Reverse Transition Kernel: A Flexible Framework to
Accelerate Diffusion Inference

Xunpeng Huang Difan Zou Hanze Dong
HKUST HKU Salesforce Al Research
xhuangck@connect.ust.hk dzou@cs.hku.hk hanze.dong@salesforce.com
Yi Zhang Yian Ma Tong Zhang
HKU UC San Diego UIuC

yizhangl10l@connect.hku.hk  yianma@ucsd.edu tongzhang@tongzhang-ml.org

Abstract

To generate data from trained diffusion models, most inference algorithms, such as
DDPM [17], DDIM [31], and other variants, rely on discretizing the reverse SDEs
or their equivalent ODEs. In this paper, we view such approaches as decomposing
the entire denoising diffusion process into several segments, each corresponding to
a reverse transition kernel (RTK) sampling subproblem. Specifically, DDPM uses a
Gaussian approximation for the RTK, resulting in low per-subproblem complexity
but requiring a large number of segments (i.e., subproblems), which is conjectured
to be inefficient. To address this, we develop a general RTK framework that enables
a more balanced subproblem decomposition, resulting in O(1) subproblems,
each with strongly log-concave targets. We then propose leveraging two fast
sampling algorithms, the Metropolis-Adjusted Langevin Algorithm (MALA) and
Underdamped Langevin Dynamics (ULD), for solving these strongly log-concave
subproblems. This gives rise to the RTK-MALA and RTK-ULD algorithms for
diffusion inference. In theory, we further develop the convergence guarantees
for RTK-MALA and RTK-ULD in total variation (TV) distance: RTK-ULD
can achieve e target error within O(d'/2¢~') under mild conditions, and RTK-
MALA enjoys a O(d?log(d/¢)) convergence rate under slightly stricter conditions.
These theoretical results surpass the state-of-the-art convergence rates for diffusion
inference and are well supported by numerical experiments.

1 Introduction

Generative models have become a core task in modern machine learning, where the neural networks
are employed to learn the underlying distribution from training examples and generate new data points.
Among various generative models, denoising diffusions have produced state-of-the-art performance in
many domains, including image and text generation [14, 2, 28, 29], text-to-speech synthesis [27], and
scientific tasks [34, 37, 5]. The fundamental idea involves incrementally adding noise and gradually
transform the data distribution to a prior distribution that is easier to sample from, e.g., Gaussian
distribution. Then, diffusion models parameterize and learn the score of the noised distributions to
progressively denoise samples from priors and recover the data distribution [36, 32].

Under this paradigm, generating data in denoising diffusion models involves solving a series of
sampling subproblems, i.e., generating samples from the distribution after one-step denoising. To
this end, DDPM [17], one of the most popular sampling methods in diffusion models, has been
developed for this purpose. DDPM uses the Gaussian transition with carefully designed mean and
covariance to approximate the solutions to these sampling subproblems. By sequentially stacking
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a series of Gaussian transitions, DDPM successfully generates high-quality samples that follow
the data distribution. The empirical success of DDPM has immediately triggered various follow-
up work [33, 25], aiming to accelerate the inference process and improve the generation quality.
Alongside rapid empirical research on diffusion models and DDPM-like sampling algorithms [19, 39],
theoretical studies have emerged to analyze the convergence and sampling error of DDPM. In
particular, [21, 24, 8, 7, 3, 9] have established polynomial convergence bounds, in terms of dimension
d and target sampling error ¢, for the generation process under various assumptions. Previous work
usually assume the score estimation error to construct the sampling analysis [8, 15, 3, 19]. A typical
bound under minimal data assumptions on the score of the data distribution is provided by [8, 3],
which establishes an @(de_Q) score estimation guarantees to sample from data distribution within
e-sampling error in the Total Variation (TV) distance.

In essence, the denoising diffusion process can be approached through various decompositions of
sampling subproblems, where the overall complexity depends on the number of these subproblems
multiplied by the complexity of solving each one. Within this framework, DDPM can be regarded
as a specific solver for the denoising diffusion process that heavily prioritizes the simplicity of
subproblems over their quantity. In particular, it adopts simple one-step Gaussian approximations
for the subproblems, with O(1) computation complexity, but needs to deal with a relatively large
number—approximately O(de~2)—of target subproblems to ensure the cumulative sampling error
is bounded by € in TV distance. This imbalance raises the question of whether the DDPM-like
approaches stand as the most efficient algorithm, considering the extensive potential subproblem
decompositions of the denoising diffusion process. We therefore aim to:

accelerate the inference of diffusion models via a more balanced subproblem
decomposition in the denoising process.

In this work, we propose a novel framework called reverse transition kernel (RTK) to achieve
exactly that. Our approach considers a generalized subproblem decomposition of the denoising
process, where the difficulty of each sampling subproblem and the total number of subproblems are
determined by the step size parameter 7). Unlike DDPM, which requires setting 17 = €2, resulting in
approximately O(1/n) = O(1/€?) subproblems, our framework allows 7 to be feasible in a broader
range. Furthermore, we demonstrate that a more balanced subproblem decomposition can be attained
by carefully selecting n = ©(1) as a constant, resulting in approximately O(1) sampling subproblems,
with each target distribution being strongly log-concave. This nice property further enables us to
efficiently solve the sampling subproblems using well-established acceleration techniques, such as
Metropolis Hasting step and underdamped discretization, without encountering many subproblems.
Consequently, our proposed framework facilitates the design of provably faster algorithms than
DDPM for performing diffusion inference. Our contributions can be summarized as follows.

* We propose a flexible framework that enhances the efficiency of diffusion inference by balancing
the quantity and hardness of RTK sampling subproblems used to segment the entire denoising
diffusion process. Specifically, we demonstrate that with a carefully designed decomposition, the
number of sampling subproblems can be reduced to approximately O(1), while ensuring that all
RTK targets exhibit strong log-concavity. This capability allows us to seamlessly integrate a range
of well-established sampling acceleration techniques, thereby enabling highly efficient algorithms
for diffusion inference.

