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Abstract

The recipe behind the success of deep learning has been the combination of neural net-
works and gradient-based optimization. Understanding the behavior of gradient descent
however, and particularly its instability, has lagged behind its empirical success. To add to
the theoretical tools available to study gradient descent we propose the principal flow (PF),
a continuous time flow that approximates gradient descent dynamics. To our knowledge,
the PF is the only continuous flow that captures the divergent and oscillatory behaviors of
gradient descent, including escaping local minima and saddle points. Through its depen-
dence on the eigendecomposition of the Hessian the PF sheds light on the recently observed
edge of stability phenomena in deep learning. Using our new understanding of instability we
propose a learning rate adaptation method which enables us to control the trade-off between
training stability and test set evaluation performance.

1 Introduction

Our goal is to use continuous time models to understand the behavior of gradient descent. Using continuous
dynamics to understand discrete time systems opens up tools from dynamical systems such as stability
analysis, and has a long history in optimization and machine learning (Glendinning} (1994} Saxe et al., [2013}
Nagarajan and Kolter| [2017; [Lampinen and Gangulil 2018} [Arora et al.l [2018; [Advani et al.| [2020; Elkabetz|
and Cohen), [2021} [Vardi and Shamir} 2021} [Franca et al., 2020; Barrett and Dherin} 2021; Smith et al., 2021]).
Most theoretical analysis of gradient descent using continuous time systems uses the negative gradient flow,
but this has well known limitations such as not being able to explain any behavior contingent on the learning
rate. To mitigate these limitations we find a new continuous time flow which reveals important new roles of
the Hessian in gradient descent training. To do so, we use backward error analysis (BEA), a method with a
long history in the numerical integration community (Hairer et al [2006]) that has only recently been used
in the deep learning context (Barrett and Dherinl, [2021; [Smith et al., 2021)).

We find that the proposed flow sheds new light on gradient descent stability, including but not limited
to divergent and oscillatory behavior around a fixed point. Instability — areas of training where the loss
consistently increases — and edge of stability behaviors (Cohen et all [2021) —areas of training where the
loss does not behave monotonically but decreases over long time periods — are pervasive in deep learning
and occur for all learning rates and architectures |Cohen et al. (2021)); |Gur-Ari et al.| (2018); Gilmer et al.|
(2021)); Lewkowycz et al| (2020). We use our novel insights to understand and mitigate these instabilities.

The structure of the presented work is as follows:

o We discuss the advantages of a continuous time approach in Section 2] where we also highlight the
limitations of existing continuous-time flows.

¢ We introduce the principal flow (the PF), a flow in complex space defined by the eigendecompo-
sition of the Hessian (Section [3). To our knowledge the PF is the first continuous time flow that
captures that gradient descent can diverge around local minima and saddle points. We show that
using a complex flow is crucial in understanding instabilities in gradient descent.

e We show the PF is better than existing flows at modelling neural network training dynamics in
Section @] In Section [5] we use the PF to shed new light on edge of stability behaviors in deep
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learning by connecting changes in the loss and Hessian eigenvalues with core quantities exposed by
the PF and the NN landscape explored through the continuous-time behaviour of gradient flows.

e Through a continuous time perspective we demonstrate empirically how to control the trade-off
between stability in performance in deep learning in Section@ We do so using DAL (Drift Adjusted
Learning rate), an approach to setting the learning rate dynamically based on insights on instability
derived from the PF.

e We end by showcasing the potential of integrating our continuous time approach with other opti-
mization schemes and highlighting how the PF can be used as a tool for existing continuous time
analyses in Section [7]

Notation: We denote as E the loss function, 6 the parameter vector of dimension D, ng the loss Hessian
and \; and u; the i’th largest eigenvalue and eigenvector respectively of V2E. As a convention, since if u; is
an eigenvector of VgE so is —u;, we always use u; such that Re[VgETui] > 0. In the context of a continuous
time flow (h) refers to the solution of the flow at time h.

Experiments: A list of figures with details on how to reproduce each of them is provided in the Appendix.

2 Continuous time models of gradient descent

The aim of this work is to understand the dynamics of gradient descent updates with learning rate h

9,5 = 0t_1 - thE(Gt_l) (1)

from the perspective of continuous dynamics. When using continuous time dynamics to understand gradient
descent it is most common to use the negative gradient flow (NGF)

§=—-VyE (2)

Gradient descent can be obtained from the NGF through Euler numerical integration, with an error of O(h?)
after one gradient descent step. Studying gradient descent and its behavior around equilibria and beyond
has thus taken two main approaches: directly studying the discrete updates of Eq[1] (Bartlett et al] [2018akb
Mescheder et all 2017 [Gunasekar et al] 2018} [Du et all 2019} [Allen-Zhu et al., 2019} [Du and Hul [2019
Ziyin et all 2021a} [Liu et al} [2021)), or the continuous time NGF of Eq [2] (Glendinning] {1994} |[Saxe et al.
2013} [Nagarajan and Kolter| 2017} [Lampinen and Ganguli, 2018} [Arora et al) [2018} [Advani et al. [2020
Elkabetz and Cohen| 2021}, [Vardi and Shamir| 2021} [Franca et al.| [2020} [Balduzzi et all 2018)). The appeal
of continuous time systems lies in their connection with dynamical systems and the plethora tools that thus
become available, such as stability analysis, or the simplicity by which conserved quantities can be obtained
(Du et al. [2018} [Franca et al.||2020) and analogies that can be constructed through similarities with physical
systems([Franca et al}[2020). Because of the availability of tools for the analysis of continuous time systems,
it has been previously noted that discrete time approaches are often more challenging and proofs are inspired
from continuous time ones (May, (1976} [Elkabetz and Cohenl [2021]). We use an example to showcase the ease

T
of continuous time analyses: when following the NGF the loss E decreases since 4€ = 4E7 49 — ||y, p)|2,

Showing that and when following the discrete time gradient descent update in Eq is nfgre If:thallenging and
requires adapting the analysis on the form of the loss function E. Classical convergence guarantees associated
with other optimization approaches such as natural gradient are also derived in continuous time
(1998} |Ollivier} [2015afb). By analyzing the properties of continuous time systems one can also determine
whether optimizers should more closely follow the underlying continuous time flow (Song et al] 2018} [Qin]
et all [2020)), what regularizers should be constructed to ensure convergence or stability (Nagarajan and
Kolter| 2017; Balduzzi et al. 2018} [Rosca et all [2021)), construct converge guarantees in functional space for
infinitely wide networks (Jacot et al.| 2018} [Lee et all [2019)).

2.1 Limitations of existing continuous time flows

The well-known discrepancy between Euler integration and the NGF, often called discretization error or
discretization drift (Figure [1(a)) leads to certain limitations when using the NGF to describe gradient
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Figure 1: Motivation. Using continuous time flows to understand gradient descent is limited by the gap
between the discrete and continuous dynamics. In the case of the negative gradient flow, we call this gap
discretization drift. Other flows have been introduced to capture part of the drift, but they also fail to
capture the oscillatory or unstable behavior of gradient descent.

descent, namely: the NGF cannot explain divergence around a local minima for high learning rates or
convergence to flat minima as often seen in the training of neural networks. Critically, since the NGF does
not depend on the learning rate, it cannot explain any learning rate dependent behavior.

The appeal of continuous time methods together with the limitations of the NGF have inspired the machine
learning community to look for other continuous time systems which may better approximate the gradient
descent trajectory. One approach to constructing continuous time flows approximating gradient descent that
takes into account the learning rate is backward error analysis (BEA). Using this approach,
introduce the Implicit Gradient Regularization flow (IGR flow):

: h
0 =—-VoE — 5ngng (3)

which tracks the dynamics of the gradient descent step 0; = 0,1 — hVeE(6;_1) with an error of O(h?),
thus reducing the order of the error compared to the NGF. Unlike the NGF flow, the IGR flow depends on
the learning rate h. This dependence explains certain properties of gradient descent, such as avoiding paths
with high gradient norm towards a local minima; the authors connect this behavior to convergence to flat
minima.

Like the NGF flow however, the IGR flow does not explain the instabilities of gradient descent, as we illustrate
in Figure |1} Indeed, Barrett and Dherin| (2021) (their Remark 3.4) show that performing stability analysis
around local minima using the IGR flow does not lead to qualitatively different conclusions from those using
the NGF: both NGF and the IGR flow predict gradient descent to be always locally attractive around a local
minima, contradicting the empirically observed behavior of gradient descent (proofs in Section . To
understand why both the NFG and the IGR flow cannot capture oscillations and divergence around a local
minima, we note that stationary points VyFE = 0 are fixed points for both flows. We visualize an example
in Figure since to go from the initial point to the gradient descent iterates requires passing through
the local minimum, both flows would stop at the local minimum. In the case of neural networks we show in
Figure [31] in the Appendix that while the IGR flow is better than the NGF at describing gradient descent,
a substantial gap remains.

The lack of ability of existing continuous time flows to model instabilities empirically observed in gradient
descent such as those shown in Figure[I] has been used as a motivation to use discrete-time methods instead
(Yaidal, 2018} [Liu et all [2021)). The goal of our work is to overcome this issue by introducing a novel
continuous-time flow which captures instabilities observed in gradient descent. To do so, we follow the
footsteps of Barrett and Dherin (2021)) and use Backward Error Analysis. By using a continuous time flow
we can leverage the tools and advantages of continuous-time methods discussed earlier in this section; by
incorporating discretization drift into our model of gradient descent we can increase their applicability to
explain unstable training behavior. Indeed, we show in Figure that the flow we propose captures the
training instabilities; a key reason why is that, unlike existing flows, it operates in complex space. In Section
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(a) Real flows. (b) Complex flow.

Figure 2: Complex flows capture oscillations and divergence around local minima. In the real
space, the trajectory going from the starting point to the second gradient descent iterate goes through the
global minima, and real flows stop there. In complex space however, that need not be the case.

[3] we show the importance of operating in complex space in order to understand oscillatory and instability
behaviors of gradient descent.

2.2 Backward error analysis

Backward error analysis (BEA) is a tool in numerical analysis developed to understand the discretization
error of numerical integrators. We now present an overview of how to use it in the context of gradient
descent; for a general overview see [Hairer et al.| (2006). BEA provides a modified vector field:

fn(a):7v0E+hfl(9)++hnfn(9)v (4)

by finding functions f1, ... f,, such that the solution of the modified ODE at order n, that is,

0=—VoE+hfi(0)+ -+ h"fu(0) (5)
follows the discrete dynamics of the gradient descent update with an error ||0; — o(h)| of order O(h™+2),
where 0(h) is the solution of the modified equation truncated at order n at time h, with 6(0) = 6;_1. The
full modified vector field with all orders (n — o0)

F(0) = —VoE +hfi(0)+ -+ h"fu(0) + -, (6)

is usually divergent and only forms an asymptotic expansion. What BEA provides is the Taylor expansion
in h of an unknown h-dependent vector field f1,(6) developed at h = 0:

f£(6) = Taylor),_q fr(9). (7)
Thus a strategy for finding f, is to find a series of the form in Eq[6] via BEA and then find the function fj
such that its Taylor expansion in h at 0 results in the found series. Using this approach we can find the flow

0=, (9) which exactly describes the gradient descent step 0, = 0,1 — hVgE(0;—1).

While flows obtained using BEA are constructed to approximate one gradient descent step, the same flows
can be used over multiple gradient descent steps as shown in Section in the Appendix.

BEA proofs. The general structure of BEA proofs is as follows: start with a Taylor expansion in h of the
modified flow in Equation [5} write each term in the Taylor expansion as a function of VyE and the desired
fi (this often requires applying the chain rule repeatedly); group together terms of the same order in & in
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the expansion; and identify f; such that all terms of O(hP) are 0 for p > 2, as is the case in the gradient
descent update. A formal overview of BEA proofs can be found in Section [A71]in the Appendix.

We now exemplify how to use BEA to find the IGR flow (Eq (Barrett and Dherin) [2021). Since we
are only looking for the first correction term, we only need to find f;. We perform a Taylor expansion
to find the value of #(h) up to order O(h3) and then identify f; from that expression such that the

error ||, — O(h)| is of order O(h%). We have: 6(h) =0,_, +h0D(6,_1) + %29(2)(9t_1) +O(h%). We

know by the definition of the modified vector field (Eq [5) that ) = —V4E + hf1(f). We can then
use the chain rule to obtain A = _VGE;;hfl(g) = =B 4 O(h) = =2E 40 | O(h) = VZEVeE + O(h).

Thus é(h) =0, 1 —hVoE(0;_1) +h2f1(0;_1) + %VgE(Gt,l)V(gE(Gt,l) +O(h?). We can then write
0, — 6(h) = 0,1 — hVE(0,_1) — (ot_l — hVE(0; 1) + hfr(6r1) + EV2E(0, 1) VeE (6 1) + (9(h3)).

