arXiv:2107.13522v2 [cond-mat.stat-mech] 3 Sep 2022

Supervised Learning and the Finite-Temperature
String Method for Computing Committor Functions
and Reaction Rates

Muhammad R. Hasyim'*-T, Clay H. Batton'*-*, Kranthi K. Mandadapu'->-
! Department of Chemical & Biomolecular Engineering, University of California at Berkeley
2Chemical Sciences Division, Lawrence Berkeley National Laboratory

Abstract

A central object in the computational studies of rare events is the committor
function. Though costly to compute, the committor function encodes complete
mechanistic information of the processes involving rare events, including reaction
rates and transition-state ensembles. Under the framework of transition path theory
(TPT), recent work [1] proposes an algorithm where a feedback loop couples a
neural network that models the committor function with importance sampling,
mainly umbrella sampling, which collects data needed for adaptive training. In
this work, we show additional modifications are needed to improve the accuracy of
the algorithm. The first modification adds elements of supervised learning, which
allows the neural network to improve its prediction by fitting to sample-mean
estimates of committor values obtained from short molecular dynamics trajectories.
The second modification replaces the committor-based umbrella sampling with the
finite-temperature string (FT'S) method, which enables homogeneous sampling in
regions where transition pathways are located. We test our modifications on low-
dimensional systems with non-convex potential energy where reference solutions
can be found via analytical or the finite element methods, and show how combining
supervised learning and the FTS method yields accurate computation of committor
functions and reaction rates. We also provide an error analysis for algorithms
that use the FTS method, using which reaction rates can be accurately estimated
during training with a small number of samples. The methods are then applied
to a molecular system in which no reference solution is known, where accurate
computations of committor functions and reaction rates can still be obtained.

1 Introduction

A fundamental problem in chemistry is to discover the mechanistic pathways governing kinetic
processes at the microscopic level. These processes include phase transitions in colloidal systems
[2], chemical reactions at aqueous interfaces [3], and protein folding [4]. While diverse in context,
they exhibit a common bottleneck in the form of high-energy barriers, which separate the reactant
and product states of the pathway. Despite remarkable progress in high-performance molecular
simulations [5-7], finding these pathways is difficult due to the rarity of barrier-crossing events at
timescales achievable by current computational resources. Studying these rare events constitute
identifying the transition pathways, and sampling them is an important part of obtaining a mechanistic
understanding of the problem.
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Several strategies exist for capturing rare barrier-crossing events, one of which is transition path
sampling (TPS) [8, 9]; an importance sampling technique for generating an ensemble of transition
pathways. An alternative strategy is to rely on transition path theory (TPT) [10, 11], which can
outline various computational methods to obtain an average characteristic pathway, e.g., the finite-
temperature string (FTS) method [12, 13]. Both strategies involve the calculation of the committor
function ¢(x); the probability that a trajectory starting from some initial configuration x enters the
product state before the reactant state. The committor function can be further used to obtain reaction
rates and transition-state ensembles. Its standard computation entails generating many trajectories for
every initial configuration x, which may become prohibitively expensive [14].

In the framework of TPT, the committor function can be computed by solving a high-dimensional
partial differential equation (PDE) in configuration space, called the backward Kolmogorov equation
(BKE) [10, 11, 15]. The complexity in solving the high-dimensional BKE may be reduced by
constructing a low-dimensional set of collective variables (CVs) [16], but they are not known a priori
and require exhaustive trial-and-error to obtain ones that best describe a reaction pathway [17]. On
the other hand, one does not need to solve the BKE over the entire configuration space to obtain
reaction rates and transition-state ensembles but focuses on important regions across the transition
path. One way to target these regions is importance sampling [18] where molecular simulations are
biased to generate configurations according to target values of the committor function in regions
across the transition path. However, since the committor function has no closed-form expression
as a function of configuration x and intrinsically involves averages over finite-time trajectories,
it is impractical to use it in conjunction with existing importance sampling techniques. Modern
machine learning (ML) approaches can alleviate this issue by representing committor functions via
artificial neural networks. This is the strategy used in recent work [1] to create an ML algorithm that
adopts a feedback loop between importance sampling and neural network training, which involves
minimizing a loss function derived from the BKE. The feedback loop uses the neural network to
acquire high-quality data from short molecular dynamics (MD) or Monte Carlo (MC) simulations via
umbrella sampling [19] where a bias potential built from the neural network enhances sampling of the
transition state. However, as will be shown in this work, umbrella sampling poorly explores regions
across the transition path, which may result in an inaccurate computation of committor functions
and thereby inaccurate, high-variance estimates of the reaction rates. This issue may be mitigated
by a careful fine-tuning of the parameters used in umbrella sampling, which is a non-trivial task, or
increasing the number of samples used during training, which may require long molecular simulations
to reach the desired accuracy. Furthermore, the bias potential built from the neural network can lead
to prohibitively expensive simulation due to the non-local many-body nature and size of the neural
network.

In this work, we improve the algorithm in Ref. [1] to increase its accuracy. The accuracy is evaluated
by computing the error in the committor function and reaction rate, with both errors evaluated
between the neural network and a solution of the BKE computed either using analytical methods or
the finite element method with fine resolution for low-dimensional problems. We show that accuracy
in committor functions can be improved by adding elements of supervised learning, where the neural
network is trained on estimates of committor values generated via short trajectories. Accuracy in
reaction rates can be improved by replacing the committor-based umbrella sampling with the FTS
method [13], which samples configurations homogeneously across the transition path, and enables
accurate low-variance on-the-fly estimation of reaction rates. The resulting algorithm with the FTS
method is also amenable to error analysis, enabling accurate estimation of reaction rates with a lower
number of samples. We also demonstrate the applicability of this method to a molecular system with
a high-dimensional configuration space and demonstrate that accurate computations of the committor
function and reaction rate can be obtained.

Our paper is organized as follows: in Section 2.1, we review the framework of TPT to introduce the
BKE and construct an optimization problem from the BKE that is feasible to solve using ML. In
Section 2.2, we review the ML algorithm proposed in Ref. [1], and describe how it uses umbrella
sampling with feedback loops. We propose modifications to this algorithm starting with the addition
of supervised learning elements in Section 2.3 and ending with the review and use of the FTS
method for importance sampling in Section 2.4. In Sections 3.1 and 3.2, we test all algorithms to
problems corresponding to a particle diffusing in non-convex potential energies, showcasing how
our modifications lead to a more accurate low-variance computation of the committor function and
reaction rates. In Section 3.3, we provide an error analysis for algorithms that use the FTS method,
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Figure 1: A schematic of transition path theory (TPT). Gray lines are flow lines of the probability flux
J(x), and the transition tube, i.e., the region of high flux, is localized around the transition path ().
Dashed lines are isocommittor surfaces, with the middle dashed line defining the transition-state
ensemble where ¢(x) = 0.5.

demonstrating that the sampling distribution of the estimated reaction rates obeys a log-normal
distribution, which can be used to remove the sampling error in these estimates. In Section 4, we
apply the algorithms to a molecular system, i.e., a solvated dimer undergoing a transition between a
compact to an extended state, and find the previously seen trends in low-dimensional systems to be
applicable to such a high-dimensional system.

2 Theory and Algorithms

2.1 From Transition Path Theory to Machine Learning

To review TPT, consider a d-dimensional system with /N-many particles at equilibrium that interact
with a potential energy function V (x), where x € € is a configuration of the system and @ ¢ RV9
is the configuration space. Equilibrium properties can be computed via ensemble averages (. ..) =
Jo dxp(x) . .. over the Boltzmann distribution p(x) = e PV /7 where f = 1/kpT with kg being

the Boltzmann constant, 7" the temperature, and Z = fQ dx e PV ) the partition function. Given
this model system, TPT can be used to analyze the system’s transition from a reactant state A C  to
a product state B C Q [10, 11, 20]; see Fig. 1 for a schematic of the problem. Central to TPT is the
calculation of the committor function ¢(x), which is defined as the probability to first reach B before
A given that the system initially starts at xo = x. The formula for ¢(x) is given by

qx)=E[hp(x;) | x0=%]; 7=argmin{x; € AUB:x,=x}, 2.1
t€[0,+00)
where E|. .. | xo = x] is an average over all trajectories starting from x, 7 is the first-passage time,

and ho(x) = 1if x € C and zero otherwise. Using stochastic calculus [21], one may compute the
committor as a solution to the steady-state backward Kolmogorov equation (BKE)

Vi J(x) =0, (22)

with J(x) = p(x)D(x)Vxq(x) being the probability flux and D(x) being the position-dependent
diffusivity matrix, subjected to the boundary conditions

q(x)=0,x€04; qx)=1,x€IB, (2.3)
where 0A and 0B are the boundaries of A and B respectively.

Solving the BKE for the committor function allows us to evaluate many quantities including transition
paths, transition-state ensembles, and reaction rates. The transition path is a curve (s) that encodes
how the system, on average, moves from A to B in the configuration space. For every value



of s, one can compute ¢(s) self-consistently as the average configuration weighted by the flux
|J(x)| = p(x) kBTT |Vxq(x)| at a chosen level set of the committor function ¢(x), i.e.,

_ JpdS|I(x)|x _ Jp dSp(x)|Vxq(x)|x
Jp dS|I(x)] JpdSp(x)|Vxq(x)]

where [, dS is a surface integral over the level set P = {x € Q : q(x) = q(¢(s))} [10, 11]. Note
that for processes involving high-energy barriers the region of high flux typically forms a tubular
region called the transition tube, which is localized around ¢(s); see Fig. 1. The level sets of ¢(x)
are also referred to as the isocommittor surfaces, where the isocommittor surface corresponding to
the level set {x € Q : q(x) = 1} defines the transition-state ensemble. The reaction rate vz, defined

2
as the frequency with which a system transitions from A to B, can be evaluated as [10]

kT kT
= 22 [ dx p(x)|Vxa(x)? = ==
v Q Y

o(s)

2.4)

VR (IVxa(x)]?) . 2.5)

The BKE, which is a high-dimensional PDE, is infeasible to solve via standard finite differ-
ence/elements for large molecular systems, as the number of grid points/elements grows exponentially
with system size N. However, it is in these situations that methods inspired by ML may hold a
feasible alternative, where the committor function can be approximated by a neural network whose
model parameters can be solved by transforming the BKE into an optimization problem [ 1, 22-24].
To this end, we begin by constructing a variational form of the BKE. Following the standard procedure
for elliptic PDEs [25], we consider a variation of the committor function d¢g(x), which obeys the
constraints dg(x) = 0 for x € JA and x € OB to satisfy the boundary conditions in Eq. (2.3).
Multiplying Eq. (2.2) by d¢(x), integrating over 2 \ A U B, and then integrating by parts yields

[ dxaaValpVaatl == [ dxpl) Vadalx)  Vaalx) 0. 26)
Q\AUB Q\AUB

Applying Vainberg’s theorem [25] to Eq. (2.6) leads to the following functional:
| . 1 -
Ll =5 [ GOVt = 5 (ITxi ) g a e
2 Jo\aus 2

whose extremization over the space of admissible functions ¢(x) subject to boundary conditions
Eq. (2.3) leads to the solution of the BKE. The variational form in Eq. (2.7) therefore transforms the
strong form of BKE into a problem of functional optimization, where the committor function satisfies

g(x)=argminL[G] st ¢(x)=0,x€d4; ¢x)=1,x€09B. 2.8)
q

Equation (2.8) guides a new ML-based optimization problem, where we may approximate the
committor function with a neural network model ¢(x) =~ §(x;0) with the model parameters 6.
Introducing the BKE loss function as

1
0(x;0) = 5|Vxa(x; 0)]” 29

and imposing boundary conditions in Eq. (2.3) by the penalty method [26] with the loss functions
1

(a(x4;0) = 5(d(x4;0))*, (2.10)
1
(p(xp;0) = 5 (a(x;0) = 1)*, (2.11)

where x4 € A and xp € B, the model parameters 8 can be obtained by extremizing the following
objective function:

L(0) = (((x;0)) + Aa (€a(x;0)) 4 + A (£3(x;0)) 5 - (2.12)

Here, (. ..) denotes ensemble averaging constrained in a region C' C €, and A and Ag control the
penalty strengths that enforce boundary conditions at A and B, respectively. Note that the ensemble
average of the BKE loss function (¢(x; 6)) is proportional to the reaction rate in Eq. (2.5) up to a



constant factor 2kg7’/~, and thus it is crucial for any ML approach that solves the BKE to be able to
compute (¢(x; 0)) accurately.

The task of minimizing Eq. (2.12) may not yet be feasible in large system sizes, since the ensemble
averages involve high-dimensional integrals, which may be evaluated via standard quadrature but their
computational cost grows exponentially with system size. To resolve this issue, one may approximate
the ensemble averages in Eq. (2.12) with averages over samples obtained via molecular dynamics
(MD) or Monte Carlo (MC) simulations. In this case, Eq. (2.12) can be evaluated as

0;S, A, B) = (x;0) + la(x;0) + l5(x;0), (2.13)
I \S|Z |A\ZA |B|ZB

x€A x€EB

where A, B and S are batches of samples obtained in the reactant state A, product state B and
configuration space €2, respectively, and the operator | - | denotes the size of each batch. The outlined
strategy is the basis behind some of the recent ML approaches for solving the BKE [1, 22-24] though
earlier works can be found that utilize a different objective function to train a neural network that
takes collective variables as input and is trained on data obtained from transition path sampling [27,
28]. The main challenge inherent in these approaches is sampling; since the first term in Eq. (2.12)
is proportional to the magnitude of the flux |J(x;0)| = p(x)kBTTWX(j(X; 0)|, the optimization
problem is dominated by the rare configurations found in regions of high flux, e.g. the transition-state
ensemble. An inadequate sampling of the transition-state ensemble may lead to poor estimates of
the average BKE loss function in Eq. (2.9), resulting in an inaccurate computation of committor
functions and reaction rates in Eq. (2.5). Inadequate sampling may also lead to poor estimates of
the gradient Vg L, which may negatively impact the performance of the neural network training. In
Ref. [1], this sampling problem is partially resolved via an importance sampling technique, namely
umbrella sampling, that is coupled with the neural network model in a feedback loop.

