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ABSTRACT

We revisit the problem of sampling from a target distribution that has a smooth
strongly log-concave density everywhere in RP. In this context, if no additional
density information is available, the randomized midpoint discretization for the
kinetic Langevin diffusion is known to be the most scalable method in high
dimensions with large condition numbers. Our main result is a nonasymptotic and
easy to compute upper bound on the Ws-error of this method. To provide a more
thorough explanation of our method for establishing the computable upper bound,
we conduct an analysis of the midpoint discretization for the vanilla Langevin
process. This analysis helps to clarify the underlying principles and provides
valuable insights that we use to establish an improved upper bound for the kinetic
Langevin process with the midpoint discretization. Furthermore, by applying these
techniques we establish new guarantees for the kinetic Langevin process with
Euler discretization, which have a better dependence on the condition number than
existing upper bounds.

1 INTRODUCTION

The task of sampling from target distributions with smooth, strongly log-concave densities has been
a long-standing challenge in various fields such as statistics, machine learning, and computational
physics (Andrieu et al., 2003; Krauth, 2006; Andrieu et al., 2010). Over the years, researchers
have developed several algorithms to tackle this problem, and one prominent approach are the
Langevin algorithms (Rogers & Williams, 2000; Oksendal, 2013; Robert et al., 1999). Langevin
algorithms leverage the Langevin equation to design efficient and effective sampling algorithms.
These methods generate a Markov chain by iteratively updating the position of a particle based on the
Langevin equation. By simulating the particle’s motion over time, these algorithms explore the target
distribution and eventually converge to samples that approximate the desired distribution (Robert
etal., 1999).

The canonical sampling algorithm, Langevin Monte Carlo (LMC) (Roberts & Tweedie, 1996;
Dalalyan, 2017; Durmus & Moulines, 2017; Erdogdu & Hosseinzadeh, 2021; Mousavi-Hosseini
et al., 2023; Raginsky et al., 2017; Erdogdu et al., 2018; Mou et al., 2022; Erdogdu et al., 2022), is
a Markov chain Monte Carlo (MCMC) method that simulates the dynamics of a fictitious particle
moving through a potential energy landscape defined by the target distribution. Formally, it is the
Euler-Maruyama discretization of an SDE known as the Langevin diffusion. The underlying idea
can be traced back to the early 20th century when Paul Langevin introduced a stochastic differential
equation (SDE) to describe the motion of a particle in a fluid (Langevin, 1908). This SDE, combines
deterministic and random components to model the particle’s behavior under the influence of both a
deterministic force and random noise.
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One popular variant of the Langevin Monte Carlo is based on discretizing the kinetic Langevin
diffusion, which introduces a friction term to control the exploration-exploitation trade-off during
the sampling process (Einstein, 1905; Von Smoluchowski, 1906). According to Nelson (1967),
the Langevin diffusion is the rescaled limit of the kinetic Langevin diffusion. Its ergodicity
and mixing-time properties are studied in Eberle et al. (2019); Dalalyan & Riou-Durand (2020).
Euler-Maruyama time discretization of this SDE, called kinetic Langevin Monte Carlo (KLMC), is
prevalent in the sampling literature (Cheng et al., 2018b; Dalalyan & Riou-Durand, 2020; Shen &
Lee, 2019; Ma et al., 2021; Zhang et al., 2023).

The randomized midpoint discretization method, as an alternative to the Euler-Maruyama scheme
for KLMC, is proposed by Shen & Lee (2019). They demonstrate the superior performance of
this method in terms of both tolerance and condition number dependency. More recently, He et al.
(2020) analyze probabilistic properties of the randomized midpoint discretization method for the
(kinetic) Langevin diffusion. In this work, we undertake a comprehensive and thorough analysis of
the randomized midpoint discretization scheme for the kinetic Langevin diffusion under strongly
log-concavity. To achieve this, we introduce a novel proof technique relying on summation by part,
which helps to establish improved non-asymptotic and computable upper bounds on the discretization
error for this method. Our contributions can be summarized as follows.

* To lay the groundwork for our analysis, we initially delve into the midpoint discretization
technique applied to the vanilla Langevin process. In this context, we introduce our novel
proof technique, which plays a pivotal role in our study. Notably, in Theorem 1, we
provide the convergence guarantees for RLMC in Wy-distance with explicit constants and
a transparent reliance on the initialization. These guarantees are competitive with the best
available results for LMC, and could be leveraged to derive an improved upper bound
specifically tailored for RKLMC.

* We further extend these techniques to RKLMC, and provide the corresponding convergence
guarantees in Wy-distance in Theorem 2. Compared to the previous works, our bound
a) contains small constants and the explicit dependence on the initialization, b) does not
require the initialization to be at the minimizer of the potential, ¢) and is free from the linear
dependence on the sample size, which serves as a crucial step towards the method applied to
non-convex potentials.

* Employing the same techniques, we finally examine the convergence behavior of the KLMC
algorithm with the Euler-Maruyama discretization. In Theorem 3, we provide an upper
bound on the accuracy of this scheme in Ws-distance with improved dependence on the
condition number.

We offer a systematic and unified treatment of the variants of LMC, which empowers us to derive
enhanced upper bounds for the Ws-error associated with RKLMC, RLMC, and KLMC algorithms.
Furthermore, our techniques facilitate the determination of explicit constants and the dependence
on initialization, providing us with a clearer basis for choosing the step size and comparing the
convergence rates across these methods.

Notation. Denote the p-dimensional Euclidean space by RP. The letter 8 denotes the deterministic
vector and its calligraphic counterpart 1 denotes the random vector. We use I, and 0, to denote,
respectively, the p x p identity and zero matrices. Define the relations A < B and B = A for two
symmetric p X p matrices A and B to mean that B — A is positive semi-definite. The gradient and
the Hessian of a function f : R”? — R are denoted by V f and V2, respectively. Given any pair of
measures 4 and v defined on (RP, B(RP)), the Wasserstein-2 distance between p and v is defined as

1/2
Watu) = (it [ o~ el3dol0.6)) "
€T (1, ) JRe xRP

where the infimum is taken over all joint distributions o that have y and v as marginals.

2 UNDERSTANDING THE RANDOMIZED MIDPOINT DISCRETIZATION: THE
VANILLA LANGEVIN DIFFUSION

The goal is to sample a random vector in R? according to a given distribution 7 of the form
m(0) x exp{—f(0)}, 0 € R?P,
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with a function f : RP — R, referred to as the potential. Throughout the paper, we assume that the
potential function f is M-smooth and m-strongly convex for some constants 0 < m < M < oo.

Assumption 1. The function f : RP — R is twice differentiable, and its Hessian matrix V2 f satisfies

ml, < V2f(0) < MI,, VO e R

Let 9 be a random vector drawn from a distribution v on R? and let W = (W, : ¢ > 0) be a
p-dimensional Brownian motion independent of 9. Using the potential f, the random variable 9
and the process W, one can define the stochastic differential equation

dLP = —Vf(LP)dt + vV2dW,,  t>0,  L® =, M

This equation has a unique strong solution, which is a continuous-time Markov process, termed
Langevin diffusion. Under some further assumptions on f, such as strong convexity or dissipativity,
the Langevin diffusion is ergodic, geometrically mixing and has 7 as its unique invariant distribution
(Bhattacharya, 1978). Furthermore, the mixing properties of this process can be quantified. For
instance, if 7 satisfies the Poincaré inequality with constant Cp, then (see e.g. Chewi et al. (2020))
the distribution 1P of LLP satisfies

Wy (P ) < e V9PV 20X 2 (v||7), Yt > 0.

These results suggest that we can sample from the distribution 7 by using a suitable discretization of
the Langevin diffusion. The Langevin Monte Carlo (LMC) method is based on this idea, combining
the aforementioned considerations with the Euler discretization. Specifically, for small values of
h > 0and AW, = Wiy, — Wy, the following approximation holds

h
L?, =L° - /O VF(LD,)ds + V2 A W ~ L° — hV f(LEP) + V2 AW,

By repeatedly applying this approximation with a small step-size h, we can construct a Markov
chain (ﬂ,';MC : k € N) that converges to the target distribution 7 as h goes to zero. More precisely,
IMC ~ LD for k € N, is given by

ORT = 9N — VS (OFY) + V2 (Wi yn — Win).

This method is computationally efficient and has been widely used in statistics and machine learning
for sampling from high-dimensional distributions (Gal & Ghahramani, 2016; Izmailov et al., 2020;
2021). To assess the discretization error, consider the case where L5P is drawn from the invariant
distribution 7 and note that

h
LR,y — 015 = IR — 0 — [ VTR, as + nV0)
= L, = 95" = h(VF(LER) = VF9:)) = G, )

where ¢, = foh (VLD ) — Vf(LLD)) ds is a zero-mean random “noise” vector. Previous

work on LMC demonstrated that the squared Lo norm of (j, is of order M 2h3p, whereas the term
LD — 9MC — h(VF(LER) — V f(9FMC)) satisfies the contraction inequality

2
1Z5R = 95 = (VL) = V@M, < (= mh)?|LiR = 9CE,. 3

If we denote by 7, the correlation between ¢y, and LtP —9-MC and by Erry, the error || LEP —9tMC ||,
we infer from equation 2 and equation 3 that

Erri,y < (1 — mh)®Erg + CMhryErri\/hp + CM?h3p,

for some universal constant C. If we were able to check that rj, is small enough so that the second
term of the right-hand side can be neglected, we would get Erry <= mh)?Brri + Cy M?h3p,

which would eventually lead to Erry., ; < (1 —mh)?*Err} + CoM?h?(p/m). This would amount to

Ire] < 1 — Erryy 1 < (1 — mh)* Erry + CsMhy/p/m. )



Published as a conference paper at ICLR 2024

Unfortunately, without any additional conditions on f, the correlation r; cannot be shown to be
small, and one can only deduce from equation 3 that Erry11 < (1 — mh)Err, + CMh+/ph, which
eventually yields

Ir] & 1 = Erry 1 < (1 — mh)® Erry + Cy(M/m)+/ph. )

This inequality is established under the standard assumption Mh < 1, which implies that the last
term in equation 4 is significantly smaller than equation 5. To get such an error deflation, we need the
correlations 7, to be small. While this is not guaranteed for the Euler discretization, we will see that
the randomized midpoint method allows us to achieve such a reduction.

Let U be a random variable uniformly distributed in [0, 1] and independent of the Brownian motion
W . The randomized midpoint method exploits the approximation

h
LD, = L'P — / VA(LEL ) ds + V2 AW, ~ L — AV F(LEP, ) + V2 AL W,
0

The noise counterpart of ¢y, in this case is {f = foh V(L) ds — V(LD ). Itis clearly
centered and uncorrelated with all the random vectors independent of U such as LD, 9tMC and the
gradient of f evaluated at these points.

The explanation above provides the intuition of the randomized midpoint method, and a hint to why
it is preferable to the Euler discretization, but it cannot be taken as a formal definition of the method.
The formal definition of the randomized midpoint method for the Langevin Monte Carlo (RLMC) is
defined as follows: at each iteration k = 1,2, ...,

1. we randomly, and independently of all the variables generated during the previous steps,
generate a pair of random vectors (£}, £}) and a random variable U}, such that

* Uy, is uniformly distributed in [0, 1] and independent of (&), €}.),
* (&}, €&} are independent NV, (0, I,,).
2. we set & = Uy &), + /T — Ui¢&)! and define the (k + 1)th iterate 9R-MC by

YRMC — YRIMC _ h U, V £ (ORMC) + /20U, €}, (6)
YRMC — YRIMC _ v £(IRINMC) 1+ V2R €. @)

With a small step-size h and a large number of iterations n, the distribution of 9RMC can closely

approximate the target distribution 7. In a smooth and strongly convex setting, it is even possible to
obtain a reliable estimate of the sampling error, as demonstrated in the following theorem (the the
proof is included in the supplementary material).