After simplifying we obtain 6, — (h) = h2f1(6;_1) + %VgE(Gt_l)VgE(Ht_l) + O(h?). For the error to be
of order O(h?) the terms of order O(h?) have to be 0. This entails f; = —3V2EVyE leading to Eq

3 The principal flow

In the previous section we have seen how BEA can be used to define continuous time flows which capture the
dynamics of gradient descent up to a certain order in learning rate. We have also explored the limitations
of these flows, including the lack of ability to explain oscillations observed empirically when using gradient
descent. To further expand our understanding of gradient descent via continuous time methods, we would
like to get an intuition for the structure of higher order modified vector fields provided by BEA. We start
with the following modified vector field, which we will call the third order flow (proof in Section :

h 1 1 ,
6 =—VyE — 5ngng —h? <3(V§E)2v9E + 12ngT(ng)vgz@) (8)

The third order flow tracks the dynamics of the gradient descent step 6; = 6;_1 — hVoE(6;—1) with an
error of O(h%), thus further reducing the order of the error compared to the IGR flow. Like the IGR flow
and the NGF, the third order flow has the property that § = 0 if VoE = 0 and thus will exhibit the same
limitations observed in Figure 2] We can now spot a pattern: the correction term of order O(h™) in the BEA
modified flow describing gradient descent contains the term (V3E)"VyE and terms which contain higher
order derivatives with respect to parameters, terms which we will denote as C(V3E).

Our approach. We will use the terms of the form (VZE)"VyE to construct a new continuous time flow.
We will take a three-step approach. First, for an arbitrary order O(h™) we will find the terms containing
only first and second order derivatives in the modified vector field given by BEA and show they are of the
form (VZE)"VyE (Theorem . Second, we will use all orders to create a series (Corollary [3.1)). Third,
we will use the series to find the modified flow given by BEA (Theorem . All proofs are provided in
Section [A] of the Appendix.

Theorem 3.1 The modified vector field with an error of order O(h"*2) to the gradient descent update
0y = 0,1 — hVoE(0:_1) has the form:

- —1
0= ——hP(VIE)PV4E + C(V3E 9
;p+1(0)9+(0) 9)

where C(V3E) denotes the family of functions which can be written as a sum of terms, each term containing
a derivative of higher order than 8 with respect to parameters.

The result is proven by induction. The base cases for n = 1,2 and 3 follow from the NGF, IGR and third
order flows. For higher order terms, the proof uses induction to find the term in f; depending on ViFE and
Vo FE only and follows the structure highlighted in Section but Step 3 is modified to not account for
terms in C (VgE). From the above, we can obtain the following corollary by using all orders n and the eigen
decomposition of V3E:
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Corollary 3.1 The modified flow capturing gradient descent discrete updates exactly is of the form:

6 = fj Z%hp(szV’WE +C(V3E) = Z ih” (Z Aui; ) VoE +C(V3E) (10)

p=0 p= O

D oo
=3 (Z - 1hW’> (VoETu;)u; + C(V3E) (11)

where \; and u; are the respective eigenvalues and eigenvectors of the Hessian V3E.

If Ao > 1/h the BEA series above diverges. Generally BEA series are not convergent and approx-
imate the discrete scheme only by truncation Hairer et al| (2006). When the series in Eq di-
verges truncating it up to any order m however will result in a flow which will not be able to
capture instabilities, even in the quadratic case. Such flows (including the IGR flow) will al-
Ways predict the loss function will decrease for a quadratic loss where a minimum exists, since:

= VoET (Z,, 0 Sh hP(V2E)pV9E> = Y L2 (N)(VeETw;)? which is never positive for

any quadratic loss where a minimum exists (i.e. when \; > 0,Vi). The above also entails that the flows
always predict convergence around a local minimum, which is not the case for gradient descent which can
diverge for large learning rates.

To further track instabilities we can use the BEA series to formulate the following complex flow:
Definition 3.1 We define the principal flow (PF) as

D
6=>" W(WE%I) u; (12)

. 2
K3

We note that limy_,q M = —1 and thus the PF is well defined when the Hessian VgE is not invertible.
Unlike the NGF and the IGR flow, the modified vector field of the PF cannot be always written as the

gradient of a loss function in R.

Theorem 3.2 The Taylor expansion in h at h = 0 of the PF wvector field coincides with the series coming
from the BEA of gradient descent (Eq .

Proof: Using the Taylor expansion Taylorzzow = Z;O 0 +11 2P we obtain:

oo

D
1 hA;
Taylor;,_, Z Ogi)\)(VQETui)ui = Z (Z n 1hp/\p> (VoETu;)u; (13)
¢ i=1

i=1 pO

]

We have used BEA to find the flow that when Taylor expanded at h = 0 leads to the series in Eq[I1] When
the BEA series in Eq converges, namely Ag < 1/h, the PF and the flow given by the BEA series are the
same. When g > 1/h however, the PF is complex and the BEA series diverges. While in this case any BEA
truncated flow will not be able to track gradient descent closely, we show that for quadratic losses the PF
will track gradient descent exactly, and similarly that is is a good model of gradient descent around fixed
points. We show examples of the PF tracking gradient descent exactly in the quadratic case in Figures
and Bl

Remark 3.1 For quadratic losses of the form E = %QTAO + b7, the PF captures gradient descent exactly.
This case has been proven in|Hairer et al| (2006). The solution of the PF can also be computed exactly in

og(1—hA;) —h)\;
terms of the eigenvalues of VAE: 0(t) = Zil e 0w+t Zil WbTUi

Remark 3.2 In a small enough neighborhood around a critical point (where higher order derivatives can
be ignored) the PF can be used to describe gradient descent dynamics closely. We show this also using a
linearization argument in Section[A-5 in the Appendiz.
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Table 1: Understanding the differences between the flows discussed in terms of the eigendecomposition of
the Hessian. All flows have the form 6§ = Zi’;l a(hX\)(VeETu;)u; with different o summarized here.
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Figure 3: Comparing the coefficients anygr and app across the training landscape.

Definition 3.2 The terms C(V3E) are called non-principal terms. The term 5VoET(V3E)VoE in
Eq@ is a non-principal term (we will call this term non-principal third order term).

Definition 3.3 We define the principal flow with third order non principal term as

D

, log(1 — hA; h?
0= Z #(V@ETW)M - EV@ET(VzE)VgE (14)

i

third order mon principal term

General theoretical bounds on the error between the continuous time flows and gradient descent are chal-
lenging to construct in the case of a general parametrised E(#) as the error will be determined by the shape
of E. We know the conditions which determine when certain flows follow gradient descent exactly: the NGF
and gradient descent will follow the same trajectory when E has a constant gradient and thus is a linear
functiorﬂ while the PF generalises that and will follow the same trajectory as gradient descent when E is
quadratic. Informally, we can state that the closer we are to these exact conditions, the more likely the flows
to capture the dynamics of gradient descent. Formally, bounds on the error between GD and NGF can be
provided by the Fundamental Theorem (Theorem 10.6 in [Wanner and Hairer| (1996)) which has recently
been adapted to a neural network parametrisation by [Elkabetz and Cohen| (2021); this bound depends on
the magnitude of the smallest Hessian eigenvalue along the NGF trajectory. We hope that future work
can expand the Fundamental Theorem such that error bounds between the PF and gradient descent can
be constructed for deep neural networks. Here we take an empirical approach and show that although not
exact outside the quadratic case the PF captures key features of the gradient descent dynamics in stable or
unstable regions of training, around and outside critical points, for small examples or large neural networks.

3.1 The principal flow and the eigen decomposition of the Hessian

All flows considered here have the form form § = le:l a(h\)(VoETu;)u;, where o is a function computing
the corresponding coefficient; we will denote the one associated with each flow as aygr, apr and ajggr
respectively. For a side-by-side comparison between the NGF, IGR flow and the PF as functions of the
Hessian eigendecomposition see Table Since VoETu; > 0, the o function determines the sign of a

IThis follows from Theorem since V2EVoE = VQ%HVQE”2 =0 = |[VeE|® = ¢. Which leads to

2
a5 IVeEI? =253-Efp-E=0 = j-E=c¢; = E(0) =), cifi +d.
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Figure 4: The behavior of PF on E(z) = %2? with solution 2(t) = el°s(1=")/"2(0). When X\, < 1/h,
z(t) = (1 — h)!/"2(0) which is in real space and converges to the equilibrium. When \g > 1/h, 2(t) =
(h — 1)%" (cos(nt/h) + isin(wt/h)) 2(0). This exhibits oscillatory behavior, and when \g > 2/h, diverges.

modified vector field in the direction u;. For brevity, it will be useful to define the coefficient of w; in the
vector field of the PF:

Definition 3.4 We call sc; = W(VQETUZ') = appr(h)\)VoETu; the stability coefficient for
eigendirection i. sign(sc;) = sign(apr(hA;)).

In order to understand the PF and how it is different to the NGF, we explore the change in each eigendirection
u; and we perform case analysis on the relative value of the eigenvalues \; and the learning rate h. To do so,
we will compare aygr and appr based on the value of hA;; comparing with the NGF is especially insightful,
since that is the direction in which the function F is minimized. Since our goal is to understand the behavior
of gradient descent, we perform the case by case analysis of what happens at the start of a gradient descent
iteration and thus use real values for \; and u;, even when the PF is complex. We visualize aygr and app
in Figure 3] and we use Figure [] to show examples of each case using a simple function.

Real stable case: \; < 1/h. sign(anygr) = sign(apr) = —1.

aygr = —1 and app(h);) = w < 0. The coefficients of both the NGF and PF in eigendirection u;
are both negative and real. The case is exemplified in Figure .

Complex stable case: 1/h < A; < 2/h. sign(angr) = sign(Relapr]) = —1. app € C.

anygr = —1 and app(h);) app| = w < 0. The real part

of the coefficient of both the NGF and PF in eigendirection u; are both negative. However, the imaginary
part of app can still introduce instability and oscillations, as we show in Figure

_ log(1—hXi) _ log(=14+hA;)tin € C and Re]|

Unstable complex case: 2/h < \;. sign(angr) # sign(Re[apr]). app € C.

angr = —1 and app(h);) = log(l—ﬁ)\i) _ 10%“%;?”"‘” € C and Relapr| = w > 0. The real part

of the coefficient the of NGF in eigendirection u; is negative, while the real part of the coefficient of the PF
is positive. Since the direction minimising the function F is given by the NGF and is negative, the change
in sign given by the PF can cause instabilities. The complex component can still introduce oscillations,
however, the higher A;h, the smaller the complex component is. We show a simple example in Figure

The importance of the largest eigenvalue )\g. The largest eigenvalue Ay plays an important part in the
PF. Since hAg > h\; Vi, Ay determines where in the above cases the PF is situated and thus whether there
are oscillations and unstable behavior in training. For all flows of the form we consider we can write:

dE(0)  dE(9)" df i . D .
= — =VoE hA)VoE™ uju; = h; ETy, 1
dt a9  dt Vo ;O‘( )VoE" uiu ;a( )(VoE" u;) (15)

and thus if a(h);) € R and a(h);) < 0 Vi then dgge) < 0 and following the corresponding flow minimises E.

In the case of the PF this gets determined by Ag. If Ag < # then app(h);) < 0 Vi (real stable case above)
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and the PF minimises E. If 1/h < Ao < 2 then Re[apr(h);)] < 0 Vi (complex stable case above) close to a
gradient descent iteration \;,u; € R we can write that % = Zle Re[apr(h\)](VoETu;)? and thus
the real part of the loss function decreases. If \g > 2 then Re[app(hAo)] > 0 (unstable complex case above)
and if (VgETug)? is sufficiently large we can no longer ascertain the behavior of E. We present a discrete
time argument for this observation in Section

Building intuition. For quadratic objective E(f) = %HTAH the PF describes gradient descent exactly.

We show examples Figures [2] and [5} Unlike the NGF or the IGR flow, the PF captures the oscillatory and
divergent behavior of gradient decent. Importantly, to capture the unstable behavior which occurs when
Ao > 1/h the imaginary part of the PF is needed. To expand intuition outside the quadratic case, we show
the PF for the banana function (Rosenbrockl [1960) in Figure [f] and an additional example in 1D with a
non-quadratic function (Figure in the Appendix). In this case, the PF no longer follows the gradient
descent trajectory exactly, but we still we observe the importance of the PF in capturing instabilities of
gradient descent; we also observe that adding non-principal terms can restabilize the trajectory.

Remark 3.3 For the banana function, the principal terms have a destabilizing effect when h > 2/\g while
the non principal terms can have a stabilizing effect.

T 0377 T —
gradient descent gradient descent 0.4 ’7 + gradient descent
0.2 —— principal flow 02 —— principal flow 03 —— principal flow
—-— IGR flow —-— IGR flow —-— IGR flow
! | 0.2 i
0.1 global min 01 global min global min
# init point # init point 01 #  init point

204 -03 -02 -0 00 O X 3 04 204 -03 -02 -01 00 01 02 03 04 -0.6 . 0.0 0.2 0.4 0.6
61 61 01

(a) Ao < 1/h (stability) (b) 1/h < Ao < 2/h (oscillations) (¢) Ao > 2/h (divergence)

Figure 5: Quadratic losses in 2 dimensions. The PF captures the behavior of gradient descent exactly
for quadratic losses, including oscillatory behavior and divergence.
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Figure 6: Banana function. The PF can capture instability and the gradient descent trajectory over many
iterations when Ao is close to 2/h. When A\g >> 2/h (right) the PF does not track the GD trajectory over
many gradient descent steps, but when including a non-principal term the flow is able to capture the general
trajectory of gradient descent and unstable behavior of gradient descent.