2.2 Solving the BKE with Umbrella Sampling and Feedback Loops

In this section, we review the algorithm in Ref. [1] that utilizes umbrella sampling for obtaining the
committor functions. To this end, consider a system that evolves via discrete overdamped Langevin
dynamics with noise w; that has zero mean and unit variance. Umbrella sampling biases the system’s
dynamics by adding a potential of the form W (x; 8) = 2r(d(x; ) — go)? to the potential energy
function V' (x), where gy is the target committor value and « is the bias strength. This bias leads to
modified equations of motion

Xep1 =Xt — 7 Vi [VI(x4) + W(xe; 0)] At + /2kgT Aty— 1wy, (2.14)

which sample a target distribution given by p(x;0) o e PIVEITW O] a5 At — 0. With a
suitable choice of gy and «, the system may explore configurations x and values of §(x; @) that
are rare according to the unbiased equilibrium distribution p(x) ~ e~ #V()_  In Ref. [1], this
strategy is expanded to target a range of G(x;6) values between zero and one by introducing
M-many simulation systems, each of which uses a biasing potential with a unique target value
and biasing strength. Referring to these simulation systems as replicas and enumerating them
via an indexing variable & € {1,..., M}, the bias potential for each replica can be written as
Wa(x;0) = 2r4(4(x; 0)—qa)?, which induces a biased distribution pq, (x; 8) o e AV ) FWa(:0)],
The set of target committor values and biasing strengths is denoted as { (Ko, ¢o) }2L ;. Note that the
configurations corresponding to the target distributions can also be generated via MC or other MD
methods instead of Eq. (2.14).

The algorithm for solving the BKE is a closed feedback loop between the replica dynamics and any
chosen optimizer, such as stochastic gradient descent (SGD) [29], Heavy-Ball [30], or Adam [31], to
obtain model parameters 0 that extremize Eq. (2.13). At the k-th iteration, replicas generate samples
that are stored into a collection of batches {M¢}2L || where the a-th batch M consists of samples
obtained from a short MD/MC trajectory run of the a-th replica. This data is then used to compute
the gradient VL in order to update the model parameters 6 — 1. At the (k + 1)-th iteration,
the process repeats by using §(x; 0.1) to obtain new samples for further optimization.

The algorithm requires two additional components. First, the reactant and product batches .4 and B are
generated using short MD/MC trajectories constrained in the reactant and product states, respectively.



Algorithm 1: The BKE-US Method [1]
Data: Initial conditions 8. Reactant and

200

product batches A and B.
Hyperparameters for optimizer 7). Bias 150 1
potential parameters { (Ko, qa) }2L . 0
Penalty strengths Ay and Ap. 5 100 -
1 fork=0,...,K do S
2 fora=1,...,M in parallel do 50 -
3 form=1,...,|M%|do
4 Sample X2, ~ pq(x; 0) with /
MD/MC simulation, e.g., 0 .00 . 0_'75 1.00
Eq. (2.14).
5 Store x{y, in batch M.

6 Sample mini-batch A;, C A and By C B.

7 Compute z,, with a free-energy method, -
e.g., FEP Eq. (2.19).

8 Compute Vg L(0y; {(M3,24)}, Ak, Bi)

with Eq. (2.15).

9 | Update 6 — 01 with optimizer. 0.00 0.05 0.0 0.90 095 1.00

Figure 2: (Left) Pseudo-code corresponding to the BKE-US method. Lines 2-6 are the sampling steps,
Lines 7-9 are the optimization steps, and a feedback loop couples the sampling and optimization
steps together. Note that the sampling of configuration x%, in Line 4 utilizes a fixed simulation
length to obtain uncorrelated samples in the batch M$—a convention used for all subsequent
algorithms proposed in this work. (Right) Histograms of committor values from committor-based
umbrella sampling. The histograms overlap near the transition state, with inset plots showing that the
histograms are non-overlapping near the reactant and product states. See also Fig. 9(b, top) for the
corresponding histograms in configuration space.

Second, a formula for Vg L is needed for the optimizer and is obtained using a reweighting procedure
[32] to compute the unbiased sample averages from biased samples. This yields

M Zo |:V9£(X;0k)
- a=1 IME| xéxe | c(x;0) by
VoL (01 {(M5 )} Av Bi) =" : + |Af;| S Vola(x;0:)
a x€ Ay

agll 7 xéxe [C(X; Ok)}
A

+ 2 Veln(x;04), (2.15)
|Bk| xEBy,

where Ay C A and B, C B are mini-batches obtained from random sub-sampling of the reactant

and product batches, respectively, and ¢(x; 0) = 224:1 e~ PWa(x9) Here, 2, is a reweighting factor
given by the relative partition function

Zo, [dx e BV (x)+Wa (x;0)]

* - , 2.16
’ S Ze TN [dx e BVO+ W (x0)] (2.16)

where Z, is the partition function of the a-th replica. Given the batches of samples { M M

a=1>
various free-energy methods [33] can be used to compute Z,, via the free-energy F,, = f% InZ,. In
this work, we use free-energy perturbation (FEP) [34] where the estimator for z,, is derived from the

following exact identity:

Za _ _BAF, . _ Pa(x;6)
e () @1

where (...)o is an ensemble average over the distribution p, oc e~ #[Vx)+War (x:0)] gbeyed by the
o/-threplica, AF, o = F,, — F, is the relative free-energy difference, and ¢, (x; 8) = e #Wa (x:0)



Given a batch Mg/ from the o’-th replica, Eq. (2.17) can be estimated as

Za (ba X3 Bk
Za! Ma' Z ¢a X3 ek (218)

The accuracy of Eq. (2.18) quickly deteriorates if samples obtained between the a-th and o’-th
replicas do not overlap [35]. To mitigate this issue, we can employ a strategy called stratification [36],
where the forward and backward free-energy differences per Eq. (2.18) between adjacent replicas are
used to compute the overall free-energy difference of replica « in reference to replica «y. This strategy
yields the following formula:

a—1 a—1
H e BAF(i41),i g H Z ¢1+1 X3 Gk o>y
i=y i=y |M” (x;0)
Z*
a *
Za — T; ZO( = y—1 1 " 0 ,
Za 124 H e BAFG—1),i oy H ¢z 1 k o<
’\ (x;05)

i=a = Z 4 k
1 a=-r

(2.19)

where v ~ unif{1, M} is randomly chosen at every iteration. In what follows, we shall refer to
this complete algorithm as the BKE-US method, whose pseudocode is described in Algorithm 1
(Fig. 2, left). Note that Ref. [1] recommends choosing a different set of biasing potentials such that
¢(x;60y) ~ 1, which corresponds to a special case of Eq. (2.15). Additionally, Ref. [1] uses replica
exchange, where configurations are exchanged between neighboring replicas to alleviate issues with
metastability, which is not used here.

The challenge in the BKE-US method lies in selecting the bias potential parameters { (o, qo )},
such that the average loss functions and their gradients are accurately estimated with low variance.
Since these estimates are obtained by reweighting procedures their accuracy depends severely on
obtaining an accurate estimate of the free-energy differences AF}, o/, and hence the reweighting
factors z,,. If one follows the procedures common to umbrella sampling and free-energy calculations,
this is achieved by ensuring overlap in the histograms of the biased §(x; @) values [36]. One may
choose as initial guess ¢, = (o — 1)/(M — 1) with equal biasing strengths, which is the setting
recommended in Ref. [1], to obtain such overlap. However, since the committor varies rapidly near the
transition state in the presence of high-energy barriers, this setting may lead to inadequate sampling
of regions between the transition state and reactant/product state. This reduces the overlap between
histograms, thereby reducing the accuracy as well as increasing the variance of the estimated average
loss functions obtained from reweighting. Figure 2(right) shows such behavior in the histograms
of ¢-values, with the replicas near the edges having progressively worse overlaps than the replicas
biased towards the transition state. Such a non-overlapping behavior is even more apparent in the
configuration space, as shown in Fig. 9(b) for a one-dimensional system, where large gaps in the
histograms between the reactant/product basins and the transition states can be observed. It may be
plausible that further importance sampling near the edges increases the overlap, but this requires
further fine-tuning of the bias parameters to focus more heavily on regions where §(x; ) ~ 0 and
4(x;0) ~ 1; a non-trivial procedure to perform in high-dimensional systems. Alternatively, one
may also increase the batch size to improve the chances of obtaining samples in the poorly targeted
regions, but this task may require prohibitively long simulations. Altogether, these issues motivate us
to construct modifications to the BKE-US method, described in the next sections.

2.3 Adding Elements of Supervised Learning

To begin with, the accuracy of the BKE-US method (Algorithm 1) can be improved by adding
supervised learning elements, where one can train the neural network to fit G(x; 8) to known estimates
of ¢(x). It has been found that supervised learning elements in the context of training neural network
models achieve better performance by finding global minima in problems originally devoid of such
elements [37-39]. In our case, supervised learning can be implemented by evaluating an estimate of
¢(x) denoted as the empirical committor function gemp(x) using short trajectories that start from a
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Algorithm 2: The BKE-US+SL Method

Data: Initial conditions 6. Reactant and product batches .A and B. Hyperparameters for
optimizer 7. Bias potential parameters {(kq, ¢o ) }2L ;. Penalty strengths As, A, and
Asr. Starting and ending iteration index, Kemp,s and kemp,e, and sampling period Temp, for
supervised learning.
fork=0,...,K do
fora=1,...,M in parallel do
form=1,...,|M%| do
Sample X%, ~ p,(x; 0);) with MD/MC simulation, e.g., Eq. (2.14).
L Store x, in batch M.
if k> kemps and k < kemp,e and k (mod 7Temp) = 0 then
Evaluate gemp at x* € M with Eq. (2.20).
‘ Store (Gemp,x*) in batch C*.
Sample mini-batch A, C A, B, C B, and C;¥ C C®.
Compute z,, with a free-energy method, e.g., FEP Eq. (2.19).
Compute Vgﬁ(@k; {ME,z0)}, Ak, Br) + nglSL(Ok; {Cg}) with Egs. (2.15) and (2.24).
Update 0, — 6,1 with optimizer.

Figure 3: Pseudo-code for the BKE-US+SL method.

configuration x. The quantity gemp(x) can be obtained from a sample-mean estimator of Eq. (2.1):

H
1
Gemp (X) = 7 > hp(xr5 X0 =x) , (2.20)
=1

where the averaging is performed over H-many trajectories that are conditioned upon starting at
Xo = X, and ending at the first-passage time 7. This estimator obeys the binomial distribution and its
variance scales as % [14]. It is important to note that supervised learning of committor functions
without importance sampling is ineffective since it is necessary for the neural network to be trained
on empirical committor values corresponding to rare events, i.e., configurations along the transition
tube including the transition state. To this end, one may use either umbrella sampling as described
before or the FTS method, which will be introduced in Section 2.4, to target the transition tube.

At this stage, an objective function must be formulated to inform §(x; @) with the empirical committor
function gemp(x). To this end, a loss function in supervised learning is typically postulated as the
squared error for every configuration x:

1 .
ZMSE(Qemp» X5 0) = §(C](X7 0) - Qemp)2 . (221)

Suppose that gemp (x) is computed from configurations sampled by different replicas during impor-
tance sampling. For every a-th replica, this allows us to generate a batch of samples C*, which is
a set of pairs of empirical committor function and its corresponding configuration. Denoting the
collection of batches as {C*}* ,, and given Eq. (2.21), the objective function as a mean-squared
error has the form

M

. A 1

Lase(0;{C°}) = “ijE}— > luse(Gemp x;0) (2.22)
a=1

€|
(Qemp ,x)EC™

where A\yisg is the penalty strength. In practice, an optimizer to train the neural network requires
the gradient Vg Lk as additional input, which can be computed using a collection of mini-batches
{C¢} with Cf C C* generated via random sub-sampling of the original batch C* similar to the
sub-sampling procedure in Eq. (2.15).

Note that a finite number of trajectories are used to obtain estimates of committor values for each
configuration x, resulting in a statistically noisy variation of gemp(x). Therefore, using the objective
function Eq. (2.22) to train the neural network may lead to overfitting issues and loss in accuracy. To



alleviate this problem, we introduce a modified form of the objective function where we first evaluate
the squared mean error for a batch of samples C* corresponding to the a-th replica:

2

11 1 .
ZME (C(X§ 0) = 5 @ Z (q(X; 0) - Qemp) . (223)
(qempvx)eca

This is then reduced across all replicas, yielding the modified supervised learning objective function

M
LsL(0;{C*}) = /\TSJL > ue(C;6), (2.24)
a=1

where Agp, is the penalty strength. Equation (2.24) indicates the neural network is trained on
commiittor errors that are locally-averaged over a single replica. Such an averaging smears out the
statistical error in gemp (x), alleviates the issue of overfitting, and further helps the neural network
generalize to regions outside of the ones covered by sampling. A more detailed discussion, which
shows results comparing the standard (Eq. (2.22)) and modified (Eq. (2.24)) objective functions for a
two-dimensional system can be found in Appendix B.3

To incorporate the supervised learning strategy in the BKE-US method, each replica computes
gemp (X“) between the sampling and optimization steps of the algorithm, where x* is the current
configuration of replica c. The committor evaluation can be initiated at a chosen iteration & = kemp,s
until k£ = Kemp e, after which no more gemp (x*) values are computed. Since each gemp (x®) requires
the initiation of H-many trajectories starting at xo = x“, the committor is evaluated infrequently
every Temp iterations to reduce the computational cost. The pseudocode combining supervised
learning with the BKE-US method is described in Algorithm 1 (Fig. 3), and is herein referred to as
the BKE-US+SL method.

2.4 Replacing Feedback Loops with the Finite-Temperature String Method

For methods employing umbrella sampling, it is important to ensure sufficient overlap in samples
obtained from neighboring replicas, since the overlap guarantees accurate computation of reweighting
factors z,, and further controls the accuracy in the estimator for the average loss functions, e.g.,
the average BKE loss function, which sets the reaction rate. As mentioned before, this may require
exhaustive fine-tuning of the algorithm parameters, or long simulations to obtain a larger number
of samples. On the other hand, the framework of TPT already provides an algorithm called the
finite-temperature string (FT'S) method [12, 13], which can homogeneously sample overlapping
regions across the transition tube with few control parameters. The FT'S method also yields the
transition path ¢(s) without needing to compute the committor function ¢(x). Therefore, if we
replace the committor-based umbrella sampling with the FTS method, we eliminate the feedback
loop between importance sampling and the neural network training in learning ¢(x). Furthermore, it
is also possible to obtain a low-variance estimate of the reaction rate due to the overlaps in samples
obtained from the FTS method. In what follows, we review the FTS method in Section 2.4.1 and
describe new algorithms for solving the BKE in Section 2.4.2; see also Ref. [13] for additional details
on the FTS method. Readers who are familiar with the FTS method may skip Section 2.4.1 and read
Section 2.4.2 directly for details on solving the BKE with the FTS method.