If the step-size h is small and the number of iterations n is large, the distribution of 19§LMC is
close to the target 7. Interestingly, in the smooth and strongly convex setting it is possible to get a
good evaluation of the error of sampling as shown in the next theorem (the proof is deferred to the
supplementary material).

Theorem 1. Assume the function f : RP — R satisfies Assumption 1. Let h be such that Mh +
VE(MR)3/2 < 1/4 with k = M/m. Then, every n > 1, the distribution vR"MC of 9RMC satisfies

Wo (VR"ME ) < 111e ™™/ 2 Wy (vg, ) + (2.4VKMh + 1.77) Mhy/p/m. ®)

Prior to discussing the relation of the above error estimate to those available in the literature, let us
state a consequence of it.

Corollary 1. Let € € (0, 1) be a small number. If we choose h > 0 and n € N so that

€ 3k 3.8x%/3 1 m,, o
h= 151 (65m0)17" and n > (6 + 52/3) (log(QO/E) + 3 log (pWQ(llo,ﬂ')))

then' we have Wo(vR"MC 1) < ey /p/m.

"This follows from the fact that (6x /) + 4.2x%/% /e?/® < 2k /(Mh) = 2/mbh.
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Our results can be compared to the best available results for the Langevin Monte Carlo (LMC) under
Assumption 1 (Durmus et al., 2019, Eq. 22). We recall that LMC is defined by a recursive relation of
the same form as equation 7, with the only difference that V f (941/) is replaced by V f (9%). The
tightest known bound for LMC is given by

W, (VEMC 1) < (1 — mh) ™" 2Wa (g, 1) 4+ /2Mhp/m,
with M h < 1. By choosing 2Mh = (19/20)2c? and
n > 2.22(r/e?){1og(20/e) + 3 log (W5 (vo, 7)) },

we can ensure that Wy (v-MC ) < e4/p/m. Therefore, the complexity bound of Corollary 1 derived

n

from our result for RLMC is better than the best-known complexity bound for LMC in the regime of
k of smaller order than® ¢ 4.

To the best of our knowledge, the first results on the error analysis of RLMC have been obtained
in (He et al., 2020). They derived an upper bound on the discretization error (the second term on
the right-hand side of equation 8) under the assumption that the initial point of the algorithm is the

minimizer of the potential function f. Their bound takes the form C'(vVkMh+1)Mh+/p/mx~v/mnh,
where C' is a universal but unspecified constant. Compared to our bound, the one obtained in He

et al. (2020) has an additional factor v mnh. While this factor may not be very harmful in the case of
geometric ergodicity where the number of iterations n is chosen such that nmh goes to infinity at
the logarithmic rate log(1/¢), removing it can be an important step toward extending these results to
potentials that are not strongly convex.

While the proof of this theorem is deferred to the supplementary material, we can outline the main

argument that allowed us to remove the factor vnmh from the error bound. To convey the main idea,
let us consider three positive sequences a.,, b,, ¢, satisfying, for every n € N,

an+1 < (1 —a)a, + by, )
CnJrl g Cn — bn + C; (10)

with some v € (0, 1) and C > 0. Using the standard telescoping sums argument, frequently employed
for proving the convergence of convex optimization algorithms, one can infer from equation 10 that

Z;Obn < co — eny1 +nC < o+ nC. (11)
On the other hand, it follows from equation 9 that
g1 < (1 —a)"*lag + 2220(1 — )" by (12)
Upper bounding (1 — a)"~* by one, and using equation 11, we arrive at

a1 < (1 —a)"ag + ¢o + nC. (13)

This type of argument, used in previous papers on RKLMC (Shen & Lee, 2019), is sub-optimal and
leads to the extra factor vVnmh. A tighter bound can be obtained by replacing the telescoping sum
argument by the summation by parts. More precisely, one can check that equation 10 and equation 12
yield

ans1 < (1— )" lag + Zk:o(l — )" Flep — epgr) + CZkZO(l —a)"k
n C
<(I—a)"Mag+(1—a)"c+ O‘Zkzo(l —a)" e + o (14)

The upper bound provided by equation 14 has two advantages as compared to equation 13: the
term nC is replaced by C/«, which is generally smaller, and the dependence on the initial value
is (1 — a)™¢o instead of ¢y. This comes also with a challenge consisting in upper bounding the
sum present in the right-hand side of equation 14, which we managed to overcome using the strong
convexity (or, more precisely, the Polyak-Lojasiewicz condition). The full details are deferred to the
supplementary material.

>The condition £ = o(¢~*) is obtained by simple algebra from the condition x*/3 /e*/% = o(k/£?).
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3  RANDOMIZED MIDPOINT METHOD FOR THE KINETIC LANGEVIN DIFFUSION

The randomized midpoint method, introduced and studied in Shen & Lee (2019), aims at providing
a discretization of the kinetic Langevin process that reduces the bias of sampling as compared to
more conventional discretizations. Recall that the kinetic Langevin process LK is a solution to a
second-order stochastic differential equation that can be informally written as

TLEP + LEP = —Vf(LE) + V2 W, (15)

with initial conditions LK'® = 9y and LK'® = v,. In equation 15, v > 0, W is a standard
p-dimensional Brownian motion and dots are used to designate derivatives with respect to time ¢ > 0.
This can be formalized using It&’s calculus and introducing the velocity field VKLP so that the joint
process (LK'P, VKLD) satisfies

dLf® = VP dy  LavKP = — (VKL 4 v (LEP)) dt + V2dW,. (16)

Similar to the vanilla Langevin diffusion equation 1, the kinetic Langevin diffusion (LK'P, VKLD)
is a Markov process that exhibits ergodic properties when the potential f is strongly convex (see
(Eberle et al., 2019) and references therein). The invariant density of this process is given by

p(8,v) o exp{—£(6) — 5 [[v]|*}, forall 6,v € RP.

Note that the marginal of p, corresponds to € coincides with the target density m. However, unlike
the vanilla Langevin diffusion, the kinetic Langevin is not reversible. It is interesting to note that the
distribution of the process LX'P approaches that of the vanilla Langevin process as vy approaches
infinity (see e.g. (Nelson, 1967)). Therefore, L'° and LK'P are often referred to as the overdamped
and underdamped Langevin processes, respectively (where increasing the friction parameter -y is
characterized as damping).

The kinetic Langevin diffusion LK'P is particularly attractive for sampling because its distribution
vKLP converges to the invariant distribution exponentially fast. This is especially true for strongly
convex potentials, as proven in’ (Dalalyan & Riou-Durand, 2020, Prop. 1), where it is shown that the
following inequality holds:

‘/tKLD v —mt ‘/0 v _ IP OP
WQ(C|:L;<LD ,C 9 <e W2 C LO ,C 9 5 C= Ip ')/Ip

for every t > 0, provided that v > m + M.

To discretize this continuous-time process and make it applicable to the sampling problem, Shen &
Lee (2019) proposed the following procedure: at each iteration k = 1,2, ...,

1. randomly, and independently of all the variables generated at the previous steps, generate

random vectors (&}, &}/, &)') and a random variable U}, such that

* U, is uniformly distributed in [0, 1],

« conditionally to Uy = u, (&,&},€;’) has the same joint distribution as (B, —
e "G, By — e "Gy, 7e""G), where B is a p-dimensional Brownian motion
and G; = fg e'hs dB,.

2. setyp(z) = (1 — e~*)/x and define the (k + 1)th iterate of 9RMC by
Iy = O, + Uhp(YUR) vy — Uh(1 — (vUR))V f(95) + V2h €},
D1 = O + hip(Yh) v, — vh*> (1 = U)yp (yh(1 = U))Vf (Okrv) + V2hE],
V1 = e oy — yhe MOV F(94 ) + V2R EY.

Although the sequence (vRKEMC YRKIMC) approximates (VSLP, LKD), it is not immediately
apparent. The supplementary material clarifies this point. We state now the main result of this

paper, providing a simple upper bound for the error of the RKLMC algorithm.

3For the sake of the self-containedness of this paper, we reproduce the proof of this inequality in Proposition 1
deferred to the Appendix.
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Theorem 2. Assume the function f : RP — R satisfies Assumption 1. Choose ~y and h so that
v > 5M and vh < 0.1~Y6, where k = M/m. Assume that Oy is independent of vy and that
vo ~ Np(0,~1,). Then, for any n > 1, the distribution V,FEKLMC of 19EKLMC satisfies

W (VFMC ) < 1.60"Wa (vo, ) + 0.1/ 0"E[f (90) — f(60.)]/m
+0.2(yh)*\/kp/m + 10(yh)**\/p/m,

where o = exp(—mh), and 0, = arg mingecg» f(8).

This result has several strengths and limitations, which are discussed below, after the corollary
providing the number of required iterations to attain a predetermined level of accuracy.

Corollary 2. Let e € (0,1) be a small constant. If v = 5M, 99 = 0. and we choose h > 0 and
n € N so that

£2/3

T 5+ 0.6(e2k)1/6
then we have Wy (VRKIMC 1) L ey /p/m.

n

vh and n > ke 23 (25 + 3(%k)"/%) log(20/e) ,

The corollary presented above gives the best-known convergence rate for the number of gradient
evaluations required to achieve a prescribed error level in the case of a gradient Lipschitz potential,
without any additional assumptions on its structure or smoothness. This rate, ke ~2/3(1 + (£2x)/),
was first discovered by Shen & Lee (2019) (see also (He et al., 2020)). By employing our proposed
proof technique described in Section 2, the result in Theorem 2 gets rid of the factor nmh from
the discretization error, which was present in the previous upper bounds of the sampling error.
Furthermore, our bound contains only small and explicit constants. Finally, our result does not require
the RKLMC algorithm to be initialized at the minimizer of the potential, which is important for
extending the method to non-convex potentials.

On the downside, the condition v > 5M is stronger than the corresponding conditions used in prior
work on the KLMC (without randomization). Indeed, these prior results generally require v > 2M.
Having a proof of Theorem 2 that reduces the factor 5 in v > 5M would lead to significant savings
in running time.

4 IMPROVED ERROR BOUND FOR THE KINETIC LANGEVIN WITH EULER
DISCRETIZATION

The proof techniques presented in the previous section can be used to derive an upper bound on the
error of the kinetic Langevin Monte Carlo (KLMC) algorithm. KLMC is a discretized version of
KLD equation 16, where the term V f (L) is replaced by V f(Lyyp) on each interval [kh, (k + 1)h).
The resulting error bound, given in the following theorem, exhibits a better dependence on ~ than
previously established bounds.

Theorem 3. Let f : R? — R satisfy mI, < V2f(0) < M1, for every 6 € RP. Choose ~y and h so
that v = 5M and \/kvh < 0.1, where kK = M /m. Assume that 9 is independent of vy and that
vo ~ N,(0,~1,). Then, for any n > 1, the distribution v KLMC o ﬁfLLMC satisfies

n

Wa (VM€ ) < 20" Wa (g, ) + 0.05+/0"E[f (D0) — f(6.)]/m + 0.9vh/kp/m.,
where 9 = exp(—mh), and 0, = arg mingeg» f(0).

Bounds on the error of KLMC under convexity assumption, or other related conditions, can be
found in recent papers (Cheng et al., 2018b; Dalalyan & Riou-Durand, 2020; Monmarché, 2021;
Monmarché, 2023). Our result has the advantage of providing an upper bound with the best known
dependence on the condition number x and having relatively small numerical constants, as shown in
the next corollary.

