 1), unlike the case of (unordered) multi-indices
considered before. Given a multi-index a € {0,...,d}* of length | = |a| > 0 we define the
left- and right deletions

o = (a1,...,q1), a=(ag,...,qq) €{0,...,d}" L.

Let HO be the set of all continuous stochastic processes and define
t
H(O) = {X S H() . / ‘Xs’ ds < oo,a.s.,t > 0}7
0
t
HD) — {X e O . / ‘Xs‘zds < 00, a.s.,t > 0}.
0

Also for convenience set HU) := HD) for all j € {1,...,d}.
We let W = t,t > 0. Given a progressively measurable stochastic process X : O x
[0,00) = R% and « € {0,...d}* with [ = |a| we define the multiple It6 integral

t X =
/XdWa: . i ol =0,
s JE[EX awe dawer, o] >0,

as long as X € H®, where the latter is the case exactly when

. t
/ X AW = </ XdW"_) e H (),
s s t>s
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Further, given f € C12([0,00) x R?) define

f

Axf:=L0f = +Vf*b+ tr(V2fool),

Lif =0l Vf= Zok,jazkf,j e{l,....d}.
k=1
For any a € {0,...,d}* set
a(0) :=#{j : aj = 0}.
Given f € C0):2(lel=2(0))(]0, 00) x R?) we define the Ité coefficient function

ﬁaf_{fa =0
Lo(L0), o] > 0.

Theorem 30 Let b,o € G1(R%) N Lip, such that b is R%-valued and o is R -valued,
0<s<t<Tuzxe€ RY and let X be the unique solution to the stochastic differential
equation

dXt = bt(Xt) dt + Ut(Xt) th, Xs = X.

on [s,T). Then given f € C*0)2(el=20) ([0, 00) x RY) we have
(T, X7) = Z/ﬁast JdW* + Y /.caf ) dwe.
jaf<t”® |Bl=t+1"7

Further, applying expectation yields

l
Ef(T, Xr) = Z(T D 4 (s, X.)

/ / / -Al+1 Ul—i—la uz+1)dul+1 .dug

Proof We refer to Kloeden and Platen (1995, Theorem 5.5.1. page 182). All the iterated
integrals are defined since £ f(-, X.) € H* for all o with |a| < 1. As the hierarchical set
choose A := {a : |a| <1}. For the second statement note that

T Ul Ui—1 1 .
/// ldui...dulzﬁ(T—s)l,

and that any integral fST dW* with a(0) < || has expectation zero. [ |

Lemma 31 Consider the stochastic differential equation

dXt = bt(Xt) dt + O't(Xt) th,
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where
b:[0,T] xR - RY 5 : [0,T] x RY — R4 € G1([0,T] x RY) N Lip

and additionally
b,o € G0, T] x RY) nCPH([0,T] x RY).

Let f:[0,T] x R* = R € GY([0,T] x RY) n C¥4([0,T] x RY). Then,
-AzXf c G2 Cl’—i,l—?i([o, T] x Rd),
for all i € N with i < é AU, where Ax is the infinitesimal generator of X.

Proof Suppose the statement holds for all 7/ < i. Then Aé( f = Axyg for some
g c Cl/—(i—l),l—Q(i—l)([O’T] X Rd)

with g € G'=20-1D(R%). Then,

d
bvg € GEHRY,  wlotoVg] = 3 (0T0), 40509 € G(RY),
7.k

and ;g € CY'~#=2+2(]0, T] x R%). Combining all three statements yields the result. [ |
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