24.1 Review of the Finite-Temperature String Method

The FTS method is an algorithm for obtaining a transition path ¢(s), as defined in Eq. (2.4), using
sampling and optimization techniques. It emerges from an approximation of the committor function
q(x), which is locally built around the transition path ¢(s). This local approximation is achieved
by constructing suitable functions s.(x), which represent isocommittor surfaces as hyperplanes
centered around ¢(s). If o(s) follows an arc-length parameterization, where s is the arc-length, the
approximation for ¢(x) and the formula for s, (x) can be written as

q(x) = f(s4(x)), (2.25)
5,(x) = arg min 1|x —(s)?, (2.26)
sej0,0] 2
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Figure 4: The local approximation of isocommittor surfaces as hyper-planes, which also correspond

to the level sets of s.,(x). The normal vector of each hyper-plane is the tangent vector d“g—is).

where L is the total arc-length of the path, and f : [0, L] — [0, 1] is an invertible scalar function. To
see that the function s, (x) approximates isocommittor surfaces as hyper-planes, one may perform
the minimization in Eq. (2.26) to obtain the following equation:

de(s)
ds
which is a linear equation in x, indicating the set of all configurations satisfying Eq. (2.27) for fixed
value of s € [0, L] is a hyperplane; see Fig. 4 for illustration. On the other hand, the operation of fixing
a configuration x, and finding s that satisfies Eq. (2.27) defines a mapping between configurations
x € Q and the variable s € [0, L]. This mapping is what we denote as s (x).

(x—¢(s)) =0, (2.27)

Given s, (x) in Eq. (2.26), the problem of finding () can be posed as an optimization problem. To
this end, using Eq. (2.25), Eq. (2.4) can be approximated as an integral over the hyperplane defined

by s, (x):
o(s) ~ J2A5POOF (5 () Vs, (1)
S5 dSp(x) ' (54(x))[ Vs ()]

where P is a level set of the function s (x) given by P = {x € Q : s,(x) = s}. Since f'(s,(x)) is
constant over the level set P, Eq. (2.28) can be rewritten as

_ Jpd9p(x)[Vaesy (x)[x

(2.28)

~ . 2.29)
P a5 T (] (
Using the identity [40]
/ ds = / dxd(sy(x) — )| Vxsy(x)], (2.30)
P Q
with 0(s+(x) — s) as the Dirac delta function, Eq. (2.29) can be rewritten as
o(s) ~ Jo dxp(x)0(s4(x) — $)| Vs (x)2x ~{0(sy(x) — )| Vxy(x)]?x) 231

o dxp(0)3(5, (%) — ) Vass (I (0(55(x) — 8)[Vaesy (07)
Furthermore, assuming the path’s curvature to be small, which implies that |Vys,(x)|* &~ 1 (see
Appendix A of Ref. [13] for a proof), Eq. (2.31) can be simplified into a conditional average given by

0(s(x) — s)x
(0(57(x) — 5))
Lastly, one may use variational techniques to show that Eq. (2.32) is the result of extremizing the
following functional [13, 41]:

clel= [ “ds (51(5) ~ %o, - 5)) @33

= (x|sy(x)=35). (2.32)
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such that

‘d‘P(S) —1. (2.34)

ds

Equation (2.34) is the definition of arc-length parameterization, which sets a constraint on the possible
paths that extremize Eq. (2.33).

Equations (2.33) and (2.34) form the starting points for developing the FTS method, with several
discretization and approximation steps leading to a solvable optimization problem. To this end,
discretizing ¢(s) into a set of equ1dlstant nodal points {®}M_ | satisfying Eq. (2.34), i.e., |p®+! —
@ = |p* — 91|, Va € {1,..., M}, Eq. (2.33) can be approximated as

M
O = Y- A 3l = xPala ) 50)) 2.39)

where s, = ( X’}‘_ﬂ) L is the arc-length of the path up to node <, and As is the arc-length between

any two nodes. Furthermore, the Dirac delta function ¢(s.(x) — s, ) can be approximated with an
indicator function (see Appendix B of Ref. [13]):

1 al) — . A o ’
hR (X) — {As Xe Ra({(P }) - {X € Q ° |X SO ‘ < |X SO | VOK 7é Oé} , (236)
« 0 otherwise

where R, denotes a Voronoi cell centered at node ¢®. With these steps, Eq. (2.35) can then be
expressed as a least-squares function:

1 Mo
Clip™}) = }:As<2|¢“—x|2hRa<x>>=§:<2|soa—x2> @37
Ro({¥>})

a=1
where (...) g, ({¢=}) is an ensemble average constrained inside a Voronoi cell.

The ensemble averages in Eq. (2.37) can be estimated as averages over samples obtained from
molecular simulations, which are constrained to be inside the Voronoi cells and are initiated with the
configuration of the corresponding node. As illustrated in Fig. 5(left), this step involves introducing
M-many replicas of the system to sample configurations within each of the M -many Voronoi cells,
where each replica can evolve according to discrete overdamped Langevin dynamics with a rejection
rule:

X = x¢ — 7T IVLV (X)) AL 4/ 2Atkg Ty~ 1w (2.38)
o x¢ ifx$ e R,
= 2.
*t41 {xf‘ otherwise (2.39)

where w¢* is a random variable with zero-mean and unit variance. Note that Eq. (2.38) can be replaced
with an MC step. Introducing R as the batch of samples obtained from the a-th replica, Eq. (2.37)
can be estimated as

N 1
C({¢"};{R*}) ZW Y. glet = (2.40)

xeR™

To avoid large displacements in neighboring nodal points, a penalty function is added to Eq. (2.40),
which yields

M M—1
A 1 1 As
C({‘pa}v {Ra}) = Z |Ra| Z §|¢0z - X|2 + 7 Z |‘10a+1 - Qoa‘27 (241)
a=1 XER™ a=1
st @t — @ =% — ™, (2.42)

where \g is the penalty strength.

The FTS method minimizes Eq. (2.41) using a closed feedback loop between the replica dynamics,
e.g., Egs. (2.38) and (2.39), and a modified gradlent-descent step. At the k-th iteration of the loop,
replicas generate a collection of batches {’RO‘ where the batch R consists of a short MD/MC

al’
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Algorithm 3: The BKE-FTS(ME) Method

Data: Initial conditions 8y, {®§ }. Reactant and
product batches .4 and B5.
Hyperparameters for optimizers 7). The
FTS Method step size At and penalty
strength Ag. Penalty strengths A4 and
AB.

1 fork=0,...,K do

Regions sampled by
replicas
_____ Boundaries of

Voronoi cells R,
Nodal point of

®— the transition path 2 fora=1,..., M in parallel do
— «
Q Reactant State A 3 for m = 170"Rk| do i .
3 4 Sample x;y, with MD/MC simulation

constrained in the Voronoi cell
Ro({¥%}), e.g., Egs. (2.38)
and (2.39).

5 Store x;, in batch Rf.

6 | @kt « Egs. (2.43) and (2.44).

7 Sample mini-batch A, C A and By, C B.

8 Compute z,, by solving the master equation
Eq. (2.48).

9 Compute Vo L(0x; {(R{, 2a)}, Ak, Bi)
with Eq. (2.46).

10 Update 0), — 041 with optimizer.

Figure 5: (Left) An illustration of the FTS method, where each replica samples configurations inside
a Voronoi cell. (Right) Pseudo-code for the BKE-FTS(ME) method. Note that the path is updated
concurrently with the neural network at the k-th iteration.

trajectory run from the a-th replica. This data is then used in a two-part gradient descent update,
where the first part corresponds to the following update:

% = pp — AtV C({ep 1 {RRD), (2.43)

with A7 the step size. Note that one can replace Eq. (2.43) with an implicit update for increased
stability or a momentum-variant, such as the Heavy-Ball [30] and the Nesterov method [42], for
accelerated convergence. The second part enforces the constraint Eq. (2.42) with a reparameterization
of the path using linear interpolation:

a(a) a(a)—1
a _ala)-1 a—1 . P — Px
Prt1 = Px + (LMM —1 La(a)_1> ‘ a(e) (pa(oc)—l ’ (2.44)

where Lo, = > 0/, | — @ ~1] is the length of the path up to node ¢, and a() € {1,..., M}
is an index such that L,(q)—1 < (ﬁ—j) Ly < Lg(a)- This process is repeated until convergence is

achieved, yielding the transition path ¢(s).

2.4.2 Solving the BKE with the Finite-Temperature String Method

With the FTS method described in Section 2.4.1, we now proceed to construct new algorithms for
minimizing the loss in Eq. (2.13). The key idea behind all subsequent new algorithms is to replace
the committor-based umbrella sampling in the BKE-US method with the FT'S method. This allows
the replicas to generate samples that homogeneously cover the transition tube with little fine-tuning,
and enables accurate low-variance estimation of the average loss functions and their gradients. As
mentioned before, since the average BKE loss function is proportional to the chemical reaction rate,
the FTS method also enables accurate estimation of reaction rates.

The FTS method with master equation: The first algorithm that we construct involves updating the
transition path, represented as a set of nodal points, simultaneously with the neural network training.

12



In particular, the replicas from the FTS method generate batches of sampled configurations { R 1AL,

to update the current path {,® } via Egs. (2.43)-(2.44), as well as the neural network parameters 6},
by computing the gradient of the loss in Eq. (2.13). Note that, in this algorithm, there is no feedback
loop between the neural network and updates to the path. In this case, the loss gradient VL can be
calculated using modified versions of Egs. (2.15)—(2.16), where the bias potentials W, are replaced
with hard-wall potentials constraining each replica to its Voronoi cell, i.e.,

0 xe€eR,
o(x {p}) = .. 2.45
Walx; {#"}) {oo otherwise (245)
This yields
M z )\A
Vol (0 {(RY,2a)}, Ak Br) = D e D Vel(xi0k) + 0= > Vala(x;6)
a=1 |Rk| xERY |Ak‘ x€AL
k
A
25 S Vatn(x;01), (2.46)
Bl 5
where the reweighting factors z, are
dx B_Bv(x) dx e_BV(x)
Zo = fR& = fRa = dx p(x). (2.47)

ng]:l R dx e—BV (%) fQ dx e~ BV (%) R,

Equation (2.47) indicates z,, is the equilibrium probability of finding x to be in a Voronoi cell R,,.
This set of equilibrium probabilities can be computed as a solution to a steady-state master equation,
whose form is found by identifying the instantaneous rates (or fluxes) between neighboring Voronoi
cells [13]. To this end, let N, be the number of times that the a-th replica attempts to exit its
Voronoi cell R, and enter a neighboring Voronoi cell R, e.g., the number of times that x$ € R,/
for the replica dynamics given by Egs. (2.38)—-(2.39). Let k., be the rate at which the system
transitions between R, to R,-. Denoting N, . as the total simulation length of the a-th replica,

steps
the previous rate can be evaluated as koo = Noo/ /NG The steady-state master equation is then

teps*
given by a balance between the total rate of leaving and entering the Voronoi cell R,,:
M M
Z Zorkore = Z Zakaar, VYoae{l,...,M}, (2.48)
a’'=1 a’'=1

which can be solved to obtain z,; see Appendix A for more details, and also Section III of Ref. [43]
for a more detailed discussion of Eq. (2.48). Equations (2.46) and (2.48) constitute the new algorithm,
and will herein be referred to as the BKE-FTS(ME) method, whose pseudocode is described in
Algorithm 3 (Fig. 5, right).

The FTS method with umbrella sampling: As mentioned before, given a sufficient number of
nodes, the BKE-FTS(ME) method guarantees homogeneous sampling across the transition path
(see also Fig. 9(b)), which better ensures low-variance estimation from reweighting. Accuracy can
also be improved by running longer simulations, i.e., larger N, since they lead to more accurate
estimates of the rates k., thereby reducing the error in the estimated reweighting factor z,. Despite
this, the error in z,, is difficult to study as it involves the error propagation of k., which forms a
random matrix in the master equation. On the other hand, z, computed from umbrella sampling is
amenable to error analysis [32, 44], which makes it feasible to determine the error in the estimates
computed from reweighting as a function of batch size. This motivates us to construct a modification
to the BKE-FTS(ME) method where the computation of z, is based on umbrella sampling and FEP
(Eq. (2.19)). The modified algorithm consists of running the FTS method before the neural network
training to obtain the transition path {(o®}*,, which is then used as a basis for umbrella sampling
across the transition tube to subsequently train the neural network.

The path-based umbrella sampling requires new bias potentials that can lead to better overlaps
between adjacent replicas, as well as sufficient exploration of regions transverse to the path. The
latter is necessary to ensure the neural network representing the committor function is also accurate

in regions away from the transition path. To this end, we construct new bias potentials such that
different bias strengths can be specified in directions parallel and transverse to the path. Let t* be
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Algorithm 4: The BKE-FTS(US) Method

Data: Initial conditions 8. Nodal points of the transition path {¢o®} obtained from the FTS
method. Reactant and product batches A and B. Hyperparameters for optimizers 7.
Penalty strengths Ay and Ap.

fork=0,...,K do

fora=1,...,M in parallel do

form=1,...,|M%| do
Sample X%, ~ pq(x; {p*}) with MD/MC simulation, e.g., Eq. (2.14) and Eq. (2.49).
L Store x{y, in batch M.

Sample mini-batch A, C A and By, C B.

Compute z,, with a free-energy method, e.g., FEP Eq. (2.19).
Compute Vo L(8x; { (M, 24)}, A, Br,) with Eq. (2.15).
Update 0, — 041 with optimizer.

Figure 6: Pseudo-code for the BKE-FTS(US) method.

Algorithm 5: The BKE-FTS(ME)+SL Method

Data: Initial conditions 8y, {§ }. Reactant and product batches A and B. Hyperparameters for
optimizers 1. The FTS Method step size A7 and penalty strength Ag. Penalty strengths
AA, A, and Agr,. Starting and ending iteration index, kemp,s and Kemp,e, and sampling
period Ter,p, for supervised learning.

fork=0,...,K do

fora=1,...,M in parallel do

form=1,...,|R}| do

L Sample x%, with MD/MC simulation constrained in the Voronoi cell R, ({¢7}), e.g.,

Egs. (2.38)~(2.39).
Store x;,, in batch R.

if k> kemps and k < kempe and k (mod Temp) = 0 then
Evaluate gemp at x* € Ry, with Eq. (2.20).
Store (gemp,x™) in batch C*.
PEtl « Egs. (2.43)-(2.44).
Sample mini-batch A, C A, B, C B, and Ci¥ C C®.
Compute z,, by solving the master equation Eq. (2.48).
Compute Vo L(0x; {(RY, 2a) }, Ax, Br) + Vo Lsw(0r; {C}) with Egs. (2.24) and (2.46).
Update 0, — 0y, with optimizer.