3.2 The stability analysis of the principal flow

We now perform stability analysis on the PF, to understand how it can be used to predict certain behaviors
of gradient descent around critical points of the loss function E. Consider 6* such a critical point, i.e
VoE(0*) = 0. For a critical point 6* to be locally attractive, all eigenvalues of the Jacobian evaluated at 6*
need to have negative real part.
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The principal flow has the following Jacobian (proof in Section in the Appendix):

D

log(1 — hA}
Top(0r) = S0 OB (16)
i=1

where A7, u} are the eigenvalues and eigenvectors of the Hessian VgE (6*). We thus have that the eigenvalues
of the Jacobian Jpp(0*) at the critical point 6* are +log(1 — hA}) for i =1,...,D.

Local minima. Suppose that 6* is a local minimum. Then all Hessian eigenvalues are positive A} > 0. We
perform the stability analysis in cases given by the value of A}, corresponding to the cases in Section

h < 1/X¥. The corresponding eigenvalue of the Jacobian %log(l — hA}) is negative, since 0 < 1 — hAf < 1.
The principal vector field is attractive in the corresponding eigenvector direction.

h € [1/A;, 2/X;]. The corresponding eigenvalue of the Jacobian flog(l — hA}) = +log(hA} — 1) +iT is
complex, with negative real part, since since hA} —1 < 1. The principal vector field is attractive in the
corresponding eigenvector direction.

h > 2/X}. The corresponding eigenvalue of the Jacobian § log(1—h\;) = 4 log(hA} —1)+i7 is complex, with
positive real part, since since hA7 — 1 > 1. The principal vector field is not attractive in the corresponding
eigenvector direction.

The last case tells us that the PF is not always attracted to local minima, as it is not attractive in eigendrec-
tions where h > 2/\¥. Thus like gradient descent, the PF can be repelled around local minima for
large learning rates. This is in contrast to the NGF and the IGR flow, which always predict convergence
around a local minima: the eigenvalues of the NGF Jacobian are —\}, and for the IGR flow the eigenvalues

are —\; — g)\jz, both are negative when A} is positive. For derivations see Section in the Appendix.

Remark 3.4 For quadratic losses, where the PF is exact, the results above recover the classical gradient
descent result for quadratic losses namely that gradient descent convergences if Ao < 2/h, otherwise diverges.

Saddle points. Suppose that 6* is a saddle point. In this case there exists A% such that A} < 0. We
want to analyse the behavior of the PF in the direction of the corresponding eigenvector u:. In that case,
log(1 — hA%) > 0 which entails that the PF is repelled in the eigendirections of saddle points. Note that this
is also the case for the NGF since the corresponding eigenvalues of the Jacobian of the NGF would be —\¥,
also positive. Unlike the NGF however, the subspace of eigendirections that the PF is repelled by can be
larger since it includes also eigendirections where \f > 2/h > 0.

4 Predicting neural network gradient descent dynamics with the principal flow

Computing the PF on large neural networks during training is computationally prohibitive, as it requires
finding all eigenvalues of the Hessian matrix once for each step of the flow simulation, corresponding to
many eigen-decompositions per gradient descent step. To build intuition about the PF for neural networks,
we start with a small MLP for a 2 dimensional input regression problem, with random inputs and labels.
Here we can understand the behavior of the PF since we can compute its modified vector field exactly and
compare it with the behavior of gradient descent. We show results in Figure |7, where we visualize the norm
of the difference between gradient descent parameters at each iteration and the parameters produced by
the continuous time flows we compare with. We observe that short term the principal flow is better than
all other flows at tracking the behavior of gradient descent. As the number of iterations increases however,
the PF accumulates error in the case of A\g > 2/h; this is likely due to the fact that while gradient descent
parameters are real, this is not the case for the PF, as discussed in Remark Since we are primarily
concerned with using the PF to understand gradient descent for a small number of iterations this will be less
of a concern in our experimental settings. Additional results which confirm the PF is better than the other
flows at tracking gradient descent on a bigger network trained the UCI breast cancer dataset are shown in
Figure [32] in the Appendix.

Remark 4.1 On the multiple iteration behavior of the principal flow. We note that while gradient
descent parameters are real for any iteration 0y, 0441, ... Orrn, when we approximate the behavior of gradient

10
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descent by initializing 6(0) = 0; and running the PF for time nh, there is nothing enforcing that 6(h), ...
O(nh) will be real when the PF is complex (Ao > 1/h). We also note that in that case the hermitian Hessian is
not symmetric and the eigenvalues and eigenvector of the Hessian will not be real. For long term trajectories
(larger m), this can have an effect on long term error between gradient descent and PF trajectories, through
an accumulating effect of the imaginary part in the PF. This can be mitigated by using the PF to understand
the short term behavior of gradient descent (smalln).

2
1 2 £<h
h<il % <h<g x
0.014
i —— Gradient flow
—— Gradient flow = Gradient flow 1GR flow II
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= — = Princi g2 == Principal flow s - /
£ 0.010 Principal flow $0.10 z ;
& £ 506 !
e £ 0.08 g !
£0.008 g o £ !
E 2 2 S
£0.006 20.06 50‘4 7
E @ g s
©0.004 go.04 £ J
z 3 R I s
©0.002 ©0.02 2 | A em- -
[} © o | f -
0.000 0.00 0.0

Iteration Iteration Iteration

(a) Ao <1/h (b) 1/h < Ao <2/h (c) Ao >2/h

Figure 7: Error between gradient descent parameters and parameters obtained following continuous time
flows for multiple iterations: ||6, — 6(nh)|| with 8(0) = y. For small n, the PF is better at capturing the
behavior of gradient descent across all cases.

4.1 Predicting VyE7 vy, using the principal flow

For large neural networks, instead of computing the entire PF describing how the entire parameter vector
changes in time we can use the PF to approximate changes in time in one eigendirection only. This will
allow us to compare the predictions of the PF against the predictions of the NGF and IGR flow on realistic
settings. To do so, we first have to compute how the gradient changes in time:

Corollary 4.1 If  follows the PF, then: (VyE) = 3.7 %(VQETU@)U@.

(2

This follows from applying the chain rule and using the definition of the PF. We contrast this with how the
gradient evolves if the parameters follow the NGF:

Corollary 4.2 If 0 follows the NGF, then: (VoE) = Y.F —X;(VoETu;)u;
Corollary 4.3 If 0 follows the IGR flow, then: (VoE) = 330 — (A + 2A2) (Vo ETu;)u;

We would like to use the above to assess how Vg E”u; changes in time under the above flows and check their
predictions empirically against results obtained when training neural networks with gradient descent. Since
u; is an eigenvector of the Hessian it also changes in time according to the changes given by the corresponding
flow, making (VeETu;) difficult to calculate. Even when if we wrote an exact flow for (VoETw;), it would
be computationally challenging to simulate it since finding the new values of u; would depend on the full
Hessian and would lead to the same computational issues we are trying to avoid in the case of large neural
networks. In order to mitigate these concerns, we will make the additional approximation that \; and u; do
not change inside an iteration which will allow us to approximate changes to VgET u; and compare them
against empirical observations. We note that we will not use this approximation for any other results.

Remark 4.2 If we assume that \;, u; do not change between iterations, if 0 follows the PF then (VQETUZ') =
log(1—hA;) VQETU'
R i

Remark 4.3 If we assume that \;, u; do not change between iterations, if 0 follows the NGF we can write
(V@ETui) = —)\iVQET’U,i.

Remark 4.4 If we assume that \;, u; do not change between iterations, if 6 follows the IGR flow we can
write (VgETu;) = — (/\i + %)\f) VoETu;.

11
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Figure 8: Predictions of VgETuy according to the NGF, IGR flow and the PF. On the z axis we plot
the value of VyETug as measured empirically in training, and on the y axis we plot the corresponding
prediction according to the flows from the value of the dot product at the previous iteration. The ‘exact
match’ line indicates a perfect prediction, the upper bound of performance. The PF performs best from all
the compared flows, however for higher learning rates its performance degrades when VyETug is large; this
is due to the fact that the higher the learning rate and the higher the gradient norm, the more likely it is
that the additional assumption we used that \;, u; do not change does not hold.

The above flows have the form & = cz, with solution z(t) = x(0)e. We can thus test these solutions

empirically by training neural networks with gradient descent with learning rate h and at each step compute
VoE(0:)T (u;);—1 and compare it with the prediction z(h) obtained from the solution from each flow initialized
at the previous iteration, i.e. x(0) = VoE(0;—1)T (u;)¢—1. We show results with a VGG model trained on
CIFAR-10 in Figure |8 The results show that the PF is substantially better than the NGF and IGR flows
at predicting the behavior of Vo ET ug. Since the NGF and the IGR flow solutions scale the initial value by
the inverse of an exponential of magnitude given by A for large eigenvalues this leads to a small prediction,
which is not aligned with what is observed empirically. We also note that the higher the value of VyET ug,
the worse the prediction of the PF; these are the areas where the approximations made in the above remarks
are likely not to hold due to large gradient norms.

5 The principal flow, stability coefficients and edge of stability results

We now show the PF can be used to explain phenomena observed empirically when training neural networks
using full-batch gradient descent.

Edge of stability results. |Cohen et al.|(2021)) did a thorough empirical study to show that when training
deep neural networks with full batch gradient descent the largest eigenvalue of the Hessian Ay keeps growing
until reaching approximately 2/h (a phase of training they call progressive sharpening), after which it remains
in that area; for mean squared losses this continues indefinitely while for cross entropy losses they show it
further decreases later in training. They also show that instabilities in training occur when Ao > 2/h. Their
empirical study spans neural architectures, data modalities and loss functions. We visualize the edge of
stability behavior they observe in Figure @ training is stable until the 2/h threshold is achieved, and that
eigenvalues keep growing until reaching the threshold; since we use a cross entropy loss, the eigenvalues later
decrease in training. We also visualize that iterations where the loss increases compared to the previous
iteration overwhelmingly occur when \g > 2/h. [Cohen et al, (2021) also empirically observe that 87w has
oscillatory behavior in the edge of stability area but is 0 or small outside it.

Continuous-time models of gradient descent at edge of stability. To investigate if existing continuous
time flows and the PF capture gradient descent behavior at the edge of stability we train a 5 layer MLP
on the toy UCI Iris dataset; this simple setting allows for the computation of the full eigenspectrum of the
Hessian. We show results in Figure[I0} the NGF and IGR flows have a larger error compared to the PF when
predicting the parameters at the next gradient descent iteration in the edge of stability regime; the NGF
and IGR flows predict the loss will decrease, while the PF captures the loss increase observed when following

12
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Figure 10: Comparing different continuous time models of gradient descent at the edge of stability area on a
small 5 layer MLP, with 10 units per layer. We show the local parameter prediction error ||0; — 0(h;0¢—1)||
for the NGF, IGR and PF flows (middle), as well as E(6;) — E(0(h;0,_1)) (right).

gradient descent. As we remarked in Section [2] the NGF and the IGR flow do not capture instabilities when
the eigenvalues of the Hessian are positive, which has been remarked to be largely the case in the neural
network setting through empirical studies (Sagun et al [2017} |[Ghorbani et al] 2019} [Papyan] [2018) and we
observe here (Figure [33]in the Appendix). We spend the rest of the section focusing on how we can use the

PF to understand and model edge of stability phenomena using a continuous time approach.

Connection with the principal flow: stability coefficients. The PF contains some of the key quantities
observed in the edge of stability phenomenon: the eigenvalues of the Hessian \;, the dot product Vo ET u; and
the threshold 2/h. All these quantities appear in the PF via the stability coefficient sc; = WVQETW =

apr(Ah)VeETu; of eigendirection u;. Through the PF, by connecting the case analysis in Section with
existing and new empirical observations, we can shed light on the edge of stability behavior in deep learning.