* Building upon the developed framework, we implement the RTK using the Metropolis-Adjusted
Langevin Algorithm (MALA), making it the first attempt to adapt this highly accurate sampler
for diffusion inference. Under slightly stricter assumptions on the estimation errors of the energy
difference and score function, we demonstrate that RTK-MALA can achieve linear convergence
with respect to the sampling error e, specifically O(log(1/¢)), which significantly outperforms the
@(1 /€?) convergence rate of DDPM [8, 3]. Additionally, we consider the practical diffusion model
where only the score function is accessible and develop a score-only RTK-MALA algorithm. We
further prove that the score-only RTK-MALA algorithm can achieve an error € with a complexity
of @(6_2/ (u=1) . 2%) where u can be an arbitrarily large constant, provided the energy function
satisfies the u-th order smoothness condition.

* We further implement Underdamped Langevin Dynamics (ULD) within the RTK framework. The
resulting RTK-ULD algorithm achieves a state-of-the-art complexity of O(d'/2¢~1) for both d
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and ¢ dependence under some mild assumptions as [13]. Compared with the O(de~2) complexity
guarantee for DDPM, it improves the complexity with an O(d'/2¢~1) factor. This result also
matches the state-of-the-art convergence rate of the ODE-based methods [9], though those methods
require Lipschitz conditions for both the ground truth score function and the score neural network.

2 Preliminaries

In this section, we first introduce the notations used in subsequent sections. Then, we present
several distinct Markov processes to demonstrate the procedures for adding noise to existing data and
generating new data. Besides, we specify the assumptions required for the target distribution in our
algorithms and analysis.

Notations. We say a complexity 7.: R — R to be h(n) = O(n¥) or h(n) = O(n*) if the complexity
satisfies h(n) < ¢-n¥ or h(n) < ¢- n¥[log(n)]* for absolute contant ¢, k and k’. We use the
lowercase bold symbol x to denote a random vector, and the lowercase italicized bold symbol x
represents a fixed vector. The standard Euclidean norm is denoted by || - ||. The data distribution is
presented as p, oc exp(— f.). Besides, we define two Markov processes RY, i.e.,

{Xt}te[O,T]’ {X;:’?}ke{o,l ,,,, K} where T = Kn.

In the above notations, 7" presents the mixing time required for the data distribution to converge
to specific priors, K denotes the iteration number of the generation process, and 7 signifies the
corresponding step size. Further details of the two processes are provided below.

Adding noise to data with the forward process. The first Markov process {x;} corresponds
to generating progressively noised data from p,. In most denoising diffusion models, {x;} is an
Ornstein—Uhlenbeck (OU) process shown as follows

dx, = —x,dt + V2dB, where Xq ~ p, o exp(—f.). )

If we denote underlying distribution of x; as p; o exp(—f;) meaning fo = f, the forward OU
process provides an analytic form of the transition kernel, i.e.,

2
_ _ e (t'=t)
(! , —d/2 ‘ ' —e :cH
pt/|t(:c’|:c) = w = (277 (1 —e 2t _t))) - exp )

pt(m) ) (1 _ e—2(t/_t))

for any ¢’ > t, where py ¢ denotes the joint distribution of (x4, %¢). According to the Fokker-Planck
equation, we know the stationary distribution for SDE. (1) is the standard Gaussian distribution.

Denoising generation with a reverse SDE. Various theoretical works [21, 24, 8, 7, 3] based on
DDPM [17] consider the generation process of diffusion models as the reverse process of SDE. (1)
denoted as {x; }. According to the Doob’s h-Transform, the reverse SDE, i.e., {x; }, follows from

dx;” = (x{ +2VInpr_(x;7)) dt + V2dB,, )

whose underlying distribution p;~ satisfies pr_; = p; . Similar to the definition of transition kernel

shown in Eq. (2), we define p;;,,(x'|x) = pj,(z', ) /p;” (@) for any ¢’ > ¢ > 0 and name it as

reverse transition kernel (RTK).

To implement SDE. (3), diffusion models approximate the score function V In p; with a parameterized
neural network model, denoted by sg ;, where 8 denotes the network parameters. Then, SDE. (3) can
be practically implemented by

A%, = (X¢ + 280,71y (Xey)) dt + V2dB,  for t € [kn, (k+ 1)n) 4

with a standard Gaussian initialization, Xg ~ N'(0, I). Eq. (4) has the following closed solution

K(kt1)y = €71 Ky — 2(1 — €")sg,7—jn(Xiey) + V21 —1-& and &~ N(0,1), 5)
which is exactly the DDPM algorithm.

95517 https://doi.org/10.52202/079017-3027



DDPM approximately samples the reverse transition kernel. DDPM can also be viewed as an
approximated sampler for RTK, i.e., pj;, ,(x'|z) for some ¢’ > ¢. In particular, the update of DDPM

at the iteration k applies the Gaussian-type transition, i.e.,

Pt 1)nlkn (l2) =N (e"@ —2(1 — €")sg,7—kn(x), (* — 1) - I). (6)

to approximate the distribution p@ 1yl kn(' |z) [17]. Specifically, by the chain rule of KL divergence,

the gap between the data distribution p, and the generated distribution p; satisfies

X

KL (pr||p+) < KL (Xo|ps ) + Ex~py, [KL (ﬁ(k-‘—l)n\kn("i)"pa+l)n\kn('|i)):| ; (7
0

e
Il

where K = T'/n is the total number of iterations. For DDPM, to guarantee a small sampling error,
we need to use a small step size 7) to ensure that p(;, 1), 1 sufficiently close to pa 1)k Then,

the required iteration numbers K = T'/n will be large and dominate the computational complexity.
In Chen et al. [8, 10], it was shown that one needs to set n = 0(62) to achieve e sampling error in
TV distance (assuming no score estimation error) and the total complexity is K = O(1/¢2).

Intuition for General Reverse Transition Kernel. As previously mentioned, DDPM approximately
solves RTK sampling subproblems using a small step size n. While this allows for efficient one-step
implementation, it necessitates a large number of RTK sampling problems. This naturally creates a
trade-off between the quantity of RTK sampling problems and the complexity of solving them. To
address this, one can consider a larger step size 1, which results in a relatively more challenging RTK
sampling target pE; 1)k and a reduced number of sampling problems (X = T'/n). By examining a
general choice for the step size 7, the generation process of diffusion models can be depicted through
a comprehensive framework of reverse transition kernels, which will be explored in depth in the
following section. This framework enables the design of various decompositions for RTK sampling
problems and algorithms to solve them, resulting in an extensive family of generation algorithms for
diffusion models (that encompasses DDPM). Consequently, this also offers the potential to develop
faster algorithms with lower computational complexities, e.g., applying fast sampling algorithms for

sampling the RTK, i.e., pz_k 1)k with a reasonably large 7).