Corollary 3. Let e € (0,0.1). If v = 5M, ¥¢ = 0. and we choose h > 0 and n € N so that
yh=ex V2 and n > 5k%2"1og(20/¢)
then we have Wy (VK"MC 1) < ey /p/m.
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It is worth noting that our error bounds, along with the other bounds mentioned previously under
strong convexity, rely on the synchronous coupling between the KLMC and the KLD. However, in
the case of the vanilla Langevin, it has been shown in Durmus et al. (2019) that the dependence of
the error bound on x can be improved by considering other couplings (in their case, the coupling is
hidden in the analytical arguments). We conjecture that the dependence on « in the kinetic Langevin
Monte Carlo algorithm can also be improved through non-synchronous coupling. Specifically, we
conjecture that the number of iterations required to achieve a Ws-error bounded by e+/p/m should

scale as # /¢ rather than x3/2 /¢, as obtained in previous work and in Theorem 3.

5 NUMERICAL EXPERIMENTS

In this section, we compare the performance of LMC, KLMC, RLMC, and RKLMC algorithms.
We apply the four algorithms to the posterior density of penalized logistic regression, defined by
m(1¥) x exp(— f(19)), with the potential function

)\ Ndata

Sl + > log(1+exp(—ysz] 9)),
=1

2 Ndata i

f(9) =

where A > 0 denotes the tuning parameter. The data {x;, y; }!",, composed of binary labels y; €

{—1, 1} and features «; € R? generated from z; ; % (0,1), N(0,5), and N(0, 10), corresponding
to the plots from left to right, respectively. In our experiments, we have chosen A = 1/100, p = 3

and ngata = 100.

Figure 1 shows the W5-distance measured along the first dimension between the empirical
distributions of the samples from the four algorithms and the target distribution*, with different
choices of h. These numerical results confirm our theoretical results. Indeed, we see that the
randomized midpoint versions of LMC and KLMC perform better than their vanilla counterparts
when the condition number is not too large (the leftmost plot). This order changes when x becomes
large, as we see in the rightmost plot, where KLMC outperforms the other algorithms.
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Figure 1: Error of {L,RL,KL,RKL}MC with different choice of step size.

6 DISCUSSION OF ASSUMPTIONS AND LIMITATIONS

The results presented in this paper provide easily computable guarantees for performing sampling
with assured accuracy. These guarantees are conservative, implying that the actual sampling error
may be smaller than € even if the upper bounds stated in our theorems are larger than . However,
these bounds represent the most reliable technique available in the existing literature. The importance
of having such guarantees is further emphasized by the lack of reliable practical measures to assess
the quality of sampling methods. To better understand the computational complexity implied by our
bounds for various Monte Carlo algorithms, we present in Table 1 the number of gradient evaluations

required to achieve the accuracy of e4/p/m for different combinations of (g, ).

Strong convexity The assumption of strong convexity is often seen as too restrictive. In our theorems,
strong convexity is used for three purposes: (a) to ensure the contraction of the continuous-time

“Here, we execute the LMC algorithm with a small step size over an extended duration to approximate the
true distribution.
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Table 1: The number of iterations that are sufficient for the algorithms {L,RL,KL,RKL}MC to achieve an error
in W, distance bounded by &+/p/m, provided that they are initialized at the minimum of the potential f.

(e,r) || (0.1*,10')  (0.1',10%)  (0.1',10°)  (0.1},107)  (0.1',10°)  (0.1',10%%)
LMC 1.2 x 104 1.2 x 106 1.2 x 108 1.2 x 1010 1.2 x 1012 1.2 x 1014
RLMC 3.6 x 10° 1.1 x 108 45 x 108  2.0x 10! 9.3 x 10! 4.3 x 1016
KLMC 8.4 x 103 8.4 x 109 8.4 x 109 8.4 x 10'? 8.4 x 10'® 8.4 x 1018
RKLMC 1.0 x 10% 1.1 x 100 1.1 x10° 1.3x 100 2.2x10!? 4.2 x 101
(e,w) || (0.2%3,10Y)  (0.1%3,10%)  (0.13,10%)  (0.1%,107)  (0.13,10%)  (0.1%,10')
LMC 2.2x 108  22x10° 22x10'2 22x10'% 22x10!® 2.2 x 10'8
RLMC 3.8 x 10° 6.8 x 107  2.0x 100 8.4 x 102 3.8 x10'° 1.7 x 108
KLMC 1.6 x 106 1.6 x 10° 1.6 x 1012 1.6 x 10'® 1.6 x 108 1.6 x 102!
RKLMC 4.5 x 10° 4.5 x 107 45x10 2  45x 10" 4.7 x 103 5.7 x 10'5
(e,r) || (0.1°,10')  (0.1°,10%)  (0.1%,10°)  (0.1°,107)  (0.1°,10°)  (0.1%,10%%)
LMC 3.2 x 102 3.2x10'% 3.2x10'% 32x10'® 3.2x102%0 3.2 x 1022
RLMC 4.6 x 107 5.5 x 10° 9.9 x 10 3.0x 10" 1.2 x10'7 5.5 x 1019
KLMC 2.3 x 108 2.3 x 1011 2.3 x 10! 23 x10'7 2.3 x10%° 2.3 x 1023
RKLMC 1.5 x 107 1.5 x 10° 1.5 x 1011 1.5 x 103 1.5 x 10'° 1.5 x 1017

Langevin dynamics, (b) to relate the potential’s values to its gradient through the Polyak-Lojasiewicz
condition |V £(0)]|?> > 2m(f(0) — f(6.)) (Polyak, 1963; Lojasiewicz, 1963), and (c) to provide
the following simple upper bound on the 2-Wasserstein distance W2 (dg, , 7) < /p/m (Durmus &
Moulines, 2019, Prop. 1). The last two inequalities can be satisfied for many non-convex functions,
but the same is not true for the contraction of the Langevin dynamics.

Alternatively, we can assume that the function is only strongly convex outside a ball of radius R > 0,
whereas within the ball it is smooth but otherwise arbitrary. This approach requires an additional

factor of order e™®’ in the number of iterations necessary to achieve a specified error level (Cheng
etal., 2018a; Ma et al., 2019). We can also assume that the Markov semi-group has a spectral gap and
use this gap in the risk bounds. However, this approach goes against the spirit of our paper, which
aims to provide guarantees that are easy to interpret and verify.

Another important point to note is that the results obtained under the assumption of strong convexity
can be used as ready-made results in other frameworks as well. For instance, this is applicable to
weakly convex potentials or potentials supported on a compact set (Dalalyan et al., 2022; Dwivedi
et al., 2018; Brosse et al., 2017).

Smoothness Smoothness of f is a critical assumption for the results obtained in this paper. However,
in statistical applications, this assumption may not hold, such as when using a Laplace prior. In such
cases, various approaches have been proposed, mainly involving gradient approximation techniques,
as explored in the literature (Durmus et al., 2018; Chatterji et al., 2020). Our results open the door for
similar extensions of the randomized midpoint method for such scenarios.

It should also be stressed that if the potential is more than twice differentiable with a bounded tensor
of higher-order derivatives, then it is possible to design Monte Carlo algorithms that perform better
than the LMC and the KLMC (Dalalyan & Karagulyan, 2019; Dalalyan & Riou-Durand, 2020; Ma
et al., 2021). The same is true if the function f has some specific structure (Mou et al., 2021).

Functional inequalities Functional inequalities such as the Poincaré and the log-Sobolev inequalities
provide a convenient framework for analyzing sampling methods derived from continuous-time
Markov processes. This line of research was developed in a series of papers (Chewi et al., 2020;
Vempala & Wibisono, 2019; Chewi et al., 2022). Extending the techniques of this paper from strong
log-concavity to the framework of distributions satisfying one of the aforementioned functional
inequalities is a non-trivial task.

Other distances The Wasserstein-2 distance, utilized in this paper, serves as a natural metric for
measuring the error in sampling due to its connection with optimal transport. However, it is worth
noting that recent literature on gradient-based sampling has explored other metrics such as total
variation distance, KL divergence, and x? divergence (Ma et al., 2021; Vempala & Wibisono, 2019;
Durmus et al., 2019; Chewi et al., 2020; Balasubramanian et al., 2022; Zhang et al., 2023). An
interesting direction for future research involves establishing error guarantees for the randomized
midpoint method with respect to these alternative distances.
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A THE PROOF OF THE UPPER BOUND ON THE ERROR OF RLMC

This section is devoted to the proof of the upper bound on the error of sampling, measured in
Ws-distance, of the randomized mid-point method for the vanilla Langevin Langevin diffusion. Since
no other sampling method is considered in this section, without any risk of confusion, we will use the
notation 9y, instead of YR-MC to refer to the k-th iterate of the RLMC. We will also use the shorthand
notation

Jr = f(V%), Vfi ==V f(O), and V firv = V().
A.1 PROOF OF THEOREM 1

Let 99 ~ 1y and Ly ~ 7 be two random vectors in R? defined on the same probability space. At
this stage, the joint distribution of these vectors is arbitrary; we will take an infimum over all possible
joint distributions with given marginals at the end of the proof. Note right away that the condition
Mh + /k(Mh)3/? < 1/4 implies that Mh + (Mh)3/? < 1/4, which also yields Mh < 0.18.

Assume that on the same probability space, we can define a Brownian motion W, independent of
(Yo, Lo), and an infinite sequence of iid random variables, uniformly distributed in [0, 1], Up, U1, . . .,
independent of (Y¥¢, Lo, W). We define the Langevin diffusion

t
Li=Ly— | Vf(L)ds+V2W,. (17)
0
‘We also set

Qv = O — WUV fi + V2 (Wirvon — Win)
i1 = Ok — hV frrv + V2 (Wiryn — Win).
One can check that this sequence {1 } has exactly the same distribution as the sequence defined in
equation 6 and equation 7. Therefore,
W3 (kr1, ™) < E[[9k41 — Liernll3] = 19541 = Lyl = 2iaa-
We will also consider the Langevin process on the time interval [0, k] given by

t
Li=1Lj— / V(L) ds + V2 (Wit — Wia), Ly = Y.
0
Note that the Brownian motion is the same as in equation 17.

Let us introduce one additional notation, the average of ¥ 1 with respect to Uy,
Vi1 = B[ y1[9%, W, Ly].
Since Lj1)p is independent of Uy, it is clear that
2 3 2 3 2
Tip1 = [Ok+1 = FnallL, + [19r41 — LiesynllL, -
Furthermore, the triangle inequality yields

19%+1 = Ligrvynllie < 19ke1 — Ly, + 15 = L nyn -
From the exponential ergodicity of the Langevin diffusion (Bhattacharya, 1978), we get

IL}, = Ligtynlli, < e”™M|Ly — LinllL, = e ™9, — Lin|lL, = e ™.
Therefore, we get
9 9 _ 2
Tpy1 < 0ks1 — O, + (19ks1 — Lille, + e 7™ ay)

_ = 2 =
= (7™ + |91 — LillL.)” + 1941 — FusaE,- (18)
The last term of the right-hand side can be bounded as follows
[9r+1 — Fnt1llL, = MV firv — EulV frrvllL,
<AV ferv — V() ||L,-
Using the definition of ¥4, we get
181 = Frl2, < (MR ((1/3)R2 W Fil2, + o). (19)

We will also need the following lemma, the proof of which is postponed.

14
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Lemma 1. If Mh < 0.18, then ||9y,41 — L ||, < (Mh)?>{0.7h||V fi|L, + 1.2v/p}.

