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Abstract

We review the Random Batch Methods (RBM) for interacting particle systems
consisting of N-particles, with N being large. The computational cost of such systems
is of O(N2), which is prohibitively expensive. The RBM methods use small but random
batches so the computational cost is reduced, per time step, to O(N). In this article
we discuss these methods for both classical and quantum systems, the corresponding
theory, and applications from molecular dynamics, statistical samplings, to agent-based
models for collective behavior, and quantum Monte-Carlo methods.
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1 Introduction

Interacting particle systems arise in a variety of important phenomena in physical, social,
and biological sciences. They usually take the form of Newton’s second law that governs
the interactions of N-particles under interacting forces that vary depending on different
applications. Such systems are important in physics—from electrostatics to astrophysics,
in chemistry and material sciences—such as molecular dynamics, in biological and social
sciences—such as agent based models in swarming [93, 16, 15, 21], chemotaxis [51, 8], flocking
[19, 46, 2], synchronization [17, 45] and consensus [81]).

These interacting particle systems can be described in general by the first order systems

dri =b(r;)dt +an Y K(ri—r;)dt+odW;, i=1,2,-- N, (1.1)
J:j#i

or the second order systems
d’l‘i = v; dt,

dv; = {b(ri) tay 3 K(r — 1)) — ;| dt + o dW,. (1.2)
Jij#i

We use 7; € R? to denote the labels for the particles. We will loosely call r; the “locations”
or “positions”, and wv; the velocities of the particles, though the specific meaning can be
different in different applications. The function K(-) and b(-) : R — R? are the interaction
kernel and some given external field respectively. The stochastic processes {W}N | are
i.i.d. Wiener processes, or the standard Brownian motions. If y =0 =0 and b = —VV for
some potential V', one has a Hamiltonian system in classical mechanics. For the molecules
in the heat bath [61, 14], 7; and v; are the physical positions and velocities, described
by the underdamped Langevin equations, where ¢ and + satisfy the so-called “fluctuation-

dissipation relation”
o =1/2v/0, (1.3)

where f is the inverse of the temperature (we assume all the quantities are scaled and hence
dimensionless so that the Boltzmann constant is absent). The first order system (1.1) can
be viewed as the overdamped limit (when v — oo and the time rescaled as t) of the second
order systems (1.2).

In the case ay = ﬁ, as N — oo, the dynamics of the so-called mean field limit of
(1.1) is given by the nonlinear Fokker-Planck equation [40, 77]

O ==V - (b(a) + K = ) + 50°D, (1.4)

where p(dz) € P(RY). The regime ay = ¢/N + o(1) is thus naturally called the mean-field
regime. Correspondingly, the mean-field limit of the second order system (1.2) is

0uf =~V (0f) = Vo~ () + K 0 f —)f) + 50°A0, (15)

where f(dz,dv) € P(R? x R%) and *, means that the convolution is performed only on the
x variable.

If one directly discretizes (1.1) or (1.2), the computational cost per time step is O(N?).
This is undesired for large N. The Fast Multipole Method (FMM) [88] is able to reduce the
complexity to O(N) for fast enough decaying interactions. However, the implementation
of FMM is quite involved. A simple random algorithm, called the Random Batch Method
(RBM), has been proposed in [53] to reduce the computation cost per time step from O(N?)
to O(N), based on the simple “random mini-batch” idea. Such an idea is famous for its ap-
plication in the so-called stochastic gradient descent (SGD) [87, 11, 13] for machine learning
problems. The idea was also used for Markov Chain Monte Carlo methods like the stochastic



gradient Langevin dynamics (SGLD) [96], and the computation of the mean-field flocking
model [2, 16], motivated by Nanbu’s algorithm of the Direct Simulation Monte Carlo method
[10, 82, 5].

The key behind the “mini-batch” idea is to find some cheap unbiased random estimator
for the original quantity with the variance being controlled. Depending on the specific appli-
cations, the design can be different. For instances, the random batch strategy was proposed
regarding general interacting particle systems in [53], while the importance sampling in the
Fourier space was proposed for the Random Batch Ewald method for molecular dynamics
in [56]. Compared with FMM, the accuracy of RBM is lower, but RBM is much simpler
and is valid for more general potentials (e.g. the SVGD ODE [66]). The method converges
due to the time average in time, and thus the convergence is like that in the Law of Large
Numbers, but in time. For long time behaviors, the method works for systems that own
ergodicity and mixing properties, like systems in contact with heat bath and converging to
equilibria. A key difference from SGD or SGLD is that the RBM algorithms proposed are
alming to approximate and grasp the dynamical properties of the systems as well, not just
to find the optimizer or equilibrium distribution.

RBM for interacting particle systems has been used or extended in various directions,
from statistical sampling [66, 68, 57] to molecular dynamics [56, 67], control of synchroniza-
tion [9, 64], and collective behavior of agent-based models [44, 43, 63]. RBM has been shown
to converge for finite time interval if the interaction kernels are good enough [66, 53], and in
particular an error estimate uniformly in N was first obtained in [53]. A convergence result
of RBM for N-body Schrédinger equation was established in [41].

The goal of this review is to introduce the basics of the RBM, the fundamental theory
for the convergence and error estimates, and various applications.

2 The RBM methods

In this section, we describe the RBM for general interacting particle systems introduced
first in [53]. We use bold fonts (e.g. 7;, x;, v;, u;) and capital letters (X;,Y;) to denote the
quantities that are functions of time ¢ associated with the particles, use usual letters like
x4, v; to represent a point in the state space (often R?), and use letters like z, v to represent
quantities in the configurational space RV¢.

2.1 The RBM algorithms

Let T" > 0 be the simulation time, and choose a time step At > 0. Pick a batch size
2 < p < N that divides N (RBM can also be applied if p does not divide N; we assume
this only for convenience). Consider the discrete time grids ¢, := kAt, k € N. For each
subinterval [tx_1, k), the method has two substeps: (1) at t;_1, divide the N particles into
n := N/p groups (batches) randomly; (2) let the particles evolve with interaction only inside
the batches.

The above procedure, when applied to the second order system (1.2), leads to Algorithm
1. The versions for first order systems is similar.



Algorithm 1 (RBM for (1.2))
1: for min 1: [T/At] do
2: Divide {1,2,..., N = pn} into n batches randomly.
3: for each batch C, do

4: Update 7;,v; (i € Cy) by solving for t € [t;,—1,tm) the following
d’l’i = v; dt,
N -1
dv; = [b(r) + XN =1 S K(ri— ) —yvi dt + odW. (2.1)
p—1 4=
J€Cq,JFi
5: end for

6: end for

RBM requires the random division, and the elements in different batches are different.
This is in fact the sampling without replacement. If one allows replacement, one has the
following version of RBM.

Algorithm 2 (RBM-r)
1: for min 1: [T/At] do
2: for k from 1 to N/p do

3: Pick a set Ci, of size p randomly with replacement.
4: Update r;’s (i € Ci) by solving the following SDE for time At.
d(L’i = U; dt,
N -1
du; = |b(xz;) + ang_l) Z K(x; — x;) — yu;| dt + o dW;,. (2.2)
JECq i

x;(0) =7, u;(0) = vy,

i.e., solve (2.2) with initial values x;(0) = r;,u;(0) = v;, and set r; < x;(At),
V; —U; (At)
5: end for
6: end for

We now discuss the computational cost. Note that random division into n batches
of equal size can be implemented using random permutation, which can be realized in
O(N) operations by Durstenfeld’s modern revision of Fisher-Yates shuffle algorithm [28]
(in MATLAB, one can use “randperm(N)”). After the permutation, one takes the first p
elements to be in the first batch, the second p elements to be in the second batch, etc. The
ODE solver per particle per time step (2.2) requires merely O(p) operations, thus for all
particles, each time step costs only O(pN). Since p < N the overall cost per time step is
significantly reduced from O(N?).

However, one might encounter the issue of having to use a much smaller time step—which
could be of O(N) times smaller— in the RBM implementation. For RBM to really gain
significant efficiency, one needs At to be independent of N. This is justified by an error
analysis to be presented in the next subsection.

2.2 Convergence analysis

In this subsection, we present the convergence results of RBM for the second order systems
(1.2) in the mean field regime (i.e., ay = 1/(N—1)), which was given in [55]. We remark that
the proof relies on the underlying contraction property of the second order systems under
certain conditions ([76, 30]). Due to the degeneracy of the noise terms, the contraction
should be proved by suitably chosen variables and Lyapunov functions, and we refer the
readers to [55] for more details.



Denote (7;, ;) the solutions to the RBM process (2.1), and use the synchronization
coupling as in [53, 54]:

7i(0) = 7(0) ~ po, W; = Wi (2.3)
Let Cék) (1 < ¢ < n) be the batches at ty, and define
c® = (V- My, (2.4)

to be the random division of batches at t;. According to the Kolmogorov extension theorem
[27], there exists a probability space (2, F,P) such that the random variables {r§, W C*) :
1 <4 < N,k > 0} are all defined on this probability space and are independent. Let E
denote the integration on 2 with respect to the probability measure P, and consider the

L?(-) norm of a random variable
ICIF= /E[¢[*. (2.5)

For finite time interval, the convergence of RBM is as following.

Theorem 2.1. Let b(-) be Lipschitz continuous, and assume that |b|,|Vb| have polynomial
growth, and the interaction kernel K is Lipschitz continuous. Then,

sup \/EF:(t) — (0P + E5i(t) — v (0)2 < C(T)y |-~ + A2, (2.6)
te[0,T) p—1

where C(T) is independent of N.