General Assumptions. Similar to the analysis of DDPM [8, 7], we make the following assumptions
on the data distribution p, that will be utilized in the theory.

[A1] For all t > 0, the score V In p; is L-Lipschitz.

[A2] The second moment of the target distribution p, is upper bounded, i.e., E, [|| . HQ} = ma3.

Assumption [A1] is standard one in diffusion literature and has been used in many prior works [4,
10, 21, 9]. Moreover, we do not require the isoperimetric conditions, e.g., the establishment of the
log-Sobolev inequality and the Poincaré inequality for the data distribution p, as [21], and the convex
conditions for the energy function f, as [4]. Therefore, our assumptions cover a wide range of highly
non-log-concave data distributions. We emphasize that Assumption [A1] may be relaxed only to
assume the target distribution is smooth rather than the entire OU process, based on the technique in
[7] (see rough calculations in their Lemmas 12 and 14). We do not include this additional relaxation
in this paper to clarify our analysis. Assumption [A2] is one of the weakest assumptions being
adopted for the analysis of posterior sampling.

3 General Framework of Reverse Transition Kernel

This section introduces the general framework of Reverse Transition Kernel (RTK). As mentioned in
the previous section, the framework is built upon the general setup of segmentation: each segment
has length 7; within each segment, we generate samples according to the RTK target distributions.
Then, the entire generation process in diffusion models can be considered as the combination of a
series of sampling subproblems. In particular, the inference process via RTK is displayed in Alg. 1.

The implementation of RTK framework. = We begin with a new Markov process {fc;m} k=0,1,....K
satisfying Knp = T', where the number of segments K, segment length 7, and length of the entire
process T' correspond to the definition in Section 2. Consider the Markov process {Xj,} as the
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Algorithm 1 INFERENCE WITH REVERSE TRANSITION KERNEL (RTK)

1: Input: Initial particle Xy sampled from the standard Gaussian distribution, Iteration number K,
Step size n, required convergence accuracy e;

2: fork=0to K —1do

3: Draw sample Xy 1), With MCMCs from p 1)k (-|Xr,) Which approximates the ground-
truth reverse transition kernel, i.e.,

~ - e, 2
eyt (150) o 30 (~9(2)) o= exp (—fmkl)n(z) - ”";(1_)'> ®

4: return X

generation process of diffusion models with underlying distributions {py,, }, we require po = N(0, I)
and Ppg, ~ p., which is similar to the Markov process {x,‘;n} In order to make the underlying
distribution of output particles close to the data distribution, we can generate Xy, with Alg. 1, which
is equivalent to the following steps:

* Initialize % with an easy-to-sample distribution, e.g., A/(0, I), which is close to DKn-

* Update particles by drawing samples from p (4 1yy|in ([Xxn), Which satisfies
Dt 1ynlten (1Xkn) 2 D{ip 1y (- [Ki)-

Under these conditions, if pr, (2) ~ p(x—k),(2) , then we have

Pl 1)n(2) = (Pir1ynikn (2): Prn () = <PEE+1>n\kn(z|~)7p;§7(~)> = P(+1)n(2)

forany k € {0,1,..., K}. This means we can implement the generation of diffusion models by
solving a series of sampling subproblems with target distributions p& +1)m| kn(~|§<kn).

The close form of reverse transition kernels. To implement Alg. 1, the most critical problem is
determining the analytic form of RTK p;Tl (a'|z) for and ¢’ > ¢ > 0 which is shown in the following

lemma whose proof is deferred to Appendix B.
Lemma 3.1. Suppose a Markov process {x;} with SDE. 1, then for any t' > t, we have

z — - ef(t’ft)H2

2(1 — e—2('-1))

p;—t\T—t/(w‘m/) = P|#’ (z|x’) oc exp | —fi(x) —

The first critical property shown in this Lemma is that RTK py, is a perturbation of p; with a lo
regularization. This means if the score of py, i.e., V f;, can be well-estimated, the score of RTK,
i.e., Vlogpy can also be approximated with high accuracy. Moreover, in the diffusion model,
V fir = Vlog p; is exactly the score function at time ¢, which is approximated by the score network
function sg (), then

’ ’ ’ !
e—2(t'—t) g o= (' =) e—2(t'—t) g o= (t'—t)

n o ~
_vlogpt\t’ (SE|£B ) - vft(w) + 1 _ e—2(t'—1) ~ S.g)t(iL'> + 1 — e—2(t'—1) ’

which can be directly calculated with a single query of sg (). The second critical property of
RTK is that we can control the spectral information of its score by tuning the gap between ¢’ and ¢.
Specifically, considering the target distribution, i.e., p(x —k—1)n|(K —k)n fOr the k-th transition, the
Hessian matrix of its energy function satisfies

e 2n
—V2log pkc k-1l —kym = Vi koam(@) + 7= - T
According to Assumption [A1], the Hessian V2f(K,k,1),7(:v) = —V?log P(K —k—1)n €an be lower
bounded by — LI, which implies that RTK p(x _x_1)y|(x—k)n Will be L-strongly log-concave and
3L-smooth when the step size is set n = 1/2 - log(1 + 1/2L). This further implies that the targets
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of all subsampling problems in Alg. 1 will be strongly log-concave, which can be sampled very
efficiently by various posterior sampling algorithms.

Sufficient conditions for the convergence.  According to Pinsker’s inequality and Eq. (7), we can
obtain the following lemma that establishes the general error decomposition for Alg. 1.

Lemma 3.2. For Alg 1, we have
TV (g pa) <y (1 + L2)d + [V £.(0)]” - exp(—Kn)

K—1
1 . N .
Talg Z Ex~pr, [KL (p(k+1)nlkn('|x)’|pa+1)n|kn('|x))}
k=0
forany K € Ny andn € Ry.

It is worth noting that the choice of 7 represents a trade-off between the number of subproblems
divided throughout the entire process and the difficulty of solving these subproblems. By considering
the choice n = 1/2-log(1+1/2L), we can observe two points: (1) the sampling subproblems in Alg. 1
tend to be simple, as all RTK targets, presented in Lemma 3.1, can be provably strongly log-concave;
(2) the total number of subproblems is X = T'/n = O(1), which is not large. Conversely, when
considering a larger 7 that satisfies > log(1 4+ 1/L), the RTK target will no longer be guaranteed
to be log-concave, resulting in high computational complexity, potentially even exponential in d,
when solving the corresponding sampling subproblems. On the other hand, if a much smaller step
size 7 = o(1) is considered, the target distribution of the sampling subproblems can be easily solved,
even with a one-step Gaussian transition. However, this will increase the total number of sampling
subproblems, potentially leading to higher computational complexity.