One can check by induction that if for some A € [0, 1] and for two positive sequences { By, } and

{Cy} the inequality 27, < {(1 — A)zy, + Ck}2 + B holds for every integer k > 0, then’

n

n 1/2
SA=Alzg+ Y (1—A)"FCp + { > a- A)2<"—k>3,3}
k=0

k=0

In view of equation 20, equation 18, equation 19 and Lemma 1, for p = e~™", we get

x, < pzo + (Mh)? Zp”‘k(0.7h|\kaH]L2 + 1.2¢/hp)

k=0
n 1/2

- Mh{ > P3RS, + hp>}

k=0
- M2h /R
< plwo + O.?(Mh)Qthn—kvakHL2 n 1.32T\/7p
k=0
Mh? [« 1/2

+ \/g{ sz(""“)llvf(ﬂk)ni} +0.92Mhy/p/m.

k=0

(20)

2n

We need a last lemma for finding a suitable upper bound on the right-hand side of the last display.

Lemma 2. I[f Mh < 0.18 and k > 1, then the following inequalities hold

n

W2 p RV F(08)2, < LTMhp™||[90|1f, + 4.4MA(p/m) < 0.31p" (|97, + 0.8(p/m).

k=0

The claim of this lemma and together with equation 21 entail that

n - Mh2 n B 1/2
o < p"wo + 0.7(MR)RY  p" 7 F|IV flle, + \/g{ > ’“)IIVf(ﬂk)lliz}
k=0

k=0
+ (1.32VKMh 4 0.92) M h+/p/m
n 1/2
< p o + (0.74VKMB + 0.58)Mh{h2 > p”k|Vf(19k)||H%Q}
k=0
+ (1.32VEMh 4 0.92) Mhy/p/m

< p"wo + (0.42VEMh + 0.33) Mhp"'? |90 ||L, + (1.98VKMh + 1.44) Mh+/p/m.

Assuming that h is such that (v kMh+1)Mh < 1/4 and noting that | 9¢ ||, < Wa(vo, 7)++/p/m,

we arrive at the desired inequality.

A.2 PROOF OF TECHNICAL LEMMAS

In this section, we present the proofs of two technical lemmas that have been used in the proof of the
main theorem. The first lemma provides an upper bound on the error of the averaged iterate ¥ 1
and the continuous time diffusion L’ that starts from 19 and runs until the time h. This upper bound
involves the norm of the gradient of the potential f evaluated at ;. The second lemma aims at

bounding the discounted sums of the squared norms of these gradients.

5This is an extension of (Dalalyan & Karagulyan, 2019, Lemma 7). Tt essentially relies on the elementary

(a4 )2 + % < a+ Vb? 4 ¢2, which should be used to prove the induction step.
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A.2.1 PROOF OF LEMMA 1 (ONE-STEP MEAN DISCRETISATION ERROR)

‘We have
h
st — Lo, = Hﬁ ~HEGIV sl — T+ [ VIED s
0

Lo
= HhEU[kaw — V( ’Uh)]HIL

)
< Mh||Oy4v — Ly,

Urh
:Mh||z9k—Uthfka6+/O VHELds|,,

Urh

— Mh / (VL) — Vi) ds

0 Ly

h
< Mh / IVF(L) —  filly, ds

0

h

= Mh/0 |VF(LY) = V(L) ds. (22)

Let us define (t) = ||V f(L;)—V f(L{)||L, . Using the Lipschitz continuity of V f and the definition
of L', we arrive at
2
p(t)? < MQ{ +2tp}
Lo

] / VA ds
0

<ar{ (419l + [ IV AED) - VHER, ds)2 2

' 2
<M2{/0 [VF(LL) = VL), ds + /Y fil, +2tp}

t

(1) < M [ p(s)ds + M [RIV I, +2tp.
0

Using the Gronwall inequality, we get

o(t) < MeM*\ [V fil 12, + 2tp.

Combining this inequality with the bound obtained in equation 22, and using the inequality e
1.2, we arrive at

or, equivalently,

M
h g

h
91 = Lill <1200 [ [V AR, + 25pds
0

1/2

h
< 1.2M2h\/ﬁ{/ (s*IV fullE, + 2sp) ds}
0

<122 hVR{ (R 3) |V full2, + B2} 2.

This completes the proof.

A.2.2 PROOF OF LEMMA 2 (DISCOUNTED SUM OF SQUARED GRADIENTS)
‘We have
M
Frr1 < fio + VI (91 —95) + 7||19k+1 — 3

M
< e = WV v + V2V €+ S 10V o = V283

M
< fr = BV Sill3 + M|V fillo|9r v — Oxll2 + V2V £ & + 5 1AV frvv = V2&|3.

(23)
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One checks that
(A4

Tell?
[9kv — OklZ, = B2 |UV filif, + 2hpE[U] = (B /3)[|V fi|lF, + hp < 0-011WL2 + hp

and, therefore,
1/2
MV fillo[9xs0 — Oxlla < (0.01L[V filld, + M2hp|V fi|2) "/
105||V fx |7, + 4.55M>hp

<(
<0
< 0.105||V f4 |2, + 0.82Mp.

Furthermore,
IRV frorv — V2&kllL, <V fi — V2&kllL, + AV frrv — Vil

VPPV SRlIE, + hp + MA|[Oksv — OrllL,

<P, + ko + b /0011 [V £, + MZho

N

<RIV AR, + hp+ (JO.011R2 [V fi12, +0.182hp
implying that
M0 frew — VB2, < 2 (L3R, + 1.40p)
< 0.1240° ||V fi|1£, + 0.7Mhp.
Combining these inequalities with equation 23, we get
E[fis1] < E[fi] = 0.771h[|V fio||Z, + 1.52M hp. (24)

Set Sn(f) =Y h_o P Ffrand S, (Vf2) =320 p"F|V f|l£,. Using Lemma 3, we get
1.52Mh
Elfus1] = 0"Elfo] + pSu(f) < Salf) = 0.TT1hS,(Vf?) + ——F

1—
Since mh > 1 — p > 0.915mh, we get
0.771h8, (Vf2) < p"E[fo] + (1 — p)Su(f) + 1.67kp
< p"Elfo] + mhS,(f) + 1.67kp
< p"E[fo] + 0.508,,(V f?) + 1.67kp
where the last line follows from the Polyak-Lojasiewicz inequality. Rearranging the terms, we get
hS,(Vf?) < 3.7p"E[fo] + 6.2kp (25)

Note that equation 25 is obtained under the Polyak-Lojasiewicz condition, without explicitly using
the strong convexity of f. However, using the latter property, we can obtain a similar inequality with
slightly better constants.
Indeed, equation 24 yields

RE[|V fil3]) < 13(E[f] = Elfita]) + 1.98Mhp. (26)
In what follows, without loss of generality, we assume that f(6*) = ming f(0) = 0. In view of
equation 26, we have

k k
Ry PFINVE@)IE, < 13D A (EF(9)) — f(9541)]) + %
j=0

=0

k
< L3(p"E[f(90)] — E[fera]) + 13> p* 7 (1 = p)E[f(9)] + 2.1kp

j=1

k
< L3MTE[f(80)] + 1.3(1 — p) Y p" IE[f(9;)] + 2.1kp
j=0
1.3M

<
2

k
. 1.3 o
Pk+1||190||]%2 + - M1 —p) E o 9,2, + 2.1kp.
=0
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We have, in addition

1954112, = 1195 — AV fillZ, + 2hp < (1 — mh) ([0, + 2hyp.
Therefore,
Llp

2h
D < (1 —mh) (9|2, +

2 < 1— 2k 2 = r
[94l2, < (1= mh) 9ol + 5=

Using this inequality in conjunction with the fact that 1 — mh < p, we arrive at
k
s 1.3M 1.3
Yy PV E,)IE, < =5 IDollE, + =M™ [0l +2.95kp.
j=0

This completes the proof of the lemma.

18
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B THE PROOF OF THE UPPER BOUND ON THE ERROR OF KLMC

The goal of this section is to present the proof of the bound on the error of sampling of the “standard”
discretization of the kinetic Langevin diffusion. With a slight abuse of language, we will call it
Euler-Maruyama discretized kinetic Langevin diffusion, or kinetic Langevin Monte Carlo (KLMC).
To avoid complicated notation, and since there is no risk of confusion, throughout this section 19 and

vy, will refer to 9XEMC and vXEMC respectively. We will also use the following shorthand notation:

fn:f(ﬂn)a gn:vfn:vf(ﬁn), n=nh, M'*/:M/’V'
The advantage of dealing with 7 instead of A is that the former is scale-free.

Note that the iterates of KLMC satisfy

Vpy1 = (1 — an)v, —angn ++/2yn0&, (27
19n—i—l - 1971 + 77177(04”71 - Bngn + 277’ 5£n)7 (28)
where
1—e" n -1
a=—c@1), B=""TTT"c(01/2),
n n
1—e2n . 2(1 — 2+ 2n? — e=27)
2 2
0°=———¢€(0,1), o’ = € (0,1/3)
2n (2n)?

and &, £, are two N,(0, I,)-distributed random vectors independent of (9, v,).

Since we assume throughout this section that 2M A < 0.1, v > 2M and x > 10, we have

1-— — Mh _ Mh 1
0= 120PCD 5 g5 and mn= M ME L
0 k10 200
The latter, in particular, implies the following bound for p:
1—mh<o=e ™" <1-0.99mh=1-0.99mn/7. (29)
For any sequence w = (wy)nen Of real numbers, we denote by S, (w) the p-discounted sum

> h—o P" Fwy,. Below we present a simple lemma for the function S,,(-) that we will use repeatedly
in this proof.

Lemma 3 (Summation by parts). Suppose w = (wp )nen is a sequence of real numbers and define
St (w) :=>"4_o 0" Fwiy1. Then, the following identity is true

ST (W) = wpy1 — 0" wo + 05, (w).

Proof. The proof is based on simple algebra:

S W) = wpa1 + Y 0" w; = w1 + 0 (Sn(w) — 0"w) - O
=1

B.1 EXPONENTIAL MIXING OF CONTINUOUS-TIME KINETIC LANGEVIN DIFFUSION

Consider the kinetic Langevin diffusions
dL; =V, dt dV; = =V dt — AV f(Ly)dt + /2y dW, (30)

Proposition 1. Let Vi, Ly and L{, be random vectors in RP. Let (V;, L;) and (V{, L}) be kinetic
Langevin diffusions defined in equation 30 driven by the same Brownian motion and starting from
(Vo, Lo) and (Vi, L{)) respectively. It holds for any t > 0 that

V.-V, VoV e [L 0,
HC |:Lt_L2:| C[LO—L6 , with C= I, L|

lge—wmw—Mnt
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Proof of Proposition 1. SetY; :=V; — V/ +~(L; — L}), Z; := V; — V/, that is
f]-clz-)
Y, L;-L;
We note that by the Taylor expansion, we have
Vf(Li) = Vf(L}) = Hy(Ly — Ly),

where H; := fol V2f(L; — x(L; — L})) dz. By the definition of (V;, L;) and (V/, L}), we find

d
&(Vt — Vi +~(L: — L})) = —yHi(L; — L)
=-H(Y; - Z;).
Similarly, we obtain
d

—(V, = V) = —(V; = V/) = yH, (L, — L})
= —’YZt — Ht(}ft — Zt) .

dt

This implies

d
%[”anz + ||Zt\|2] =2, (-H,Y; + H,Z,) +2Z (—Z; - H,Y; + H, Z,)
2 2
L2(=mY " =y || Z7 ||+ M| Z|I”)

< -2(mn - )| %]

Invoking Gronwall’s inequality, we get

| ][ < tmmco-aon] ]

as desired. O

B.2 PROOF OF THEOREM 3
Let 9,,, v, be the iterates of the KLMC algorithm. Let (L;, V;) be the kinetic Langevin diffusion,

coupled with (¥, v,,) through the same Brownian motion (W;t > 0) and starting from a random
point (Lg, Vp) < exp(—f(y) + %Hv”%) such that Vi = vg. This means that

h h
Unt1=Vpe ! — V/ e 79 4V f(9,) + \/57/ e (=9 qw,
0 0

h u u
1 =y + / <vne_7” — ’y/ e V(u=s) dsVf(9,) + \/ify/ e V(u=s) dWS) du.
0 0

0

We also consider the kinetic Langevin diffusion, (L', V'), defined on [0, h] with the starting point
(9, vy,) and driven by the Brownian motion (W,p,1+ — Wit € [0, h]). Tt satisfies

t t
V/ =v,e 7 — 7/ e VIV F(L.)ds + \67/ e =) aw,
0 0
t
0

Our goal will be to bound the term x,, defined by

_ Un — Vnh
Tn = HC |:19n - th,:|

with C = [If’ OP] 31)

L, I, ~1,
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The triangle inequality yields

v, -V, V! —Vun
<o )|, e[ E]
. L, ~ Lo |,
el e
Lo
< 0xn + V2 |vpi1 = Vi, + 310011 — LilL,, (32)

where the second inequality follows from Proposition 1 (see also the proof of (Dalalyan &
Riou-Durand, 2020, Prop. 1)), while the third inequality is a consequence of the elementary inequality

a2+ (a+b)2 < V2a+bfora,b>0.
The next lemma gives an upper bound on the terms appearing in the right-hand side of equation 32.