Often the long-time error estimates are important since one could use RBM as a sampling
method for the invariant measure of (1.2) (see section 5). For this we need some additional
contraction assumptions:

Assumption 2.1. Suppose b = —VV for some V that is bounded from below (i.e., inf, V(z) >
—00), and there exist Ay; > A,, > 0 such that the eigenvalues of H := V2V satisfy

A < Ni(z) <Ay, V1<i<dzeRL

The interaction kernel K is bounded and Lipschitz continuous. Moreover, the friction v and
the Lipschitz constant L of K (-) satisfy

v > v/Aar + 2L, Ay > 2L. (2.7)

Then the following uniform strong convergence estimate holds:

Theorem 2.2. Under Assumption 2.1 and the coupling (2.3), the solutions to (1.2) and

(2.1) satisfy
sup \/E|Fz(t) —7ri(0)2 + Elvi(t) —vi(t)]? < Cyf % + At?, (2.8)
>0 -

where the constant C' does not depend on p and N.

Clearly, these error estimates imply that the RBM algorithms can also grasp the dynam-
ical properties. The error estimates above are consequence of some intuitive results, which
we summarize here (see [53]).

For given z := (x1,...,2y5) € RY? introduce the error of the interacting force for the
ith particle.

! 1
jec J:gFi

Here, C is the random batch that contains ¢ in a random division of the batches.



Lemma 2.1. Consider a configuration x that is independent of the random division. Then,
Exi(z) = 0. (2.10)

Moreover, the (scalar) variance is given by

Var(yi()) = (p%l . (2.11)

where

2
M@= g O K- ) - ﬁ > K- )| (2.12)
jij#i L:l#1

Lemma 2.1 in fact lays the foundation of the convergence of RBM-type algorithms. The
first claim implies that the random estimates of the interacting forces are unbalanced in
the sense that the expectation is zero. This gives the consistency—in expected value—of the
RBM approximation, although each random batch approximation zﬁ > jec K(z; — z;) to
the true interacting force 1~ >z K (i — x;) gives an O(1) error (which is clear from
v/ Var(x;(z)) = O(1)). Being a Monte-Carlo like methods, the boundedness of the variance
ensures the stability of the RBM methods as can be seen in the proof [55, 54]. The intrinsic
mechanism why such type of methods work is the independent resampling in later time
steps, and due to some averaging effect in time these O(1) errors become small. This Law
of Large Numbers type feature in time guarantees the convergence of RBMs (as indicated
by the error bound \/|Var(x)|r ~ \/|Var(x)|/Nz in Theorems 2.1 and 2.2).

As another remark, the nonzero variance of the RBM approximation gives some effective
noise into the system. This could bring in some “numerical heating” effects when RBM is
applied for some interacting particle systems. When the system has some dissipation, or in
contact with a heat bath as in section section 4 , RBM approximation can be valid for long
time and can capture the equilibrium.

In both Theorem 2.1 and Theorem 2.2, the error bound is independent of N so that the
time step can be chosen independent of N for a fixed accuracy tolerance €. Hence, for each
time step, the cost of RBM is O(1/N) of that for direct simulation, but it does not need
to take O(N) times longer to finish the computation. Such convergence results were first
established for first order systems (1.1) [53] and then extended to disparate mass cases [54].
The weak convergence has also been discussed in [54].

2.3 An illustrating example: wealth evolution

To illustrate the algorithms, we consider the model proposed by Degond et. al. [22] for the
evolution of N market agents with two attributes: the economic configuration X; and its
wealth Y;.

1

N (2.13)
N -1

dy; = — D G ¥(1Xi — Xi|)0yd(Y: — Vi) dt + V2DY;d W,

k:k#i

The first equation describes the evolution of the economic configuration, which is driven by
the local Nash equilibrium and it is related to mean-field games [65]. This model clearly is a
suitable interacting particle system for which the RBM algorithms fit perfectly. Moreover,
the RBM version of (2.13) can be viewed as a new model as one agent may only trade with
a small number of random agents during a short time in the real world.

For numerical experiments, [53] considers the homogeneous case when the wealth dynam-
ics is independent of the position in the economic configuration space. Then, the dynamics
of the wealth is reduced the following

K

dY; = -
N1

> 0,6(Y; - Vi) dt + V2DY;dW;. (2.14)
k:k#1
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Figure 1: Wealth distribution obtained by RBM compared with the reference curve

The corresponding mean field dynamics has an equilibrium distribution given by

Poo(y) X exp (_%,))7

where « satisfies ) oD
oyo(y) = ——F(y) + —.
ya(y) " () ;
In Fig. 1, the empirical distribution of the wealth obtained by RBM for the case ¢(y) =

%yz is compared to the reference curve (an inverse Gamma distribution), which is

(/DY P 4/D) g (=22 1m0, 7= V2
I'(x/D +1) y=0 Jr

Clearly, the distribution obtained by RBM agrees perfectly with the expected wealth distri-
bution at t = 3 already.

This example has two distinguished features: long range and multiplicative noises. We
point out that although the convergence results presented in subsection 2.2 were for regular
interacting potentials K and additive noises, as shown by this and more examples in [53],
and those in later sections, the RBM algorithms are applicable to much broader classes
of interacting particle systems, including long-range, singular (like the Lenard-Jones and
Coulomb) potentials (see section 4 below), and with multiplicative noise.

Poo(y) =

3 The mean-field limit

Tt is known that the N-particle system (1.1) has the mean-field limit given by the Fokker-
Planck equation (1.4). Namely, the empirical measure of the particle system (1.1) is close,
in Wasserstein distance, to p in (1.4). Thus, when N is large, one may use the RBM as
a numerical (particle method) for (1.4). Indeed, since the error bounds obtained in the
precious section is independent of N, one could hope that when N — oo, the empirical
measure of the RBM should be close to p. To justify this, one first needs to derive the mean
field limit of the RBM, for fixed At, then compare it with (1.4). In addition, the RBM could
be viewed as a random model for the underlying physics, hence it is also natural to ask what
its mean field limit is.

The mean-field limit of the RBM for the general first order system (1.1), given below by
Algorithm 3, was derived and proved in [52]. We summarize the results in this section.



Algorithm 3 (RBM for first order systems)
1: for kin 1: [T/At] do
2: Divide {1,2,..., N} into n = N/p batches randomly.
3: for each batch C, do

4: Update 7;’s (i € C4) by solving the following SDE with ¢ € [tx_1, k).
1 i
dr ._b(rl)dt—kﬁ Y K(r—ry)dt+odW'. (3.1)
J€Cq,g#i
5: end for
6: end for

Intuitively, when N > 1, the probability that two chosen particles are correlated is very
small. Hence, in the N — oo limit, two chosen particles will be independent with probability
1. Due to the exchangeability, the marginal distributions of the particles will be identical.
Based on this observation, the following mean field limit for RBM can be obtained for the
one-particle distribution:

Algorithm 4 (Mean Field Dynamics of RBM (3.1))

1: ﬂ(ato) = Ho-
2: for k> 0 do
3: Let p®)(---,0) = fi(-, tx)®? be a probability measure on (R%)P = RP4,
4: Evolve the measure p(p) to find p(®)(- - -, At) by the following Fokker-Planck equation:
L SR A P e Ll R Sr
i=1 j 1,j#1 i=1
(3.2)
5: Set
Ia('atk+1) = / P(p)('ady%"' 7dypaAt)' (33)
(R4)®(p—1)
6: end for
The dynamics in Algorithm 4 naturally gives a nonlinear operator G, : P(R?) — P(R?)
as
A5 ter1) =2 Goo (-5 ) (3.4)
Corresponding to this is the following SDE system for ¢ € [tx, txt1)
1 P
da; = b(@;) dt + — > K(mi—xj)dt+odW;, i=1,---p, (3.5)
p—1 =~
Jj=1,g#i

with {@;(t)} drawn i.i.d from fi(-, ;). Then, fi(-, tgpy1) = ZL(21(t;,,,)), the law of z1 (¢, ;).
Note that all x; have the same distribution for any ¢, <t < ty41. Without loss of generality,
we will impose 1 (t, ) = ml(tﬁ). For other particles ¢ # 1, x;(t) in [tk—1,tx) and [tg, trt+1)
are independent and they are not continuous at t;. In fact, in the N — oo limit, x;,7 # 1
at different subintervals correspond to different particles that interact with particle 1 as in
Algorithm 3.

Hence, in the mean field limit of RBM, one starts with a chaotic configuration', the p

1By ”chaotic configuration”, we mean that there exists a one particle distribution f such that for any
j, the j-marginal distribution is given by M(J) = f®J. Such independence in a configuration is then loosely
called ”chaos”. If the j-marginal distribution is more close to f®7 for some f, we loosely say ”there is more
chaos”.



One marginal of N particle system Nonlinear Fokker-Planck

N — oo

1y p=odr p(t) = St) (o)
o [a=)
T T
3 3
~(1 ~
iy’ i
One marginal of RBM N =00 Mean field limit of RBM
A8 (k) = G (o) (-, t) = G5 (p0)

Figure 2: Illustration of the various operators and the asymptotic limits.

particles evolve by interacting with each other. Then, at the starting point of the next time
interval, one imposes the chaos condition so that the particles are independent again.

In [52], this intuition has been justified rigorously for finitely many steps under the
following assumptions.