Therefore, we will consider the setup n = 1/2-log(1+1/2L) in the remaining part of this paper. Now,
the remaining task, which will be discussed in the next section, would be designing and analyzing the
sampling algorithms for implementing all iterations of Alg. 1, i.e., solving the subproblems of RTK.

4 Implementation of RTK inner loops

In this section, we outline the implementation of Step 3 in the RTK algorithm, which aims to
solve the sampling subproblems with strong log-concave targets, i.e., p{y_ 1), ko (*[Xen) o< exp(—g).
Specifically, we employ two MCMC algorithms, i.e., the Metropolis-adjusted Langevin algorithm
(MALA) and underdamped Langevin dynamics (ULD). For each algorithm, we will first introduce the
detailed implementation, combined with some explanation about notations and settings to describe
the inner sampling process. After that, we will provide general convergence results and discuss them
in several theoretical or practical settings. Besides, we will also compare our complexity results with
the previous ones when achieving the convergence of TV distance to show that the RTK framework
indeed obtains a better complexity by balancing the number and complexity of sampling subproblems.

RTK-MALA. Alg. 2 presents a solution employing MALA for the inner loop. When it is used
to solve the k-th sampling subproblem of Alg. 1, x, is equal to Xy, defined in Section 3 and
used to initialize particles iterating in Alg. 2. In Alg. 2, we consider the process {Zs}f:o whose
underlying distribution is denoted as {1, }5_,. Although we expect s to be close to the target
distribution pE; 1)k 77(~|a:0), in real practice, the output particles zg can only approximately follow
pE; )ik 77(o|a:0) due to inevitable errors. Therefore, these errors should be explained in order to

conduct a meaningful complexity analysis of the implementable algorithm. Specifically, Alg. 2
introduces two intrinsic errors:

[E1] Estimation error of the score function: we assume a score estimator, e.g., a well-trained
diffusion model, sg, which can approximate the score function with an €0 error, i.e.,
1s0.4(2) — Viogpi(2)|| < €score forall z € R and t € [0, 7).

[E2] Estimation error of the energy function difference: we assume an energy difference
estimator r which can approximate energy difference with an e€cpergy error, i.e.,
Ire(2', 2) + log pi(2") — log pi(2)] < €energy for all z, 2’ € R%.

Under these settings, we provide a general convergence theorem for Alg. 2. To clearly convey the
convergence properties, we only show an informal version.
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Algorithm 2 MALA/PROJECTED MALA FOR RTK INFERENCE

1: Input: Returned particle of the previous iteration xg, current iteration number k, inner iteration
number S, inner step size 7, required convergence accuracy ¢;
2: Draw the initial particle z from

2
po(dz) 2 |[@o—e7"z]]
P —L|z)? - 2= L)
dz 77 ( T

3: fors=0to S —1do

4 Draw a sample 2, from the Gaussian distribution N (25 — 7 - sg(25), 271);

5: if 2511 & B(zs,7) N B(0, R) then

6: Zsi1 = Zs; > This condition step is only activated for Projected MALA.
7 continue;

8

Calculate the accept rate as

a(és - (zs -7 SH(ZS))’ ZS)

- 2 . 2
=min{1,exp <7“g(zs,25)+ 1Zs = 25 + 7 50(25)[I” = [|2s = 25 + 7 502 )}’

4t

9: Update the particle 2,11 = 2, with probability a, otherwise z54; = 2.
10: return zg;

Theorem 4.1 (Informal version of Theorem C.17). Under Assumption [A1]-[A2], for Alg. I, we
choose

1. 2L+1 (1+ L2)d+ ||V f.(0)]
n= ilog 5T and K =4L-log 2
and implement Step 3 of Alg. 1 with Alg. 2. Suppose the score [E1], energy [E2] estimation errors

and the inner step size T satisfy
€score — O(Pd_1/2)7 €energy = O(P71/2)7 and 7= (7) (L_2 . (d + mg + Zz)_l) 3

and the hyperparameters, i.e., R and r, are chosen properly. We have

2 S 1/2
~ A ~ ( Ld €score ~ [ Léenerg
TV (prcy, px) < O(€) +exp (O(L(d + mg))) (1 — % ~T> +0 (7p ) +0 < pT1/§y> 9)

where p is the Cheeger constant of a truncated inner target distribution exp(—g(z))1[z € B(0, R)]
and Z denotes the maximal I3 norm of particles appearing in outer loops (Alg. 1).

It should be noted that the choice of 1) choice ensures the L strong log-concavity of target distribution
exp(—g(z)), which means its Cheeger constant is also L. Although the Cheeger constant p in the
second term of Eq. 9 corresponding to truncated exp(—g(z)) should also be near L intuitively, current
techniques can only provide a loose lower bound at an O(y/L/d)-level (proven in Corollary C.8).
While in both cases above, the Cheeger constant is independent with e. Combining this fact with
an e-independent choice of inner step sizes 7, the second term of Eq. 9 will converge linearly with
respect to e. As for the diameter Z of particles used to upper bound 7, though it may be unbounded in
the standard implementation of Alg. 2, Lemma C.18 can upper bound it with O (L3/ 2(d+m3) p’l)
under the projected version of Alg. 2.

Additionally, to require the final sampling error to satisfy TV (P, p«) < O(e), Eq. 9 shows that
the score and energy difference estimation errors should be e-dependent and sufficiently small, where
€score corresponding to the training loss can be well-controlled. However, obtaining a highly accurate
energy difference estimation (requiring a small €cpergy) is hard with only diffusion models. To
solve this problem, we can introduce a neural network energy estimator similar to [38] to construct
r(2', z,t), which induces the following complexity describing the calls of the score estimation.