Lemma 4. If V f is M-Lipschitz continuous, then for every step-size 1 = ~vh > 0 and every v > 0,
the following holds

—V 2
||vn+1 h/H]Lz < %{2\/7 yp??-‘r 3””71”]1_,2 + T]HgnH]LQ}M,YnQeJ\/I’WI /2

I — 2
Y[+ Rl < %(0.6\/%—1— lvn L, + 0.250||gn ||, + )Mvn:ieMW /2,

where M., = M /~.

Forn < 0.2 and v > 2M, Lemma 4 implies

[vnt1 = Vi, < Myn?(0.15y/7p + 0.51|vnll, + 0.171]gn 1)
MNOns1 = LI, < Man®(0.046\/4p + 0.17]|vnll, + 00437 gn [12.)-

Therefore,
V2 |[vnt1 = Vil + 911901 — Lille. < Mon?(0.23y/75 + 0.74] v, [, + 0-250]|gn L.)-
(33)
Combining equation 32 and equation 33, we get
nt1 < 0y + My (0.23y/7p + 0.74]vn I, + 0.257]|gnllL. )-
From the last display, we infer that
n—1
oo < @ w0 + Myn® Y 0" 7F(0.234p + 0.74] vk ||, + 0.25n]gkllL, )-
k=0
This implies that
. 0.23M.n*\/7p N
< oo+ + +0.74My” Y~ 0" F(|[vk-1lL, +0-33n]lgk1lL. )
k=1
. 0.23M\n? /7D 0.74M 0 [ = ,_ 1z
<ot = DV S ST 0 (ol + 033 lgkal2)

k=1
In view of equation 29, ¢ < 1 — 0.99mn/~ and

n

1/2
<gnxo+o.233mwp+o.74Mw{ > ot (ol + 053 ||gkL2)} |
k

Proposition 2. Assume that vy ~ N (0,~I,) is independent of 9. If v > 5M, k > 10 and < 1/10
then

o " 1.119%p 2
nz 0 k||ng]%2 < 4.420"vE[fo] + — + 4.98(;vn + 0.96\/7;0)
k=0

o en 2 " 1.87v%p 2
T)Z 0" P luellf, < 3.930"E[fo] + o +3.2(zn + 0.96,/7p) "
k=0
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We can apply Proposition 2 and ¢ > 0.998 to infer that

1.8742 1/2
< 0"0 + 0.233K11/7p + 0.74Mw{ﬂzg (3.98@”7 E[f,] + nj P 3950z, + 0.96\/7]9)2) }

" v N 1.88v2p NEs
< "o + 0233w Ap + 0.T4M, g (3.999 VElfo] + ~—1E +3.26(2, +0.96,/7p) )

1.54M 1.88v%p | 3y%p\1/2
< o"xo + 4+0.233k1 /D + 7m77 o"E[fo] + 0.62v/k nz,, + 0.74Mw( mZ Py p)

f m
1.54M Mn./
< "o+ 062VR e + = 1o EIfo] + % (0:233 +0.74v/1.94).

Therefore, under the condition \/E n < 0.1,

" 1.65M 1.35Mn./vp
o < 1070 o + \/T—nn\/Q"E[fo} L ——

Finally, one can check that 222 > ~2||9,, — 1971”]1242 > y2W3(VKMC ) and zg = |90 — Lo||L, =
YWa (v, ). This completes the proof of the theorem.

B.3 PROOF OF PROPOSITION 2 (DISCOUNTED SUMS OF SQUARED GRADIENTS AND
VELOCITIES)

To ease the notation, we set z,, := E[v,! g,,] and define

NE

Sn(z) = Z ankzh Sn(gz) =

k=0 k

Sn(f) = Qn_kE[fk]a Sn(UQ) :

- 2
0" *llgkllz, ,
0

3
s

0" Flukllz, -
0

~
Il
o
~
Il

Throughout the proof, we will need some technical results that will be stated as lemmas and their
proof will be postponed to Appendix B.5.

Lemma 5. If for some M > 0, the gradient V f is M -Lipschitz continuous, then for every step-size
h > 0 and every v > 0 it holds for the KLMC iterates defined in equation 28 that

201 = (1= an)z + anlignll?, | <My (lvalE, + §0°llgnll?, + 517p — anz.)
for some positive number an < 0.14.
Since M., < 1/5and n < 0.1, we have
a—3IMn? > L1 —e™) = g’ > 10(1 — ™) = §0.1° > 0.94.

Therefore, we can rewrite the claim of Lemma 5 with the notation B = nM., & as follows:
Zna1 < (1= an — Bn)zy + 0.20||v,l[2, + 0.67ypn* — 0.94n] g, 17, -

Lemma 6. Let 3 < 0.014 and 1) € [0,0.1]. If zo = 0 and the sequences {z,} C R, {v,,} C R? and
{gn} C RP satisfy the inequality

Zns1 < (€77 = Bn)zn + 0.20][va |2, + 0.67yp0* — 0.941]ga 2, (34)
then for every o € [0, 1] such that o > e~ ", it holds that

0.73nvyp B 1.072141

Sn(g?) < 1.09a(S,(2))_ +0.2138,,(v?) + 1~ 7

(35)

where (S,(2))— = max(0, S, (z)) is the negative part of S, (z) and o = (1 — e™") /1.
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In order to get rid of the last term in equation 35, we need a bound on (S,,(z))_. To this end, we use
the smoothness of the function f, in conjunction with equation 28, to infer that

29E[fri1 — fn] < 29Elg, (Ont1 — )] + My [y (Fn g1 — 9017,

2am(1 — M) 20 — B (2 = BMyn?) | gnll, + My n?|loall?, + 3 Mym°yp
2a0n2n — 0.967%(|gn I, +0.0182n[v, |17, + 1P

with g = a(1 — BM,n?) = a(1 — 0.1 x 0.1%) > 0.999.

Lemma 7. Let ag,y,n > 0. If the sequences {F,} C R, {gn} C R? and {v,} C RP? satisfy
F,, > 0and

<
<

2(F7L+1 - Fn) < 20407]25” + 001827]”'1)"”]%2 + 1—2577371) (36)
then, for every o € (0, 1), it holds that
2 3
a0 (nSn(2))= < 0"Fo + (1 — 0)7Sn(F) +0.0182S,,(v?) + %'

In view of the strong convexity of the potential function and the assumption that f(6,) = 0, the
Polyak-Lojasiewicz inequality

2
Fo < 57 llgnll

holds true. This implies that (1 — 0)S,,(f) < (n/7)mS,(f) < 5(n/7)Sn(g?). Combining this
inequality with the claim of Lemma 7, applied to F,, = vE|[f,], we get

0.14n~?
+ nmp
m

0.999(Sy(2)) - < Q%E[ fo] +0.55,,(¢g%) + 0.0182S,, (v?) (37)

Let us now combine equation 35 and equation 37:

0.16m72p
m

110"
Sn(g?) < f; TE[fo] + 0.555,(g2) + 0.028, (v?) +

0.73v%p N 1.07|zn41]
m n

1.1o" 0.75v%p 107z,
OVl fo] + 0.555 (6) + 0.2238, (v2) + 22V P o LOTZn4a]

+0.2138,, (v?) +

<
m Ui

Subtracting 0.555,, (g?) from both sides and dividing by 0.45, we obtain

S (92) < 2‘45Qn7E[f0}

1.7v2p  2.38|z,
LT | +1|.

+0.55,,(v?) - ;

(38)

Let us now derive a bound for S, (v?). We start with the following property, which is a direct
consequence of the definition of v,,41:

[vns1ll2, = llvallE, < —an(2 = an)llvallZ, — 20m(1 = an)z, + o*n?|lgullZ, + 2n7p.

Using the same technique as before and applying Lemma 3, we deduce the following:
(0= 1)8n(v*) = " [[wolZ, = (0= 1)Sn(v?) = "
2mp

< —an(2 — an)Sn(v?) — 2an(1 — an)S,(2) + &*n*S,(g?) + s

Therefore, since o > 1 — %,
2.021~2
(20— a®n = 2)Sa(v?) < ~20m(L — an) S, (2) + (an)*Su(g%) + == .

Since o = (1 — e~ ") /n with n < 0.1, from the last display, we infer that

1.1342
Sn(v?) < 1.02a(8,(2)) _ 4 0.51nS,(g%) + TP,

mn
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Combining this inequality with equation 37, implies

1.030" 027> 1.13+2
Su(v?) < ==L [fo] + 0.56280(g) + 00198, (1) + ==L + 0,518, (g°) + 777% P
1.030" 1.13~2
< 0T 40,625, (g7) + 0.0198, (0?) + —— P

n mi

Therefore, subtracting 0.0195,,(v?) and dividing by (1 — 0.019), we get

1.10" 1.1672

S (v?) < =21 o+ 0.645,,(¢%) + 7mz P (39)

Combining equation 38 and equation 39, we arrive at

1.1p" 1.16~2 2.450™
S, (0?) < ~=C R[] 4 =P +o.64(#w@] £ 0.55,(0%) +
n mn n

L7y?p  2.38|zp41]
+ )
m n
2.67o"
< Y 1o
n

Therefore, subtracting 0.325,,(v?) and dividing by (1 — 0.32), we get

1.27v2p  1.53|z,
L 120t |21

+0.325,, (v?).
mi

3.930" 1.87~2 2.25
S, (v?) < 3¢ | 18T [2n+1]
Ui mn Ui
Once again, combining with equation 38, we get
2.450" 3.930" 1.8742 2.25|zp, 1.742 2.38| 2y,
S, (g?) < 2300 7E[fg]+0.5< "y 1L8TVp | +1|)Jr 1P | 2:38|zn4]
n n mmn n m n

that leads to

4.420™~

1.1192p N 3.51]zp41]

Sn(92) < mn 7

E[fo] + (40)

The last lemma we need is the one providing an upper bound on |z, 41].
Lemma 8. For everyn < 0.1 and v > 5M, we have

2
|zn+1] < (1192, + 1.14\/4p) 7,
where x., is given by equation 31.