First phase of training (progressive sharpening): Ao < 2/h. This entails Re[sc;] = Re[apr(hA;)] <0, Vi (Real
stable and complex stable cases of the analysis in Section [3.1)). sign(ancr) = sign(apr) = —1 and following
the PF minimises F or its real part (Eq. To understand the behavior of A\g, we now have to make use of
empirical observations about the behavior of the NGF early in the training of neural networks. It has been
empirically observed that in early areas of training, A increases here when following the NGF
2021)); we further show this in Figure [49] in the Appendix. Since in this part of training gradient descent
follows closely the NGF, it exhibits similar behavior and Ao increases. We show this case in Figure [11(a)

Second phase of training (edge of stability) Ao > 2/h. This entails Re[sco(0)] = Re[apr(hA;)] > 0. (Unstable
complex case of the analysis in Section . We can no longer say that following the PF minimizes E.
sign(anagr(hio)) # sign(Re[(apr(ho)]), since angr(hAg) = —1 and sign(Re[(apr(hAo)]) > 0 meaning
that in that direction gradient descent resembles the positive gradient flow § = VyE rather than the NGF.
The positive gradient flow component can cause instabilities, and the strength of the instabilities depends
on the stability coefficient scy = apr(hA\g)VoETug. We show in Figures and [13| how the behavior of
the loss and A\ are affected by the behavior of the positive gradient flow when \g > 2/h.
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Figure 11: Understanding the edge of stability results using the PF on a 4 layer MLP: we plot the behavior
of the NGF 6 = —VyE and the positive gradient flow § = Vy F initialized at each gradient descent iteration
parameters, and see that the behavior of gradient descent is connected to the behavior of the respective flow
through the stability coefficient.
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Figure 12: Understanding changes to the loss using the PF: areas where the loss increases corresponds to
areas where the scq is large. The highlighted areas correspond to regions where the loss increases.

More than )\j: the importance of stability coefficients. While the sign of the real part of the
stability coefficient scy is determined by Mg, its magnitude is modulated by the dot product Vg E7 v, since
sco = app(hXg)VeETug. The magnitude of VyETu, plays an important role, since if g is the only
eigenvalue greater than 2/h training is stable if VoETug = 0, as we see in Figure To understand
instabilities, we have to look at stability coefficients, not only eigenvalues. We show in Figure how the
instabilities in training can be related with the stability coefficient scy: the increases in loss occur when the
corresponding Re[scy] is positive and large. In Figure we show the equivalent results in the behavior
of A\g: Ao increases or decreases based on the behavior of the corresponding flow and the strength of the
stability coefficient and that gets reflected in instabilities in the loss function; specifically when Ay > 2/h,
the increase both in loss value and A of gradient descent are proportional to the increase of the positive
gradient flow in that area. We show additional results in Figures [37] and [38] in the Appendix.

Is one eigendirection enough to cause instability? One question that arises from the PF is whether
the leading eigendirection ug can be sufficient to cause instabilities, especially in the context of deep networks
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Figure 13: Understanding changes to the loss using the PF: areas where the loss increases corresponds with
areas where the scg is large. Together with the behavior of gradient descent, we also plot the behavior of the
NGF and positive gradient flow initialized at 6; and simulated for time h for each iteration ¢t. As expected,
the NGF decreases the loss around a gradient descent iteration, while the positive gradient flow increases it.
Interestingly, when \g > 2/h, the increases in loss value of gradient descent are proportional to the increase
of the positive gradient flow in that area (can be seen best between iterations 200 and 350). The same
behavior can be seen in relation to the eigenvalue Ag.
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Figure 14: One eigendirection is sufficient to lead to instabilities. We construct a flow given by the NGF
in all eigendirections but ug; in the direction of wg, we change the sign of the flow. This leads to the flow
6 = VoETuguo + Zi’;zl —VoETu;u;. We show this flow can be very unstable when initialised in an edge of
stability area.

with millions of parameters. To assess this we train a model with gradient descent until it reaches the edge of
stability (\g &~ 2/h), after which we approximate the continuous flow 6 = Vg E T ugug + Zi_ll ~VoETuu;.
The coefficients of the modified vector field of this flow are negative for all eigendirections except from wuy,
which is positive; this is also the case for the PF when )\ is the only eigenvalue greater than 2/h. In
Figure [I4] we show the results: a positive coefficient for uy can be responsible for an increase in loss value

and a significant change in Ag.

Decreasing the learning rate. |Cohen et al.| (2021) show that if the edge of stability behavior is reached
and the learning rate is decreased, the training stabilizes and \g keeps increasing (Figure in the Appendix).
The PF tells us that decreasing the learning rate entails going from Re[scg] > 0 to Re[scg] < 0 since Mg < 2/h
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after the learning rate change. Since all stability coefficients are now negative, this reduces instability. The
increase in Ag is likely due to the behavior of the NGF in that area (as can be seen in Figure when
changing from gradient descent training to the NGF in an edge of stability area leads to an increase of Ag).

The behavior of VgET ug. The PF also allows us to explain the unstable behavior of Vg ET ug around edge
of stability areas. As done in Section[4.1], we assume that \;, u; do not change substantially between iterations
and write Vo ETu; = %V@ETW under the PF, with solution (Vo ETu;)(t) = (VgETui)(O)eMt.
This solution has different behavior depending on the value of Ay relative to 2/h: decreasing below 2/h
and increasing above 2/h. We show this theoretically predicted behavior in Figure alongside empirical
behavior showcasing the fluctuation of Vo ETug in the edge of stability area, which confirms the theoretical
prediction. We also compute the prediction error of the proposed flow and show it can capture the dynamics
of Vo ETuq closely in this setting. We present a discrete time argument for this observation in Section
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Figure 15: The unstable dynamics of VoETu in the edge of stability area (A ~ 2/h). Left: the predicted
behavior of VgETu under VyETu; = MVQETU@, with an inflection point at A = 2/h. Middle:
empirical behavior of VoETu for a model shows instabilities in the edge of stability area (highlighted).
Right: the approximation made to derive the flow is suitable around A\ ~ 2/h.

In this section we have shown that despite not capturing non-principal terms, the PF closely predicts the
behavior of gradient descent in neural network training. When A\g < 2/h the PF predicts stable behavior
(Eq, which is consistent with empirical observations of gradient descent (RHS of Figure@; this suggests
that when Ag < 2/h non-principal terms do not have a strong unstable presence (at least not sufficiently
strong to overcome the stability coming from the PF). When Ay > 2/h, the PF predicts instability, which
is what is observed in practice with gradient descent. While we do not know all non-principal terms and
their behavior, in Section [B] in the Appendix we provide a justification for why the non-principal term we
do know (Eq can have a stabilizing effect. This evidence suggests that the PF plays a major role in
capturing instability in deep learning, perhaps due to the specific structure of neural network models. We
note that we used the PF to measure changes in the loss given a local Hessian; to model changes in the
Hessian eigenspectrum we relied on empirical evidence from the NGF and other continuous time flows and
contrasted them with gradient descent. While we focus on a continuous time approach, a discrete time
approach can be used to motivate some of our observations and results (Section; this is complementary
to our approach which focuses on continuous time but nonetheless related, since it also ignores higher order
derivatives of the loss and further suggests the strength of a quadratic approximation of the loss in the case
of neural networks, as observed by |Cohen et al.| (2021)).

6 Stabilizing training by adjusting discretization drift

The PF allows us to understand not only how gradient descent differs from the trajectory given by the
NGF, but also when do they follow each other very closely. Understanding when gradient descent behaves
like the NGF flow is important, since it reveals when the existing analyses of gradient descent using the
NGF discussed in Section [2] are valid. It also has practical implications, since in areas where gradient
descent follows the NGE closely training can be sped up by increasing the learning rate. Prior works have
empirically observed that gradient descent follows the NGF early in neural network training (Cohen et al.
2021) and this observation can be used to explain why decaying learning rates (Loshchilov and Hutter

16



Under review as submission to TMLR

2016) or learning rate warm up (He et all |2019)) are successful when training neural networks: having a
high learning rate in areas where the drift is small will not cause instabilities and can speed up training and
decaying the learning rate avoids instabilities later in training when the drift is larger.

6.1 V2EV,FE in determines discretization drift

In previous sections we have seen that the Hessian plays an important role in defining the PF

Remark 6.1 In a region of the space where VgEVeE = 0 the PF is the same as the NGF.

To see why, we can expand

D
ViEVeE =Y NiVeE uu;. (17)
i=1

By multiplying the above with u; we have that )\jV(;ETuj = 0. For each dimension j either \; =
0 or VoETu; = 0. If \; = 0 then angr(h);) = appr(h);) = —1. We thus get that 0 =
S apr(hA) (VoETu)u; = 2 aner(hh) (Vo ETu)u;.

Theorem 6.1 The discretization drift (error between gradient descent and the NGF) after 1 iteration of
gradient descent 0y = 0y — hVoE(0,_1) is %QVgE(GI)VgE(GI) for a set of parameters ' in the neighborhood
Of Qt_l.

This follows from the Taylor reminder theorem of the NGF in mean value form (proof in Section|A.9). From
here we have:

Corollary 6.1 In a region of space where VaEVgE = 0 gradient descent follows the NGF.

Thus

2 2 D T 2

IV3EVoE]" = [S2) AVoE uiu,
Zil H)\Z'VQETUZ'HQ; the higher each term in the sum, the higher the difference between the NGF and the
PF. To measure the connection between per iteration drift and V3EV,FE in the neural network setting we
0y — NGF(0:-1,h) H where NGF is the numerical approximation to the NGF initialised

at 0;_1. We show results in Figures|16|and which show the strong correlation between per iteration drift
and ||V§EV9E H throughout training and across learning rates. Since Theorem tells us the form of the
drift but not the exact value of §’, we have used 6;_; instead to evaluate vaEng H and thus some error
exists.

approximate it via ‘

Understanding this connection is advantageous since computing discretization drift is computationally ex-

pensive as it requires approximating the continuous time NGF but computing ||V§EV9E H via Hessian-vector
E(0+eVeE)—E(0)

products is cheaper and approximations are available, such as VzEVgE = %Vg Vo E ||2 ~ =

which only requires an additional backward pass |Geiping et al.| (2021)).

6.2 Drift adjusted learning rate (DAL)

A natural question to ask is how to use the correlation between vaEng H and the iteration drift to
improve training stability; V%EV@E H captures all the quantities we have shown to be relevant to instability

highlighted by the PF: \; and VyETu; (Eq. . One way to use this information is to adapt the learning rate
of the gradient descent update, such as using m as the learning rate. This learning rate slows down
0 0

training when the drift is large — areas where instabilities are likely to occur — and it speeds up training
in regions of low drift — areas where instabilities are unlikely to occur. Computing the norm of the update
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Figure 16: Connection between ||[V2EVE|| and the per iteration drift as measured during training.
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Figure 17: Correlation between |[VZEV,E|| and the per iteration drift. Since |[VZEVE| =
(IIVZEV4E||) /|IVoE||||VoE||, we plot the correlation with the individual terms as well.

provided by this learning rate shows a challenge however since 2/ HV%EV@E H m, this implies that
when using this learning rate the norm of the gradient descent update will never be 0 and thus training will
not result in convergence. Furthermore, the magnitude of the gradient update will be independent of the
gradient norm. To reinstate the gradient norm, we propose using the learning rate

2 2

h@ = fry -
O) = 2BV, B /TV.El ~ N2E3 )]

(18)

where §(0) is the unit normalised gradient Vo E/ ||V9E l. We will call this learning rate DAL (Drift Adjusted
Learning rate). As shown in Flgure l ||V2Eg H has a strong correlation with the per iteration drift.

We use DAL to set the learning rate and show results across architectures, models and datasets in Figures[1§]
(with additional results in Figure [41]in the Appendix). Despite not requiring a learning rate sweep, DAL is
stable compared to using fized learning rates. To provide intuition about DAL, we show the learning rate and
the update norm in Figure[I9} for DAL the learning rate decreases in training after which it slowly increases
when reaching areas with low drift. Compared to larger learning static learning rates where the update norm
can increase in the edge of stability area with DAL the update norm steadily decreases in training.

Resnet-50, Batch size 2048, Imagenet
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Figure 18: DAL: using the learning rate I results in improved stability without requiring a hyper-

sz 3(0)]|
parameter sweep.
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Figure 19: Key quantities in DAL versus fixed learning rate training: learning rate, and update norms.
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Figure 20: DAL-0.5: increased training speed and generalization compared to a sweep of fixed learning rates.

6.3 The trade-off between stability and performance

Since we are interested in understanding the dynamics of training gradient descent, we have so far focused on
training performance. We now try to move our attention to test performance and generalization. Previous
works (Li et al, 2019; Barrett and Dherin| [2021} Jastrzebski et all 2019) have shown that the higher the
learning rate the better the generalization performance. We now try to further correlate this information
with the per iteration drift and the principal flow. To do so, we use learning rates with various degrees of
sensitivity to iteration drift using DAL-p:

2

") = (2B

(19)

The higher p, the slower the training and less drift there is; the lower p, there is more drift. We start
with extensive experiments with p = 0.5, which we show in Figure 20, and show more results in Figure [12]
Compared to p = 1 (DAL), there is faster training but at times also more instability. Performance on the
test set shows that DAL-0.5 performs as well or better than when using fixed learning rates.

Remark 6.2 We find that across datasets and batch sizes, DAL-0.5 performs best in terms of the stability
generalization trade-off and in these settings can be used as a drop in replacement for a learning rate sweep.