Corollary 4.2 (Informal version of Corollary C.19). Suppose the estimation errors of score and
energy difference satisfy

pe

+mo+ 2 ) ’

pe
€score < W and €energy < I2. <d1/2
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Algorithm 3 ULD FOR RTK INFERENCE

1: Input: Returned particle of the previous iteration xg, current iteration number k, inner iteration
number S, inner step size 7, velocity diffusion coefficient -y, required convergence accuracy e;
2: Initialize the particle and velocity pair, i.e., (£9, Do) with a Gaussian type product measure, i.e.,

N(0,e?" — 1) ® N(0,1);

3: fort =st0 5 —1do

4: Draw noise sample pair ({7, £Y) from a Gaussian type distribution.

S5 Zen =204y ML — e )b, — M T — v (I - e ) se(2,) + €
6: Dgp1 =€ 705 —y L1 — e 7)sg(24) + &

7: return zg;

If we implement Alg. 1 with the projected version of Alg. 2 with the same hyperparameter settings as
Theorem 4.1, it has TV (Prey, ps) < O(e) with an O(L*p=2 - (d+ mg)2 Z? -log(d/€)) complexity.

Considering the loose bound for both p and Z, the complexity will be at most @(L5(d + m3)°)
which is the first linear convergence w.r.t. € result for the diffusion inference process.

Score-only RTK-MALA. However, the parametric energy function may not always exist in real
practice. We consider a more practical case where only the score estimation is accessible. In this
case, we will make use of estimated score functions to approximate the energy difference, leading to
the score-only RTK-MALA algorithm. In particular, recall that the energy difference function takes
the following form:

lzo — 2" || Cmo—z-e?
2(1 —e=2m) 2(1 —e=2m)
Since the quadratic term can be obtained exactly, we only need to estimate the energy difference.

Then let f(z) = —log p(x—k—1),(2) and denote h(t) = f ((2 — z) - t + z), the energy difference
g(2') — g(z) can be reformulated as

9(z") —g(z) = - log px—k—1)n(2") + +log p(x—k—1)n(2)

R (0) , d’h(t)
h(1) — h(0) = d h9(t) = 2
()= h0) = 35— and 1O) = T
where we perform the standard Taylor expansion at the point ¢ = 0. Then, we only need the derives

of h*(0), which can be estimated using only the score function. For instance, the h(!)(¢) can be
estimated with score estimations:

RV =Vi(Z —2) t+2) (2 —2) = MY @#) = s0((2/ — 2) -t + 2) - (2 — 2).

Moreover, regarding the high-order derivatives, we can recursively perform the approximation:
REHD(0) = (A (At) — hD(0))/At. Consider performing the approximation up to u-order
derivatives, we can get the approximation of the energy difference:
w s
L9 (0)
Iy

r(x-k-1)y(2', 2) = Z; 1

Then, the following corollary states the complexity of the score-only RTK-MALA algorithm.

Corollary 4.3. Suppose the estimation errors of the score satisfies €score < pe/(Ld'/?), and the
log-likelihood function of p; has a bounded u-order derivative, e.g., ||V f (2) H < L, we have a non-

parametric estimation for log-likelihood to make we have TV (picy, ps) < O(€) with a complexity
shown as follows

%, (L4p_3 (d+ mg)z 73 . ¢—2/(u=1) 211,) .

This result implies that if the energy function is infinite-order Lipschitz, we can nearly achieve any
polynomial order convergence w.r.t. € with the non-parametric energy difference estimation.

RTK-ULD. Alg. 3 presents a solution employing ULD for the inner loop, which can accelerate the
convergence of the inner loop due to the better discretization of the ULD algorithm. When it is used
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Results Algorithm Assumptions Complexity

Chenetal. [8] DDPM (SDE-based) [A1],[A2],[E1] O(L2de™?)
Chenetal. [9] DPOM (ODE-based) [A1],[A2],[E1], and sg smoothness (’~)(L3de’2)
Chenetal. [9] DPUM (ODE-based) [A1],[A2],[E1], and sg smoothness O(L2d'?e™Y)
Liet al. [24] ODE-based sampler  [E1] and estimation error of energy Hessian @(d3e_1)
Corollary 4.2 RTK-MALA [A1],[A2],[E1], and [E2] O(L*d*log(d/e€))
Theorem 4.4 RTK-ULD (ours) [A1],[A2],[E1] O(L2d*?e™Y)

Table 1: Comparison with prior works for RTK-based methods. The complexity denotes the number of calls
for the score estimation to achieve TV (fxy,p«) < O(e). d and € mean the dimension and error tolerance.
Compared with the state-of-the-art result, RTK-ULD achieves the best dependence for both d and e. Though
RTK-MALA requires slightly stricter assumptions and worse dimension dependence, a linear convergence w.r.t.
€ makes it suit high-accuracy sampling tasks.

to solve the k-th sampling subproblem of Alg. 1, x is equal to X, defined in Section 3 and used to
initialize particles iterating in Alg. 2. Besides, the underlying distribution of noise sample pair is

ey ~n (o [Frm3 =) ek =) L2 e ]
5 (1 —2e " +e” ”) 1—e 77

In Alg. 3, we consider the process {(zs,Vs)}5_, whose underlying distribution is denoted as
{74 }5_,. We expect the z-marginal distribution of 7 to be close to the target distribution presented
in Eq. 8. Then, the complexity of RTK-ULD to achieve the convergence of TV distance is provided
as follows, and the detailed proof is deferred to Theorem D.6. Besides, we compare our theoretical
results with the previous in Table 1.

Theorem 4.4. Under Assumptions [Al]-[A2] and [E1], for Alg. I, we choose
n=1/2-log[(2L +1)/2L] and K = 4L -log[((1 4 L*)d + ||V f.(0)]|*)?- €]

and implement Step 3 of Alg. 1 with projected Alg. 3. For the k-th run of Alg. 3, we require
Gaussian-type initialization and high-accurate score estimation, i.e.,

7o = N(x0, " — 1) @ N(0,I) and  €xeore = O(¢/VL).

If we set the hyperparameters of inner loops as follows. the step size and the iteration number as

-1/2
=0 <€d1/2L1/2 ) <1og {L(d+m% + |a:0||2)]> )

€2

- L(d 2 2 1/2
S:(a(eldl/z,(log[ @+ m + ool )D .

It can achieve TV (Drcy, p«) S € with an 9] (L2d1/2€_1> gradient complexity.