Using Lemma 8 in conjunction with equation 39 and equation 40, we arrive at the inequalities stated
in Proposition 2.

B.4 PROOF OF LEMMA 4 (ONE-STEP DISCRETIZATION ERROR)

We use the notation
_ 1—et e~ — 14 ~t
Po(t) =e 7, (t) = Ty Pa(t) = %

and note that
Pi(t) < t, Pa(t) < 0.598%.

Furthermore,

h
Fonst = Villa = vH [ e @ - vrwn) ds
0

Lo

h
<y [ eIV AEY) - V@), ds
0

h
< My/ |2, — 9], ds. (41)
0
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where the last implication is due to the M -smoothness of the potential function f. On the one hand,
for every s € [0, h], we have

L -9,= ) V. du
9=

= 1(s) v, — 7/ / e TV F(L)) — V(9,)) dtdu — 2(s) gn

0 0
9~ [ (=) AW, d
+\/>'Y/O /O (& + du
— 1(5) Vn — a(s) gu + m/ () AW,
0

—7/$wds—tﬂvfu%%—vﬂ0w)&.
0

Therefore,

1 = Bl < s loalle, +0-575 [gall, + V/2ps/3s + My /0 (s = D)[|L7 = On]ly, d.

The last inequality combined with s — ¢ < h — t allows us to use the Gronwall lemma, which implies
that

L = [, < (s l[onllL, +0.575% | gnlle, + v/(2/3)psys)eM 1059
2
< (sllvnllL, +0.5v8% [|gnllL, + /(2/3)psys)e® oM™ (42)
Combining the last display with equation 41, we get

2

o1 = Vil < {3llvalle + §nllgnllL, +0.33yApn} Mh>yet /2
2

< {3llvnll, + §nllgnll, +0.33yApn} Myn*e™ /2,

This completes the proof of the first inequality. To prove the second one, we again use the update
rules of 8,1 and L’:

h t )
[9ns1 — L, = ’YH/O /0 e (VL) — VF(9,)) ds dt

Lo

h t
< /0 /0 IV F(LL) = T F(0)]],, dsat

h rt
< Mfy/ / | Ly — 9, dsdt.
0 Jo

The last term can be bounded using equation 42. This yields

B 2 h t
Wni1 = L, < MyyPettn /2/ / (slvnllL, + 0.5752(|gnllL, + v/(2/3)ps? 7) ds dt
0 0

2
< My 2 (Mg ||u, + s5nllgnllL, + 0.1y/p177)
2
< (1/6)Myn*e™ 2 (||lvy L, + 0.25n]gnllL, + 0.6\/P77)

as desired.
B.5 PROOFS OF THE TECHNICAL LEMMAS USED IN PROPOSITION 2

B.5.1 PROOF OF LEMMA 5

Since z, = E|g,! v,,], we have

|Zn+1 — Zn — E[g;(anrl - Un)” = |E[(gn+1 - gn)TUn+1H' (43)
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On the one hand, definition equation 27 of v, 41 yields

E[Q; (Vnt1 —vp)] = *anE[glvn] - O”]”Qn”HZJQ- (44)

On the other hand, the Cauchy-Schwartz inequality implies

‘E[(gnJrl - gn)T’UnHH < Hgn+1 - gnHLZanHHLQ
S M|Fn 41 = OnllL, lvnsallL,-
Similarly, using update rules equation 27 and equation 28 of the KLMC, and the triangle inequality
we get

llonlt, + 17 gnllf, — 2080° 2 + 20°yp

a2, +n°llgnllf, — 2an(1 — an)z, + 2n7p.

’72”0”4-1 - 19TL||H%2

lvns1 ||H24

NN

Hence,

(7/77)2”19n+1 - 19n||11242 + ”'Un+1||ﬂ2‘2
2

<ol + 202gall?, — an(B+1—an)z, + dpyp. @45)

%Hﬂn—&-l — L, [|Vng1 L, <

Therefore, combining equation 43, equation 44 and equation 45, we get

|21 — (1 — an)zn + anllgnllf,| < My (IvallE, + 20°llgnli?, + 3170)
—n* My a(B+1—an) z,
—_—

=&
with an < an(1.5 — an) < 0.14, as desired.
B.5.2 PROOF OF LEMMA 6
We apply inequality equation 34 for every index k& < n multiply each side by o™ *:

0" F 21 < (€7 = Bn)o™ Fzy, + 0.20" Fnl|ug |2, + 0.6T0%ype™ T — 0.94n0" || gk |12, -

Summing over k, applying Lemma 3 and taking into account that zg = 0, we get

21+ 0Sn(2) < (€77 = Bn)Su(2) +0.208, (v*) + Ofm?p —0.94nS8,,(9%)
< (&7 = Bn)Sn(2) + 0.20S, (v2) + 0'(158772;1’ 0.947S, (¢?)

This implies that
0.9475,(9%) < (0 — €77+ Bn)(—Sn(2)) + 0.20S, (v?) + 06158172;‘2? — Znt1-

Note that p—e™"7 > 0 and Q—e_"—i—Bn <1—e7740.014n < 1.02(e~"—1) = 1.02an. Therefore,

0.687°yp

0.9475,,(9%) < 1.02am(Sn(2))— + 0.27S, (v?) + -

Zn+41-

Dividing both sides of the last display by 0.947, we get

0.73nyp _ 1.072p41

Sn(9?) < 1.09a(S,(2))- +0.2138,,(v?) + - ;

This completes the proof of the lemma.
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B.5.3 PROOF OF LEMMA 7

We write inequality equation 36 for all indices k& and multiply both sides of it by 0" ~*. Summing the
obtained inequalities and applying Lemma 3, we obtain the following:

2°p
15(1 - o)’

where the left-hand side is obtained using Lemma 3 and the fact that F,, > 0. Rearranging the terms
and dividing by 2, we obtain

2(0 — 1)S,(F) — 20" Fy < 2091 Sp(2) + 0.0.182n8,, (v?) +

n 2y 2P
—aonSp(2) < 0"Fo + (1 — 0)Sn(F) +0.0.1821S,, (v°) + ———.

15(1 - o)
Since the right-hand side of the last display is nonnegative, we infer that

20 p

o (nSn(2))— < 0"Fy + (1 — 0)Sn(F) + 0.0.1821S,, (v?) + 1o

which coincides with the claim of the lemma.

B.5.4 PROOF OF LEMMA 8

In view of Lemma 5, we have
|znt1] < (7" 4 0.30%) 20| + 1llgnll?, + n(0.2[|vallf, + 0.20%(|gnllZ, + 0.02777p)
< 0.56([|gnlL, + [[vnllL,)? 4 0.0027yp
2
< 0.56(llgn — Vf(Lnn)llLs + 1vn — VarllL, + v/ Mp +/Ap)” + 0.00277p,

where we have used the facts |V f (L)L, = [ |V f]|? dr < Mp (Dalalyan & Karagulyan, 2019,
Lemma 3) and E[||V,,,||?] = 7p. Finally, one can note that

Hgn - vf(th)”]Lz + ||'Un - ‘/;Lh”]LQ < 0-57”19” - th”ILg + ||'Un - Vnh”ILg
0.5”'0” - Vnh + 7(19n - th)”]Lg + 1-5””” - Vnh”]Lz

\/5/72xn-

<
<

Therefore,

zns1] < (1192, + 1.09/7p)° + 0.0027vp < (1.19z,, + 1.14/7p) "

This completes the proof of the lemma.
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C THE PROOF OF THE UPPER BOUND ON THE ERROR OF RKLMC

Consider the underdamped Langevin diffusion
dL, = V,dt,  where  dV; = —vV,dt — yVf(L;) dt + 27y dW, (46)

for every ¢ > 0, with given initial conditions L and V{y. Throughout this section, we assume that
Vo ~ N,(0,~1,) is independent of Ly, and the couple (Vj, L) is independent of the Brownian
motion W. We also assume that L is drawn from the target distribution 7; this implies that the
process (L, V;) is stationary.

In the sequel, we use the following shorthand notation
n=n~h, g=VF, fn:f('&n)a gn:g(ﬂn)7 gn+U:g('l9n+U)> M’Y:M/'Y-

The randomized midpoint discretization—proposed and studied in (Shen & Lee, 2019)—of the
kinetic Langevin process equation 51, can be written as

1 _ e—Un Uh Uh _
Opiv = + — - / (1—e " Wh=))dsV f, + V2 / (1 — e 7Uh=9)) aW,
0 0

1_ e 1 — e~ n(1=0) h -
19%-1—1 = ﬁn + c Up — 1) c vfn-i—U + \/5/ (1 - eiv(his)) dWs
Y Y 0
h
Vg1 =vpe T —ne YPTUMVE L+ V2 / e 1) aW, (47)
0
where W, = Woh+s — Whn. We rewrite these relations in the shorter form
7-9n+U = 7971 + 7_177(U07117n - U27781 gn + U V 2U'V77 5—151) (48)
Oni1 =D +77'0(G20n — nB2 gnrv + /271 52£2) (49)
Un41 = Un — N2V — 20Bsgniv + /271 03&s (50)

where &1, 51, B2, B3 and &, are positive random variables (with randomness inherited from U only)
satisfying

a <1, B <1/2,  Ba<1-U<K1, pBs<1/2,  &i<1/3

and E[B,] € [0.468, 0.5]. Similarly, &z, &2 and &3 are positive real numbers depending on y and h
such that

ar <1, F2<1/3, i<l

We define

Upy1 = Eylvng1], Oni1 = Ey[nq1].

The solution to SDE equation 46 starting from (v,,,1,,) at the n-th iteration at time h admits the
following integral formulation

t
L, =9, + / V!ds
0
t t
Vi =wvpe™ " —y / eIV (L) ds + V2 / e AW, (51)
0 0

These expressions will be used in the proofs provided in the present section. Furthermore, without
loss of generality, we assume that the f(6,) = mingerr f(6) = 0.

C.1 SOME PRELIMINARY RESULTS

We start with some technical results required to prove Theorem 2. They mainly assess the
discretisation error as well as discounted sums of squared gradients and velocities.
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Lemma 9 (Precision of the mid-point). For every h > 0, it holds that

_ 2
190 = Lnllee <5~ Myn?e 2 (0,065 | gu s + (1/6)[onll, + /vp/54)

Lemma 10 (Discretization error). Let (L}, V') be the exact solution of the kinetic Langevin diffusion
starting from (O, vy,). If v =2 M and h > 0, it holds that

B M2 eMm?/2
Wi = Lhlls € = (0.0650gn s + (1/6) fonu + v/r7p/54)

2
U
%(O.MMWQ +1)lgnL.

941 = Vil < M2 2 (006509, . + (1/6)[oall. + virip/54)

V[ Fns1 = FngallL, < Myn?(0.26]|v, ||, + 0.1064/77p) +

2
[Vns1 — Bt lle < Mon?(0.82]0n]lL, + 0.41,/77D) + %(0.55]\@7 + 1)\ gnll,,-

Corollary 4. If v > 2M and n < 1/5, it holds that

YNOns1 — LI, < Mn>(0.038n]gn L, + 0.098||vn |, + 0.084/77p),
NIni1 = FngalL, < 77 0.578||gn L.+ 0.02([vy[lL,+ 0. 005\/W)7
”'ﬁn-‘rl - Vh/H]Lz <M 77 0. 06677||gn||]Lz+ 0. 168||'Un||le+ 0. 137\/W)a
[Vn41 = Ongalle, < 7?( 0591\ gnlfy + 0.164]v, |1, + 0.082,/77D).