Figure 7: Pseudo-code for the BKE-FTS(ME)+SL method.

the unit tangent vector at node ¢, evaluated using finite differences. We then form the projection

matrices P(Hl =t*®t*and PL = I -t ® t® to decompose a vector into a component that is
parallel and transverse to t*, respectively. The bias potential for the a-th replica can be written as

1 1
Wa(xi {9}) = Srl(x = @"PL(x =) + Sra(x —9"PL(x —¢%), (249
I

where x4 and k1 are the bias strengths for the parallel and transverse direction, respectively. To

promote exploration of regions transverse to the path, the bias strengths are set such that k= < nl.
For sufficiently strong bias, this results in every replica exploring an oblate ellipsoidal region, where
the center of the ellipsoid is located at node ¢, and its axis of rotation is parallel to the tangent
vector t. Note that a similar bias potential has also been used in Ref. [45] but defined with respect
to a low-dimensional collective-variable space.

The loss gradient Vg[A/ needed for this algorithm can be computed with Eq. (2.15) and Eq. (2.19)
from the BKE-US method, using samples obtained from biased MD/MC simulations. As in the
BKE-FTS(ME) method, there exists no feedback loop between the neural network and umbrella
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Algorithm 6: The BKE-FTS(US)+SL Method

Data: Initial conditions 8. Nodal points of the transition path {p*} obtained from the FTS
method. Reactant and product batches A and B. Hyperparameters for optimizers 7).
Penalty strengths A, A, and Agy,. Starting and ending iteration index, kemp,s and
kemp,e, and sampling period Temp, for supervised learning.

fork=0,...,K do

fora=1,...,M in parallel do

form=1,...,|M§|do
L Sample x%, ~ pq(x; {©}) with MD/MC simulation, e.g., Egs. (2.14) and (2.49).

m
Store x&, in batch M.

if k> kemps and k < kempe and k (mod Temp) = 0 then
Evaluate gemp at x* € M with Eq. (2.20).
Store (gemp,x®) in batch C*.
Sample mini-batch A, C A, B, C B, and C;¥ C C®.
Compute z,, with a free-energy method, e.g., FEP Eq. (2.19).
Compute Vgi(@k; {ME,z0)}, Ak, Br) + VglA/SL(Ok; {C¢}) with Egs. (2.15) and (2.24).
Update 0, — 641 with optimizer.

Figure 8: Pseudo-code for the BKE-FT'S(US)+SL method.

sampling because the bias potentials are based on the transition path, which remains static during
training. This modification to the BKE-FTS(ME) method shall be referred to as the BKE-FTS(US)
method, whose pseudocode is described in Algorithm 4 (Fig. 6). The algorithm shares similar
advantages as the BKE-FTS(ME) method, since homogeneous sampling across the transition tube
and overlap in configuration space is readily achieved for large enough bias strengths. Unlike the
master-equation approach, the bias and variance in the reweighting factors z,, estimated from FEP
are amenable to error analysis [44]. As shown later in Section 3.3, we provide an error analysis of
the estimated average loss function, and a procedure where the bias in the estimator can be removed,
thereby enabling accurate estimation of reaction rates with smaller batch sizes.

The FTS method with supervised learning: Both the BKE-FTS(ME) and BKE-FTS(US) methods
can be combined with the supervised learning methodology developed in Section 2.3 to further
improve the accuracy of the committor function. Since the samples obtained by either method
homogeneously cover the transition tube, they provide access to configurations that can be used for
computing empirical committor function gemp(x) necessary for supervised learning. The empirical
committor function gemp, (x) may be evaluated by the replicas between the sampling and optimization
step of the algorithms. Similar to the procedure described in Section 2.3, it can be evaluated at a
rate Temp between a starting iteration kemp s and an ending iteration kemyp .. Given these estimates,
the supervised-learning loss in Eq. (2.24) can be used to compute the compound loss gradient to
update the neural network. We shall call these composite algorithms as the BKE-FTS(ME)+SL
and BKE-FTS(US)+SL method, whose pseudo-codes are described in Algorithm 5 (Fig. 7) and
Algorithm 6 (Fig. 8), respectively.

Limitations of the FTS Method: The proposed methods for solving the BKE with the FTS method
inherit the limitations of the FT'S method itself. For instance, the application of the FT'S method to
molecular systems may fail since the distance metrics defining the Voronoi cells are not invariant with
respect to rigid-body transformations. As a result, replicas can escape from their respective Voronoi
cells without any structural change via rotations and/or translations alone. To resolve this issue,
the FTS method is typically applied in the space of collective variables (CVs), which are invariant
under translation and rotation by construction. While a solution independent of CVs remains an
open problem, the work in Ref. [13] proposes a sufficiently general CV, denoted as O, if the system
configuration x can be divided into a sub-system configuration xg that undergoes the structural
change and solvent degrees of freedom xg that make up the surrounding environment. This CV takes
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xg and a string nodal point ™ as input, and it can be written as

O(xs; R*,b") =R" (xs — b") | (2.50)
(R*,b") = arg min|R (xs — b) — ¢, (2.51)
(R,b)

where R* and b* are a rotation matrix and translation vector, respectively, that form a rigid body
transformation of the sub-system. By minimizing the distance metric in Eq. (2.51), the chosen rigid
transformation has the effect of matching the center-of-mass and orientation axis of xg to that of
. This results in a CV that not only retains some of the original molecular degrees of freedom,
but also removes the degeneracy due to translations and rotations. The transformation defined by
Eq. (2.51) can also be done at a relatively low computational cost by translating the sub-system to
match its center of mass with the center of mass of ¢® and subsequently rotating the sub-system
via the Kabsch algorithm [46]. Other CVs are also possible and may be needed when dealing with
rare-event problems where the system cannot be subdivided, e.g., nucleation and self-assembly.

Despite the generality of Eq. (2.50), it may not be sufficient at high densities where the solvent
molecules/particles move in a highly correlated fashion during the transition, i.e., solvent reorgani-
zation. In this situation, the BKE-FTS methods can still use the FT'S method with the CV as given
in Eq. (2.50) to train neural networks that are implicitly aware of the solvent reorganization, since
each replica samples the solvent configurations that participate in the transition. Such a strategy
of utilizing the FTS method with the CV in Eq. (2.50) is used in Section 4 to compute committor
functions and reaction rates in a solvated dimer system with relatively high accuracy.

The FTS method is also ill-suited for problems involving multiple reaction pathways. This problem
can possibly be addressed by evolving multiple independent strings that are repulsive with respect
to each other, as is done in an extension of the string method in the CV space termed the climbing
multistring method [47], but it remains to be extended to the FTS method. Other methods more
amendable to studying processes with multiple reaction pathways, such as Markov State Models
[48-50], could also be considered in future work.

3 Computational Studies in Low-Dimensional Systems

In this section, we test Algorithms 1-6 to two model systems consisting of a single particle diffusing
in non-convex potential energies in one dimension (1D) and two dimensions (2D), respectively.
Reference solutions can be obtained in 1D and 2D via analytical method and the finite element
method (FEM), respectively, which will be used to ascertain the relative accuracy of the algorithms.
Before we introduce these two systems, we elaborate on the choice of the neural network, optimizer,
and initial conditions. For both systems, we use a single-hidden layer neural network with ReLU
activation functions and a sigmoidal output layer [39]:

4(x;0 = {Wy,wsy,b}) =0 (wa - ReLUW;1x + b)) , 3.1

where ReLU(s) = max(0, s), o(s) = 1+f> =, W is an m-by-d matrix of weights of the hidden
layer, wo and b; are m-dimensional vectors of weights of the output layer and biases of the hidden
layer, respectively, and the number of neurons is m = 200. The chosen optimizer is the Heavy-Ball
method [30] and Adam [31] for the 1D and 2D system, respectively; see Appendix B for a brief
review of each optimizer and associated hyperparameters for each study.

The neural network parameters are initialized randomly and subsequently updated by minimizing the
following mean-squared error function

—1\?
1(6;{x}) = MZ( (x50 f\;_1> (G2

a=1

where a gradient descent algorithm is used with a stepsize of 0.001 until 7(8) < 10~3. Here, x§ is
the initial configuration of the a-th replica, and is chosen to be the linear interpolation between a
known energy-minimizing configuration at the reactant state x3* and product state x5

a—1 a—1
xg=<1—M1)x3+(M1>xoB. (3.3)
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For the BKE-FTS(ME) and BKE-FTS(ME)+SL methods, the initial nodal points of the path are
chosen as ¢ = xg. For the BKE-FTS(US) and the BKE-FT'S(US)+SL method, since the FTS
method is run before the neural network training, x§ is set to the nodal point ¢o® of the converged
path. The choice in Eq. (3.2) ensures an initial guess of 6 that results in a monotonic increase of
the committor function from the reactant to the product states. It also provides an initial value of
the committor function that is compatible with the target value of the committor-based umbrella
sampling, avoiding large force evaluations for MD simulations. Additional details pertaining to
individual studies such as sampling schemes generating mini-batches for optimization, choices of
penalty strengths, and parameters controlling the FT'S method can be found in the Appendix B.

The accuracy of the algorithms is measured using both an L; norm measuring error in §(x; 6), and
the ensemble average of the BKE loss function given by Eq. (2.9). The latter is proportional to the
reaction rate in Eq. (2.5). The L;-norm error is defined over the region spanned by the transition tube,
Ty ={x € Q:|J(x)| > A} where A is a cut-off value, and normalized by the volume of the region.
This yields
1
- all = g | xlite0) g (3.4)
TA X TA
In all algorithms, an on-the-fly estimate of the ensemble average of Eq. (2.9) is computed at the k-th
iteration with the following formula:

M,z 0(x;01)

2 M 2 { ;0

0:1‘ k‘xerj C(X7 k) .

M for umbrella sampling
S IV 6 > o =[] s
o xq(X; = o . s .
5| Vxd(x; 6 o MGG Le(x; 1)

M

> Z(L > U(x;0r) for the master equation

a=1 IRk| xXERY

where the reweighting factors z, are evaluated using Eq. (2.19) for umbrella sampling and Eq. (2.48)
for the master equation, respectively. The estimate in Eq. (3.5) is then compared to the average BKE
loss function that is evaluated using reference solutions.

3.1 First Study: 1D Quartic Potential

In this section we study a 1D particle diffusing in a quartic potential V' (x) = (1 — x2?)? with
kgT = 1/15. This potential has two minima at x = —1, 1 with a saddle point at x = 0, which
is the transition state of the model. Setting the reactant state A = (—o0, —1] and product state
B = [1, 00+), the exact solution for the committor function gexact (X) can be obtained as

f: dx’e15V ()

= 3.6
f—ll dx/el5V(x") (3.6)

(exact (X)

Using Eq. (3.6), the average of the BKE loss function ($|Vxgexact(x)[*) can be computed as

-1

1
<§|vxqexact(x)2> = % (Z ( / dx eﬁ”"))) ~107°. 3.7
-1

To compute the L;-norm error, we set the transition tube region 7p = Q\ AU B = (—1,1).

Figure 9(a) shows that the neural network approximations §(x; 8) obtained from all methods converge
to the exact solution. However, the histograms of sampled configurations obtained from committor-
based umbrella sampling lack overlap between the reactant/product states and the transition state
(Fig. 9(b), top). As discussed in Section 2.2, this lack of overlap indicates that on-the-fly estimates of
the average BKE loss, and thus the chemical reaction rates, may not be accurate and are subject to
large variance/noise. On the other hand, the histograms from algorithms that use the FTS method
(Fig. 9(b), middle and bottom) show homogeneous sampling across the transition tube with sufficient
overlaps, which should translate to accurate low-variance estimates of reaction rates. Indeed, Fig. 9(c)
shows that the on-the-fly estimates from the BKE-US and BKE-US+SL methods exhibit large
fluctuations, spanning six orders in magnitude for a batch size of 16, while the algorithms that use the
FTS method can reduce this variance by approximately one order of magnitude for the same batch
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Figure 9: (a) Committor function obtained from all methods compared with the exact solution.
(b) Histograms of samples obtained from the BKE-US method (top), the BKE-FTS(ME) method
(middle), and the BKE-FTS(US) method (bottom). (c) On-the-fly estimates of the average BKE loss
obtained at every iteration and computed using a batch size of 16, with an inset plot showing their
cumulative averages over the last 1500 iterations. (d) The L;-norm error as a function of iterations.

size. When these on-the-fly estimates are cumulatively averaged, as shown in the inset of Fig. 9(c),
we also see that the BKE-US and BKE-US+SL methods yield inaccurate estimates of the average
BKE loss when compared to the algorithms employing the FTS method, as these estimates are off
from the exact value by two orders of magnitude. Irrespective of the sampling method, the addition
of supervised learning elements can yield an order-of-magnitude increase in the accuracy of the
committor function, as seen from the L;-norm error in Fig. 9(d). Based on these results, we may
conclude that the addition of the FT'S method and SL elements yields accurate committor functions
and low-variance estimates of the reaction rates.

3.2 Second Study: 2D Miiller-Brown Potential

Although the 1D system already showcases the salient advantages of incorporating SL elements and
the FTS method, it only serves as a check to ensure that all algorithms can converge in a setting where
an exact solution is available. The advantages and disadvantages of all algorithms can be observed
with a more complex problem involving a 2D potential energy landscape, where the transition path is
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Figure 10: (a) MB potential along with isocommittor lines from the FEM solution. Note the MB
contours correspond to 3Vyg. (b) MB potential along with contours indicating the lines of increasing
flux J(x) from white to red along with the transition path in black, computed using the FEM solution
via Eq. (2.4).

curved. To this end, we now study a particle subject to the 2D Miiller-Brown (MB) potential [51],
which is a Gaussian mixture potential given by

4
Viun() =3 kexp(w—mz) b)) —g) +ea-9°), G

A= ( —100,-170,15), a=(—1,—1,—6.5,—0.7),
b= (0, o 11 0.6), c=(-10,-10,—6.5,0.7),
z=(1,0,-05,—1), §=(0,0.5,1.51).