5 Conclusion and Limitation

This paper presents an analysis of a modified version of diffusion models. Instead of focusing on the
discretization of the reverse SDE, we propose a general RTK framework that can produce a large class
of algorithms for diffusion inference, which is formulated as solving a sequence of RTK sampling
subproblems. Given this framework, we develop two algorithms called RTK-MALA and RTK-ULD,
which leverage MALA and ULD to solve the RTK sampling subproblems. We develop theoretical
guarantees for these two algorithms under certain conditions on the score estimation, and demonstrate
their faster convergence rate than prior works. Numerical experiments support our theory.

We would also like to point out several limitations and future work. One potential limitation of
this work is the lack of large-scale experiments. The main focus of this paper is the theoretical
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understanding and rigorous analysis of the diffusion process. Implementing large-scale experiments
requires GPU resources and practitioner support, which can be an interesting direction for future
work. Besides, though we provided a score-only RTK-MALA algorithm, the O(1/€) convergence
rate can only be achieved by the RTK-MALA algorithm (Alg. 2). However, this faster algorithm
requires a direct approximation of the energy difference, which is not accessible in the existing
pretrained diffusion model. Developing practical energy difference approximation algorithms and
incorporating them with Alg. 2 for diffusion inference are also very interesting future directions.
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A Numerical Experiments

In this section, we conduct experiments when the target distribution p, is a Mixture of Gaussian
(MoG) and compare RTK-based methods with traditional DDPM. Specifically, we are considering a
forward process from an MoG distribution to a normal distribution in the following

1
dXt:*§Xtdt+dBt and  xq ~ *ZN f1e; O -

where K is the number of Gaussian components, 5, and o are the means and variances of the
Gaussian components, respectively. The solution of the SDE follows

X = xoe_%t +V1—et-¢& where &~ N(0,1).

Since x( and £ are both sampled from Gaussian distributions, their linear combination x; also forms
a Gaussian distribution, i.e.,

K
Z (e~ 3t J(ofeTt 41 —e7h) - T).
k=

Then, we have

Valen) = =3V [ L ep Lz
PAT _Kz: 2 V2n(o2et+1— P olemt41—et
K
1 1, o —pe 2t
= Ezpi(wt)'th [_2(0i6t+16t)
=1

1 & — (¢ — pie2?)
- K va(mf) ’ 0‘1-26_t +1—et

‘We can also calculate the score of x, i.e.,

—(@—pie 2!
Vp(x:) K-35 pilwe) <a(zet+1et)>
x
Viogp(x:) = Py _ _

p(x:) /K-S 8 piz)

We consider a MoG consisting of 12 Gaussian distributions, each with 10 dimensions, as shown
in Fig. 2 (f). The means of the 12 Gaussian distributions are uniformly distributed along the
circumference of a circle with a radius of one in the first and second dimensions, while the remaining
dimensions are centered at the origin. Each component of the mixture has an equal probability and a
variance of 0.007 across all dimensions.

We evaluate Alg. | with unadjust Langevin algorithm (ULA), which leads to RTK-ULA, Alg 2, 3
implementations, and DDPM under the same Number of Function Evaluations (NFE). Specifically,
while DDPM models x,, across a sequence of 7 timesteps spanning from 0 to 7" in increments of
0.001 x T (i.e., [0,0.0017,0.0027, . ..,T)), we execute Alg. 1, 2, and 3 at fewer timesteps within
X[0,0.2T,0.4T,0.6T,0.8T]» and we distribute the NFE uniformly to these timesteps for MCMC. The
experiments are taken on a single NVIDIA GeForce RTX 4090 GPU. We evaluate the sampling
quality using marginal accuracy, i.e.,

d
1
Marginal Accuracy(p,p) =1 — 0.5 x p Z:TI/(]32-71171-)7
i=1
where p; (x) is the empirical marginal distribution of the i-th dimension obtained from the sampled

data, p;(x) is the true marginal distribution of the i-th dimension, and d is the total number of
dimensions.
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Figure 1: (a) Mariginal accuracy of the sampled MoG by different algorithms along NFE. (b-f) The
histograms along a certain direction of sampled MoG by different algorithms. The plots labeled by
‘ULA’, ‘ULD’, ‘MALA’, ‘MALA_ES’ correspond to RTK-ULA, RTK-ULD, RTK-MALA, score-
only RTK-MALA, respectively. The histogram is oriented along the second dimension when the first
dimension is constrained within (0.75, 1.25).

Fig. 1 (a) shows the marginal accuracies of our RTK sampling algorithms and DDPM along NFE. We
observe that all algorithms using RTK converge quickly. Among all RTK algorithms, RTK-MALA
achieves the highest marginal accuracy. Score-only RTK-MALA is worse than RTK-MALA since
the estimated energy contains errors, yet it is still slightly better than RTK-ULD. Along all RTK
algorithms, RTK-ULA demonstrates the lowest performance in terms of marginal accuracy, but it
still outperforms DDPM with a large margin especially when NFE is small.

Fig. 1 (b-f) shows the histograms of sampled MoG by DDPM and RTK-based methods. We observe
that DDPM cannot reconstruct the local structure of MoG. ULA can roughly reconstruct the MoG
structure, but it is still weak in complex regions, specifically around the peaks and valleys. In contrast,
RTK-ULD, score-only RTK-MALA, and RTK-MALA can reconstruct more fine-grained structures
in complex regions.

Fig. 2 (a-e) shows the clusters sampled by DDPM and RTK-based methods. We observe that DDPM
fails to accurately reconstruct the ground truth distribution. In contrast, all methods based on RTK can
generate distributions that closely approximate the ground truth. Additionally, RTK-MALA shows
superior performance in accurately reconstructing the distribution in regions of low probability.

We perform other experiments on various MoG settings.Figure 3 and 4 shows the experiments on a
spiral-shaped and chessboard-shaped MoG as the ground truth distribution, respectively. In these
experiments, we also compared Annealed Langevin Dynamics (ALD) [] with our RTK-based method.
In these figures, we observe that compared to DDPM and ALD, our RTK-based methods achieve
significantly better marginal accuracy when NFE is small. Besides, we find that our RTK-based
methods have a much better estimation on low-probability region. Furthermore, in Figure 5, we
evaluated the methods using the Wasserstein Distance metric, which corresponds to Fréchet Inception
Distance. Our results indicate that our RTK-based methods have a lower Wasserstein Distance
compared to DDPM and ALD, especially when NFE is small.