Proposition 3. Ify > 5M and n < 1/5, then, for any n € N, the iterates of the RKLMC satisfy

2

AAAA

B . 10.6
nz 0" Flor]l2, < 18.80"VE[fo] + 3.92(xn + 1.5y7p)% + 10647

= . 11.292p
1Y 0" Fllgell?, < 21.70"E[fo] + 4.88(zy + 1.5yD)* + TW

1/2
where 0 = exp(—mh) and @, = ([vn = Vanll2, + [[vn = Vin +7(9n — L) |2,) 2.

Proof of Proposition 3. We use the same shorthand notation as in the previous proofs and assume
without loss of generality that 8, = 0. Let us define z;, = E[v, gx], and

Sn(2) =Y 0" *a, Su(g?) = 0" " llgxls, .
k=0 k=0

Su() = 3 o HEL) 5u0?) = 3 0"l
k=0 k=0

We will need the following lemma, the proof of which is postponed.

Lemma 11. For any v > 0 and h > 0 satisfying v > 5M and any n < 1/5, the iterates of the
randomized midpoint discretization of the kinetic Langevin diffusion satisfy

[vns1llE, <(1—1.470)|vaIf,— 26onE[v, gul+  20%||gnll2, +2.1290p  (52)
Efv,,1gn+1] < 0.51n|[vn |12, + (1 — a2n)Efv, gu]— 0.97n||gu[I,+0.97%vp  (53)
VE[frt1— fo] < 0.280%||vnlf,+ aznEv, gn]— 0.461%(|g, |7, + 0.097°yp.

From the first inequality equation 52 in Lemma 11, we infer that
SH(v?) < (1 — 1.479)S, (v?) — 24915, (2) 4+ 202 S, (g%) + 2.127%*p/m.
In view of Lemma 3 and the fact that [|vo |7, = p, this implies that
1.471S,, (v?) 4 22105, (2) < Sn(v?) — S (v?) + 2128, (¢%) + 2.12v%*p/m
< (1= 0)Sn(v?) + 207 S (9?) + 2.129°p/m + yp.

29



Published as a conference paper at ICLR 2024

Note that 1 — o < % < 0.027. Therefore, we obtain
2.14~2
(1.47 — 0.02) S, (v2) + 2G2S (2) < 20Sn(g2) + mz L

that is equivalent to

1.48v2p

S, (v?) € 1.38a25,(2)_ + 1.3815,,(¢%) + o

(54)

The second step is to use the second inequality equation 53 of Lemma 11. Note that m#n/v < 1/500
implies 1 — ¢ > 0.998m1n/~. It then follows that

SH(2) = (1 — agn)Sn(z) — 0.97S,,(g*) + 0.511S,, (v?) + 0.99v*p/m.
This inequality, combined with Lemma 3, yields
0.977S,(9%) < —(@2n + 0 — 1)Sn(2) + 0.5108, (v%) + |2n11| + 0.997°p/m
< @nSn(2)— +0.511S,, (v?) + |znr1| + 0.9772p/m.

This can be rewritten as

1.03| 241 N 0.937217.

Sn(g?) <1.03a28,(2)_ + 0.538, (v?) + ., -

(55)

Let us now proceed with a similar treatment for the last inequality of Lemma 11. Applying Lemma 3,
we get S31(f) > 0Su(f) — 0" Elfo] > (1 — mn/7)Sa(f) — o™ E[fo]. which leads to

2,2
—mnS,(f) < " AELfo] + 02818, (v%) + @anSa(2) - 0.467°S,(?) + 0.09 L.
From this inequality, and the Polyak-Lojasievicz condition, one can infer that
%P
@28, (2)— < 0" TYE[fo] /0 + 0.28nS,, (v?) + (0.5 — 0.461) S, (g%) + 0.09 . (56)
Combining equation 56 with equation 54, we get
Sp(v?) < 1.38(9"*17E[f0}/77 402805, (v2) + (0.5 — 0.461) S, (g2) + 0.0970 L p)
1.482
+1.387S, (g2) + — L2
mn
Since i < 0.2, it follows then
1.80" 2
Sa(v?) <08(Sn(9?) + 2 Elfo] + ﬂ) 57)
mn
Similarly, combining equation 56 and equation 55, we get
Sn(g?) < 1.03(9”7151[]”0]/17 +0.280S,, (v2) + (0.5 — 0.467) S, (¢2) + 0.09 2 p)
1.03|2zy, 0.93
10,5380 (0?) 4 L0l 0937
n m
Since 1 < 0.2, it follows then
1.940™ 1.94|z, 0.94~2
50(6?) < 1.058,(0%) + “1L Y gy 4 L] 09T 58)

Equations equation 57 and equation 58 together yield

1.80" 22 1.940™
Su(g?) < 084(Su(g?) + == ELR) + 1) + < B

mn

1.94|zp41] n 0.9492p
n m

E[fo] +

1.94|2 41| n 1.78v*p
mn

3.460™y

< 0.845,(¢%) + E[fo] +

30



Published as a conference paper at ICLR 2024

Hence, we get

21.70" 12.2|z, 11.29%p
Sulg?) < T ) 4 22| | 1207p

Ul Ui mmn

Using once again equation equation 57, we arrive at

12.2|2p41] n 11.292%p . 1.80" "1
n mn n mn

5.0%) < 0.8( LBl +

which is equivalent to

18.80™ 9.8z, 10.6~2
Sn(v2) < #E[fo] + |Zn41] + Y p.
n n mn

To complete the proof of the proposition, it remains to establish the suitable upper bound on |z, 1]
To this end, we note that

=

”071 - thH]L2 + \/J\/Tp
2{[y(Fn — th)H]L2 +/0.27p
3(zn + 1.5v/7D)

[vn — Vnh“]L2 +Vp

[vn — Vnh||1L2 + VP

ZTn + /YD

Then, following the same steps as those used in the proof of the second inequality of Lemma 11, one
can infer that

1gnlly,
0.
0.

[onllL,

INCINCIN NN N

20| +0.97]lgn 12, + 0.517]|vn[Z, + 0.099*yp
Ignll. lvnllL, +0.1]lgnllf, + 0.051[Jv, |2, + 0.001yp
1.1|gnIf, + 0.301]jv,||f, + 0.001yp

0.099(x,, + 1.5,/4p)* + 0.301(z,, + 1.1/p)?

0.4(zn + 1.5p)°

This completes the proof of the proposition.

‘Zn+1|

<
<
<
<
<

C.2 PROOF OF THEOREM 2

Let 9,4, %011, Vnt1 be the iterates of Algorithm. Let (L;, V;) be the kinetic Langevin diffusion,
coupled with (¢,,,v,) through the same Brownian motion and starting from a random point
(Lo, Vo) o exp(—f(6) — %[[v[|?) such that Vj = wv,. Let (L}, V/) be the kinetic Langevin
diffusion defined on [0, h] using the same Brownian motion and starting from (9,,, v,, ).

Our goal will be to bound the term z,, defined by

_ Un — Vnh
el

with C = [Ip OP} .

L, I, 11,

To this end, define

Upt1 = Eyfvn], g1 = Ey[Pn41]
Since (V(n+1)h, L(n+1)h) are independent of U, we have

2 _
v 1 — Vn 1)h
+lc |t (n+ ]
L, H ["9n+1—L<n+1>h

2

2 Un+1 — 'Bn-&-l
T =||C 3
et H [’197#1 - ’l9n+1]

Lo
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Using the triangle inequality and Proposition 1 (See also Proposition 1 from (Dalalyan & Riou-Durand,
2020)), we get

‘ C [’l:?nﬂ Vint1)n ] H {anrl } n HC [‘_/;{ - V(n+1)h]
ﬁn+1 - L(7L+1 n+1 Ly L/h - L(n+1)h Lo
efis ]| -
n+1 Lo "

where o = e~™". Combining these inequalities, we get

2 2 2
Th41 < (an + yn+1) + Zn+1

where
2

v -V
n —|lC Yn+1 h
=525 7]

VUn+1 — f)nJrl
z =||C 3
" H [ﬁnﬂ - ﬁn+1]

]LQ ]L2

This yields®

n n 1/2
<ot Yo (32
k=1 k=1
1/2 1/2
< o 1 - n—k, 2 / - 2(n—k) 2 /
< o0'xo + I_QZQ Yk + ZQ 2k ) s
k=1

k=1
where the second inequality follows from the Cauchy-Schwarz inequality and the formula of the sum
of a geometric progression. Using the fact that || Cla, b] " ||? = ||la||? +||a+7b|? < 3]|al|® +2v2|b]|%,
we arrive at
yn+1 <301 = VRIE, + 20% 19041 — Li|IE,.
1 <3lvnts = BnaallE, + 29°[9nt1 — FnalIE,-

‘We then have

1.0017 & s o )2
Tn < Q" Z *Bllox = ViliZ, + 29219k — L3 |I2,)
k=
) 1/2
; (Z P00 B, — 042, + 29205 — ﬂuﬁ)) . (59)
k=1

By Corollary 4, we find

2
ok = VilI2, < Min® (0.0667) gkl +0.168 w1 e, +0.137y/77p)

< 0.2°My* % 0.0514(n*|lg-1 2, + lvr-rlIZ, +mp),

P9~ L2, < M (0.0389lgi 1, +0.098 v 1 e, +0.084/77p)
< 0.2°Myn® % 0.0002(7°||gr-1l1F, + [loe—1]E, +nyp)
o — 4112, < n* (0,501l gi e, + 0.164 vy o, +0.082y/7775)

/A

n* x 0.39(|lgr-111, + llve-1lZ, +n7p).
_ 2
V9% — 9kll7, < n* (0-578Hgk—1||mz +0.02[|v—1|lL, + 0-005\/777]3)
<n* % 0.32(|lgr-111E, + llve-1llZ, + n7p)

%0ne can check by 1nduct10n that if for some sequences x, Yn, 2» and some p € (O 1) it holds that

221 < (0Tn + Ynt1)? + 2211, then necessarily z, < 0"xo + S p_, 0" Fuyr + (Xp_, 0> 222 for
every n € N.
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Therefore, we infer from equation 59 that
~y n 1/2
Ty < Q"xo+<m77 > 0.22Myn® x 0.0310" * (n?llgkli?, + llvkll?, + mp)>
k=0

n 1/2
+(Z 1824270 (g2, + [loxl, + mp)) .
k=0

From Proposition 3 it then follows that

n
e " 10.8v2%p
1Y 0" (P llgkllE, + lvklf, +nyp) < 18.90"vE[fo] + 3.97(z, + 1.5\/7p)% + -
k=0
(k) 2 2 < 40.50"E 2, 21.99%p
Ny e (llgrllz, + llvells, +mvp) < 40.50"1E[fo] +8.8(2n + 1.5y/7p)" + =~
k=0
This yields

" 3 " 5 10.8y%p\1/2
T < 0"x0+0.0367n ﬁ(18.9g ~vE[fo] + 3.97(z,, + 1.5/7D)° + T)

4072py 1/2
32 (74@”7]E[f0] 4 16(zn + 1.5\AD) + —;L p)
< 0"+ (0.0720°Vk + 403/ ), + (0.160° /K + 8.77%/2)\/ 0" E[ fo]
+0.1203y/kp/m + 6.40° 2 \/p/m.

‘We assume that 77,%1/ 6 < 0.1, which implies that

Ty < 0"z + 0.0722, 4+ 0.161/0"vE[fo] + 0.120°y+\/kp/m + 6.40° %~\/p/m.

Rearranging the display leads to

Ty < 1.080"xo + 0.18v/0"yE[fo] + 0.1203y/kp/m + 6.9n° 2~v\/p/m.