Assumption 3.1. The moments of the initial data are finite:
/ [0 (dz) < 00, Vg € [2,00). (3.6)
Rd

Assumption 3.2. Assume b(-) : R? — R? and K(-) : R? — R satisfy the following conditions.
e b(-) is one-sided Lipschitz:
(21— 22) - (b(21) = b(22)) < Blz1 — 22| (3.7)
for some constant f3;
e K is Lipschitz continuous
|K(21) — K(22)| < L|z1 — 2]
Corresponding to the operator (3.4), one may define the operator G : P(R?) — P(R%)

for RBM with N particles as follows. Let 7;(0)’s be i.i.d drawn from ugz’N, and consider
(3.1). Define

G (Ho) = L (r1(tr)). (3.8)

Recall that Z(r1) denotes the law of 71, thus the one marginal distribution. Conditioning
on a specific sequence of random batches, the particles are not exchangeable. However,
when one considers the mixture of all possible sequences of random batches, the laws of
the particles 7;(tx) (1 < i < N) are identical. In Fig.2, we illustrate these definitions and
various limits. With these setup introduced, we may state the first main result in [52] as
follows:

Theorem 3.1. Under assumptions 3.1 and 3.2, for any fized k, it holds that
Jim W, (G, (110), G (10)) = 0. (3.9)

Here, W, is the Wasserstein-q distance [89]:
1/q
Wy(p,v) = < inf / |x — y|qd'y> , (3.10)
~YEI(p,v) JRd xRd

where II(i, v) is the set of “transport plans”, i.e. a joint measure on R? x R? such that the
marginal measures corresponding to x and y are u and v respectively.



The next questions is whether the one marginal distribution ug\l,) = .2Z(r1) of the RBM
converges to p. Denote the solution operator to (1.4) by S:

S(A)pu(ty) := p(ts + A), Yt > 0,A > 0. (3.11)
Clearly, {S(t) : ¢ > 0} is a nonlinear semigroup.

We make more technical assumptions here.

Assumption 3.3. The measure pg has a density gy that is smooth with finite moments
fRd |2|%00 dx < 00, Vg > 1, and the entropy is finite

H(po) := /]Rd 00 log g dxr < oc. (3.12)

If goo(z) = 0 at some point z, one defines go(x)loggo(z) = 0. We also introduce the
following assumption on the growth rate of derivatives of b and K, which will be used below.

Assumption 3.4. The function b and its derivatives have polynomial growth. The derivatives
of K with order at least 2 (i.e., D*K with |a| > 2) have polynomial growth.

Based on these conditions, it can be shown that p has a density o(-, ). For convenience,
we will not distinguish p from its density 0. Sometimes, one may also assume the strong
confinement condition:

Assumption 3.5. The fields b(-) : R — R? and K(-) : R — R? are smooth. Moreover, b(:)
is strongly confining:
(21 — 22) - (b(21) — b(22)) < —7r|21 — 2|2 (3.13)

for some constant r > 0, and K is Lipschitz continuous |K(z1) — K(22)| < L|z1 — 22|. The
parameters r, L satisfy

r>2L. (3.14)

With the assumptions stated, we can state the second main result in [52].

Theorem 3.2. Suppose Assumptions 3.2, 3.3 and 3.4 hold. Then,

sup WA(G2(eo). e(nAt)) < C(T)A. (3.15)

If Assumption 3.5 is assumed in place of Assumption 3.2 and also o > 0, then

sup W1(G%(00), 0(nAt)) < CAt. (3.16)
n>0

These theorems show that the dynamics given by G., can approximate that of the non-
linear Fokker-Planck equation (1.4), with the W; distance to be of O(At) . Thus, the two
limits limy_, o and lima;_,o commute, as shown in Fig. 2.

4 Molecular dynamics

Molecular dynamics (MD) refers to computer simulation of atoms and molecules, and is
among the most popular numerical methods to understand the dynamical and equilibrium
properties of many-body particle systems in many areas such as chemical physics, soft ma-
terials and biophysics [18, 34, 33]. In this section, we discuss the relevant issues and the
applications of RBM and its modifications.

Consider N “molecules” with masses m;’s (each might be a model for a real molecule or
a numerical molecule that is a packet of many real molecules) that interact with each other.
The equations of motion are given by

d'l‘i = v; dt,
mydv; = {f Y Vo(ri - rj)} dt + de;. (4.1)
JigFi

10



Here, ¢(-) is the interaction potential and d€; means some other possible terms that change
the momentum,. Typical examples of the potential include the Coulomb potentials

oa) = T2

r
where g; is the charge for the ith particle and r = |z|, and the Lennard-Jones potential

1 1
Between ions, both types of potential exist and between charge-neutral molecules, the
Lennard-Jones potential might be the main force (the Lennard-Jones interaction intrin-
sically also arises from the interactions between charges, so these two types are in fact both
electromagnetic forces) [34, 33]. To model the solids or fluids with large volume, one often
uses a box with length L, equipped with the periodic conditions for the simulations.

To model the interaction between the molecules with the heat bath, one may consider
some thermostats so that the temperature of the system can be controlled at a given value.
The thermostats are especially good for RBM approximations as the effective noise intro-
duced by RBM approximation can be damped by the thermostats, reducing the “numerical
heating” effects [56]. Typical thermostats include the Andersen thermostat, the Langevin
thermostat and the Nosé-Hoover thermostat [34]. In the Andersen thermostat [34, section
6.1.1], one does the simulation for d€; = 0 between two time steps, but a particle can collide
with the heat bath at each discrete time. Specifically, assume the collision frequency is v,
so in a duration of time ¢t < 1 the chance that a collision has happened is given by the
exponential distribution

1 —exp(—vt) = vt, t < 1.
If a collision happens, the new velocity is then sampled from the Maxwellian distribution
with temperature T' (i.e., the normal distribution N'(0,T)). In the underdamped Langevin

dynamics, one chooses
2
d; = —yv;dt + | /% dw;,

so that the “fluctuation-dissipation relation” is satisfied and the system will evolve to the
equilibrium with the correct temperature 7' = B~!. It is well-known that the invariant
measure of such systems is given by the Gibbs distribution [70]

N
7(z,v) o< exp (—B(; Z lvi|? + U(x))> Z o(x; — xj),

i,j:i#£]

where z = (z1,--+ ,2x) € RV and v = (vq,--- ,vn) € RV, The Nosé-Hoover thermostat
uses a Hamiltonian for an extended system of N particles plus an additional coordinate s
([83, 50]):

H —i P ey + 2 ALY

M oms? 20"

Here, p; is the momentum of the ith particle. The microcanonical ensemble corresponding
to this Hamiltonian reduces to the canonical ensemble for the real variables p; = p;/s.
Hence, one may run the following deterministic ODEs, which are the Hamiltonian ODEs
with Hamiltonian Hyg in terms of the so-called real variables,

| 2

r; = Di,
- 7va - fpu

(s

The time average of the desired quantities will be the correct canonical ensemble average.
As one can see, when the temperature of the system is different from 7', the extra term
—&p; will drive the system back to temperature T, thus it may give better behaviors for
controlling the temperature.
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4.1 RBM with kernel splitting

In molecular dynamics simulation, the interaction force kernel
K(z):= —V¢(z), v € RY,

is often singular at x = 0. Hence, the direct application of RBM could lead to poor results.
To resolve this issue, one can adopt the splitting strategy in [75, 49], and decompose the
interacting force K into two parts:

K(2) = Ki(2) + Ka(a). (4.2)

Here, K7 has short range that vanishes for |z| > ry where rg is a certain cutoff chosen to be
comparable to the mean distance of the particles. K5(z) is a bounded smooth function. One
then applies RBM to the K5 part only. The resulted method is shown in Algorithm 5. Now,
the cost of summation in K is of O(1) for each given 4 using data structures like Cell-List
[34, Appendix F]. Since K3 is bounded, RBM can be applied well due to the boundedness of
variance, without introducing too much error. Hence, the cost per time step is again O(N).
For practical applications, one places the initial positions of the molecules on the grid of a
lattice, and the repulsive force K7 will forbid the particles from getting too close so that the
system is not too stiff.

Algorithm 5 RBM with splitting for (1.2)
1: Split K =: K7 + K5, where K7 has short range, while K, has long range but is smooth.
2: for min 1: [T/At] do
3: Divide {1,2,..., N = pn} into n batches randomly.
4: for each batch C, do
5 Update (7;,v;)’s (i € Cy) by solving for t € [ty,—1,tm)

dri =v; dt,
dv; = {b(rz) +an Z Kl(’ri — Tj) — YU; dt
aN(N — ].)
+ ﬁ . Z ‘KQ(T'i 7’!‘j)dt+0dm.
J€Cq.g#i
6: end for
7: end for

Using this splitting strategy, one may apply RBM to the MD simulations with different
thermostats. In Fig. 3, we show the numerical results from [55] for a Lennard-Jones fluid
with temperature 3~ = 2 and the length of box L = (N/p)'/? for a given density p. The
results are obtained using the Andersen thermostat and the Langevin thermostat respec-
tively, with the splitting and RBM strategy, for particle number N = 500. The reference
curves (black solid line) are the fitting curves in [59]. In the first figure, the decreasing step
sizes Aty = 0.001/log(k + 1) are taken to reduce the numerical heating effect brought by
RBM when the collision coefficient are not so big (v = v = 10). The results show that
RBM with splitting strategy can work reasonably well for the Lennard-Jones fluid in the
considered regime.