Furthermore, we conducted experiments on the MNIST dataset, as shown in Figure 6. We first trained
a score model following the typical variance-preserving noise schedule and then compared different
sampling methods using the Fréchet Inception Distance (FID) evaluation criterion. Figure 6 (a)
shows that compared with DDPM, our RTK-based methods achieve better FID scores than DDPM,
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Figure 2: (a-e) Clusters sampled by DDPM, RTK-ULA, RTK-ULD, score-only RTK-MALA, and
RTK-MALA, respectively. (f) Clusters sampled by the ground truth distribution. These 2D clusters
represent the projection of the original 10D data onto the first two dimensions.
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Figure 3: (a) Ground truth clusters sampled by a spiral-shaped MoG distribution. (b-g) Clusters
sampled using 205 NFE by DDPM, ALD, ULA, ULD, MALA_ES, and MALA, respectively. (h)
Marginal accuracy of the sampled MoG by different algorithms along NFE.

particularly when NFE is small. Figure 6 (b) shows that our RTK-based methods generate images of
higher quality than DDPM when NFE is small.

Overall, these numerical experiments demonstrate the benefit of the RTK framework for developing
faster algorithms than DDPM in diffusion inference. Besides, experimental results also well support
our theory, showing that RTK-MALA achieves faster convergence than RTK-ULA and RTK-ULD,
even with estimated energy difference via score functions.
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Marginal accuracy of the sampled MoG by different algorithms along NFE.
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Figure 5: Wasserstein distance of the sampled MoG by different algorithms along NFE. (a) and (b) are
the Wasserstein distance plot for spiral-shaped and chessboard shaped MoG distribution, respectively.

B Inference process with reverse transition kernel framework

Proof of Lemma 3.1. According to Bayes theorem, the following equation should be validated for
any x € R% and ' > t,

pi(x) = /pt‘t,(:ckc’) -pp(x)dx'. (10)
To simplify the notation, we suppose the normalizing constant of py, i.e.,
Zy = /exp(—ft(a:))da:.
Besides, the forward OU process, i.e., SDE. 1, has a closed transition kernel, i.e.,

PN
’ —(2:(1 —2(t' —t) —d/2 B ' @ ¢ t)mH
pope(x'|T) = ( ™ ( —e€ )) TOXP T (1= e20"-0)

Then, we have
pote) = [ pewpe(alv)dy

, 2
—d)2 z —e 7”3/”

- exp 5 (1 — 672(t’7t)) dy.

:/Zt_1 ~exp(—fi(y)) - (277 (1 - 672(t,7t)>)
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Figure 6: (a) FID of the sampled MNIST data by different algorithms along NFE. (b-d) Sampled
MNIST data by ULD, score-only RTK-MALA, and DDPM respectively, when NFE is 20.

Plugging this equation into Eq. 10, and we have
RHS of Eq. 10 = /pt‘t/(a)|w') - py (x)da'

/ 2
, 1 —a(t'—t) —d/2 — ‘ x — e t)yH ,
= [paeela’) - [ 20t esp(=fuly)) - (2n (1= 7)) e | gy - | dwdal

Moreover, when we plug the reverse transition kernel

.2
2 — et —t)H

5(1 — e 200

pye (x|’) oc exp | —fi(x) — ’

into the previous equation and have

N
€xXp fi(x) 2(1—e2(7—D)

RHS of Eq. 10 :/

, —d/2
/Z,fl : : (27 (1 e *”)) : dyda’

— 2" expl- (@) - [ exp | sy | (2 (1))

= p¢(a) = LHS of Eq. 10.
Hence, the proof is completed. O

Lemma B.1 (Chain rule of TV). Consider four random variables, x,z,X,z, whose underlying
distributions are denoted as p;,p;,(z,q.. Suppose p, . and q, . denotes the densities of joint
distributions of (x,z) and (X, z), which we write in terms of the conditionals and marginals as

Pa2(T, 2) = P2 (T2) - P2 (2) = paia(2]2) - pu(x)
Qo2 (T, 2) = @u)2(%]2) - 42 (2) = @212 (2]T) - gz ().
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then we have
vV (p:c,Z7qgc,z) < min {TV Pz#}z) + Eznp, [TV (px|z( | ) Qw|z( |Z))] )

v (pa:a qm) + IEXNpI [TV (pz\T |X qz|r |X )]}
Besides, we have
TV (p2sGz) < TV (P22 a,z) -

Proof. According to the definition of the total variation distance, we have

1
TV (px,z7 q:v,z) :i // ‘pz,z(m7 Z) - %,z(% Z)‘ dzdx

:}//’pz(z)pﬂz(w‘z)_pz(Z)Qz\z(w|z>+pz(z)qq;\z(w|z)—qz(Z)qz‘Z(mlz)‘dzdw

1
<5 [ 1) [ po-(@lo) — auelz) dedz + 5 [ 1p2(2) = 0.(2)] [ s (alz)dodz

:Ezwpz [TV (pw\z('|z)ﬂ qz\z(|z))} +TV (pza QZ) .
With a similar technique, we have

TV (px,m q:z,n,z) <TV (pm q:n) + IE:xwpgg [TV (pz|m("x)7 QZ\z(lx))] :
Hence, the first inequality of this Lemma is proved. Then, for the second inequality, we have

TV pm% = /‘pm *(Im )|d$

:2/’/pwﬁz(w7z)dz— /qg:,z(w’z)dz

1
Si//|px,z(-’l3,2) — o (x, z)|dzde =TV (pr.2,Ga.z) -

Hence, the proof is completed. O

dx

Lemma B.2. For Alg I, we have

TV (pregs p) <4/ (1+ L2)d + [V £ (0)] - exp(—Kn)
K-—1

+ Z Egnpiy [TV( (bt D)l C1%) s Do 1) (1% |))}
k=0
forany K € Ny andn € R;.
Proof. Forany k € {0,1,..., K — 1}, let p(j41)n,ky and p&ﬂ)n kn denote the joint distribution of

(X(k+1)n> X&) and (xE; 1y X}.,)» which we write in term of the conditionals and marginals as

Pkt 1yn.kn (T, 2) = Dy 1)nn (T'2) - Dry () = Dren) (k1) (T|2) - Dig1yn (")
P§+1)n,kn(wlam) = P§+1)n|kn(w/\w) 'PE,( x) = pkn\(lﬁ»l (z|z') - pZ;Jrl)n(w/)‘
Under this condition, we have