It has two minima at x§* ~ (—0.558,1.442) and x5 ~ (0.623,0.028). In what follows, we
study this model at a temperature where kg7' = 10. While an analytical form of ¢(x) for the
MB potential is unknown, we use FEM to numerically solve the BKE (Eq. (2.2)) via FEniCS
[52, 53], and obtain a solution to the committor function grpgn(x). This is done on the domain
0= 1 75,1.25] x [—0.5,2.25], with the reactant and product states defined by A = {x € Q :
|x — x| < 0.025} and B = {x € Q : |x — xB| < 0.025}, respectively. The FEM solution is
obtained by applying Dirichlet boundary conditions as per Eq. (2.3) along with a zero-flux Neumann
boundary condition on 952, and a mesh of roughly 3 - 10° elements. Contours of the MB potential
along with isocommittor lines of grr (x) are shown in Fig. 10(a), along with contours of increasing
flux and the transition path in Fig. 10(b).

The ensemble-averaged BKE loss with grry(x) over € is obtained by evaluating the variational
objective function in Eq. (2.7):

1
<2vquEM|2> A 2.46-107%. (3.9)

To compute the Lq-norm error, we select the transition tube domain to be Ty = {x € Q : [J(x)| >
A = 1.61 - 10~*}, which corresponds to the outermost white line in Fig. 10(b). In addition to
on-the-fly estimates, the ensemble average of the BKE loss from the neural network representation
4(x; 6) can be evaluated by numerically integrating over the entire domain, and is given by

1 .
<2|vxq<x; 0k>|2>m = [ o600 = (000 (3.10)

Equation (3.10) provides an additional metric for evaluating accuracy; in particular, comparing
Eq. (3.10) with the on-the-fly estimates allows us to evaluate the sampling error that arises from the
choice of estimator, while comparing Eq. (3.10) with the FEM value (Eq. (3.9)) allows us to evaluate
the error inherent to the neural network.

Figures 11(a-c) show the isocommittor lines and sampled configurations obtained from all algorithms.
We see from the isocommittor lines that methods employing supervised learning elements improve the
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Figure 11: Isocommittor lines for ¢ = 0.1, 0.5, and 0.9 (left to right) from (a) the BKE-US and BKE-
US+SL method, (b) the BKE-FTS(ME) and BKE-FTS(ME)+SL method, and (c) the BKE-FTS(US)
and BKE-FTS(US)+SL method. x markers denote representative samples obtained from algorithms
without supervised learning. Dotted lines are the transition paths obtained from the FTS method. (d)
The L1-norm error of the committor function as a function of iterations.

accuracy of the committor functions both in and outside the transition tube, as these surfaces follow
the FEM solution far more closely than the ones without such elements. This increase in accuracy is
also reflected in the L;-norm error shown in Fig. 11(d), where the error from methods with supervised
learning is reduced by an order of magnitude regardless of the chosen sampling method. Furthermore,
similar to the 1D system, committor-based umbrella sampling yields samples that are focused near
the transition state with little overlap between the reactant/product basins and the transition state
region; see Fig. 11(a). As mentioned in Section 2.2, this lack of overlap can negatively impact the
accuracy of the estimated reaction rates due to inaccurate estimates of free energy differences between
neighboring replicas and thereby the reweighting factors (Fig. 30). Conversely, all algorithms using
the FTS method yield overlapping samples that homogeneously cover the transition tube and hence
accurate estimates of reweighting factors (Figs. 31 and 32), indicating that reaction rate estimates
may be computed with higher accuracy and lower variance.

Figure 12(a) shows the on-the-fly estimates of the reaction rates or the average BKE loss from
all methods, computed using a smaller batch size of 64 samples and filtered over the nearest 200
iterations. With the exception of the BKE-FTS(ME) and BKE-FTS(ME)+SL methods, these on-the-
fly estimates converge towards values far from the FEM solution even though the ensemble-averaged
BKE loss computed by numerical integration (Eq. (3.10)) shows convergence towards the FEM value
(Fig. 12(c)). This shows the sampling error is still large, and larger batch sizes (Npatcn) are needed
to obtain accurate on-the-fly estimates. Figure 13(a) shows the ratio of the FEM and the on-the-fly
estimates as a function of batch size, where all the methods employing the FT'S methods converge
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Figure 12: (a) The filtered on-the-fly estimate of the BKE loss obtained at every iteration, with the
filtering window set to 200 iterations. (b) The ensemble-averaged loss per Eq. (3.10) obtained at
every iteration.
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Figure 13: The ratio between the average BKE loss from FEM solution (Eq. (3.9)) and on-the-fly
estimates, where the latter is cumulatively averaged over the last 3000 iterations of the neural network
training.

towards the FEM value with the exception of the BKE-US and BKE-US+SL methods, which plateau
to aratio of 0.1. As mentioned in Section 2.2, this discrepancy is related to the lack of overlaps in
the samples between the transition state and the reactant/product basins, resulting in the inaccurate
estimates of z,, (Fig. 30). These results show that replacing the committor-based umbrella sampling
with the FTS method results in more accurate estimates of the reaction rates.

Furthermore, the FTS method with path-based umbrella sampling is amenable to error analysis,
allowing us to estimate the errors in the reaction rates. In what follows, we provide such an analysis
for the BKE-FTS(US) and BKE-FTS(US)+SL methods, using which the sampling errors in the
on-the-fly estimates can be eliminated. As will be shown later in Fig. 21, this allows accurate
computation of the average BKE loss functions for the BKE-FTS(US) and BKE-FTS(US)+SL
methods at any batch size. Lastly, although the average BKE loss computed by numerical integration
may be closer to the FEM solution than the on-the-fly estimates, such computation is impractical
for high-dimensional problems due to the increased cost of quadrature, necessitating the procedure
constructed from error analysis to improve the accuracy in the on-the-fly estimates.
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3.3 Error Analysis of the Average BKE Loss Estimator

Before we begin the error analysis, we first plot the normalized histograms, i.e., the empirical probabil-
ity density functions (PDFs), of the logarithm of on-the-fly BKE loss for both the BKE-FT'S(US) and
BKE-FTS(US)+SL methods (Fig. 14), which show that fluctuations of these estimates are centered
around the FEM value. Furthermore, the resulting PDFs can be fitted to a log-normal distribution via
the method of moments [54] with increasing agreement as the batch size is increased. The emergence
of the log-normal distribution can be attributed to either the change in model parameters 8, during
optimization or the nature of umbrella sampling when used in conjunction with the estimator given
by Eq. (3.5). Since the log-normal statistics emerge when the neural network is already converged, it
is more likely for sampling to be the chief cause of these statistics, rather than the optimization. This
hypothesis can be tested by computing the on-the-fly BKE loss when the neural network parameters
are fixed at every iteration, which has the effect of decoupling the influence of optimization from
sampling. The histograms from this numerical experiment are shown in Fig. 15, where log-normal
distributions are produced as before, and their peaks are located precisely at the ensemble-averaged
BKE loss computed by numerical integration (Eq. (3.10)). The logarithm of the average BKE loss can
be shifted by the mean and normalized by the standard deviation of the corresponding distributions to
produce approximate standard normal distributions as seen in Fig. 16, with increasing batch sizes
having an increasing agreement with a standard normal distribution.

With the observation of log-normal statistics established, we now determine its origin by investigating
each component that contributes to the computation of the on-the-fly BKE loss in Eq. (3.5). To this
end, we provide a more concise notation for the estimator (Eq. (3.5)) by re-writing it as

M X Gk) M _

1 ;ZQ \M“\ Z { X0k:)} PIEN
<2thi(><;0k)l2> =— =(’;1 , (3.11)
fly _

al%
2 i %ﬂ wmal) =

where we define the division by ¢(x; 6y;) per sample with the * operator, and denote the standard
sample mean using the bar operator. Equation (3.11) requires computing free energies through
Z«, and sample means from each replica through ¢}, and 17, which indicates that the origin of the
log-normal statistics of the average BKE loss can be found once the statistics for z,, £,, and TZ are
determined individually. In what follows, we first investigate the statistics of z,, as computed via FEP.

To begin, we write the free-energy difference AF,, .o = F, — F per Eq. (2.18) as

1
BAFy o = —log | ——~ E exp(—BAW, o (x;0)) | , (3.12)
M~
xEMY
where AW, o/ (x5 0%) = Wy (x;05) — W (x; 6;). Note that free-energy differences are typically

computed for adjacent replicas, so that & = o’ & 1. For sufficiently small AW,, o/ (x; 6}), use of
Taylor series expansions yields

1
BAFoo ~ —log | rer S (1 BAWa . (x:601)) (3.13)
|k eMm’
1
~ —log 1_7|Ma’\ Z BAW,, o (x; 6}) (3.14)
i kL e
|Ma| > BAWG o (x:61). (3.15)
GM“

According to the central limit theorem and assuming that the samples x € M$ are independent and
identically distributed, the sample mean of AW, . is normally distributed, and thus the free-energy
differences AFy, o are also normally distributed. This argument only holds for small AW, +(x; 6y),

22



(a)

100 -

BKE-FTS(US)

10—1 -

PDF

1072 4

0o il
0

-2

-15 -10 -5 0

L0 ] BKE-FTS(US)+SL

1071 4

PDF

10—2 -

1073

A
-1

—20 5 —10 -5 0

In(5|Vxdl*)ay
Batch size
-== 4 —== 16 -== 64 —-== 256 —-== 1024 ---- FEM

Figure 14: Histograms yielding the probability density functions for the on-the-fly estimate of the
BKE loss at various batch sizes from the last 3000 iterations of training for the (a) BKE-FTS(US),
and (b) BKE-FTS(US)+SL methods. Corresponding dashed lines are log-normal distributions fitted
using the method of moments [54], while the dashed vertical black line corresponds to the average
BKE loss from the FEM solution.
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Figure 15: Histograms of the on-the-fly estimate of the average BKE loss at various batch sizes,
with the neural network parameters fixed at every iteration for the (a) BKE-FTS(US), and (b) BKE-
FTS(US)+SL methods. The neural network configuration corresponds to the one obtained from
training at batch size 4. Corresponding dashed lines are log-normal distributions fitted using the
method of moments [54], while the dashed vertical black line corresponds to the average BKE loss
computed by numerical integration (Eq. (3.10)).
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Figure 16: Histograms of the on-the-fly estimate of the average BKE loss shifted by the mean p and
normalized by the standard deviation o at various batch sizes, with the neural network parameters
fixed at every iteration for the (a) BKE-FTS(US), and (b) BKE-FTS(US)+SL methods. The neural
network configuration corresponds to the one obtained from training with a batch size of 4. The black
dashed line is a log-normal distributions with 4 = 0 and o = 1.

which can be achieved when there is overlap in configuration space—a condition that is ensured with a
good choice of the bias strength parameters. Since AF,, . is normally distributed, its exponentiation
e P#AFa.or is log-normally distributed. Using Eq. (2.19), for o not equal to the reference index -,
the un-normalized reweighting factor 2}, obtained from FEP is also log-normally distributed, since
it is computed from products of e~ #~a.a’ factors that are log-normally distributed [55]. Upon
normalizing z}, to obtain z,, we should observe approximately log-normal statistics for z,, since the
normalization requires dividing z;, with its sum, which is approximately log-normal [56—60].

The arguments we put forth for the statistics of SAFy, o and z, can be verified in simulations
by evaluating the probability density functions for the quantities of interest. For the forward free-
energy differences BAF(, 1), and the backward free-energy differences SAF(,_1) . the observed
distributions can be described by normal distributions (Figs. 33 and 34), which immediately imply
that their exponentiation is log-normally distributed. The resulting reweighting factors z,, are found
to be log-normally distributed, in agreement with our heuristic arguments, as seen from the PDFs of
In z,, in the first row of Fig. 17 for representative replicas, and Fig. 35 for all replicas. Note that there
exist free-energy differences, such as SAFy g and BAFig 9, that have a slight deviation in the tails
due to the presence of higher-moment terms. These effects are mostly removed when evaluating the
PDFs for In z,,, and it is expected that these tails disappear as the batch size is increased since this
leads to free-energy differences that further obey a normal distribution. To summarize the statistics
observed in all replicas, we group replicas with similar behaviors into four groups, corresponding to
the reactant (1-10), transition (11-13), metastable (14-18), and product (19-24) states. The results for
zq, for these groups are shown in the second column of Table 1.

With the sampling distributions of z, understood, we now study the sampling distributions for £/, and
1% . Assuming the values of ¢ and 17 are independent and identically distributed, one may expect
the corresponding sample means £}, and 17, to be normally distributed according to the central limit
theorem. However, we observe from simulations that these sample means are better described by
log-normal distributions; see the second and third rows of Fig. 17 for representative histograms, and
Figs. 36 and 37 for all histograms. Since log-normality arises when normally-distributed random
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Figure 17: Probability density functions of the various quantities representative of Table 1. Data
is obtained from sampling with batch size 1024, with a fixed neural network obtained from the
BKE-FTS(US)+SL method at the same batch size. Dashed blue lines are log-normal distributions
fitted using the method of moments [54], while the vertical dotted orange and solid black lines
correspond to the mean of the histograms and the corresponding ensemble average computed via
numerical integration, respectively.

variables are exponentiated, its origin is likely due to the sums of exponentials in c(x; 6y,) for 1%,
and the neural network model §(x;0;) for £, where the output layer of §(x;6y) contains the
sigmoidal function o(s) = 1/(1 + e~*). Nevertheless, the distributions possess tails that render the
log-normality only approximate in nature. We summarize these observations in the third and fourth
columns of Table 1.