4.2 Random Batch Ewald: an importance sampling in the Fourier
space

In the presence of long-range interactions such as the Coulomb interactions, the molecular

dynamics simulations becomes computationally expensive for large N. A lot of effort has

already been devoted to computing such long-range interactions efficiently. Some popular
methods include lattice summation methods such as the particle-particle particle mesh Ewald

12
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Figure 3: The pressure obtained by Andersen-RBM and Langevin-RBM for Lenard-Jones
fluid with N = 500: the blue circles are those by Andersen-RBM while the red squares are
by Langevin-RBM.

(PPPM) [74, 23], and multipole type methods such as treecode [7, 25] and fast multipole
methods (FMM) [42, 99]. These methods can reduce the complexity per time step from
O(N?) to O(NlogN) or even O(N), and have gained big success in practice. However,
some issues still remain to be resolved, e.g., the prefactor in the linear scaling can be large,
or the implementation can be nontrivial, or the scalability for parallel computing is not high.

In this section, we give a brief introduction to the recently proposed Random Batch
Ewald (RBE) method for molecular dynamics simulations of particle systems with long-range
Coulomb interactions, which achieves an O(NN) complexity [56] with a high parallel efficiency.
The RBE method is based on the Ewald splitting for the Coulomb kernel with a random
“mini-batch” type technique applied in the Fourier series for the long-range part. Compared
with PPPM where the Fast Fourier Transform is used to speed up the computation in
the Fourier space, the RBE method uses random batch type technique to speed up the
computation.

Consider N physical or numerical particles inside the periodic box with side length L,
assumed to have net charge ¢; (1 < i < N) with the electroneutrality condition

N
Z ¢ = 0. (4.4)

The forces are computed using F; = —V,.,U, where U is the potential energy of the system.
Since the Coulomb potential is of long range, with the periodic boundary condition, one
must consider the images so that

N
1 1
U:*E / E i — 4.5

n ij=1

where m € Z? ranges over the three-dimensional integer vectors and 3" is defined such that
n = 0 is not included when ¢ = j.

Due to the long-range nature of the Coulomb potential, the series (4.5) converges con-
ditionally, thus a naive truncation would require a very large r to maintain the desired
numerical accuracy. The classical Ewald summation separates the series into long-range
smooth parts and short-range singular parts:

1 erf(y/ar) n erfc(y/ar)

r

(4.6)
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where erf(z) := % fo‘r exp(—u?)du is the error function and erfc = 1—erf. Correspondingly,

B erf(y/alr; +nL|)

Ul - Z Z qi j |’I”” +’I’LL| ) (47)
B erfe(y/a|r;j + nLl)

Up = Z Z e AR (4.8)

The computation of force can be done directly using
F,=-V,U=-V, U -V, Uy = F;; + F».

The second part Fj, corresponds to the short-range forces whose computational cost is
relatively low, since, for each particle, one just needs to add a finite number of particles in
its close neighbour. We now focus on the first part.

The slow decay of U; in r, corresponding to the long-range, can be dealt with in the
Fourier space thanks to its smoothness (see [34, Chap. 12]):

N
2 _k2/4a 0%
Uy =323 sl e - [2 S g2, (4.9)
i=1

k;éO

where k = |k| and p(k) is given by p(k) := vazl g;e’®7Ti. The divergent k = 0 term is
usually neglected in simulations to represent that the periodic system is embedded in a
conducting medium which is essential for simulating ionic systems. Then
drq;k 2 ,
Fip=—Y TIR R/ ek rip(k)), (4.10)
’ V2
k0

where we recall r;; = r; — 7;, pointing towards particle j from particle ¢. Note that the
force F;; is bounded for small k. In fact, k¥ > 27 /L, so Vk > 27 L2. Let us consider the

factor e~*/ (42) "and denote the sum of such factors by

§i= Y e K/ — g3 (4.11)
k£0
where
2 2 2 aL2 > 272 aL2 2
H = —mm*/(al®) _ —am~L” 142 —alL 4.12
> L5 ot [l ety ()
meZ m=—oo

since often aL? > 1. Hence, S is the sum for all three-dimensional vectors k except 0.
Then, one can regard the sum as an expectation over the probability distribution

Py = S Le K /(e (4.13)

which, with k # 0, is a discrete Gaussian distribution and can be sampled efficiently. For ex-
ample, one can use the Metropolis-Hastings (MH) algorithm (see [48] for details) by choosing
proposal samples from the continuous Gaussian A (0,«L?/(27?)), the normal distribution
with mean zero and variance aL?/(272). It should be emphasized that this sampling can
be done offline, before the iteration begins. Once the time evolution starts one just needs
to randomly draw a few (p) samples for each time step from this pre-sampled Guassian
sequence.

With this observation, the MD simulations can then be done via the random mini-batch
approach with this importance sampling strategy. Specifically, one approximates the force
F;; in (4.10) by the following random variable:

Fo\~Fy| = f S ARG 1 (e hem ok 4.14
m~EL =) Ve m(e p(ke)). (4.14)
=1
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The corresponding algorithm is shown in Algorithm 6.

Algorithm 6 (Random-batch Ewald)

1: Choose a, r. and k. (the cutoffs in real and Fourier spaces respectively), At, and batch
size p. Initialize the positions and velocities of charges r?,v? for 1 <i < N.

2: Sample sufficient number of k ~ e‘kz/(‘la)7 k # 0 by the MH procedure to form a set K.

3: forninl1: N do

4: Integrate Newton’s equations (4.1) for time A¢ with appropriate integration scheme
and some appropriate thermostat. The Fourier parts of the Coulomb forces are computed
using RBE force (4.14) with the p frequencies chosen from K in order.

5. end for

Similar to the strategy in the PPPM, one may choose « such that the time cost in real
space is cheap and then speed up the computation in the Fourier space. Compared with
PPPM, the only difference is that PPPM uses FFT while RBE uses random mini-batch to
speed up the computation in the Fourier space. Hence, we make the same choice

NYE s
a~ ——=p'",
which is inverse of the average distance between two numerical particles. The complexity
for the real space part is O(N). By choosing the same batch of frequencies for all forces
(4.14) (i.e., using the same kg, 1 < ¢ < p for all F;*;,1 <i < N) in the same time step, the
complexity per iteration for the frequency part is reduced to O(pN). This implies that the
RBE method has linear complexity per time step if one chooses p = O(1).

To illustrate the performance of the RBE method, consider an electrolyte with monova-
lent binary ions (first example in [56]). In the reduced units ([34, section 3.2]), the dielectric
constant is taken as € = 1/4r so that the potential of a charge is ¢(r) = ¢/r and the temper-
ature is T'= 37! = 1. Under the Debye-Hiickel (DH) theory (linearized Poisson-Boltzmann
equation), the charge potential outside one ion is given by

0 r<a
—eA¢ =
{qpoo,wﬁq‘ﬁ — @poc,— €71 ~ BgPprd, T >a

where poo + = poo,— = N/(2V) are the densities of the positive and negative ions at infinity,
both being p,/2. The parameter a is the effective diameter of the ions, which is related
to the setting of the Lennard-Jones potential. In the simulations, a = 0.2 and the setting
of Lennard-Jones potential can be found in [56]. This approximation gives the net charge
density p = —eA¢ for r > a,

In(rp(r)) =~ —1.941r — 1.144.

The results in the left panel of Fig.4 were obtained by N = 300 (i.e., 150 cation and
anion particles respectively) in a periodic box with side length L = 10. The thermostat
was Andersen’s thermostat with collision frequency v = 3. These parameters are chosen
such that they give comparable results. Clearly, all the three methods give correct results,
agreeing with the curve predicted by the DH theory. Regarding the efficiency, the right
figure shows the time consumed for different particle numbers inside the box with the same
side length L = 10. Both the PPPM and RBE methods scale linealy with the particle
numbers. However, even for batch size p = 100, the RBE method consumes much less time.
The relative accuracies of the potential obtained by RBE against the PPPM are listed in
Table 1, for different densities p, = N/L3. Clearly, the RBE method has the same level of
accuracy compared with the PPPM method for the densities considered.

Next, in Fig. 5, the parallel efficiency of the PPPM and RBE methods from [69] for the
all-atom simulation of pure water systems is shown. As can be seen, due to the reduction
of communications for the particles, the RBE method gains better parallel efficiency. This
parallel efficiency is more obvious when the number of particles is larger. In [69], the
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Figure 4: Comparision of the Ewald sum, the PPPM and the RBE methods

p=10 | p=20 | p=50 | p=100

pr=011] 015% | 0.13% | 0.13% | 0.08%
pr =031 0.10% | 0.08% | 0.04% | 0.09%
pr=1 | 066% | 0.18% | 0.11% | 0.04%
pr=4 | 7.83% | 2.38% | 0.71% | 0.31%

Table 1: Relative error of potential energy for the RBE method against PPPM method with
different densities and batch sizes.

simulation results of pure water system also indicate that the RBE type methods can not
only sample from the equilibrium distribution, but also compute accurately the dynamical

properties of the pure water systems.
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Figure 5: The parallel efficiency of the PPPM and the RBE methods for all-atom simulation
of pure water system (Left) 3 x 10° atoms; (Right) 3 x 107 atoms

5 Statistical sampling

Sampling from a complicated or even unknown probability distribution is crucial in many
applications, including numerical integration for statistics of many-body systems [34, 29],
parameter estimation for Bayesian inference [91, 12] etc.. The methods that rely on random
numbers for sampling and numerical simulations are generally called the Monte Carlo (MC)
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methods [60, 29]. The law of large numbers [27] validates the usage of empirical measures
for approximation of the complicated or unknown probability measure. By the central limit
theorem [27], the error of the MC methods scales like O(N~'/2) which is independent of
the dimension d, hence the MC methods overcome the curse of dimensionality. The Markov
Chain Monte Carlo (MCMC) methods [39, 35] are among the most popular MC methods. By
constructing Markov chains that have the desired distributions to be the invariant measures,
one can obtain samples from the desired distributions by recording the states of the Markov
chains. A typical MCMC algorithm is the Metropolis-Hastings algorithm [79, 48].