To further investigate the connection between drift and test set performance, we perform a set of sweeps
over the power p and show results in Figure These results show that the higher the drift (the smaller p),
the more generalization. We also show in Figure [22] the correlation between mean per iteration drift and test
accuracy both for learning rate and DAL-p sweeps. The results consistently show that the lower the mean
iterations drift, the higher the test accuracy. We also show that the mean iteration drift has a connection to
the largest eigenvalue Ag: the lower the drift, the smaller Ag. These results add further evidence to the idea
that discretization drift is beneficial for generalization performance in the deep learning setting. We also
notice that DAL-p with smaller values of p leads to a small Ay compared to vanilla gradient descent even
when large learning rates are used for the latter; this could suggest its generalisation capabilities as lower
sharpness has been connected to generalisation in previous works (Keskar et al., |2016} \Jastrzebski et all
[2018}, [Foret et all, [2020)).
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Figure 21: DAL-p sweep: discretization drift helps test performance at the cost of stability. Corresponding
training curves and loss functions are present in the Figure |Z_3| in the Appendix.
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Figure 22: The correlation between drift, test set performance and Ag in full batch training on CIFAR-10.
The same pattern can be seen in SGD results in Figure

7 Future work

Beyond gradient descent. In this work we focused on understanding vanilla gradient descent. Under-
standing discretization drift via the PF can be beneficial for improving other gradient based optimization
algorithms as well, as we briefly illustrate for momentum updates with decay m and learning rate h:

Vg = MUg_1 — hVQE(Ht,ﬂ; 0 =601+ v (20)

We can scale VoE(6;—1) in the above not by a fixed learning rate h, but by the approximation to the
drift. This has two advantages: it removes the need for a learning rate sweep and it uses local information
in adapting the moving average, such that in areas of large drift the contribution is decreased, while it is
increased in areas where the drift is small (a more formal justification is provided in Section [A.9). This leads
to the following updates:

1

— VoE(0:_ 0, =0;1+v 21
VEEG sG] ) e=borto (@)

Vg = MUp—1 —

As with DAL-p, we can use powers to control the stability performance trade-off: the lower p, the more the
current update contribution is reduced in high drift (instability) areas. We tested this approach on Imagenet
and show results in Figure 23] The results show that integrating drift information improves the speed of
convergence compared to standard gradient descent (Figure , and leads to more stable training compared
to using a fixed learning rate. We present additional experimental results in the Appendix.

Just as momentum is a common staple of optimization algorithms, so are adaptive schemes such as
Adam (Kingma and Bal [2015) and Adagrad (Duchi et al. [2011)), which adjust the step taken for each
parameter independently. We can also use the knowledge from the PF to set a per parameter learning rate:
instead of using HV%E (0:—1)VoE(0:-1) H to set a global learning rate, we can use the per parameter informa-

tion provided by V2E(6;—1)VgE(f;—1) to adapt the learning rate of each parameter. We present preliminary
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Figure 23: DAL with momentum: integrating drift information results in faster and more stable training
compared to a fixed learning rate sweep. Compared to vanilla gradient descent there is also a significant
performance and convergence speed boost.

results in the Appendix (Figures and @[) The above two approaches (momentum and per-parameter
learning rate adaptation) can be combined, bringing us closer to the most commonly used deep learning
optimization algorithms. While we do not explore this avenue here, we are hopeful that this understanding
of discretization drift can be leveraged further to stabilize and improve deep learning optimization.

Non-principal terms. This work focuses on understanding the effects of the principal flow on the behavior
of gradient descent. The principal terms however are not the only terms in the discretization drift: we have
found one non-principal term (Eq and have seen that it can have a stabilising effect (Figure @ We
provide a preliminary explanation for the stabilising effect of this non-principal term together with results
measuring its value in neural network training in Section |B|in the Appendix; we hope that future work will
enhance our understanding of non-principal terms and their effects on training stability and generalization.

Neural network theory. Many theoretical works studying at gradient descent in the neural network
context use the NGF (Du et al| 2018} [Elkabetz and Cohen| [2021} [Kunin et al| 2021} [Jacot et al] [2018). We
posit that replacing NGF in these theoretical contexts with PF may yield interesting results. In contrast
to the NGF, the PF allows the incorporation of the learning rate into the analysis, and unlike existing
continuous time models of gradient descent, it can model unstable behaviours observed in the discrete case.
An example can be seen using the Neural Tangent Kernel: [Jacot et al (2018) model gradient descent using
the NGF to show that in the infinite wide limit gradient descent for neural networks follows kernel gradient
descent. The PF can be incorporated in this analysis either by replacing the NGF with the PF as a model
of gradient descent, or by studying the difference in the PF for infinitely wide and finite width networks,
since discretisation drift could be responsible for the observed gap between finite and infinite networks in

the large learning rate case (Lee et all [2020)).

8 Related work

Modified flows for deep learning optimization. [Barrett and Dherin| (2021) found the first order
correction modified flow for gradient descent using BEA and uncovered its regularization effects; they were
the first to show the power of BEA in the deep learning context. [Smith et al.| (2021) find the first order error
correction term in expectation during one epoch of stochastic gradient descent. Modified flows have also
been used for other optimizers than vanilla gradient descent: Franca et al|(2020)); [Shi et al.| (2021)) compare
momentum and Nesterov accelerated momentum; Kunin et al| (2021) study the symmetries of deep neural
networks and use modified vector fields to show commonly used discrete updates break conservation laws
present when using the NGF (for gradient descent they use the IGR flow while for momentum and weight
decay they introduce different flows); [Kovachki and Stuart| (2021) use modified flows to understand the
behavior of momentum by approximating Hamiltionian systems; [Franca et al.| (2021)) construct optimizers
controlling their stability and convergence rates while [Li et al.| (2017) construct optimizers with adaptive
learning rates in the context of stochastic differential equations. In the context of two-player games,
compute the first order BEA correction terms while Chavdarova et al.| (2021)) use high-resolution
differential equations to shed light on the properties of different saddle point optimizers.
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Edge of stability and the importance of the Hessian. There have been a number of empirical studies
on the Hessian in gradient descent. |Cohen et al.| (2021)) observed the edge of stability behavior and performed
an extensive study which led to many empirical observations used in this work. |Jastrzebski et al. (2018)
performed a similar study in the context of stochastic gradient descent. |Sagun et al. (2017); |Ghorbani et al.|
(2019); [Papyan| (2018) approximate the entire spectrum of the Hessian, and show that there are only a
few negative eigenvalues, plenty of eigenvalues centered around 0, and a few positive eigenvalues with large
magnitude. Similarly, |Gur-Ari et al| (2018)) discuss how gradient descent operates in a small subspace.
[Lewkowycz et al.|(2020) discuss the large learning rate catapult in deep learning when the largest eigenvalue
exceeds 2/h. |Gilmer et al (2021)) assess the effects of the largest Hessian eigenvalue in a large number of
empirical settings.

There have been a series of concurrent works aimed at theoretically explaining the empirical re-

sults above. [Ahn et al| (2022) connect the edge of stability behavior with what they coin as

the ‘relative progress ratio’: %ﬂ, which they empirically show is 0 in stable areas

of training and 1 in the edge of stability areas. To see the connection between the relative
progress ratio and the quantities discussed in this paper, one can perform a Taylor expansion on
E(efhfﬁzﬁ”f(a) ~ —hveETveEthB/;F;ETstwE =14+ h/ziﬁziﬁij °F " While this ratio is related to
the quantities we discuss, we also note significant differences: it is a scalar, and not a parameter length
vector and thus does not capture per eigendirection behavior as we see with the stability coefficients (Sec-
tion [). [Arora et al| (2022) prove the edge of stability result occurs under certain conditions either on
the learning rate or on the loss function. Ma et al. empirically observe the multi-scale structure of
the loss landscape in neural networks and use it to theoretically explain the edge of stability behavior of
gradient descent. |Chen and Bruna| (2022)) use low dimensional theoretical insights around a local minima to
understand the edge of stability behavior. These important works are complementary to our own work; they
do not use continuous time approaches and tackle primarily the edge of stability problem or its subcases,
while we focus on understanding gradient descent and applying that understanding broadly, including but
not limited to the edge of stability phenomenon.

Discrete models of gradient descent. The desire to understand learning rate specific behavior in gradient
descent has been a motivation in the construction of discrete time analyses. These analyses have provided
great insights, from studying noise in the stochastic gradient descent setting (Liu et all {2021} Ziyin et al.
2021b)), the study of overparametrized neural models and their convergence (Gunasekar et al}|2018} [Du et al.
2019} |Allen-Zhu et al.,[2019)), providing examples when gradient descent can converge to local maxima (Ziyin|
et al., [2021a)), the importance of width for proving convergence in deep linear networks (Du and Huj [2019)).
We differ from these studies both in motivation and execution: we are looking for a continuous time flow
which will increase the applicability of continuous-time analysis of gradient descent. We do so by capturing
discretisation drift using BEA and showing that the resulting flow is a useful model of gradient descent,
which captures instabilities and escape of local minima and saddle points.

Understanding the difference between the negative gradient flow and discrete gradient descent.
[Elkabetz and Cohen| (2021) recently examined the differences between gradient descent and the NGF in the
deep learning context; their work examines the importance of the Hessian in determining when gradient
descent follows the NGF. Their theoretical results show that neural networks are roughly convex and thus
for reasonably sized learning rates one can expect that gradient descent follows the NGF flow closely. Their
results complement ours and their approach might be extended to help us understand why the PF is sufficient
to shed light on many instability observations in the neural network training.

Second-order optimization. By using second order information (or approximations thereof) to set the
learning rate, DAL is related to second-order approaches used in deep learning. Many second-order methdos
can be seen as approximates of Newton’s method 6; = 6;_1 — VZEil(Ot,l)VgE(Qt,l). Since computing the
inverse of Hessian can be prohibitively expensive for large models, many practical methods approximate it
with tractable alternatives (Martens and Grosse, 2015)). [Foret et al.| (2020) propose an optimisation scheme
directly aimed at minimising sharpness, and show this can improve generalisation.

Connection between drift and generalization. We have made the connection between increased drift
and increased generalization. This connection was first made by Barrett and Dherin| (2021)) through the IGR
flow. Generalization has also been connected to the largest eigenvalue Ag(Hochreiter and Schmidhuber, {1997}
[Keskar et al., [2016} Jastrzebski et al. 2018); recently Kaur et al. (2022) however showed a more complex
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picture, primarily in the context of stochastic gradient descent. The largest eigenvalue could be a confounder
to the drift as we have observed in Section [6.3} we hope that future work can deepen these connections.

9 Conclusion

We have expanded on previous works which used Backward Error Analysis in deep learning to find a new
continuous time flow, called the Principal Flow, to analyze the behavior of gradient descent. Unlike exist-
ing flows, the the principal flow operates in complex space which enables it to better capture the behavior of
gradient descent compared to existing flows, including but not limited to instability and oscillatory behavior.
We use the form of the principal flow to find new quantities relevant to the stability of gradient descent,
and shed light on newly observed empirical phenomena, such as the edge of stability results. After under-
standing the core quantities connected to instabilities in deep learning we devised an automatic learning rate
schedule, DAL, which exhibits stable training. We concluded by cementing the connection between large
discretization drift and increased generalization performance. We ended by highlighting future work avenues
including incorporating the principal flow in existing theoretical analyses of gradient descent which use the
negative gradient flow, incorporating our understanding of the drift of gradient descent in other optimization
approaches and specializing the PF for neural network function approximators.
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A Proofs

A.1 BEA proof structure

6 0(h) =0l B0W = 0, —hVE(0r-1) + ity B 1i(0i—1) +O(h™H2)
/' 0
~ O(h"+2
0,{_\1\ \\\ ( )
o, =0, 1—hVeE(f;_1)

Figure 24: BEA finds continuous modified flows which describe the gradient descent update with learning
rate h with an error of O(h"*?). We identify fi,--- f, so that terms of order O(h?),2 <p <n+ 1 in 6(h)
are 0.

General structure. The goal of BEA is to find the functions fi, ... f, such that the flow

0 =—VoE+hfi(0)+---+h"fn(0) (22)

has an error ||6; — A(h)]|| of order O(h"*2) after 1 gradient descent step of learning rate k. To do so requires
multiple steps (visualized in Figure:

1. Expand 6(h) via a Taylor expansion in h: 6(h) = Z;":O Z—Té(p);
2. Expand each 8% up to order O(h"+27P) as a function of fi, ... f, via the chain rule;
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3. Group together terms of the same order in h in the expansion, up to order n + 1.

n+1
th )+ O(h™) =0,y = AV E(0i 1) + > h'li(0:-1) + O(h" ) (23)

=2

4. Compare the above update with the gradient descent update 8; = 6,_1 — hVyFE(6;_1) and conclude
that I; = 0, Vi € {2,n}. Use this to identify fi, ... fn.

Notation and context: all proofs below apply to general Euler updates not only gradient descent. We
thus assume an update function f with the Euler step 0; = 6;_1 + hf(0;—1). We can then use BEA to find
the higher order correction terms describing the Euler discrete update up to a certain order, and replace
f = —VuFE to obtain the corresponding results for gradient descent. When we perform a Taylor expansion
in h we often drop in notation the evaluation at A = 0, and we will make that implicit.

A.2 Third order flow

Theorem A.1 The modified flow

) 1 2 (1 2 |y

0=~ hyVoff + 02 (5(Vof)f + 57 (V3D (24)
with 0(0) = 0;_1 follows an Euler update 0; = 0;_1 +hf(0;_1) with an error of O(h) after 1 gradient descent
step.