Despite the approximate log-normality in ¥ and 1%, one need not understand accurately the distribu-
tions of £ and 1%, as the distributions obtained for the products z,¢% and 2,1}, which are needed by
the estimator in Eq. (3.12), are log-normal; see the fourth and fifth rows of Fig. 17 for representative
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Reoli 7 | 1 - 1 Var(lnz,) > | Var(lnz,) >
cplicas fa | o | fa | Fafa | fata Var(In ) Var(In17)
Reactant State (1-10) | x| X X v X v
Transition State (11-13) | v | vV | X v v v v
Metastable State (14-18) | v | X | X X v X v
Product State (19-24) | V| X v v v v

Table 1: Summary of error analysis results. For columns two through six, v indicates the distributions
in all or most replicas are log-normal, while X indicates the distributions in all or most replicas are
approximately log-normal with a skew or slight deviations in the tails. For columns seven and eight,
they indicate if the inequality holds. The corresponding histograms for columns two through six can
be found in Figs. 35-39.

histograms, and Figs. 38 and 39 for all histograms, as well as the fifth and sixth columns of Table 1
for a concise summary. The only exceptions are the histograms for z,¢, at the reactant (1-10) and
metastable state (14-18), which have slightly skewed log-normal behavior. However, these do not
contribute significantly to the overall BKE loss when compared to the transition state. To understand
why log-normality emerges again for z, ¢}, and 2,17, let us convert the products into sums by taking
the logarithm, so that In 2,¢7, = In 2, + In¢%, and In 2,17 = In z,, + In 1%,. The distribution of the
sum of two independent random variables, denoted more generally as Y = X; + X5, can be obtained
from the distributions for X; and X5 in terms of a convolution

py (y) = /Oo dz px, (z)px,(y — ). (3.16)

— 00

When one random variable, e.g., X5, possesses a much lower variance than the other random variable,
we expect that the value of X, will be constant relative to X;. In this limit, we may approximate
px, (x) with a Dirac delta function to yield

i)~ [ " de pxs (@)5(y — 2) = px, (9). (3.17)

Thus, the distribution for the sum is solely determined by the distribution of the random variable with
the highest variance. Although this argument is only a weak approximation, as the random variables
involved in z,¢}, and 2,1}, are correlated due to being processed from the same x values, it gives
an insight as to why z,£% and 2,1}, are log-normally distributed. Note that the true distributions of
In #%, and In 17 are not exactly known, but the distributions of In z,, consist of normal distributions.
If In z,, possesses a larger variance than In £}, or In 1¥, we expect from Eq. (3.17) that the distribution
of the sum in In 2,¢}, and In 2,1}, matches the normal distribution of In z,. This argument is verified
in the seventh and eighth columns of Table 1, where we see that In 2,£, and In 2,17 are normally
distributed whenever In z,, possess higher variance.

With the log-normality of z,£%, and z, 17, verified, we can examine the numerator nyzl Zo 0}, and

denominator Ziil 2o 1% of Eq. (3.11), which make up the on-the-fly average BKE loss. Since the
sum of log-normal random variables can be approximately described by a log-normal distribution [56—
60], both the numerator and denominator should be approximately log-normal. From simulations, we
find that the numerator is log-normally distributed (Fig. 18(a)) while the denominator is log-normally
distributed with slight deviations in the tails (Fig. 18(b)). Since the ratio of two log-normal random
variables is also log-normal, the resulting on-the-fly BKE loss should be log-normal, as shown in
Fig. 18(c). This is also in agreement with what is observed during training (Fig. 14), and when the
neural network is fixed (Fig. 15). Although the log-normality of the denominator is only approximate,
one can use the previous argument on sums of random variables, i.e., Eq. (3.17), to show that the
sampling distribution of the on-the-fly BKE loss is still log-normal, since the numerator has higher
variance than the denominator, thereby allowing the log-normality of the numerator to dominate in
the on-the-fly BKE loss. Given these results, we conclude that the on-the-fly estimates of the average
BKE loss obtained from the BKE-FTS(US) and BKE-FTS(US)+SL methods are approximately
log-normal.

Using the log-normal distribution of the average BKE loss, one can determine the asymptotic behavior
of the sampling error as a function of batch size Np,tch. Denoting the mean and variance of the
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Figure 18: Probability density functions of sums of 2./, z, 17, and the on-the-fly estimate of the
BKE loss function in logarithmic space. Data is obtained from sampling with batch size 1024, with a
fixed neural network obtained from the BKE-FTS(US)+SL method at the same batch size. Dashed
blue lines are log-normal distributions fitted using the method of moments [54], while the vertical
dotted orange and solid black lines correspond to the mean of the histograms and the corresponding
ensemble average computed via numerical integration, respectively.
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Figure 19: The absolute error in the on-the-fly BKE loss at different batch sizes, with respect to the
largest batch size. All error bars are 95 confidence intervals.

log-normal distribution as y and o2, respectively, we expect that the cumulative mean of the on-the-fly
BKE loss over iterations is given by [55]

K
1 1 A~ 2 ~ 1 2
K o rl > <2|VXQ(X, 61)| >ﬂy R exp (u+ 59 ) , (3.18)

k=k*

where K is the final iteration index, and £* is the iteration index when the on-the-fly estimates begin
to fluctuate around a plateau. Equation (3.18) implies that the cumulative mean of on-the-fly estimates
is always multiplied by a factor exp (302) > 1, since 02 > 0. This explains why the on-the-fly
estimates in Fig. 11(a) from both the BKE-FTS(US) and BKE-FTS(US)+SL methods are larger than
the FEM value, and why the ratio between the FEM value and the on-the-fly estimates in Fig. 12 is
always less than one. Furthermore, 62 ~ O(1/Npatcn ), implying for large Npatcn that

K

1 <1 . 9
L v > ~exp (1) 1+ O/ Nowear) s (3.19)
K—k*+1 k;* 2 ay t

thus showing the sampling error in the on-the-fly estimates scales as O(1/Npaten ). Defining the
absolute error as the difference between the cumulative mean of the on-the-fly estimates obtained
at smaller batch sizes and the one obtained at the largest batch size, we plot the absolute error as a
function of Ny, in Figure 13 for both the BKE-FTS(US) and BKE-FTS(US)+SL methods, where
the O(1/Npatcn ) scaling can be observed.

27



10~4 T 10— T T
1 2 1.7 1.8 1.9 2.0

# of Iterations *10° 4 of Iterations *x10°
—— Arithmetic Mean - Median ---- FEM
---- Geometric Mean — Eq. (3.10)

Figure 20: Using the geometric mean (a,b) and median (c,d) to remove the sampling error in the
filtered on-the-fly estimates (left column) and cumulative average (right column) of the on-the-fly
estimates in the BKE-FTS(US) method for batch size 64. Note that the remaining error between
the FEM value and the average BKE loss computed per Eq. (3.10) is due to the inherent error of the
chosen neural network. Cumulative mean and median are performed over the last 3000 iterations of
the algorithm. Shaded colors in (b) and (d) are 95 confidence intervals.
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Figure 21: The ratio between FEM and on-the-fly estimates, after taking the geometric mean and
median. Error bars are 95 confidence interval.
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Figure 22: Dimer particles in (left) compact and (right) extended states for ro = 2'/¢ and s = 0.25
for a system with p = 0.9. Only the seven nearest neighbors of each solvent particle are visualized
and made transparent. Image created using Ovito [61].

The knowledge of the log-normal distribution can also be used to remove the sampling error be-
tween the on-the-fly estimates and the ensemble-averaged loss computed by numerical integration
(Eq. (3.10)). This can be achieved by taking the median and geometric mean of the on-the-fly
estimates since they are equal to the true mean exp(u) for log-normally distributed random variables
[55]. We demonstrate this by applying the geometric mean (Figs. 20(a,b)) and median (Figs. 20(c,d))
to remove the sampling error in the filtered on-the-fly estimates and the cumulative mean from the
BKE-FTS(US) method.

Furthermore, the geometric mean or median can be used to obtain similar accuracy in the average
BKE loss across all batch sizes, as seen in Fig. 21 where we plot the ratio between the FEM value
and the geometric mean and median of the on-the-fly estimates from the BKE-FTS(US) and BKE—
FTS(US)+SL methods. Note that the ratio obtained from the BKE-FTS(US) method at the smallest
batch size is larger than one, in contrast to the expected log-normal prediction that is less than one,
but this result is consistent with the presence of the tails in the histograms for the smallest batch size;
see Figs. 14(a) and 15(a). Nevertheless, the accuracy obtained from the smallest batch size after
applying the geometric mean and median is comparable to the accuracy obtained from the largest
batch size. Thus, one can use the BKE-FTS(US) and BKE-FTS(US)+SL methods to train neural
networks with smaller batch sizes, which results in cheaper simulation costs, without loss in the
accuracy in the reaction rates estimated on-the-fly.

4 Computational Study of a Solvated Dimer System

Until now, all previous studies correspond to a single particle diffusing in low-dimensional energy
landscapes where a reference solution for ¢(x) is known through analytical or numerical methods,
allowing us to understand the accuracy of the proposed methods. However, the neural network
representation of the committor function can also be employed in molecular systems with a high-
dimensional configuration space with no reference solution, demonstrating the applicability of the
proposed methods. To this end, we now test Algorithms 1-6 on a solvated dimer system [62], where
the dimer transitions between a compact and an extended state; see Fig. 22. In what follows, we
compute the committor function and reaction rate corresponding to the transition between the compact
and the extended states of the dimer.

In this system, the dimer particles interact via a bond potential given by

( ok
Viimer () = h [1 - T”;S] , @.1)
s
where r is the distance between the particles, h = 5.0 kg7 is the height of the barrier, 7y = 2'/6
sets the distance in the compact state, and s = 0.25 sets the distance in the extended state. The
distance in the compact state is r = 7(, and the distance in the extended state is r = rg + 2s (Fig. 22).
The solvent particles interact between themselves and the dimer particles by the Weeks-Chandler-
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Andersen potential [63]

st = ([ (4)" ()

where € = 1.0, rwca = 26, and © (z) is the Heaviside function. We test all the methods on systems
of densities 0.05, 0.4, and 0.7 with a dimer and 30 solvent particles, and a system of density 0.9 with
a dimer and 46 solvent particles. For all systems, the temperature is maintained at k7" = 1.

+ f) O (rwea — 1) , 4.2)

In comparison to the low-dimensional systems, molecular systems may have many particles with
different species identities. To increase efficiency in training, the neural network should satisfy
invariances with respect to translations, rotations, and permutations of the particle positions x and
species identities z. To this end, we use a neural network of the form

q(x,2;,0) = 0 (f(x,2:0)) , (4.3)
where the species identities z correspond to z = 1 for a dimer particle and z = 0 for a solvent
particle, and f(x, z; ) being the implementation of SchNet [64] available with PyTorch Geometric
[65]. SchNet is a message-passing neural network that determines the contribution to the committor
function for each particle, satisfying permutation invariance of the particle identities, using a scheme
dependent only on the distances between particles, satisfying the aforementioned translational and
rotational invariances. SchNet first maps for each particle a high dimensional feature vector that is
obtained from an embedding of the particle identities. The feature vectors are then updated using
continuous-filter convolutions over the relative distances of a particle to its neighboring particles,
which incorporate information about the particle environment; these operations are termed interaction
blocks. The use of the feature vectors and interaction blocks allows for SchNet to learn the effect of
particle environments on the per particle contribution to the committor function without the use of
handcrafted descriptors. The feature vectors are then reduced into a scalar per particle contribution
to the committor function through a dense neural network, which are summed together and passed
through a sigmoid to obtain the neural network representation of the committor function. In this
work, we use a feature vector size of 64 and 3 interaction blocks and perform the continuous-filter
convolution for each particle over all other particles. For details on the associated hyper-parameters for
each study and parameters used for BKE-US, BKE-FTS(ME), and BKE-FTS(US), see Appendix B.3.
See also Ref. [64] for more details on the general architecture of SchNet and our code repository’ for
its implementation in this work.

We apply the same training procedure as done for the 1D and 2D systems with the BKE-US, BKE—
FTS(ME), and BKE-FTS(US) methods plus their SL variants, where all methods use 24 replicas of
a batch size of 8 samples collected every 25 steps. Initial configurations for sampling are obtained
using umbrella sampling simulations with respect to the dimer bond distance r with a potential of the
form

1

W, = §/<aa (r— ra)2 , 4.4)

where ko = 1200 kgT and ro, = 0.75+ 122075 (o — 1) for v € [1, 32]. These simulations generate
a set of equilibrium configurations corresponding to the reactant, product, and in-between states.
Furthermore, they are used to initialize the neural network and evaluate the quality of the trained
neural network with a fixed data set. This data set consists of 10* samples per umbrella sampling
replica generated from simulations of length 107 time steps with a sampling period of 10? time steps.

The neural network initialization is done through a similar procedure as described in Section 3. The
neural network parameters are initialized randomly, and updated by minimizing Eq. (3.2) using
Adam with a stepsize of 1 - 107° until 7(@) < 10~*. The initial configurations x§ are chosen to
be the configurations obtained using the above umbrella sampling procedure with bond distances
closest to o = 0.98 + L2098 (o — 1) for av € [1,24]. As in the previous 1D and 2D cases, the
BKE-FTS(ME) and BKE-FTS(ME)+SL methods use ¢ = x§, and the BKE-FTS(US) and the
BKE-FTS(US)+SL methods sets x§ to be the nodal point ¢“ of the converged path. All additional
details related to sampling schemes generating mini-batches for optimization, penalty strengths, and
parameters controlling the FTS method can be found in the Appendix B.3.

Figure 23 shows the on-the-fly estimates of the reaction rates or the average BKE loss from all
methods tested on various densities for a batch size of 8 samples. For densities of 0.05, 0.4, and

"https://github.com/muhammadhasyim/tps-torch
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Figure 23: The filtered on-the-fly estimate of the BKE loss obtained at every iteration for the solvated
dimer system, with the filtering window set to 200 iterations. A total of 10* unbiased trajectories are

used to compute a direct estimate of the reaction rate (dashed line) for comparison with the proposed
methods.

0.7 (Fig. 23(a-c)), the BKE-FTS(ME) and BKE-FTS(US) estimates plateau around the same value
near the estimate obtained from direct simulation, while BKE-US has high variance around a
different plateau. For a density of 0.9 all methods plateau around the same value. As with the low-
dimensional systems, the BKE-FTS(ME) and BKE-FTS(US) methods sample the reaction pathway,
corresponding to dimer distances between the compact and extended states, homogeneously across
all densities. In contrast, the BKE-US method does not homogeneously sample the reaction pathway
although the transition state is better sampled at p = 0.9 compared to lower densities (Fig. 24).
This behavior results in slightly improved overlaps between samples from the reactant/product state
and the transition state, which may explain why the reasonable agreement is obtained between the
BKE-US method and the direct estimate at p = 0.9.

The accuracy of all methods can be assessed by comparing an empirical committor function gem, (1)
computed at a fixed value of bond length r with the corresponding value §(r, z; @) obtained from the
neural network. At fixed r, the committor values are spread across a distribution since the committor
depends not only on r but also on solvent configurations. Thus, both gemp (1) and §(r, z; @) represent
estimates of the mean committor at fixed r. Given the full empirical committor function gemp(x)
(Eq. (2.20)) and neural network ¢(x, z; @), we can compute these means via a binning procedure.
Letting Q; be a set of configurations such that every x € Q; satisfies r € (r;_1,7;], the binning
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Figure 25: Average committor profiles for the methods compared to the empirical results for dimer in
solvent systems. The values are binned for 31 windows between ry,i, = 0.95 and r,.x = 1.75.

procedure yields the following formulas:

1 .
Q(ri,2;,0) = == > (x,%86), (4.5)
| ‘ x€Q;
Gemp (7)) Z Gemp (X (4.6)
|Q’L‘ x€Q;

where every x € Q; is obtained from the configurations sampled via the umbrella potential in Eq. (4.4)
and gemp (x) is computed using 1250 trajectories per configuration x. Figure 25 plots ¢emp(7;) and

4(r4, z; @) with their respective variances, which represent the intrinsic spread of committor values
around their mean at r = r;. We see that the BKE-US and BKE-US+SL methods have a systematic
difference between the average binned neural network and empirical values. Meanwhile, the BKE—
FTS(ME) and BKE-FTS(US) have a slightly lower systematic difference, which decreases further
upon the use of supervised learning.