Unlike the MCMC, the Stein variational Gradient method (proposed by Liu and Wang
n [72]) belongs to the class of particle based variational inference sampling methods (see
also [86, 20]). These methods update particles by solving optimization problems, and each
iteration is expected to make progress toward the desired distribution. As a non-parametric
variational inference method, SVGD gives a deterministic way to generate points that ap-
proximate the desired probability distribution by solving an ODE particle system, which
displays different features from the Monte Carlo methods.

We describe in this section two sampling methods that use RBM to improve the effi-
ciency. The first method, Random Batch Monte Carlo, is a fast MCMC that costs only
O(1) per iteration to sample from the Gibbs measures corresponding to many-body particle
systems with singular interacting kernels. The second method, RBM-SVGD, is an interest-
ing application of RBM to the Stein variational gradient descent ODE system, which is an
interacting particle system.

5.1 Random Batch Monte Carlo for many body systems

Suppose that one wants to sample from the N-particle Gibbs distribution
7(z) o exp [-FH (z)], (5.1)

with z = (z1,--- ,zy) € RV (2; € RY, and d > 1,d € N), 3 being a positive constant, the
N-body energy

N
H(z):= Zin(xi) + Z wiw;(x; — x5), (5.2)
i=1

1,5:1<J

and V being the external potential assumed to be smooth. Here, w;’s are the weights. In the
molecular regime, w;’s are often taken to be 1, while in the mean field regime [90, 37, 65],
one may have w ~ N1,

In [68], Li et. al. proposed the Random Batch Monte Carlo method, which costs O(1)
per time step for sampling from equilibrium distributions (Gibbs measures) corresponding to
particle systems with singular interacting kernels. Similarly to [75, 49] and the MD methods
above, the interacting potential is decomposed into two parts

¢(z) = d1(z) + da(2), (5.3)

where we suppose that ¢; has long range but is smooth and bounded, while ¢4 is singular
and of short range. The algorithm is based on the following splitting Monte Carlo, which is
a special case of the Metropolis-Hastings algorithm:

Suppose there are N particles located at x; for j = 1,--- ,N. Let us consider the
following method for a Markovian jump.

Step 1 — Randomly choose a particle 3.

Step 2 — Move the particle using ¢, with overdamped Langevin equation:

B O _— [ E——
=\ ev o TN j;ivqsl(” A ™Y (s
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where z;’s are fixed. Evolve this SDE with some time ¢ > 0 and obtain 7;(f) — z} as a
candidate position of particle ¢ for the new sample.
Step 8 — Use ¢2 to do the Metropolis rejection. Define

acc(x;, x}) = min 1,exp[ ﬁz (pa(xf — ;) — gbg(xiij))} . (5.5)

J:g#i
With probability acc(z;, ), accept x} and set
x; — T} (5.6)

Otherwise, x; is unchanged. Then, a new sample {1, -+ ,zx} is obtained for the Markov
chain.

Note that the overdamped Langevin equation satisfies the detailed balance condition so
the above algorithm is a special case of the Metropolis-Hastings algorithm, thus can correctly
sample from the desired Gibbs distribution. Due to the short range of ¢o, Step & can be done
in O(1) operations using some standard data structures such as the cell list [34, Appendix
F]. The idea is to use the random mini-batch approach to Step 2. Hence, one discretizes
the SDE with the Euler-Maruyama scheme [62, 80]. The interaction force is approximated
within the random mini batch idea. This gives the following algorithm.

Algorithm 7 (Random-batch Monte Carlo algorithm)

1: Split ¢ := ¢1 + @2 such that ¢; is smooth and with long range; ¢ is with short range.

Generate N initial particles; choose Ny (the total number of samples), p > 1, m > 1

2: fornin1l: N, do

3 Randomly pick an index ¢ € {1,--- , N} with uniform probability
4: T, < I;
5
6

for k=1,--- ,mdo
Choose &, zr ~ N(0,14), Aty > 0 and let,

V(1) 2t
T’Z(*T'z*Atk U}(N—l _1J€Z£V(Z51 ) + mzk

end for
Let z} < r;. Compute the following using cell list or other data structures:

o = min Lexp[ ﬁz (p2(x] — x5) — P2(xi — 7))
JijFi

9: Generate a random number ¢ from uniform distribution on [0,1]. If { < «, set
Ti X

10: end for

It has been proved in [68] that the mini-batch approximation has the an error control
for the transition probability so that the method is correct with some systematic error. The
computational cost is O(1) for each iteration and the efficiency could be higher since there
is no rejection in Step 2.

We now present a numerical result from [68] to illustrate the efficiency of RBMC. Con-
sider the Dyson Brownian motion [31] :

1 1

AN (t) = —\;(t) dt dt AW;, j=1,--- N .
i(t) i(t) +N—1,€%jA—Ak + =W i =1 N, (5.7)
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where {\;}’s represent the eigenvalues of certain random matrices (compared with the orig-
inal Dyson Brownian motion, N — 1 instead of N is used in (5.7); there is little effect due
to the replacement N — N — 1). In the limit N — oo, the distribution obeys the following
nonlocal PDE

Op(x,t) + Op(p(u — x)) =0, u(z,t) = w(Hp)(z,t) = p.v./]R

where H(-) is the Hilbert transform on R, m = 3.14--- is the circumference ratio and p.v.
represents the Cauchy principal value. From this PDE, one finds that the limiting equation
(5.8) has an invariant measure, given by the semicircle law:

plx) = %\/2 — 22, (5.9)

Fig.6 shows the sampling results of RBMC and MH methods for empirical measures with
particles from the joint distribution

e (Y5 e S ) ).

1<J

p(y,t)
T —y

dy, (5.8)

which is the invariant measure for the interacting particle system (5.7). The empirical
measure is expected to be close to the semicircle law when N is large enough. In the
simulations, the particle number was fixed as NV = 500. In the RBMC, the splitting was
done for Inr at r = 0.01, and the time step was chosen as At = 10~%. The MH algorithm
uses a certain Gaussian proposal for the random movement of a chosen particle. The left
panel of Fig. 6 shows that both methods yield results that agree with the semicircle law
reasonably well. The right panel plots the relative error with respect to the semicircle law
versus CPU time. Clearly, the RBMC method only needs 10% of the time for the MH
method to get the error tolerance considered.

e Analytic
A MH —6—RBMC
O RBMC

03+

Probability

5 a1 05 0 0.5 1 15 10" 10 10° 10*
Position Time(s)

Figure 6: (Left) Empirical densities with 1e7 sampling iterations (1e7N sample points). The
blue curve is the analytical curve given by the semicircle law (5.9). (Right) error versus CPU
time.

5.2 RBM-SVGD: a stochastic version of stein variational gradient
descent

Suppose that one is interested in some target probability distribution with density m(x)
(r € RY). In SVGD, one sets V = — log 7, chooses some symmetric positive definite kernel
K(z,y) and solves the following ODE system for given initial points {r;(0)}, (see [72, 71]):

ZV K(ri,r;) Z (ri,r;)VV(r;), i=1,--- N, (5.10)
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where N is the number of particles for the sampling purpose. The subindex “y” in V, means
that the gradient is taken with respect to the second variable in KC(-,); i.e. V,K(r;,r;) =
Vle(a:,y)|(I7y):(Ti,T_7,). When t is large enough, the empirical measures constructed using
{r;(t)} Y, is expected to be close to T, i.e.

N
% > d(z—ri(t) & () da, > 1
i=1

SVGD provides consistent estimation for generic distributions as Monte Carlo methods
do, but it seems to be more efficient than some Monte Carlo methods in practice level
for approximating the desired measure, when the number of particles is small [72, 24].
Interestingly, it reduces to the maximum a posterior (MAP) method when N =1 [72].

The ODE system (5.10) clearly is an interacting particle system but now the interaction
kernel is no longer translation invariant and is not symmetric. The kernel can even grow as
|ri —r;| — oo. Clearly, for such systems, RBM is applicable. Applying the RBM to this
special kernel and using any suitable ODE solvers, one gets a class of sampling algorithms,
which is called RBM-SVGD in [66]. The discrete algorithm (with possible variant step size)
is shown in Algorithm 8. Clearly, the complexity is O(pN) for each iteration.

Algorithm 8 RBM-SVGD
1: for kin0: Ny —1do
2: Divide {1,2,...,pn} into n batches randomly.
3: for each batch C, do
4: For all i € Cy,

1
rgkﬂ) — rgk) + ~ (Vy/C(rgk), rl(k)) - lC(rgk), rgk))VV(rgk)))nk + @ik,

where
N -1 k k k k k
Opi= > (VEKE ) =™ v e®)). (5.11)
Np-1) 4= .
JECy,jF#i
5: end for
6: end for

Here, N7 is the number of iterations and {7} is the sequence of time steps, which play
the same role as learning rate in SGD [11, 13]. For some applications, one may simply
set M, = 1 < 1 to be a constant and get relatively good results. However, in many high
dimensional problems, choosing 7, to be constant may yield divergent sequences [87]. One
may decrease 1 to obtain convergent data sequences. For example, one may simply choose
Nk = 1/k as in SGD. Another frequently used strategy is the AdaGrad approach [26, 95].