Proof: Since we are using BEA, we wil be looking for functions f; and fo such that the modified flow:

O=f+hfi+h%f (25)

follow the steps of GD with an error up to O(h*). We now perform a Taylor expansion of step size h of the
above modified flow to be able to see the displacement in that time up to order O(h*).

We obtain (all function evaluations of f and f; are at 6;_; which we omit for simplicity, and annotate proof
steps, CR denotes Chain Rule):

0(h) = 0(0) + h6(0) + %h29:(0) + %h?’é(o) + oY) (26)
= Oy + B [(f + R+ B2 )] + %hQ%(f F R+ B2 ) + éh3é +O(hY (using Eq[F5)} 27)
=01 +hf+Rfi+hfo+ %h2(V9(f +hfi +h2 ) (f + hfi + hPfa) + éhB’é + O(h*) (CR, 28)
=0, 1+hf+hfL+hfo+ %hQ(ngf +hVoffi+hVefif) + %h?’é +O(h*) (29)
=01 +hf+hfi +h3f2+%h2(V9ff+hV9ff1 +hVofif) + fz:jt[ngf+hV9ff1 + hVofif] + O(h*)

(30)

=01 +hf+h°fL+hfo+ hQ(vgferhvgffl +hVafif)+ h3c‘llt [Voff]+ O(h*) (31)
=0, 1 +hf+REf1 + R fo + §h2(ngf+hV9ff1 +hVofif) + 6thg [Voff](f+hfi +h*fs) + O(h*)
(CR, 32)

=01 +hf+h2fi + B3 fe+ %fﬂ(vgff +hVoffi+hVofif) + éh3V9 Voffl f+O(n") (33)

If we match the terms with the Euler update, we obtain that:
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fi=—5Vofs (34)
and

fo = —3 (Vo fi 4 Voiif) ~ 5Vo Vol f1 1 (3)
o=~ | Vot (=550t 9) + Sal= %01 1] - §V0 Vs 111 (36)
fo= Vol + {V0(Vo 1) — 5o Vol f1f (37)
fo= 7(Vol2f + iveweff)f (39)
fo = 1(Wf) F+ 55 (Vo + £7937) (39)
fo= 5 (VodPf + 35S (VED)S (10)

Replacing f; and f, in Equation 25]leads to the desired Equation

|
In the case of gradient descent, substituing f = —VyFE in f; and fa, we obtain (Equation :
. h 1 1
f=—VoE — §V§EV9E —h? (3(V§E)2v9E + HVQET(VgE)V9E> (41)

A.3 Higher order terms of the form (Vo f)"f or (V3E)" V4E

Theorem A.2 The modified vector field with an error of order O(hP*Y) to the Euler update 0; = 0,1 +
f(0:_1) has the form:

(V3f) (42)

where C(V3f) denotes a class of functions defined as a sum of individual terms each containing higher than
first order derivatives applied to f.

Proof: Consider the modified ODE given by BAE:

O=f=f+hfi+h2fo+...+h"fn+.. (43)

For the proof we need to show that the only terms not involving higher order derivatives are of the form
(Vof)"f and we need to find the coefficients of (Vo f)™f in f,, which we will call ¢,,. We already know that
c=1¢ = —% (Eq. and ¢z = % (Eq. . We use the general structure provided in Section

We start by expanding 6(h) via Taylor expansions:

o(h) = 9(0)+h9+zk| )= 0,1+ hf(Ora +Zh”“fn+z (44)

k=2
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We now express in #%) in terms of the wanted quantities f, via Lemma

o =3 hm Z Vofifi k=2 (45)

m>0 'L+j m

By replacing Eq 5] in Eq [44] we obtain:

6(h) = b1 + hf(6:1) +Zh"+1f (6i-1) +Z = Y tk_Q S VefiB-0)fiBim)  (46)

m>0 i+j=m
thrm dk 2
— 0,1+ hf(Oi s +Zh"+1f (6i-1) Z gz 2 Velil0i)fi(t-n) (47)
n=1 m>0 ’ i+j=m

We note that due to the derivative wrt to ¢ and a dependence of h in the modified vector field, there will be
a dependence of h in dd:k—j Ziﬂ-:m Vo f;jfi- To highlight this dependence on h we introduce the notation:

dk 2
= Z Vofifi = ZhPAgm (48)
p

i+j=m

leading to:

O(h) = 01 + hf(0;—1 +Zh"+1f (0r—1 +ZZ o ZhPAP (Bi-1) (49)

m>0 k=2

Since the Euler update 6; = 6;_1 + hf(6:—1) does not involve terms of order higher than h the f, terms are
obtained by cancelling the terms of order O(h"*1) in §(h), we have that for k+m +p=n+ 1:

Sy YA A, (50)

m>0 k=2

Since Antnl (ktm) depends on the functions f,, we have found a recursive relation for f,. We now use
induction to show that

fu= (V)" f +C(V5 ) (51)

where C (V f) denotes a class of functions deﬁned as a sum of individual terms each containing higher than
first order derivatives applied to f (Lemma . The same proof shows the recurrence relation for c,:

Cp = — Z % Z €L, Cly ---Cly, (52)

k=2 li+lo+...+ly=n—k+1

with solution ¢,, = (;i)ln (Lemma j

We have found that each f, can be written as
the proof.

(_i)ln (Vof)"f +C(V2f). Replacing this in Eq43| concludes

n

O
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In the case of gradient descent, where f = —VyFE we have that the modified flow has the form

0=> (Ji): (=Vof)"(=VoE) +C(V3f) (53)
n=0

= U vimy (-vem) 4 evin) (54)
n=0

= Y L (VRE) (Vo) + C(VE) 55)
n=0

(56)

which is the statement of Theorem in the main paper.

Lemma A.3
i dk72
o) =3 " s > Vofifi k=2 (57)
m>0 i+j=m

Proof:

0=7F (58)

0=Voff (59)

dk—2 . dk—Q s
k) _ _

We have that

Voff = (Zhivefz) DW= N Y Vefifs (61)
i j

m>0 i+j=m

which concludes the proof. We note that this is an adaptation of Lemma A.2 from (Barrett and Dherin| 2021)).

PR 212
We need this adaptation to avoid assuming that f is a symmetric vector field - i.e that fVyf = %Vg H f H .
O

Lemma A.4 By induction we have that:

fu=cn(Vef)"f +C(V5S) (62)

with

Cn = — Z % Z €1, Cly--Cl, (63)

k=2 li+lo+...+ly=n—k+1

Proof: Base step: This is true for n = 1,2 and 3, for which we computed all terms in the BEA expansion.

Induction step: We know that (Equation [48]):

h=-Y Y A=t (64)

m>0 k=2
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where Ai_m is defined as the coefficient of AP in:

dk-
e Z Vefifi= thA (65)
i+j=m

Under the induction hypothesis we can use that

fi=ci(Vof)' f +C(VEf)  Vi<n (66)

And thus that the flow is of the form:

b=+ (Vo) f +C(V3F) + O™ (67)

9

To find f, (Eq we need to find ATTITEFM i & > 2 and m > 0. We thus need to find A}

km
with p < n—1 (since p < (n+1) — (k:+m) andk >2m>0 = p<n-—1). Wedoso expandmg
% itjem Vo f; fi under the induction step. Since i +j = m and k+m < n+1and £ > 2, we have that
m <n —1 and thus 4,7 <n — 1 and thus we can apply the induction hypothesis for f; and f;.

We annotate the steps with TH (Induction Hypothesm often by using the form in Eq. . ) and CR (Chain
Rule) and S (Simplifying or grouping terms of C(VZf)) by using that products and sum of terms in this

function class also belong in this function class).
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dk 2
iz > Vel (68)
i+j=m
dk=2 . ,
= gz > (Valei(Vaf) f +C(VEH)) (ci(Vaf) f +C(V3 1)) (IH, 69)
i+j=m
dk—2 ) ] 4
=55 2. (Ve + ¢ fTVo(Vaf) +C(V3) (ci(Vol)'f +C(V5f)) (CR, 70)
i+j=m
dk=2 . _
= o=z 2 (Ve T+ C(VEN) ((Vof)' f +C(V5))) (s, 71)
dk72 e
= oz 2 (Vo)™ +C(VES) (S, 72)
dk—3 e d
=55 O (Vo) T f +C(Vif) (73)
i+j=m
dk=3 do d
= 3 > o (cici (Vo f)" T f +C(V5 1)) (CR, 74)
i+j=m
dk—3 . d
=D Z W fiy + O(h™)) =5 (cic; (Vo /)" 1 f + C(V5 ) (Eq. [67 75)
i+j=m l1=
dk—3 d
=109 Zhllfll =5 (cic; (Vo)™ 4 C(VE)) + O(R™) (76)
i+j=m 1=
dk—3 n—1
= SO0 B L) (eici (Vo)™ +C(VEF)) + O(R™) (CR,S, 77)
i+j=m 11=0
k—3 n—1
— ‘jtk_g Z (Z hllcll (Vaf)hf JrC(VZf) (Cicj(vef)m+2 +C(V§f)) + O(hn) (IH, 78)
i+j=m 11=0
d+—3 n—1
=5 D (Z Wi eiejen, (Vo f)RTMT2F 4 C(V2E)) + O(h™) (S, 79)
i+j=m 1=
dk,4 n—1 d
=57 D Zh cicic, Z W2 fiy) 2o (Vo) 2 f 4+ C(VG 1)) + O(R™) (CR, Eq. [67} 80)
i+j=m li=
k—A4 n—1
= :;k 1 Z Zh ciciey, Z h2e, (Vo f)2 f +C(Vof)) (Vo) T3 +C(V5f)) + O(R™) (IH, 81)
i+j=m 11=0
dk 4 n—1 n—1
=109 ZZhhHZCzCJChCz?(Vef)l1+l2+m+3f+C(Vef)+O(h") (S, 82)

i+j=ml1=01y=

n—1 n—1 n—1

= Z Z Z Z hll+12+"'+lk720i0jcllclz...Clk,Q(VQf)ll+l2+"'+lk72+m+k_1f —‘rC(ng) + O(hn)

i+j=ml1=013=0 ly_2=0

= 2 ) hPeicjcry eyt 2 (Vo fYPH TR 4+ C(VEF) + O(h™) (84)
i+3=m 0<ly, by 2<n—1,
li+la+...lk—2=p
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By extracting the terms of O(hP) with p < n — 1 from the above we can now conclude that (note that since
we are now only concerned with p < n—1 we drop the I; < n—1 since it is implied from Iy + 13+ ...lx_2 = p):

A= S ciciencryec, (Vo f)PTTTETIF L C(VEf) Vp<n—1 (85)
t+j=m l1,..,lp—22>0,
li+lo+..lk_2=p

Replacing this in f,:

) A (86)

m>0 k=2
=1
= _ Z Z il Z Z CiCjClyClynnCly—a (Vo [T REmIThtm=1 ¢ 0(G2£) (87)
m>0k=2 " i+j=m 11,y ll—2>0,

lLi+lo+.. lg—2=n+1—(k+m)

== Z Z% Z Z cicjcr, -, —2(Vo f)" f + C(V5f) (88)

m2>0 k=2 i+j=m l1,05lg—220,
li+lo+.. . ly—o=n+1—(k+m)

—-Y S Y aceaVof) S +C(VE (89)
k=2

" m>0 l1,00,lk >0,
litlo+.. ly=n+1—k

We can now say that f, = ¢, (Vo f)"f+C (Vg f). Not only that, we have now found the recurrence relation
we were seeking:

n+1

Ch = — Z % Z €1, Cly--Cly, (90)

k=2 " li+la+..Fl=n—k+1

Lemma A.5 The solution to the recurrence relation

Cp = — Z o Z Cly Cly ---Cly, (91)

k=2 lLi+lo+..+lp=n—k+1

with cg =1 is

Proof: We will use generating functions to solve the recurrence. Let ¢(x) be the generating function of ¢;,:
o0

c(z) = co + Z ez (93)
n=1
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We have that:

[e'e] n+1
C($) =1- Z " <Z % Z Cl10l2~-~clk> (94)

k=2 " li+lo+...+lp=n—k+1

n+1
n 1
+1 (Z y Z 611612"'Clk> (95)

k=2 li+lo+.. +ly=n—k+1

[ee) n+1
=1- % Z (Z k" ik Z cllclg...clk> (96)

I
T
K|~
NE
8

2 Li+la+.. . +ly=n—Fk+1
1

x
Z o Z cllxlchQxIQ...clkxl’f) (97)

n=1 \k=2  li+lo+...+lp=n—k+1
RN
SR Py (Z > Y ashe ) (98)
k=2 11=01,=01;,=0
i lw (Z EADILREDY w“) (99)
k=2 1, =0 12=0 1,=0
1 > flfk k
=1- - ﬁc(m) (100)
k=2
1
=1— =(e*® — 1 — ge(x)) (101)
x

Where Eq [98| can be obtained via the following reasoning;:

o0 k oo o0 oo
Z % (Z Z Z czlxllclgxl?..clkxl’“) (102)

k=2 11=012=01;=0

Z % (Z Z cllxllcl2xl2...clkxl’“> (103)

m=011+ls+...lx=m

%k S
=D ( PN czlw“czzwl?--czkwlk> (104)

n=k—110l1+lo+...lx=n+1—k

o0 (o] T
= Z Z o Z ettt e alt (105)
k—

k=1 lLiHlo+.. . ly=n+1—k
1

= Z % Z e atte,at. ey, ol (106)

n=1k=2  li+lo+..lp=n+1—k

Solving for ¢(z) we obtain:

o(x) = 1— é(e“(m) S () (107)
clz)=1- ée“‘“‘) + % + ¢(x)) (108)
0=1_ teve@ L (109)
@) = g 4 f ' (110)
we(z) = log(z + 1) (111)
o(z) = @ (112)
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We now perform the series expansion for ¢(x):

og(x 007 (=" 1$n X _1yn—1 x

x T

We thus have that ¢, = ('r_LJlr)ln which finishes the proof.
A.4 The Jacobian of the principal flow at critical points

Under the principal flow, we have that the Jacobian at a critical point 6* with the eigenvalues and eigenvector
of V2E(6*) denoted as \f and u}, respectively. We will use that VyFE(6*) = 0.