We further assess the accuracy of all methods by computing the mean of absolute error between the
binned values of the neural network committor and the empirical committor, i.e.,

1G(rs) = emp(rs) [l = \QI D 1d(x,2:8) — gemp(x)] “.7)

x€Q;

Figure 26 shows the mean of absolute errors for all densities, where we find that the error is the
largest near ¢(r) = 1/2. Furthermore, we observe a hierarchy in the reduction of errors. For densities
p of 0.05-0.7, the order of methods with increasing accuracy goes as BKE-US < BKE-FTS(ME) <
BKE-FTS(US), and the addition of supervised learning improves the accuracy of each respective
method.
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We now assess the accuracy of the methods through the average BKE loss, and thereby the reaction
rates. Unlike the low-dimensional studies, where the average BKE loss of the neural network
can be evaluated via quadrature (Eq. (3.10)), numerically exact calculation is not possible in high-
dimensional problems and a new scheme is needed. To this end, we choose umbrella sampling with
a reweighting procedure to compute the average BKE loss with minimal sampling error. This new
scheme utilizes the earlier dataset obtained for the initialization of the neural network as a validation
dataset, where umbrella sampling with respect to Eq. (4.4) was used to obtain 10* configurations
from all 32 replicas. Given this dataset, we compute the reweighting factors z, using the multistate
Bennett acceptance ratio (MBAR) method. Note that MBAR is used instead of FEP since it yields
estimates of z, with lower error than FEP, albeit at a higher computational cost [66]. Once the MBAR
reweighting factors zMBAR are computed, the reaction rate from the neural network can be estimated

from a modification gf Eq. (3.5) for umbrella sampling,

i?z%BAR Z 0(x;0)
. ) =T A R )
R = (|Vxq(x;0)]*) = =5 TBAR - (4.8)
Za

)
2 Mo 2 L(x; 0)
Evaluating Eq. (4.8) produces the results seen in Fig. 27(a), which are compared to the true reaction
rate as estimated by direct molecular simulation. The results in Fig. 27(a) mirror the trends seen in

Fig. 26.

As established by the error analysis in Section 3.3, we may avoid costly computation in Eq. (4.8) for
the BKE-FTS(US) and BKE-FTS(US)+SL methods via the geometric-mean estimate to eliminate
sampling error at low batch sizes. The comparison between the arithmetic and geometric mean on
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Figure 27: (a) The reaction rate Vg of the neural network per Eq. (4.8) as a function of density. (b)
Comparison between the arithmetic mean and geometric mean applied to the last 3000 samples from
training to direct simulation as a function of density. Error bars are 95 confidence interval.

the on-the-fly estimates, taken from the last portion of training, is shown in Fig. 27(b). Similar to the
low-dimensional case, the geometric mean is able to recover estimates of the reaction rate closer to
the true reaction rate than the arithmetic mean, demonstrating the generality of the results from the
error analysis. Furthermore, the trend between the geometric mean agrees reasonably well with the
true reaction rate across all densities. This result supports the points made in Section 2.4.2 that the
BKE-FTS methods are able to account for solvent effects despite using a CV that ignores solvent
configurations and thereby predicting the correct trend of the reaction rate as a function of density.

5 Conclusion & Future Work

In summary, building on the work of Ref. [1], we have introduced and discussed a set of ML-based
algorithms for computing accurate and precise committor functions and reaction rates. Accuracy
in computing committor functions is improved by adding elements of supervised learning, where
committor values obtained from short molecular trajectories are used to improve the neural network
training. On the other hand, accuracy in the estimated reaction rates is significantly improved by
incorporating the FTS method, which allows homogeneous sampling across the transition tube
necessary for obtaining accurate free energies and reweighting factors. Furthermore, for the FTS
method via path-based umbrella sampling as in the BKE-FTS(US) and BKE-FTS(US)+SL method,
we provide an error analysis, which shows that the on-the-fly estimates of the average BKE loss obey
log-normal statistics. This analysis also shows that the sampling error in the on-the-fly estimates of
reaction rates can be removed by computing its geometric mean or median. The different combinations
of supervised learning and the FTS method yield five additional algorithms, which were tested against
three model systems. Out of the six algorithms, we recommend the BKE-FTS(US)+SL method,
which combines all the strengths of supervised learning and the FTS method, in conjunction with the
geometric mean/median procedure that allows accurate and precise computation of reaction rates
with a small number of samples, e.g., batch size of O(10%).
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Future work involves investigating ways of further increasing the accuracy of the methods on
molecular systems. The accuracy could likely be increased through the use of an equivariant neural
network [67], with neural networks satisfying equivariance throughout the hidden layers having been
shown to yield increased accuracy in predictions of molecular properties over SchNet [68]. Future
work should also explore other model systems ranging from ionic association/dissociation in NaCl
solution, where the transition pathway involves the association/dissociation of Na*—C1~ ionic pairs
[69—72], to excitation events in glassy systems, where the transition state is known to have elastic
signatures that are crucial for the structural relaxation [73].
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A Computing Reweighting Factors in the Master-Equation Approach

Recall that the reweighting factor z,, in the BKE-FTS(ME) and BKE-FTS(ME)+SL methods are
computed by solving the master equation Eq. (2.48). One can re-write Eq. (2.48) as a matrix equation:

Kz=0, (A1)

where z = zp€4, K = Kpo€q ® €q/, and Koo = kL, for a # o and Koo = — Y koo’
Since Eq. (A.1) defines z as the basis vector of the null-space of K, one can use singular value
decomposition (SVD) to factorize K = UX VT, and set the solution z as the column vector of V
corresponding to the zero singular value. One can then normalize the vector z to satisfy the constraint

Ziil Zo = 1.

In extremely short simulation runs, the off-diagonals of N, can be zero due to the absence of
rejection counts, which may result in estimates of z,, i.e., elements of column vector of V, that
are not strictly positive. To ensure that the algorithm computes the correct column vector, we shift
the off-diagonals k(1) and k(,_1), by a tolerance value of 2 - 1079, i.e., slightly lower than the
machine epsilon of single-precision floats, and set the tolerance for zero singular-value detection to
be 10~°. For this choice of tolerance values, the estimated z, converge in the limit of large batch
sizes to the z, computed by numerical integration of Eq. (2.47); see Fig. 31. Note that a range of
tolerance values 10~11~10~® have also been used with no change to the results.

B Computational Details on Optimization and Sampling

In this section, we provide additional details relevant to both the sampling and optimization steps
of all algorithms. The simulation of multiple replicas are distributed with MPI and interfaced with
PyTorch [74] for performing optimization’.

B.1 First Study: 1D Quartic Potential

In the first study, umbrella sampling is performed with M = 20 replicas with dynamics described
by the overdamped Langevin dynamics in Eq. (2.14). For committor-based umbrella sampling, bias

potential parameters for each replica are set to £, = 50 and ¢, = ]?2—_11 . For the path- or string-based
I

umbrella sampling, the bias strength ko = 5, and the choice of x_ is irrelevant since there is no
perpendicular direction in 1D. The transition path used as input for the path-based umbrella sampling
is obtained by running the FTS method up to 100 iterations. Note that the FT'S method is also
performed with the same number of replicas, but with dynamics described by Egs. (2.38)-(2.39). In
all algorithms, the friction coefficient v = 1, and step size At = 0.005. The size of a-th batch at
every iteration is set to | M| = 16 and |R{| = 16 for methods employing umbrella sampling and
the FTS method, respectively. Each sample x € M and x € R is collected every 25 timesteps.

For the supervised learning component, the penalty strength Ag;, = 100 at all iterations, and empirical
committor values are collected at every 40 iterations of the algorithm, i.e., Temp = 40. The initial
and final iteration index are set to kemp,s = 10 and kemp, r = 2500, respectively. The number of
trajectories for each replica is H = 100. The size of a-th mini-batch is |C'| = 0.5|C®|, and thus the
size of mini-batch during iterations grows as more samples are stored into C*

For the boundary conditions, the penalty strengths are Ay = Ag = 10%. The reactant and product
batches .4 and B3 are collected prior to the start of each algorithm using dynamics given by Egs. (2.38)-
(2.39), but with R,, replaced with A and B, respectively. The size |A| = |B| = 250M and each
sample is also collected every 100 timesteps. During optimization, the mini-batch is randomly
sampled without replacement from the original batch A and B, where the size | Ay | = |By| = 125M.

The chosen optimizer to train the neural network is the Heavy-Ball method [30], which takes in
two hyper-parameters as inputs. The first is the step size/learning rate 7, while the second is the
momentum coefficient . Given any function f(0) to minimize, the Heavy-Ball method updates
model parameters 0 with the following equation:

my1 = umy + Vo f(0r), (B.1)
0p11 =0, —nmmyq, (B.2)

"https://github.com/muhammadhasyim/tps-torch
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where my = 0. Note that our notation is consistent with PyTorch’s implementation of the Heavy-
Ball method. For all methods, 7 = 5-107% and = 0.95. The gradient Vg f(0) in Eq. (B.1)
corresponds to, e.g., Eq. (2.15) for the BKE-US and BKE-FTS(US) method, and Eq. (2.46) for the
BKE-FTS(ME) method, with additional mini-batches used as inputs to the gradient computation.

For the FTS method, the penalty strength is set to A\g = 0.1M, where M = 20 is the number of
replicas. In addition, we replace the SGD step in Eq. (2.43) with a momentum-variant called the
Nesterov’s method [42]. As implemented in PyTorch, which follows the simplified version in [75],
the Nesterov’s update can be written as

my 1 = p’my + (14 1) Ve C({7}) (B.3)
Py =pp — Atmyy, (B.4)

where mg = 0. We set the step size/learning rate A7 = 10~2 and momentum coefficient g = 0.9.

B.2 Second Study: Muller-Brown Potential

In the second study, umbrella sampling is performed with M = 24 replicas with dynamics given
by Metropolis Monte Carlo [18, 76]. The particle is displaced in both directions by a random
value between —Ar and Ar to yield a new position x’, which is accepted with probability given
by Py = min [1,exp (—8(Vmp(x') — Vmp(x)))]. The value of Ar is 0.05 when generating the
batches M for umbrella sampling, R{ for the FTS method, and C;* for supervised learning, while it
is set to 0.01 for sampling the reactant and product states. For committor-based umbrella sampling,

do 1S set to be fv}’_ll and k, = 10000 for all o. For the path- or string-based umbrella sampling,
Il

we choose bias strength x = 1100 and x> = 600 and the transition path used as input is obtained
by running the FTS method up to 100 iterations. Note the FT'S method also uses the same amount
of replicas as umbrella sampling, and the Monte Carlo method to sample configurations inside the
Voronoi cells. For Figs. 11 and 12, the size of a-th batch at every iteration is set to |[M| = 16
and |R%| = 4 for methods employing umbrella sampling and the FTS method, respectively. For
Figs. 13-39, we use a list of batch sizes [4, 16, 64, 256, 1024], where each sample x € M and
x € Ry is collected every 25 timesteps.

For the supervised learning component, the penalty strength is set to Agr, = 100 initially. Beginning
at iteration 300, Agr, is increased linearly to 25000 at iteration 10000. Empirical committor values
are collected at every 10 iterations of the algorithm, i.e., Temp = 10. The initial and final iteration
index where we start and end supervised learning is set to kemp,s = 10 and kemp, ¢ = 1000. The
number of trials for every window H = 100. The size of o-th mini-batch is |C¥| = 0.5|C®|, and thus
the size of mini-batch we use during iterations again grows as more samples are stored into C* as in
the 1D case.

For the boundary conditions, the penalty strengths Ay = Ap = 10%. The reactant and product batches
A and B are collected before the start of each algorithm with dynamics confined to regions A and
B, respectively. The size of the number of samples is |A| = |B] = 100M and each sample is also
collected every 10 timesteps. The mini-batch is randomly sampled without replacement from the
original batch A and B with | Ay | = |By| = 50M.

The optimizer used to train the neural network in MB systems is Adam [31], which takes in four hyper-
parameters as inputs: the first is the step size/learning rate 7, the second and third are momentum
coefficients /31 and [32 that control the change in the momentum and momentum squared respectively,
and the fourth parameter ¢ is a term added to improve numerical stability. For any function f(6)
being optimized, the Adam update of model parameters 6}, can be written as

my1 = fimy + (1 = B1)Ve f(6k), (B.5)
Vi1 = Bavi + (1 — B2) [Vo f(Or) © Vo f(6)] (B.6)
My = %, (B.7)

¥y = 1_‘2#% (B.8)
Hy. — diag [\/ﬂ te, (B.9)
Ors1 = Ok — n(Hyp1) 'ty (B.10)
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where © is the element-wise product between two vectors that yields a new vector of the same
dimension, the square root in Eq. (B.9) is applied element-wise to the vector, diag [. ..] is a diagonal
matrix obtained from elements of an input vector. Initially mg = 0 and vy = 0. Note that our
notation is consistent with PyTorch’s implementation of Adam, and for all methods, = 1- 1073,
B1=0.9, B2 = 0.999, and € = 1075,

For the FTS method, the penalty strength for the Miiller-Brown potential is set to Ag = 0.1M. The
previously mentioned Nesterov’s update scheme is also used here, with the step size/learning rate
A7 = 0.05 and momentum coefficient . = 0.9.

B.3 Third Study: Solvated Dimer

In the third study, umbrella sampling is performed with M = 24 replicas with dynamics described
by the overdamped Langevin dynamics in Eq. (2.14). For committor-based umbrella sampling, bias
potential parameters for each replica are set to x, = 100 for p = 0.05, 0.4, and 0.7 and K, = 50
for p = 0.9, and ¢, = ]?/[;_11 for all densities. For the path- or string-based umbrella sampling,

the bias strength nl‘y = Kk = 1200. The transition path used as input for the path-based umbrella

sampling is obtained by running the FT'S method to 20000 iterations. Note that the FT'S method is
also performed with the same number of replicas, but with dynamics described by Egs. (2.38)-(2.39).
In all algorithms, the friction coefficient v = 1, and step size At = 0.0001. The size of «-th batch at
every iteration is set to |[M¢| = 8 and |R¢| = 8 for methods employing umbrella sampling and the
FTS method, respectively. Each sample x € M and x € R, is collected every 25 timesteps.