We recall the gradient flow under the so-called “Stein metric” in the space of probability
measures [71, 36]:

Op=V- (pIC * (pvi—]j)) , (5.12)

where K x g = [K(z,y)g(y)dy. Consider taking the energy functional as the Kullback-
Leibler (KL) divergence between p and the target distribution 7, where KL divergence is
also known as the relative entropy defined by

KL(ullv) = Eyoylog (1)) (5.13)

Here % is the well-known Radon-Nikodym derivative. Then, equation (5.12) becomes

Op =V - (pK + (pVV + Vp)). (5.14)
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It is easy to see that m o< exp(—V) is invariant under this PDE. See [71, 73] for some relevant
studies.

The above theory encounters difficulty for empirical measures because the KL divergence
is simply infinity. One benefit of the of the “Stein metric” is that the gradient may be
moved from Vp onto the kernel K(z,y) so that the flow (5.12) becomes (5.10), which is
then well-defined. In fact, if {r;} solves the ODE system (5.10), then the corresponding
empirical measure is a measure solution to (5.14) (see [73, Proposition 2.5]). Hence, one
may reasonably expect that (5.10) will give approximation for the desired distribution 7.
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Figure 7: Test accuracy on the Covertype dataset

For numerical illustration, we take an example from [66]. Consider the logistic regres-
sion for binary classification on the Covertype dataset, with 581012 data points and 54
features [38]. The inference is applied on posterior p(z|D) with the parameter z = [w, log &
being of dimension 55. Here, D is 80% of the data and the remaining data were used for
test. Figure 7 shows the performance of SVGD and RBM-SVGD with NV = 512 particles and
kernel K(z,y) = k(z —y) for a Gaussian kernel k(). Clearly, RBM-SVGD gives comparable
results with SVGD, both results being as good as some traditional methods.

Table 2 shows the CPU time and speedup of RBM-SVGD. Clearly, for comparable results,
RBM-SVGD is more efficient.

Table 2: Average runtime of 6000 iterations
RBM-SVGD SVGD

p 2 4 8 16 32 128 512

Runtime(s) 8.59 11.24 16.28 26.15 21.66 19.42 47.01
Speedup 5.5x  4.2x  29x 1.8  22x 24x

6 Agent-based models for collective dynamics

Collective behaviors of self-propelled particles (agents) are ubiquitous in nature, for example,
synchronous flashing of fireflies and pacemaker cells, swarming of fish, flocking of birds and
herding of sheep. We refer to [1, 19, 81, 92, 98] for survey articles and related literature.
While the RBM was introduced as an efficient algorithm for interacting particle systems,
one can also view it as a (random) model of the underlying problem, which takes into account
only a small number of interactions randomly at discrete time steps. Two natural questions
arise with such models: (a) How accurate are these “new” random models compared to the
original, full batch models? (b) Do these random models still capture the main features of
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the original model, such as the collective or long time behavior, and under what conditions?
Here we review some recent results that address these issues for two representative problems,
the Cucker-Smale model for flocking and the consensus model.

6.1 The Cucker-Smale model

We begin with the Cucker-Smale (CS) model [19]:

de; ,

i:vi, t>0, i=1,...,N,

ddt

U; K

& - N1 E (|l — xi]) (v — vi), (6.1)

JigF

(x:(0),v:(0)) = («i", v}"),

where x; and v; are the position and velocity of the i-th CS particle, respectively, x is
the non-negative coupling strength and 1, the communication weight measuring mutual
interactions between agents, is positive, bounded, and Lipschitz continuous and satisfies the
monotonicity conditions:

0< ¢(T) <¢m, Vr=0, Hd)”Llp < 0,

(6.2)
(W(r) —(r2))(r —r2) <0, 71, m2 € Ry

Here 1p; > 0 is a constant. The emergent dynamics of (6.1), flocking, in which all particles
will eventually stay in a bounded domain with the same velocity, has been extensively studied
in literature [46, 47].

Consider the RBM-approximation for (6.1):

dz;

sz =i, tE€[tmotitm), m=1,2 -,

vU; K N _ B B

dt - p— 1 Z w(‘mj - xi|)(vj - Ui)a (63)

jeet i
(#:(0), 9;(0)) = (™, vi™), i=1,...,N.

Assume that v is long-ranged:
1/9(r) = O(r?) as r— oo for some 3 € [0,1). (6.4)

For example, one can take

1

Y(r) = Wa

B €0,1).

Then [44] establishes the following emergence of a global flocking: there exist positive con-
stants To, and C such that

N
1 - ~ 9 -
sup E(— T;— &, )<x and
2 B Z:| = &) < e

E(% iv: |ﬁi—17j|2) < Cexp {_mt(l+t)ﬁ}z

i,j=1

where C' depends only on ¢, 3, k and the initial data.
Furthermore, the following uniform-in-time error estimate was also proved: when v has
a positive lower bound )y,
Y(r) = for >0, (6.6)
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then

E(% i |o;(t) — ’Ui(t)|2> < CAt (p%l _ ﬁ) 1+ OA2 o

+ C(1 + At) exp(—kipt),

where the dependency of the constant C is the same as in (6.5).

Note that the positive lower bound assumption (6.6) corresponds to the case of § = 0
in the long-ranged communication (6.4). However, the third time-decaying term in the
right-hand side of (6.7) is independent of p and N.

6.2 Consensus models

Let ¢; € R%, 1 <i < N be a collection of agents that seek for a consensus, governed by the
Cauchy problem:

dq; K
=V E lF j — i), t 07
JFi .

qz(o):qzny 7::17"'7N7

where £ is a non-negative coupling strength and v; is the intrinsic velocity of the i-th agent.
Here T' is an interaction function satisfying the following properties: there exists C; > 0
such that

I € C*(Bc,(0), T(-q)=-T(a), VYaq&Bc(0). (6.9)

Here B, (x) is the open ball with radius r and center . We assume, without loss of generality,

that the total sum is zero: N

and the adjacency matrix (a;; )f\fj:l represents the network structure for interactions between
agents satisfying symmetry and non-negative conditions:

aij:aﬁZO, ].SZ,]SN

Note that the first term on the R.H.S. of (6.8) induces the ” dispersion effect” due to the
heterogeneity of v;. The second term in the R.H.S. of (6.8), modeled by the convolution type
consensus force, generates ” concentration effect”, The overall dynamics of (6.8) is determined
by the competitions between dispersion and concentration.

Below we present the study on RBM to this problem in [63]. Conisder the RBM-
approximation where the interaction term is approximated by the random mini-batch at
each time step. Then the relative state |g; — ;| for RBM aproximation can be unbounded
even if the original relative state |g; — q;| is uniformly bounded. Thus to balance dispersion
and interaction in the RBM, one also needs to apply the RBM in the dispersion part as well.
A sufficient framework leading to the uniform boundedness of relative states is to introduce
suitable decomposition of the dispersion term v; as a sum of N-dispersion terms 7;;:

N
ﬂij:_l;jh Vv, = Nﬁ_lzﬁij’ Z7j:17,N (610)
j=1

Then, the original Cauchy problem (6.8) is equivalent to the following problem:

a9, _ &

i ; (V,»j +a;T(g; — Qi))v >0, (6.11)

ql(O):qzn7 7;:]_’...’]\/"
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and the RBM samples dispersions and interactions proportionally,

dql K _ ~ -
at  p—1 Z (7ij +aiT(q — i), t € (tr, trrn),
jeet i (6.12)

G(0)=q¢" i=1,...,N, k=0,1,2,....

We first state the main result for the one-dimensional case. Assume that the coupling
function I is strongly dissipative in the sense that

T(q1) —T(q) - (@1 — @) = |lan — q>, ¥V ¢,q1 € [-C1,Ch],

and also the full system (6.8) has an equilibrium ® = (¢y,--- ,éx) € (—C;,C1)Y with initial
data sufficiently close to ®. The main result is the following uniform error estimate, under
the condition that the underlying network topology is connected strongly enough:

up [ 3 B0 - o] < [ar (- L)+ ],
=1

0<t<oo p—1

For the multi-dimensional setting with q; € R?, the same error analysis can be obtained
under one more extra assumption, which guarantees that the states @) := (g1, ,qn) and
Q :=(q1, - ,qn) are confined in the symmetric interval.

Now, we give two main results on the emergent dynamics of (6.12) proved in [43]. In-

troduce two functionals for Q = (q1,--- ,qn):
| X
A L =12 3 . s A
M3 (Q) := N;Iqjl » D(Q) = max |gi— gl
=

The first main result is concerned with the exponential decay of the second moment of ¢:
there exists a positive constant A; = Ay (N, P, 7, k, L) satisfying

E(Ma(Q(1))) < e ME(Mo(Q0))), >0,

The second main result deals with almost sure (a.s.) convergence of Q: there exists a
positive constant Ay = Ao(N, P, 7, k, L1, Lo) such that
D(Q(t)) < D(Q(0))Ce ™, ¢ >0.