D d(VQETUi)ilog(livh)\i)ui
JPF(G*) :Z o7 hA; (9*) (114)
i=1
D T log(1—hX;) D
d(VoE" u;) =25~ T log(1 — hA¥) du;
= (0" )uy B0 up = 11
1= 1= 0"
D T, \log(1—hXi)
d(VoE* u;) ==+
=3 T (116)
i=1
D D log(1—hX\;)
log(1 — hA?) d(VoE ;) T r oW T
_ i Nk E(0* By gk 11
> O DB ) — g (117)
1= 1= 0
D
log(1 — hA\}) d(VeETw;) , .. .
= (w )4 o ) (6yuz” (118)
i=1 i
D
log(1 —hX}) (dVoE T log(1 — hA}) [ du; T
Z; I <d9(>“ +Z By de()YL,(_l (119)
= 0
D
log(1 — R}
i=1 i
D
log(1 — hA*
=y el W“ Dy 121)
i=1 i
D *
= Z 71(%(1 ;L ) ufu;‘T (122)

s
Il
_

This shows that the eigenvalues of the Jacobian for the PF are M Thus thus local minima where
A7 > 0 are only attractive if A} < 2.
A.4.1 Comparison with the Jacobian of other flows
We show here the Jacobian of the NGF:
Inar(0) = —VZE(9*) = ZA: el (123)

and thus the eigenvalues of the Jacobian for the NGF are —A;. Thus local minima where A} > 0 = —A; <
0 are attractive for the NGF.
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For the IGR flow, we have:

a(VoE + 5 V3EV,E)

Jan(#") = - L2 @) (124
AVeE .. h2dVEEVeE |
LR (125)
h? dVoFE

— _Z)\;‘ st - — (ngTv§E+ ViE Vdg ) (%) (126)

_ Z)\* * *T h v E(e 3 * h’2 2 * 2
== Aujup — — )T VGE(0") = S VGE (07) VE (07) (127)

* %k *T h’2 2 * 2 *

= - Z)‘z U Uy — ?VOE (9 )VGE (9 ) (128)

D

:_Z)\ £sT Zhj/\*z::T (129)

i=1

:—Z(A* )\*2> wiup” (130)

and thus the eigenvalues of the Jacobian for the IGR flow are — ()\j + %2 )\;2>. Thus local minima where
AM>0 = - ()\i + %2)\,2‘2> < 0 are attractive for the IGR flow.

A.5 Linearization results around critical points
Assume we are around a critical point 6%, i.e. VoE(0*) = 0. We can write:

VoE ~ VoE(0*) + V3E(0*)(0 — 0°) = V3E(0*)(0 — 6%) (131)

Replacing this in the gradient descent updates:

0 =0, 1 —hVoEi_1) = 0 — 0" ~ (I — hV2E(0*))(0;_1 — 0%) ~ (I — hVZE(6*))" (6o — 6*)  (132)

Since (I — hV%E(G*))t (6o — 0°) = X2 (1 — A ururT (6 — 0%), gradient descent converges in the limit
of t — oo when |1 — hAf| < 1, ie. A\, < 2/h. Thus we obtain the same conclusion as obtained with the PF
around a local minima.

We now also show how we can use these results to derived a specialized version of the PF, one that is only
valid around critical points and requires the additional assumption that the Hessian of the critical point is
invertible.

We start with:

D
0y — 0* ~ (I — hVZE(0%))" (0 — 0°) = > (1 — hA}) uju; " (6o — 07) (133)
i=1
Under the above approximation we have:
0, = 0" +Z — B T (6 — 6%) (134)
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which we can write in continuous form as (we use that iteration n is at time ¢ = nh):

=0+ Z — A T (6 — 6%) (135)
:9*+Z log(1—h\} )t/h * *T(e _9*) (136)
and taking the derivative wrt to ¢:
0 — 2 log(1 — hA}) plog (L=hA})t/h, *T O — §%) — - log(1 — hAY) 0—0* 137
=X (0 —0) = 3" BN g (137)
i=1 Eq@ i=1

From here, if we assume the Hessian at the critical pomt is invertible we can write from the approximation
above (Eq. [131) that 0 — 6* = (ViE)"'VyE = ZZ by LVyETu uT and replacing this in the above we
obtain:

D
j log(1 — hAY) T T
0= ! Euiu} 138
;21 B VoE" u;u; (138)
which is the principal flow.

Differences with the BEA. The above analysis only applies around a critical point. What is crucial about
the BEA derivation is that it allows us to specify the form of the modified flow for any iteration of gradient
descent, something we leveraged intensely in our experiments.

A.6 The solution of the principal flow for quadratic losses

We derive the solution of the PF in the case of quadratic losses - Remark [3.1] in the main paper. We have
E(0) = 26040 + b70 with A symmetric. VoE = A0 + b and V3E = A. Thus \; and u; are the eigenvalues
and elgenvectors of A and do not change based on 6. Replacmg this in the PF leads to:

D
- log(1 — hX;) T
D D
log(1 — hX;) T log(1 —hX;) 1
= — V(A U — Vbt uuy 14
i; o (A0) uu—!—z; Y i (140)
D
log(1 — hX;) 1 log —hA)
D D
log(1—hX;) ., pr log(1 — hX;) ¢
A = S ALZAS W E D YRP ot T 142
; By 0" ujuy + lzzl By b wu; (142)
2 log(1 — h\i) .p 2 log(1 — h\i),p
(144)
From here
. log(1 — h)\; log(1 — h;
(0Tw;) = o8 - hAz)eTui + o8 hAlhAl)bTui (145)
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log(1—=hX;)
h

The solution of this ODE is (7 u;)(t) = e 0T u; + t%bqﬂui.

Since u; form a basis of R”, we can now write

D
0(t) =>_ 0(t) wiu; (146)

=1
D
og(1-hA; log(1 — h)\;
= Z <el guh,h)\ )tﬁgui + thTuz> U; (147)
i=1 i

A.7 Comparison with a discrete time approach
A.7.1 Changes in loss function

We aim to obtain similar intuition to what we have obtained from the PF by discretising the NGF using
Euler steps. We have:

E(0i11) = E(0;) — hVoE(0,)"VoE(0:) + h?/2VeE(0,) T V2E(0:)VoE(6;) (148)
~ E(6:) — hVoE(0,)"VoE(6:) + h?/2Y N (VoE(6:) u;)” (149)
R E0) ~hY (VoE(6:) w)* +12/23" X (VoE(0,) ui) (150)
~ E(0) + Y (1 —h/(2\)) (VeE(0:) w;)’ (151)

thus under this approximation loss to decrease between iterations one requires 1 — h/(2);) < 0. This is
consistent with the observations of the loss obtained using the PF in Equation

A.7.2 The dynamics of VyETu;

We now show to obtain the approximated dynamics of VyETu; obtained from the PF in Section [5| using a
discrete time approach.

We have that:

V@E(9t+1) ~ VQE (Ht - hVQE(tgt)) (152)
~ VyE(0,) — hV2E(0,)VeE(6,) (153)

If we assume that the Hessian eigenvectors do not change between iterations, we have:

VGE(9t+1)T(ui)t+1 ~ VgE(@t)T(ui)H_l - hsz(at)v(’E(at)(ui)t-s-l = (1 - h)‘i)VGE(et)T(ui)t-i-l (154)
and obtain the same behavior predicted in Section [5}

A.8 Multiple gradient descent steps

We now show that if we use BEA to construct a flow that has an error of order O(hP) after 1 gradient descent
step, then the error will be of the same order after 2 steps. The same argument can be applied to multiple
steps. We have 6 with 0(0) = 0, tracks 6, = 6,_1 — hVoE(0;_1) with an error O(h?) (i.e ||6(h) — 6] is
O(hP)), then 6 tracks two steps of gradient descent 0, = 6;,_1 — hVgE(6;_1) and 0,1 = 0, — hV¢E(6;) with
an error of the same order O(h?) (i.e. ||#(2h) — ;41| is O(h?)). We prove this below. For the purpose of
this proof we use the following notation 6(h;6’) is the value of the flow at time h with initial condition &'
Making the initial condition explicit is necessary for the proof.
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10(2R; 01—1) = Or1l| = [10(2h; 0—1) — O(h; 0¢) + 0(h; 01) — Oy || (
< ||0(2h; 0¢—1) — O(h; 0,)|| + |0(R; 0¢) — Op41 ]| (156
< ||0(2h;0,—1) — 0(h; 0,)|| + O(RP) (
= [|0(h; 0(h; 0:—1)) — O(h; 6:)|| + O(hP) (

We thus have to bound how the flow changes after time h when starting with two different initial conditions
O(h;0:—1) and 0;). We also know that [|0(h;0;—1) — 0| is O(hP). Thus by expanding the Taylor series and
the mean value theorem we obtain:

o0 hl . 0o i .
16hs 6(h; 61-1)) = 0(hs )| = || > =0 (0(h; 6,-1)) — Z A >(9t>>H (159)
i=0
L0 oY
-1>X (9 (0(h;6,_1)) — 6 (160)
i=0
h d
— (1) . _
oo h ;
< Z L 00| 600 6.1)) — 6 = O() (162)
O(h)
This tells us that we can construct a bound:
10(2h; 01—1) — Or11]| < O(RP) + O(RP) = O(h") (163)

Dependence on the number of steps. While the order in learning rate is the same, we note that as the
number of steps increases the errors are likely to accumulate with the number of steps (for n discrete steps
we will sum n terms of order O(hP) in the above bound). For example when taking the number of steps
n — oo the above no longer provides a bound.

A comment on stochastic gradient descent. Using BEA we can construct flows which approximate one
step of a discrete update. The same flows will approximate multiple discrete steps with the same level of error.
In the case of deep learning however, it is common to use stochastic gradient descent where individual discrete
gradient updates minimize different losses depending on the data batch: 6; = 6,1 — hVeE(0;—1;x¢—1) and
011 = 0y — hVoE(0:; x4). Thus if we perform BEA on each stochastic gradient descent update separately,
we obtain different modified flows. To use BEA in the case of stochastic gradient descent we have to choose
one of the following options: expand the two discrete gradient descent updates into one update and perform
BEA on the combined discrete update; work in expectation over batches in an epoch as done in [Smith et al.
(2021)); or focus on each gradient descent update independently, and try to understand the per iteration
behavior of gradient descent. In this work, we took the latter approach and thus for simplicity we excluded
the dependence of the function E on the data batch.

A.9 Approximations to per iteration drift for gradient descent and momentum

We now prove Thm on the per iteration drift of gradient descent. We apply the Taylor reminder theorem
on the NGF initialised at gradient descent iteration parameters 6;_;. We have that there exists i’ such that

8(h) =6(0) + hé(0) + %Qé(h') (164)
=0(0) — hVoEH(0) + %QVZE(G(h’))VgE(O(h’)) (165)
01— DVGB(Or 1) + VROV, E(O) (166)
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The above proof measures the drift of gradient descent, which we then used to construct DAL. In Section
we also used DAL for momentum, and used an intuitive justification. We now show a more theoretical
justification, by measuring the total per iteration drift of momentum. To do so, we use the following flow to
describe momentum, provided by Kunin et al.| (2021)):

: 1

and we measure the discretization drift of a momentum update compared to this flow.