For the supervised learning component, the penalty strength is set to Agr, = 100 initially. Beginning
at iteration 200, Agy, is increased linearly to 1000 at iteration 10000. Empirical committor values are
collected at every 10 iterations of the algorithm, i.e., 7emp = 10. The initial and final iteration index
where we start and end supervised learning is set t0 kemp,s = 10 and kemp, 5 = 5000. The number of
trials for every window H = 100. The size of a-th mini-batch is |Cy}| = 0.5|C*|, and thus the size of
mini-batch we use during iterations again grows as more samples are stored into C® as in the 1D and
2D cases.

For the boundary conditions, the penalty strengths Ay = Ag = 10*. The reactant and product batches
A and B are collected before the start of each algorithm with dynamics confined to regions A and
B, respectively. The size of the number of samples is |.A| = |B] = 100M and each sample is also
collected every 10 timesteps. The mini-batch is randomly sampled without replacement from the
original batch A and B with | Ay | = |By| = 50M.

The optimizer used to train the neural network in dimer systems is Adam as previously described in
Appendix B.2. Initially my = 0 and v = 0. For all densities and methods, n = 1 - 1075, 3; = 0.9,
B = 0.999, and e = 1078,

For the FTS method, the penalty strength for the Miiller-Brown potential is set to A\s = 0.1M. The
previously mentioned Nesterov’s update scheme is also used here, with the step size/learning rate
A7 = 0.001 and momentum coefficient ;1 = 0.9.

C Comments on the Supervised Learning Loss Function

In this section, we compare the results from the supervised learning scheme used in this work with
that of the more standard scheme seen in the literature [39], which utilizes the mean-squared error
(MSE) loss function given by Eq. (2.22) instead of the supervised-learning loss given by Eq. (2.24).
Switching the supervised-learning loss yields new algorithms denoted as the BKE-US+MSE, BKE-
FTS(ME)+MSE, and the BKE-FTS(US)+MSE methods. The procedure for training the neural
network follows that described in Appendix B.2, except for the BKE-US+MSE method where Ayisg
is increased linearly to 2500.

The results demonstrate that the use of the MSE loss function yields worse accuracy, as shown in
the isocommittor lines and L;-norm error in Fig. 28. In fact, the L;-norm error of all methods
employing the MSE loss function increases at later iterations. Furthermore, with the exception of
the BKE-FTS(ME)+MSE method, both the on-the-fly estimates (Fig. 29(a)) and ensemble-averaged
BKE loss function (Fig. 29(b)) increase at higher iterations. This suggests that the MSE loss function
is prone to overfitting [39], and we provide a sketch for why this occurs. To this end, the gradients of
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Figure 28: Isocommittor lines for ¢ = 0.1, 0.5, and 0.9 from (a) the BKE-US+SL and BKE-US+MSE
method, (b) the BKE-FTS(ME)+SL and BKE-FTS(ME)+SL method, (c) the BKE-FTS(US) and
BKE-FTS(US)+MSE method. x markers denote representative samples obtained from algorithms
the SL methods. (d) The L-norm error as a function of iterations.

the losses with respect to the neural network parameters are evaluated. For the MSE loss function in
Eq. (2.22) this is

M
. A 1
Voluse(8;{CP}) = hﬁEZW > Voluse(demp, x; 0) ((eR)
a=1 (‘Zemp,x)GC
_ sy~ L i(x; 0 Voi(x; 0 2
- M Z|Cg| Z (Q(X, )_Qemp) OQ(Xa ) (C)
a=1

(qemp ,X) EC?

Note that the error §(x; 0) — gemp for every x is correlated point-wise with the model’s gradient
Ved(x; 0), which causes large point-wise errors to have more weight in the gradient descent direction.
If the global minimum is reached, this results in fitting every datapoint in x perfectly, despite the
statistical noise in the data. In comparison the gradient of the supervised-learning loss Eq. (2.24) is

A
VoLsL(0;{CP}) = = Z Volur(Cf; 0) (C.3)

M
=%§; T 2 A050) ~quny) |Cla| S Veix0)|

(Qempvx)ecg (Qempvx)ec
(C4)
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Figure 29: (a) The filtered on-the-fly estimate of the BKE loss obtained at every iteration, with the
filtering window set to 200 iterations. (b) The ensemble-averaged loss per Eq. (3.10) obtained at
every iteration.

where the error §(x; 6) — gemp and model gradient Vg{(x; 0) are now individually averaged with
respect to samples in C;'. This averaging is crucial as it reduces the statistical noise in the empirical
committor function gemp(x). To see this, we first write gemp(x) in terms of the exact committor
function ¢(x) as

Gemp(X) = q(x) + €(x), (C5)
where €(x) is some noise. It is expected that e(x) has zero mean and some unknown variance related
to the number of trajectories used in the estimate. In the limit of large batch sizes, we can approximate
the average over samples with an ensemble average. We then have for a single replica o

2

(€10 = 3| G D (A650) o) )
(gemp,x)EC

= 5 (A050) ~ domp ()’ )

~ 5 ((0(06:0) — g(x)) o — {e(x)a)” (3)

~ 5 (00 60) — a0 (©9)

where (...),, is the ensemble average with respect to replica . Note that the noise has been approxi-
mately canceled due to the effective matching of negative and positive error terms. In practice, the
locality of the replicas in both umbrella sampling and the FTS method likely ensures that e(x) is
slowly varying. This leads to the annihilation of noise at the level of summing over batches from
every replica without the need for higher quality gemp(X).

Returning to the gradient of the supervised learning loss function given in Eq. (C.4), we have for
large mini-batch sizes

M
VolsL(0;{C2}) ~ Aﬁ Z (%)) (Ved(x;0))a , (C.10)

in which the replica average of the gradient is coupled to a noise-reduced measure of the error. A
global minimum is achieved when

(4(x;0))0 = (¢(x))a Va. (C.11)
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Figure 30: (a) The sample mean of the BKE loss from each replica £ = IM%“I > and
k

xEMF c(x;05)°
(b) the estimated reweighting factor z, from each replica «, in comparison to the values obtained by
numerical integration (‘Exact’) for committor-based umbrella sampling. This is done using a fixed

neural network for all batch sizes that is obtained from the BKE-US+SL method.

While this condition can be satisfied for §(x;0) # ¢(x) in the region sampled by replica «, the
additional loss terms in Eq. (2.12) and continuity between replicas seem to prevent trivial solutions in
practice.

In summary, compared to the standard mean-squared loss, the chosen supervised-learning loss
function avoids overfitting. This is likely due to the polling of empirical committor estimates, which
leads to a reduction in the effect of noise on the optimization.

D Examining the Sampling Error in Reweighting Factors

In this section, we examine how sampling error in the reweighting factors z,, estimated from all
algorithms is reduced in the limit of large batch sizes. For a given batch size, z,, is computed over
many iterations of each algorithm while keeping the neural network fixed. Afterwards, the mean
of z, computed from all iterations is compared to the z, computed from numerical integration of
Eq. (2.16) for umbrella sampling, and Eq. (2.47) for the master-equation approach.

Figure 30(b) shows z, for committor-based umbrella sampling, where inaccurate estimates are
obtained for o € [5,24]. This result arises due to a lack of overlap in samples obtained from
adjacent replicas since o = 5 coincides with the beginning of non-overlap between samples from
the reactant state (1-4) and the transition state, which begins at « = 5. The inaccuracy in z, can

be contrasted with the sample-mean quantity Ej; = Wla\ > £xi0%) (Fig. 30(a)), which shows
k

XEMF c(x;0%)
uniform convergence beginning with the smallest batch size. Fr(k)m these results, we may conclude
that the large sampling error of the on-the-fly estimates from the BKE-US and BKE-US(SL) method
arises from inaccurate reweighting factors due to the lack of overlap in samples between neighboring
replicas, and the accuracy may only be improved with prohibitively large batch sizes for training.

Figure 31 shows both z, and the sample mean of the BKE loss from each replica /, =
|R—1@‘ erRg £(x; 0y), as obtained from the FTS method with master equation. We see that the
k =

quantity ¢, converges quickly and uniformly, but the error in the reweighting factor z,, which is
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(b) the estimated reweighting factor In z,, from each replica «, in comparison to the values obtained
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the largest for o € [11, 24], only diminishes at batch sizes that are too large and impractical to use
for neural network training, i.e., at O(4 - 10®). Meanwhile, z,, computed from path-based umbrella
sampling (Fig. 32(b)) achieves convergence at relatively smaller batch sizes, i.e., at 0(10?), with
similar quick convergence for the corresponding ¢7, (Fig. 32(a)). This demonstrates the advantage of
using path-based umbrella sampling for computing accurate reweighting factors, and thus the utility
of the BKE-FTS(US) and BKE-FTS(US)+SL method in obtaining accurate on-the-fly estimates of
reaction rates at a wide range of batch sizes.

E Additional Figures for Examining Log-Normal Behavior

This section contains additional figures for the probability density functions (PDFs) of all quantities
of interest in Section 3.3 for all replicas. The histograms for the forward free-energy differences
are given in Fig. 33. The histograms for the backward free-energy differences are given in Fig. 34.
The histograms for the reweighting factors are given in Fig. 35. The histograms for In £}, and In 17,
are given in Figs. 36 and 37, respectively. The histograms for In 2,/ and In 2,1}, are given in
Figs. 38 and 39, respectively. For all histograms, data is obtained by sampling a fixed neural network
obtained from the BKE-FTS(US)+SL method at a batch size of 1024. Dashed blue lines correspond
to log-normal distributions fitted using the method of moments [54], while the vertical dotted orange
and solid black lines correspond to the mean of the histograms and the corresponding ensemble
average computed by numerical integration, respectively.

The existence of tails in these PDFs is dependent upon the choice of bias potential parameters that are
needed for the path-based umbrella sampling. For instance, Figs. 40 and 41 show the histograms for
In 2, ¢}, and In 2,1}, when the bias potential parameters are changed from the ones in Appendix B.2

to nﬂé = 2200 and k2 = 300, where we see that PDFs that originally possess tails, e.g., a € [14, 18]
for In 2,07, are log-normal. It is also expected that any tails in the distributions are suppressed as the
batch size is further increased.
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Figure 39: Probability density functions of In z,1%.

54



PDF

PDF

PDF

PDF

PDF

PDF

PDF

PDF

Figure 40: Probability density functions of In z,£%, where data is obtained from umbrella sampling

103
100
10-3

102
100
10-3

102
100
103

103
100
10-3

103
100
10-3

/

e

-

AY

.

T
—22

T
—20

In(z,07)

—18

/.

-~

N
AY

T T
—-15.0 —-12.5 -10.0

In(z403)

T T T
—-12.,5 —10.0 -7.5

111(213@{3)

T T T
—17.5 —-15.0 —12.5

ln(2225§2)

PDF

PDF

PDF

PDF

PDF

PDF

PDF

PDF

103
100
103

103
10°
10—3

103
100
103

108
100
10—3

108
100
10-3

/
V4

P
AY

\

T
—20.0

T
—-17.5 —15.0

In(zo03%)

-1

2.5 —10.0 -7.5
111(21151(1)

with bias strengths lill( = 2200 and k2 = 300.

20
ln(223€§3)

55

PDF

PDF

PDF

PDF

PDF

PDF

PDF

PDF

103
100
10~3

103
100
10—3

102
100
10-3

10°
100
10-3

103
100
10-3

/

7D
N

2

T T T
-17.5 —-15.0 —12.5

In(2303)

~125 —10.0 —75
In(z1207,)

T
—22.5-20.0 -17.5
P



103 103 103

a8 10 a8 10 a8 10
10° P 10° P 10° i e
a // N a // \\ a ,/ \x
103 L& — 1073 1 — T 1073 T
—4 -2 -3 -2 -1 —-20 -15
In(z17) In(z,1%) In(z313%)
102 102 103 -
L L L ]
QO  10° AT O 100+ o i O 10° RN
a ’ N a ’ R\ a Al 3
1073 = - 10—3 T - 10~3 T T —
—2.0 1.5 -3 -2 —4 -3 —2
In(z41%) In(z51%) In(z615)
10° I 103 I 10° ,
LQL 109 -i LQL 100 L E 100 —-:
- -~ - - - -~
aB //i N o g \\ aB TN
1073 T T — 1073 L4 T 1073 - T 5
-5 —4 =3 —6 —4 -8 —6
-, _ _
In(z71%) In(zg1f) In(z91)
102 - 102 - 103
LQL 100 : LQL 100 | E 100 L
7 A~ T e i T T~
o it T D o 4 ‘E N o pd iy
1073 T T T 1073 T T T 1073 T T T
-10 -8 —6 -12.5 —10.0 —-7.5 —12.5 —10.0 —7.5
1% 1% 1%
hl(ZlOll()) 11’1(211111) 11’1(212112)
103 103 103
L L L
O 1004 ot O 1004 PP O 100 4 PP
o ff N [l - N o R e
1073 4 T T 1073 24— T 1073 T T
—12.5 —10.0 —7.5 —-10 -5 —-10 -5
e Tx T %
In(z131755) In(z141%,) In(z151%5)
103 103 ; 103 ;
LDL 100 LQL 100 : E 100 :
a ,”I-N\\ o ,,—EGN\\ o /,—E—~\\
103 4 Y 103 £ - 103 4 ™
—-10 -5 —-10 -5 —-10 -5
1% 1%
In(z16154) In(z17157) In(z151%g)
10° I 103 ; 103 .
LDL 100 : LDL 100 i E 100 i
1 e~ 7 ot T 7 e T
[l L o -E SO o L P, o 73 e E' ~q
10 T T 10 T T 10 T T
—-10 -5 —-10 -5 —-10 -5
1% 1%
ln(Zlgllg) ln(220120) ln(221121)
102 - 102 - 103 -
LDL 100 i LDL 100 i E 100 i
7 -~ 7 - T - -~
a 73 ,,¢ r \\ o L ,,¢ i- \\ o L l,/ : \\\
10 T T - 10 T T - 10 T T
—-10 -5 —-10 -5 —-10 -5
1% T * T %
In(z9215,) In(z9315;) In(z415,)

Figure 41: Probability density functions of In z, 17, where data is obtained from umbrella sampling
with bias strengths £/, = 2200 and - = 300.
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