We remark that although the exponential decay rates in above results depend on N,
numerical results in [43] show that the decay rates are in not sharp, and they are independent
of N.

7 Quantum dynamics

In this section, we have a review of the applications of RBM to interacting particles in the
quantum regime. In particular, we first present and comment on the convergence results of
RBM applied to the N-body Schrédinger equation in [41], and then have a review of the
application of RBM to quantum Monte Carlo (QMC) methods in [57].

7.1 A theoretical result on the N-body Schrodinger equation

The first principle computation is based on solving for complex-valued wave function ¥y =
Upn(t,x1,...,2n5) € C of the N-body Schrédinger equation

ihat\IjN(taxlv"'va):HN\IIN(taxla"'va)v \IJN|t=O:\IJ§\7IL (71)
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where t > 0 is the time while z,,, € R4(1 < m < N) is the position of the mth particle, H
is the quantum Hamiltonian for N identical particles with unit mass:

N
Hy = —L1R2A, + —— Vizy —x,), 7.2
2 m T N-1
m=1 1<t<n<N

while £ is the reduced Planck constant. The N particles in this system interact via a binary
(real-valued) potential V' assumed to be even, bounded and sufficiently regular (at least of
class C11 on RY). The coupling constant ﬁ is chosen in order to balance the summations
in the kinetic energy (involving N terms) and in the potential energy (involving %N (N-1)
terms).

When solving (7.1), the computation is exceedingly expensive due to the smallness of A,
which requires small time steps At and small mesh sizes of order & for the convergence of the
numerical scheme, due to the oscillation in the wave function ¥y with frequency of order
1/h (see [6, 58]). On top of this, any numerical scheme for (7.1) requires computing, at each
time step, the sum of the interaction potential for each particle pair in the N-particle system,
which needs O(N?) operations. The RBM described below reduces the computational cost
to O(N) per time-step.

Below we follow the presentation of [41]. Assume for simplicity that N > 2 is an even
integer. Let 01,02,...,0;,... be a mutually independent and uniformly distributed random
sequence of permutations. Each permutation o € &y defines a partition of {1,..., N} into

N/2 batches of two indices:

N/2
{1,...,N} = [ J{o(2k — 1),0(2k)} .
k=1
Set
1 if {,n} = o, 2k—1),07¢ 2k)} for some k < & |
Ti(f,n) = () = {og14 (26 1),0111(20)) -2 (1.3)
0 otherwise,
and consider the time-dependent random batch Hamiltonian
N N
Ha(t) =Y —30°A, + > Tuln)V(w—zn). (7.4)
m=1 1<t<n<N
The RBM then solves the random batch Schrodinger equation
i Un(t,21, ... ,on) = Hy (O Un(t 21, an), Un|,_, = TW. (7.5)

Clearly, for each time step the cost of computing the interaction potential is reduced from
O(N?) to O(N).

As we have seen, RBM is known to converge in the case of classical dynamics. It is
therefore natural to seek an error estimate for the quantum RBM method. The major
difficulty here is to obtain an error estimate that is independent of i and N.

7.1.1 Mathematical Setting and Main Result

It will be more convenient to carry out the analysis on the corresponding von Neumann
equations

ih0; Ry (t) = HyRn(t) — Ryv()Hy =: [Hy, Ry ()], Ry (0) = R . (7.6)
Here we denote § := L*(R% C) and Hy = H®V ~ L2((RY)V;C) for each N > 2. The

algebra of bounded operators on $) is denoted by L£($), while £}($) C £($) and L£2()
are respectively the two-sided ideals of trace-class and Hilbert-Schmidt operators on ). The
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operator norm of A € £($) is denoted || A||. A density operator on ) is a trace-class operator
R on $) such that
R=R*>0 and traceyz(R)=1.

The set of density operators on a separable Hilbert space H is henceforth denoted D(H).
The random batch von Neumann equation is

ihd By (t) = [H(t), Bn(8)],  Rn(0) = RY. (7.7)

In order to find an error estimate for the RBM that is independent of the particle
number N, one first needs to define in terms of Ry (t) and Ry (t) quantities of interest to be
compared that are independent of N. A common practice when considering large systems
of identical particles is to study the reduced density operators, which unfortunatey does
not lead to N-independent error estimates [41]. Assume that RY has an integral kernel

in —

Pt =" (2, 2N YL, .-, YN) satisfying the symmetry

rin(xla s TN YL, - ayN) = rin(xo'(l)7 sy Lo(N) Yo(l)s - - - 7yO'(N)) (78)

for each permutation ¢ € &py. Then, for each t > 0, the N-body density operator
Rn(t) solution of (7.6) satisfies the same symmetry, i.e. its integral kernel of the form
r(t;x1,..., &N Y1, -, yn) also satisfies

T(t;mla"'axN;ylw"ayN) = r(t;ma(1)7"'7xa'(N);yo'(l)a"'?ya'(N)) (79)

for each permutation o € Gy. The 1-particle reduced density operator of Ry (t) € D(Hn)
is Ry,1(t) € D($) defined by the integral kernel

r1(t, z,y) ::/ r(t; @, 29, .. ZN; Y, 22y - - -5 2N )2 .. d2N (7.10)
(RN -1

Even if RY satisfies the symmetry (7.8), in general Ry (t) does not satisfy the symmetry
analogous to (7.9) for ¢t > 0 (with r replaced with 7, an integral kernel for Ry (t)) because
the random batch potential

> Tl )V (z — xn)

1<f<n<N

is not invariant under permutations of the particle labels. For that reason, the 1-particle
reduced density operator of Ry (t) one needs is Ry 1(t) € D($)) defined for all ¢ > 0 by the
integral kernel

N
- 1 ~ A
Aoy =y > [ 62kl Zin )iz (711)
‘771 (Rd)N—l
with the notation
Zj’N[{L‘] =21y 3% —15 Ty 2541 - -3 2N de,N = dZ1 N dzjfldzj+1 ce dZN .

(Obviously (7.11) holds with r; and r in the place of 71 and 7 respectively because of the
symmetry (7.9).)
We also need to introduce the Wigner functions of the density operators Ry (t) and

Ry(t). Let s = s(z,y) € L2(R? x R?) be an integral kernel of operator S € £2(7). Then
the Wigner function of S is defined by the formula

Wi[S](z, ) = ﬁ]—"(y — s(z+ shy,x — $hy)) forae x € RY, (7.12)

where F is the Fourier transform on L2(R9).
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For each integer M > 1, we also introduce the dual norm
a€ C.(RYxRY), and
= )dxd
Al-se=sup | [ o aediaodt] | s 2020l e o <1

|, 181<M
le|+18]>0

(7.13)
The main results in [41] is the following theorem.
Theorem 7.1. Assume that N > 2 and that V € C(RY) is a real-valued function such that
V(z) = V(=2) for all z € R?, lim V(z)=0, and / (1 + |wH)|F(V)(w)]dw < 0.
Rd

|z| =400

Let Ry 1(t) and RN,l(t) be the single-particle reduced density operators defined in terms of
Ry (t) and RE(t) respectively by (7.10). Then there exists a constant v4 > 0 depending only
on the dimension d of the configuration space such that, for each t > 0, one has

|[WhlERN,1(t)] = WrlRn,1 ()]l -(a/2-3
< 2y AteStmaxAVALW) A (V)(2 4 3¢tA(V) max(1, At) + AVAL(V)tAL), (7.14)

where

d
V)= e [ PIV@lo, A0V) = g [ S WVl

with w” the v-th component of w.

This error estimate gives an error independent of h and N. It was also pointed out in
[41] that the error bound obtained in above theorem is small as At — 0, even for moderate
values of N for which the factor ﬁ is insignificant. Therefore the result applies to N-
body quantum Hamiltonians without the ﬁ normalization of the interaction potential, as
a simple corollary for each finite value of N > 2.

Remark 7.1. Note that the dual norm (7.13) is a kind of weak norm. The error bound
O(At) is consistent with the weak error estimate in [54].

7.2 Quantum Monte-Carlo methods

Computing the ground state energy of a many-body quantum system is a fundamental
problem in chemistry. An important tool to determine the ground state energy and electron
correlations is the quantum Monte Carlo (QMC) method [94, 4].

Consider the Hamiltonian,

H = Z ALA—ZW i =)+ Y Vet (2s). (7.15)

i#]

Here Vext is the external potential given by

(7.16)

ext xz

||M§

where R,,, for instance, can be the position of an atom.
Up to some global phase factor, the ground state takes real values and is nonnegative
everywhere. The ground state and the corresponding eigenvalue can be obtained via the

Rayleigh quotient,
/ ‘I)NH(I)NCZQ
FE = min RN

(R3)N
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where the minimizer ® corresponds to the ground state wave function. The main compu-
tational challenge here is the curse of dimensionality due to the high dimensional integral.

In the variational Monte Carlo (VMC) framework, the ground state is approximated
by selecting an appropriate ansatz ®y ~ ®j. Traditionally, ®( is constructed using the
one-body wave functions, by taking into the effect of particle correlations described by the
Jastrow factors [32]. For example, in the Boson systems like the liquid Helium interacting
with a graphite surface [78, 97, 84], the following ansatz has been proven successful,

a b2

Iz 1 5
2= /O o), @) =5 Y ulln-wl) ue) = (7) + mrg (T18)
1,§:0F#]
The non-negative one-particle wave function is often taken as
M
Pla;) =Y e Vi he), (7.19)
a=1

for some function #. This form has been used in [97] and the parameters were obtained
by solving a one-dimensional Schrodinger equation. With the approximation of ®5 being
fixed, the multi-dimensional integral is then interpreted as a statistical average. In fact,
introducing the probability density function (PDF),

plz) o [Po(z)[?, (7.20)

the ground state energy is the average of Ei. under p(x), where

(7.21)

Hence, E' can be computed by a Monte Carlo procedure, and such a method is called the
VMC, which is a typical QMC method.