Finally, we use the fact that o = YW, (1, 7) and x,, > YWa (v, 7)/V/2 to get the claim of the
theorem.

C.3 PROOFS OF THE TECHNICAL LEMMAS

We now provide the proofs of the technical lemmas that we used in this section.

C.3.1 PROOF OF LEMMA 9

By the definition of 9,, 17, we have

Uh
nsv — L] < H |- (s, - Vi) as

Uh
< [ |a-enwroy s - vr)|as
0
1
:Uh/o (1= e Un0=0)||V (L)) — V(L) dt

1
< MhnU2/0 (1 —1)||Lo — Ly || at,
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where in the last inequality we have used the Lipschitz property of Vf and the inequality 1 —
e~Un(=1t) < Un(1 — t). By taking the expectation wrt to U, we get

1 2
Ev|[9n+v — Ly |I* < M*h*p°Ey [U4{ / (1 =1)|| Lo — Lype| dt} ]
0

21.2,.2 1
Mh”EU[U‘l/ HL()—L’UMHth}
0

N

3

M2h2 2 1
T”EU[U?’]/O Ly — L || at.

N

Hence, we obtain in view of eq. (42)
M2h2p? [
90 = Zill, <~ [ 126 = I,

M2h2p2eMm® 1 2~2p(ht)3 ht)?
< ?77/ 2p(ht)* | T ~(ht)
12 0 3 2

2
@)
—2M2 Mvn 2
< (V@I + VI ol + VOIS0V O] |
Taking the square root of the two sides of the inequality, we get the claim of the lemma.

C.3.2 PROOF OF LEMMA 10

By the definition of 9,, 1, we have

9 = Tl = B b1 = )V (0,00)] - [ h (ke”(h*s))Vf(L;)dsH
_ HIEU[h(l—e’V(h’Uh))anJrU} ~ hEy (1= e M)V F(L,)]|
< BBy [(1= e O [V fpir = T F (L) ]
< MnEg [(1 = U)l[8nro — Ll

where in the last inequality follows from the smoothness of function f and the fact that 1 —
e~ 7(h=Uh) < ~(1 — U)h. Using the Cauchy-Schwarz inequality, we get

1941 = L |I* < Min*Eu[(1 = U)*| Eu (19040 — Linll?]

M27’]4
= Ev [[9n+v — Lyl

By Lemma 9, we then obtain

_ M. 772
[9nt1 = LI, < %WHU — Lyl

M2 5oMyn? /2

< = (00650l . + (/)lfoalls -+ (1/7) 7).

This completes the proof of the first claim.

Using the definition of 1,1, and the fact that the mean minimizes the squared integrated error, we
get

19ns1 — Fnplli, = hH (1- e—vh(l_U))vfnw ~Ey[(1- e—’yh(l—U))vfnJrU] HL

<A (1= e D)V iy — By 1 - MO0 v,

2
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Recall that U = 1 — U, combining this with the last display and the triangle inequality yields
91 = Bl < B (1= ) (Voo = V1) |+ ]| (77 Bl )0 |
< My?||U(Ongv —90) ||, + B0l U|le.llgn .- (60)
In view of equation 48, we get
(1= D) @i = Ba)l7, = E[(1 = 0 (Iln/7) Uervn — UnBrga) |2 + (2/3)0%"p/7) |

< Ploal, | n'llgall?,  n'p
T 1592 210~2 90~

In addition, |1 — U||, = 1/1/3. Therefore, we infer from equation 60 that

3 Myn® ||vnllL mp\ | 0" (My? 1
g1 — Iy < ( 24 7) + *( I 4 *) nllLs-
|| +1 +1||H.42 v \/ﬁ 90 v \/m \/g ||g ||]Lz

Numerical computations complete the proof of the second claim.

By the definition equation 50 of v,, 1, we have

h
[ Vh’||IL2 = ’YHEU [he—'y(h—Uh)anJrU] _/ e_'Y(t—S)Vf(L’s) ds
0

Lo
< [he =G o — he UG p (L) ||
2

< Myh||9niv — Ly lL,-
By Lemma 9, we obtain the third claim of the lemma.

In view of equation 47, and the fact that the expectation minimizes the mean squared error, we have
_ — 1— —vh(1—
[on1 = Bnsallie = b e MO oy — By [ MOV ||
2

<MDV — By [0 v,

Ly
The last display, the notation U = 1 — U and the triangle inequality imply that
lvni1 — BngillL, < ’YhHeinU(vfn-%U - an) ||]L2 + 'VhH (einU - EU[G*UU])VJE"HLQ
< MR Onsvr = Oy, + 0] (77 = 1) V|,

2
Ui
< MAh||9nsv = |, + ﬁngnub. (61)
In view of equation 48, we get
2 _ —
[Bnsv = 97, = E[lln/)(Uarvn — U*nBr ga)|12 + (2/3)0°U%p/
2 2 4 2
A P )
372 1072 6y
The last claim of the lemma follows from the previous display and equation 61.
C.3.3 PROOF OF LEMMA 11
From equation 48, equation 49 and equation 50, it follows that
VNOnsv = Oul, <IUndrvn — (Un)*Brgall?, + (1/6)n°yp
< (20%/3)lonllE, + (" /10)llgnlE, + (*/6)7p (62)

and

< nllvnlle, + 057 gntvllL, + v/ (2/3)n*vp

< NllvnllL, + 0.59°(|gnllL, + 0.5My° Y[ Fntv — OnllL, + V/(2/3)n3yp

< 1.0017||vn ||, + 0.50192[|gn |z, + /0.6773p (63)

’Y||19n+1 - ﬁnH]Lz
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where in the last step we have used equation 62 and the fact that M, n?/2 < n*/8 < 1/200. A bit
more precise computations also yield

2
= 12 N
NInt1 — OnllL, < {(llvnll, + 0°l1B2gnllL.)? + 30’} "~ + o lgniv = gnlle,

M,y
2

2 2 1/2
<A{llvalle, + Z5llgnlle.)” + 3v0°p} " + 35719010 — Fnllr..

9 5 1/2
< {(ﬁ\lvn\\h + %HQHHLQ) + %'777319} + 1Vnv — YnllL,

Taking the squares of this inequality, we get
2 2 .
’YQHﬁn+1 - ﬁn”%& < (nanHLz + %HQnHLz) + %’Yndp + 1(1)7077472“1971,+U - 19””]%2
2 2 1/2
+ 3{ (lonll. + 25 lgallis)” + 390°p} 11900 — Fallu,
2
< (14 %Onzw{(llvnllh + ZElgnll)” + 3mvp + 157210040 — ﬁn\\ifz}
2
<1012 { (loalle + Zyllgnllie)” + 20w + 019290 = BallZ, }
< 0.680° (3llvnllZ, +n*llgnll?, +mvp). (64)
This implies that for v > 5M and ) < 1/5, we have
[ontallf, < (1 —am)?|lvallf, —4n(1 — @2n)E[B2v, gniv] + 0*gnsollf, + 2070
+ 20V 20p|gn+v — gnllL,
< (L= aon)’|lonllf, — 4n(1 — a2n)E[B2v, gniv] + n?llgn+vllE, + 2mp
+ 2Mmy/ 207plly(Fnsv — On) L,
< (L —naz)?|loallf, — 4n(1 — naz)E[B2v, gntv] + n?llgn+vE, + 2-107p
+20(Myn)* [y (Sns0 — 90)|IE,
< (1= @n)?lwal2, — 26o0(1 — na)Elo] gu] + 112 gu2, + 2.1i9p
+ 2M’Y77||'Un||1Lg I7(Fnsv — "9n)||ILQ + 31(M'y77)2||7("9n+U - ﬁn)Hiz
< (1= aan)’|[vnll2, — 2a20(1 — na2)Elv, gn] + 1.10%(|gnl1?, + 2.197p
+02M 0 |va |12, + 5M [V (Onrv — 9012, + 3L(My0)? [V (Fntv — ),
< (1= agn)®[lvnll?, — 2a2n(1 — a2n)Efv, gn] + 1.10%(|lgnll?, + 2.197p
+ O'2M7772||vn||1%2 + 5'4MW||’V(197L+U - 1971)”]%2-

Since for < 0.2 we have @z > 0.9, we get (1 — a9n)? + 0.2M,n? + 5.4M,(2n*/3) < (1 —
0.91)2 4+ 0.0081 + 0.16n < 1 — 1.47n. Therefore,

[ont1ll?, < (1= 147)|lvallE, — 2a2n(1 — na2)Elv, ga] + 1.120°||gnlI, + 2-1277p.

The next step is to get an upper bound on E[v;'— +19n+1] — IE[v,;r gr] in order to prove equation 53. To
this end, we first note that

< an”]LQ +77Hgn+U||]L2 + 2777]9

< lvall, +7llgnllL, + MWUH'Y(‘%H-U —9)[lL, + v 2n7p

< 1004 ([lvnll, +1llgnllL, + v/207p). (65)

[Vl

From equation 63 and equation 65, we also infer that

YMvntallL, [9ns1 — FnllL, < 77\/3(1'0012 +0.5012 + 0'34)(”1]71”]%2 + 772”971”1%2 + 277'7]7)
< 2.2n([lvaliE, + n?llgnllE, + 207p)-
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Therefore, this bound and some elementary computations yield

E[v,419n+1] < E[v, gn] + E[,41(gni1 — gn)] + E[(0nt1 — va) T g0
< E[w, 9] + M [vnt1 [l 170041 — 90, — @2nElv, gn] — 1Elg,) gnv]
< (1= an)E[wy, gn] + M vt L1y (Onsr = On)ll. — nllgnll?,
+ MonllgnllL. [[V(On v — On) L,
< (1= aan)E[v, gl = nllgnllt, +2.2Mn([loall2, +1°llga 2, + 2m1p)
+ Mollgnle, (3 loal, + 52 lgnllE, + $mp)?
< (1= aon)Elv, ga] = nllgnll?, +2.2Myn(llvallZ, + n*llgnllf, + 207p)
+0.5Myn (3 vnllE, + 1577 llgnllZ, + gmvp).
Grouping the terms, and using the fact that A/, n < 1/25, we arrive at

E[v,419n41] < (1= Gon)E[v, gn] = 0.97nllgnlE, +2.54Mynl|vnl|E, + 4.5My777p
< (1 — azn)E[v, ga] — 0.97nlgn |17, + 0.51nvnll?, + 0.997°p.
Similarly, using the Lipschitz property of V f and equation 64, we get

VE[frt1 = fa] S AElg, (Ons1 — )] + (My/2)[[7(9ng1 — 90)IE,

= Elg,, (az2nv, — 1°Bagnyv)] + 0.070° BllwallE, + 7*llgnll?, +mp)

< agnElw, gn] — 7°E[B2]llgnllf, + 0.20°||gnllL, 1V (Onsv — 9n)lL,
+0.077*3|vn1F, + 7 llgnll?, +nvp)

< agnElv, gn] — 7°E[B2]llgnllf, + 0.10*||gnllf, + 0.1y (Sniv — 9)|E,
+0.077*(3|vaIE, + 7 llgnll?, +nvp)

< agnE[v,) gn] — 0.468n%(|gnll?, + 0.17"[|gn 1?,
+0.077%||v, |2, + 0.019%|gn |2, + 0.021>yp
+0.077*3[lvnllt, + n*(lgnll?, + myp)-

Grouping the terms, and using the fact that M.,n? < 1/50, we arrive at

VE[fni1 — fn] < G2nE[v,, gn] — 0.461%||g,||7, + 0.287%||v,,[|Z, + 0.097%p.

This completes the proof of the lemma.
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