If we apply the same strategy as above, we have that

. h2 :
O(h) = 6(0) + hO(0) + ge(h’) (168)
= 6(0) — g E9(0) + LV‘ZE(Q(h’))v E6(1)) (169)
B 1—m * 2(1—m)2 " ? ’
h h2 2 / /
= 0,5_1 - mvaE(at_l) + mV@E(G )ng(a ) (170)
When we compare this with the discrete update
Ot = 0t—1 + mug_1 — thE(@t_l) (171)

and obtain that the per iteration drift is

2
<0t1 - %VgE(@t,l) + MVZE(QI)VQE(QI)) - (915,1 + muvi—1 — hV@E(Qt,ﬂ) (172)
M G B0)VeE@) + v + VB (B t) — — Ve E(6) (173)
30— 0 t—1 0B (0—1) — VoL (01
M G EeVE@) ot — 0, ) (174)
ST —mE 0 t-1 = 7 VeE (0

Thus there is one part of the drift that comes from the same source as gradient descent and another part
of the drift which comes from the alignment of the current gradient and the moving average obtained using
momentum. Thus when using DAL-p with momentum, we only focus on one of the sources of drift (the first
term).

B Non-principal terms

This work focuses on understanding the effects of the principal flow on the behavior of gradient descent.
The principal terms however are not the only terms in the discretization drift: we have found one non-
principal term of the form VgET(V3V9E)VgE (Eq |8) and have seen that it can have a stabilising effect
(Figure @) To provide some intuition, while VoET (V2VyE)VyE cannot be written as a gradient oper-
ator, locally we can approximate it with Vg [VgE(@t_l)T(VZE)VgE(Ht_l)]. Under this approximation,
VoE(0:—1)T(VEE)VE(0:—1) = >, Mi(VeE(0;—1)"u;)? is being minimized close to an iteration of gradient
descent, i.e. )\; is minimized in areas where (VgE(fp)Tu;)? is large, which can be a stabilizing effect by
ensuring the model eigenvalues do not increase drastically. We plot the value of this term in neural network
training in Figure These results show that the non-principal third order term is very small outside the
edge of stability area, but has a larger magnitude around the edge of stability, where the largest eigenvalues
stop increasing but the magnitude of (Vg E(6y)Tu;)? can be large (Figure. This observation is consistent
with the above interpretation, but more theoretical and empirical work is needed to understand the effects
of non-principal terms on training stability and generalization.

C Experimental details

Estimating continuous time trajectories of flows. To estimate the continuous time trajectories we use
Euler integration with a small learning rate 5 x 10~°. We reached this learning rate through experimentation:
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Figure 25: The value of the non-principal third order term in training: outside the edge of stability areas
(best seen for learning rates 0.005 and 0.01), the non-principal third order term is very small compared to the
gradient. Inside the edge of stability areas, the non-principal term has a higher magnitude. Corresponding
loss and g plots are provided in Figure 9}

further decreasing it did not change the obtained results. We note that this approach can be computationally
expensive: to estimate the trajectory of the NGF of time give by the gradient descent learning rate 1072, we
need to do 5000 gradient steps. It is common in the literature to use RungeKutta4 to approximate continuous
time flows, but we noticed that approximating a flow for time h using RungeKuttad with learning rate h still
introduced significant drift: if the learning rate was further reduced and multiple steps were taken the results
were significantly different. Thus RungeKuttad also needs multiple steps to estimate continuous trajectories.
Given that one RungeKuttad update requires computing 4 gradients, we found that using FEuler integration
with small learning rates is both sufficient and more efficient in practice.

Datasets. When training neural networks with primarily used three standard datasets: MNIST ( m
m [1995), CIFAR-10 (Krizhevsky et al.,[2009) and Imagenet (Deng et al.,[2009). On the small NN example
in Section [3 :L we used a dataset of 5 examples, where the input is 2D sampled from a Gaussian distribution
and the regressmn targets are also sample randomly. We used the UCI breast cancer dataset ( W

Architectures. We use standard architectures: MLPs for MNIST, VGG (Simonyan and Zisserman| 2014)
or Resnet-18 (Version 1) for CIFAR-10, Resnet-50 for Imagenet (Version 1). We do not
use any form of regularisation or early stopping. We use the Elu activation function (Clevert et all 2015)
to ensure that the theoretical setting we discussed applies directly (we thus avoid discontinuities caused by

Relus(Agarap, 2018)).

Losses. Unless otherwise specified we used a cross entropy loss.

Computing eigenvalues and eigenvectors. We use the Lanczos algorithm to compute A; and u;.

Computing ||VZEV,E|. We use Hessian vector products to compute | V3EVyE||. We experimented with

using the approximation VZEVyE = 1V0 ||V0E|| M with € = 0.01 and saw no decrease
in performance in the full batch settmg when using 1t in DAL but a slight decrease in performance when
using it in stochastic gradient descent. We show eXperlmental results in Figures |26} g and 29} More
experimentation is needed to see how to efficiently leverage this approximation, for example whether other
values of € are more suited for large networks. Alternatively, even when small batches are used for training
a larger batch can be used to approximate Hszng H We note however that all the conclusions we
observed in the paper regarding the relative performance of p values of DAL still hold, with and without the
approximation and that indeed we see less of a difference when higher values of p are used.

Seeds. All test accuracies are shown averaged from 3 seeds. For training curves, we compare models across
individual training runs to be able to observe the behavior of gradient descent. We did not observe variability
across seeds with any of the behaviors reported in this paper.

DAL. When using DAL we set a maximum learning rate of 5 to avoid any potential instabilities.
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Figure 26: CIFAR-10 DAL results with a Hessian vector product computation of Vg EVyFE compared to an
approximation. We used € = 0.01 in the approximation.
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Figure 27: CIFAR-10 DAL results with a Hessian vector product computation of Vg EVyE compared to an
approximation. We used € = 0.01 in the approximation.
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Figure 28: Imagenet DAL results with a Hessian vector product computation of Vo EVyE compared to an
approximation. We used € = 0.01 in the approximation.
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Figure 29: Imagenet DAL—0.5 results with a Hessian vector product computation of Vo EVyE compared to
an approximation. We used € = 0.01 in the approximation.
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Figure 30: Results with a non quadratic function, including cos and sin. The function used is: E(f) =
cos(f) + 0,if 0 < 0;(6/3)?2 + 1 + 6/3) otherwise. The principal flow and the IGR flow stay on the cosine
branch. The main reason for using this function was to show the escape of gradient descent into a flatter
valley and to assess what the corresponding flows do. Learning late on the left: 0.5. On the right: 0.85.

D Additional experimental results

Oscillations for non linear functions. We show that in the case of non-linear functions in Figure
using cos. Here too, the PF is better at describing the behavior of GD than the NGF and IGR flow, which
stop at local minima.

Per iteration drift for neural networks with IGR and third order flows. We show results estimating
the per iteration error between GD and the IGR flow and the third order flow in Figure [3I} While the IGR
and third order flows reduce error compared to the NGF, a large gap remains.

Global error for the UCI breast cancer dataset. We show in Figure that the PF is better at
tracking the behavior of GD in the case of NNs both in the stability and edge of stability areas.

Additional edge of stability experiments. Results showing the decrease in learning rate in an edge of
stability area stabilizes training are shown in Figure We show that one dimension is sufficient to cause
instability in training on MNIST in Figure [35 (as we have done in Figure [14| for CIFAR-10). We show the
connection between the stability coefficient scy and areas where the loss increases in Figure 36} this shows
that when the loss increases, it is in an area where scg is also increasing. We note that to get a full picture of
the behavior of the PF we would need to use continuous time computation, but since that is computationally
prohibitive we use the incomplete but easily available discrete data. Figure [37] zooms in the behavior of g
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Figure 31: Motivation. While modified flows reduce the per iteration discretization error for neural networks
trained with gradient descent, there is still a large gap. We obtain the results by training a model with
gradient descent 0; = 6,1 — hVy¢E(6;—1) and at each iteration ¢ of gradient descent approximating the
respective flows for time h and computing the difference in norms between the resulting flow parameters and
the gradient descent parameters at the next iteration: ||6; — (k)| with 6(h) = 6;_1.
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Figure 32: Global parameter error for IGR ad PF flows compared on an MLP trained on the UCI breast
cancer dataset. We initialize both gradient descent and the IGR and PF flows at a set of initial parameters,
and run them for time step 2h and compare the error after each time step h. The PF is better at tracking
the trajectory of GD than the IGR flow.
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Figure 33: The eigenspectrum obtained along the gradient descent path of a 5 layer small MLP trained on
the UCI Iris dataset. The Hessian eigenvalues are largely positive. The result accompanies Figure [10]in the
main paper.

as dependent of the behavior of the corresponding flows on MNIST and CIFAR-10 and Figure [38] shows
additional Resnet-18 results.
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Figure 34: The effect of learning rate changes: as discovered by (Cohen et all, [2021)), reducing the learning
rate in training leads to increased stability while the largest eigenvalue increases. The lack of instability with
a smaller learning rate is explained by the principal flow, and the increase in the largest eigenvalue can be
thought of through the lens of the principal flow arguments.
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Figure 35: MNIST results when changing one direction in continuous time: one eigendirection is sufficient
to cause instability. The model was trained with learning rate 0.05 until the edge of stability area is reached

after which the flow 6 = Vo ET ugug + Zi_ll —VoETu,u; is used.

DAL. We use gradient descent training with a fixed learning rate to measure the quantities we would like to
use as a learning rate in DAL, to see if they have a reasonable range and show results in Figure[39] We show
sweeps across batch sizes Figures We show DAL-p sweeps with effective learning rates, training
losses and test accuracies in FIgure [43] We show results with DAL on a mean square loss in Figure [{4]

Learning rate per parameter. We show preliminary results of how to use a DAL like learning rate to

use a per-parameter learning rate in Figure [45] and [46] We note that here we found that we can directly use

m as the learning rate for parameter . When using the per parameter learning rate update, the
o 0

i

argument regarding the norm of the gradient used for DAL is no longer necessary.
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Figure 36: Peak areas of loss increase and the coefficient for the largest eigendirection of the principal
flow. Here we normalise the coefficient by the gradient norm to remove the gradient norm as a potential

confounder. Results on CIFAR-10.
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Figure 37: Understanding changes to Ag using the principal flow: increases in Ag above 2/h correspond to
increases in the flow 0 = VyFE.

Momentum. We show additional results with learning rate adaptation and momentum in Figure

Global discretization error. We show the global error in trajectory between the NGF and gradient
descent in Figure As previously observed (Cohen et al. |2021)), gradient descent follows the NGF early
in training, and the eigenvalues of the trajectory following the NGF keeps growing.
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Figure 38: Learning rate: 0.01. Edge of stability results: the connection between the principal flow, Ay and

loss instabilities with Resnet-18.
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Figure 39: Evaluating the value of the DAL learning rate for a vanilla (fixed) learning rate sweep to assess
whether it would have reasonable magnitudes.
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Figure 40: DAL-p training a VGG model on CIFAR-10. Sweep across batch sizes: discretization drift helps
test performance, but at the cost of stability. We also show the effective learning rate and train losses and

test accuracies.

49



Under review as submission to TMLR

Resnet-50, Batch size 1024, Imagenet

Resnet-50, Batch size 2048, Imagenet Resnet-50, Batch size 4096, Resnet-50, Batch size 8192,

8 Learning rate Learning rate Learning rate Learning rate
~—— 005 — 05 6 ~—— 005 — 05 6 —— 005 — 05 N —— 005 — 05

6 — 01 — DAL P — 01 — DAL 2 — 01 — DAL 2 — 01 — DAL
8 S, 2, 24
£4 B £ <
e e e e
S = = =

2 2 2 2

0 0 o o

[ 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000 [ 10000 20000 30000 40000 50000 [ 10000 20000 30000 40000 50000
Iteration Iteration Iteration Iteration

Figure 41: DAL: Imagenet results across batch sizes.
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Figure 42: DAL—0.5: Imagenet results across batch sizes.
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Figure 43: DAL-p sweep: discretization drift helps test performance, but at the cost of stability. We also
show the effective learning rate and train losses and test accuracies.
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Figure 44: Results with a least square loss.

well.

DAL and DAL-0.5 lead to quicker training in this setting as

50



Under review as submission to TMLR

VGG Full batch VGG Full batch

VGG Full batch

VGG Full batch

Scaling power p (per parameter)

0.125 075 — 15
—— 025 — 10 — 20
— 05

Scaling power p (per parameter)
— 15
— 2.0

°
®

— 10

— 025
— 05

Train loss
IS o

°

>

°
-

Test accuracy

er p (per parameter)
— 10 — 20
— 15

02

750 1000 1250 1500 1750 20
Iteration

750 1000 1250 1500 1750 2
Iteration

250 500 750 1000 1250 1500 1750 20

Iteration

Figure 45: VGG results with learning rate scaling per parameter, but instead
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Figure 46: Imagenet results when using a DAL like method of scaling per parameter, but instead of using
the global learning rate 2/||VoE?§(0)||, using the per parameter 6; learning rate 2/(VyE2VyE)?.
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Figure 47: VGG CIFAR-10 with batch size 1024: connection between drift, test error and Ag. We observe
the same patterns for other batch sizes.
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Figure 48: Integrating information on drift with momentum: with smaller batch sizes, we observe a smaller
empirical gain. Since these are preliminary results, more investigation is needed into why that is. These
results are consistent with the observation obtained with vanilla gradient descent, where we say larger gains
with larger batch sizes on Imagenet.
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Figure 49: The global error between the NGF and gradient descent (left), as well as the behavior of Ag of
the NGF.
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