In the VMC methods, the ground state is not updated. Instead, one may use another
QMC method-the diffusion Monte Carlo (DMC) method [3, 85]-to compute the ground
state and the energy. In particular, one solves a pseudo-time Schrodinger equation (TDSE)
which is a parabolic equation [85]

8 Uy = (Er — Hy)Un. (7.22)

Here, t represents a fictitious time. The energy shift Er is adjusted on-the-fly based on the
change of magnitude of the wave function. Instead of solving (7.22) directly, it is often more
practical to find f(r,t) with

flz,t) = Un(z,t)Po(x). (7.23)

By choosing ¥ (z,0) = ®¢(x), f(z,0) = |®o|? x p(z). Hence, a VMC method may be used
to initialize f(z,t). Clearly, f solves the following differential equation [85],

h2 R _,
Of ==V (v(@)f) + 5=V = (Br = B (2) . (7.24)
where v = (vy,--- ,vy) € RNV and
vi(z) = Viegp(z;) — Y Va,u(lz;i — z]).

JigFu

The average energy E(t) is then defined as a weighted average,

[ fw0bu@
(R3)N

/ fz t)dz
(R3)N
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where the correctness can be seen by E(t) = f\I/N’HCIJOdg/ / UnPodz. If Wy is close to

the eigenstate, this will be close to F.

The key observation is that the dynamics (7.24) can be associated with a stochastic
process, in which the particles are experiencing birth/death while driven by drift velocity
and diffusion. This process can be implemented by a number of walkers together with
birth/death processes [3, 85].

7.2.1 The Random Batch Method for VMC
With (7.18), the density (7.20) can be found as

pa) e, Vo=~ = = Y log(a) + % S5 u(fai — ), (7.26)

i ji
and the total energy can be expressed as
52 52 N M
Eior(z) = =5~ AV = o | VV|| + ; W(z; — ;) + Z; ; U(z; — Ra). (7.27)

To sample from p(z), one may make use of the Markov chain Monte Carlo (MCMC)
methods. Consider the over-damped Langevin dynamics,

dri = Vlog¢(ri)dt — Y Vypu(lr; — r;|)dt + dWi(t), 1<i<N. (7.28)

JigFi
Under suitable conditions [76], the dynamical system with potential given by (7.26) is ergodic
and the PDF p(z) in (7.26) is the unique equilibrium measure of (7.28). By the classical

Euler-Maruyama method ([62]), the underdamped Langevin can be discretized to a Markov
Chain:

ri(t+At) = 7i(t) + Viog ¢(ri) At — > Ve u(|ri(t) = mj () At+ AW;,  1<i < N, (7.29)
J#i
where AW; is again sampled from N(0, At). Tt is clear that O(M + N) operations should
be taken for each particle at each time step.
The cost of the above MCMC is high. The strategy in [57] is to apply a RBM strategy

with replacement. In particular, at each step, one randomly picks two particles, ¢ and 7,
and compute their interactions, V,,u(|r; — r;|), then updates their positions as follows,

{ri(t + At) = ri(t) + Viog ¢(ri) At + (N — 1)V u(|r; — rj|) At + AW, (7.30)
ri(t + At) = r;(t) + Viog ¢(r;) At + (N — 1)V, u(|r; — rj|) At + AW,
For the one-body term V log ¢(r;),
M 4 4 e—0(ri—Ra)
Viogo(ri) = 3 V00— Ra)ia 4 = S i (7.31)

where the coefficients ¢,’s are non-negative and > g5, = 1. To reduce the cost, one may
further use a direct Monte-Carlo method: pick just one term « randomly. Specifically,
assume that one starts with a and computes e,q = 0(r; — Ry), and then one randomly
picks 1 < 5 < M, and computes enew = 0(1; — Rg). [ is accepted with probability

Pacc X €XpP [_ (enew - eold)] . (732)
For the detailed algorithm see [57]. As a result of the random sampling of the one- and

two-body interactions, updating the position of each particle only requires O(1) operations
per time-step. Another practical issue emerges when the interaction u(|x|) has a singularity
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near zero. One can use the splitting idea as mentioned in section 4.1, i.e., applying RBM
only to the long-range smooth part.

It was shown in [57] that the above random batch algorithm, when applied to one batch
of two particles, has the same accuracy as the Euler-Maruyama method over a time step of
2At/N. One full time step in Euler-Maruyama method corresponds to N/2 such steps in the
random batch algorithm. This corresponds to the random batch method with replacement.

We show a numerical experiment performed in [57] on *He atoms interacting with a two-
dimensional lattice. The CPU times taken to move the 300 Markov chains for 1000 steps
were compared. In this comparison, the cost associated with the energy calculations was
excluded in the random batch and Euler-Maruyama methods. From Table 3, one clearly
sees that the RBM is more efficient than the Euler-Maruyama method. It is much more
efficient than the random walk Metropolis-Hastings algorithm, mainly because the latter
method requires the calculation of the energy at every step.

Table 3: CPU times (seconds) for several VMC methods.

Random Euler- Random
Walk Maruyama Batch
Metropolis-
Hastings

CPU time for a 1000-step sampling period | 1503 469 54

7.2.2 The Random Batch Method for DMC

Viewing (7.24), one may consider an ensemble of L copies of the system, also known as
walkers [3]. For each realization, one first solves the SDEs corresponding to the drift and
diffusion, which is the same as the overdamped Langevin as in VMC up to a time scaling.
Hence, the same Random Batch Algorithm in the VMC can be used for this part.

The relaxation term —(Er — FEiot)f is then done by using a birth/death process to
determine whether a realization should be removed or duplicated. For each walker, one
computes a weight factor,

w(t + At) = exp [At(Er — 5 (Erot(r) + Eot(7")))] - (7.33)

This weight determines how the walker should be removed or duplicated. See [57] for
more details. The primary challenge is that computing the energy at each step requires
O((N + M)N) operations in order to update the position of N particles. To reduce this
part of the computation cost, one rewrites the total energy as

N
EBit(r) =) _Ei(r)+ Y. Ex(ror)+ Y. By(rirm), (7.34)

1<i<j<N 1<i<j<k<N

where

K2 K2 M
Ei(r;) = —%VQ In ¢ (r;) — %quﬁ(ri)ﬁ +> U(ri — Ra),
a=1
K2 K2 K2
Es(rs,rj) = —EVQ Inwu(r;) + E(V In¢(r;) — Vin qb(rj)) - Vu(ry;) + E|Vu(rij)|2 + Wi(ri;),

E3(ri,rj i) = % [VU(W) Vu(ri) + Vu(ry) - Vulrje) + Vu(re) - VU(%‘)]

(7.35)

Here, r;; = r; — r; and r;; = |r;;|. The three-body terms arise because of the |[VV|? term
in (7.27).

In the random batch algorithm proposed in [57], one randomly picks a batch C; with

three particles: Cy = {4, j, k}. One first updates the position of the three particles (drift and
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diffusion) by solving the overdamped Langevin dynamics using the random batch algorithm
with batch size 3. Then, one then defines a local energy,

Ei(ri,rj,rx) =E1(r;) + E1(r;) + E1(ry)
+ 8 [EZ(T%TJ') + Ea(rj, ri) + Ea (e, mi) |, (7.36)

+ 7<N71)2(N72) Es(ri,rj,T%).

where in F7, the sum Ei/lzl can be further reduced by a mini-batch strategy. Computing
this local energy is clearly O(1). To avoid frequent removal and duplication of walkers, the
branching process is applied after N/3 batches of particles are updated. In this case, the
weight function is defined by collecting the local energy from each batch (denoted by I,
here),

N/3

w(r) = exp [At(ET - Etot)] ) Etot = Z Ey,,. (7.37)
m=1

Because of the smallness of At, the expectation of w; equals w(t + At) modulus an error of
O(At?). See [57] for the verification using the Green’s functions.

The detailed algorithm can be found in [57] and we omit it here. Now we show a test
of the RBM-DMC algorithm conducted in [57], which compares the results with the direct
DMC method. For the initialization, a VMC method using the ansatz (7.18) for the wave
function ®( was first applied. The random walk Metropolis-Hastings Monte Carlo method is
used in both methods so that they start at the same states. 300 ensembles are created by sub-
sampling one sample out of every 500 steps from the VMC runs to avoid correlations among
the ensembles. For both methods, At = 10~* was used and 200,000 steps of simulations
were run. The CPU run-time is recorded for various system sizes. More specifically, the
system size is increased from the original 168 particles, to N = 378, N = 672 and N = 1050
particles, and in each case, the direct DMC and the RBM-DMC were run for 1000 steps. As
shown in Figure 8, the CPU time for the direct DMC method increases much more rapidly
as NN increases.

x10*
9 1 T L] ] ] T L] L] T

¥ Random Batch
sl O Direct DMC o |

v
T
1

CPU time
H
T

1k o i
w

. . - . L ®, . : .
100 200 300 400 500 600 700 800 900 1000 1100

N

Figure 8: A comparison of the CPU runtime (in seconds) for running 1000 steps of DMC.
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