TV (picysp2) = TV (i picy) < TV (Brcy, (¢ 1yms Pic.ac—1)n)

<TV (ﬁ(K—l)n7p§{_1)n) + Expire_1yy {TV (ﬁK’r]\(K—l)?]("fc)vp;m(K—l)n('|X))}

where the inequalities follow from Lemma B.1. By using the inequality recursively, we have
K—1

TV (Prcn, p+) <TV (Do, p§ ) + Z Egnpin [TV (p(k+1)n|kn( %), D{jos 1))k |X)>}

K1 (11)

=TV (pocs Pcn) + D By | TV (s )01k (1) P 21010 (19 )|
k=0

Term 1

where p,, denotes the stationary distribution of the forward process. In this analysis, p, is the
standard since the forward SDE. 1, whose negative log density is 1-strongly convex and also satisfies
LSI with constant 1 due to Lemma E.9.
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For Term 1. we have

1 1
vV (pompKn) S\/2KL (pKTIHpoo) < \/2 - €Xp (72K77) KL (pOHpoo)

<V/(1+ L2)d + V£ 0)] - exp(~Kn)

where the first inequality follows from Pinsker’s inequality, the second one follows from Lemma E. 1,
and the last one follows from Lemma E.2. It should be noted that the smoothness of py required in
Lemma E.2 is given by [A1].

Plugging this inequality into Eq. 11, we have

TV (i, pe) <4/ (1+ L2)d + [V £(0) > - exp(—K7)

K-1
+ " By [TV (Bt ayntin (%) Py (1))
k=0

Hence, the proof is completed. O
Corollary B.3. For Alg 1, if we set

1 2L + 1 1+ L2)d .(0)]I°
D=L log + 7 K:4L-log( + L?)d + ||V f.(0)]
2 2L 2

and

2 —1
e € l10g<1+L2)d+||Vf*(0>||

v (ﬁ(k+1)7l‘k7]('|:&)7p&+1)n‘kn('|iﬁ)) < ? = E . = ’

we have the total variation distance between the underlying distribution of Alg I output and the data
distribution p, will satisfy TV (Pry, ps) < 2e.

Proof. According to Lemma B.2, we have

TV (prcyspe) <\/(1+ L2)d + [V £(0)] - exp(—Kn)

K-1

+ Z Ex~pry [TV (ﬁ(kﬂ)nlkn('|5()7p2;+1)77\kn("ﬁ))}
k=0

Term 2

for any K € N, and n € R.. To achieve the upper bound TV (poo, pry) < €, we only require

1 1+ L2)d + |V £.(0)?
T:anilog( ) 2H £O)”

12)

€

For Term 2. For any = € R, the formulation of Pl L) is

~ 2
5 . |2 —a- e
paﬂ)mkn(w\m) = p(K—k—1)n|(K—1)n(3’3\$) X €xp (f(K—k—nn(ﬂ?) - 2(1 — e—2n) )

whose negative log Hessian satisfies
2 — . 2 e % e
~ Ve 108 Py g (@18) = VEfreopmnyn (@) + o T =\ o — L) L

Note that the last inequality follows from [A1]. In this condition, if we require

—2n 1 2L +1
(e—L>2L & < log a

1—e 2 2L

https://doi.org/10.52202/079017-3027 95534



then we have
—2n —2n
e = e I
2(1 —e=2m) —2(1—e2m)
To simplify the following analysis, we choose 7 to its upper bound, and we know for all &k €
{0,1,..., K — 1}, the conditional density Pjt1)x(2[T) is strongly-log concave, and its score is
3L-Lipschitz. Besides, combining Eq. 12 and the choice of 7, we require
(1+L*)d + va*(o)nz/log 2L + 1

2 2L

I j _vi 10gpz;+1)n\kn(m|£)

K =T/n>log
€

which can be achieved by

(1+L2)d+ | V£.(0)]

K :=4L -log 5

€
when we suppose L > 1 without loss of generality. In this condition, if there is a uniform upper
bound for all conditional probability approximation, i.e.,

(1+22)d+ V0]

2 )

€ €

vV (ﬁ(kﬂ)mkn('@)apﬁﬂ)mkn(‘ﬁ?)) <=1 llog

€
then we can find Term 2 in Eq. 11 will be upper bounded by €. Hence, the proof is completed. [

Lemma B.4 (Chain rule of KL). Consider four random variables, x,z,X,z, whose underlying
distributions are denoted as p;,p;,qz,q.. Suppose p, . and q, . denotes the densities of joint
distributions of (x,z) and (X, z), which we write in terms of the conditionals and marginals as

Pa,2(®, 2) = P2 (]2) - p2(2) = papa(2]T) - po()
Gu,2(®, 2) = qz)(®|2) - 4:(2) = @20 (2[2) - gu ().
then we have
KL (ps,-|¢s,2) =KL (p:||¢=) + Eanp. [KL (ps)-(|2)||¢21-(|2))]
=KL (ps[|g2) + Exp, [KL (Pfa (%) 421 (%))
where the latter equation implies
KL (pz||¢z) < KL (po,|da,2) -

Proof. According to the formulation of KL divergence, we have

KL (pa:,qugc,z) :/pw,z(wwz) 1ngd(waz)

q:t,z(maz)
o (10 e @ PR
_/pw( 7 )(l e ng(zkn))d(  Z)
()

_ x,z)lo x,z €T Z|T) 10 M zex
_/pw)z( ,2)1 gqm(m)d( s )+/pw( )/pz|r( | )1 ng‘x(zh:)d d

=KL (szq:z:) + Exwpw [KL (pz|m(|x)HQZ|m(|x)>] > KL (p:z:Hq:c) 5
where the last inequality follows from the fact

With a similar technique, it can be obtained that

KL (ps,-||¢a,-) =/pw,z(w92) log Md(fﬂ%)

z,=(T, 2)
o) (10 P 4 10 Do)
—/pw,z( %) (1 8 iz T8 qx|z(wz)> d(z, z)
_ o pz(z) o pz\z(w‘z)
—/px,z(waz)l g qz(z)d(a:vz) +/pz(z)/pz|z(m‘z)l ng|z(w‘z) dzdz
=KL (p:|¢) + Eanp. [KL (P} (12)[|B2)- (]2))] -
Hence, the proof is completed. O

95535 https://doi.org/10.52202/079017-3027



Proof of Lemma 3.2. This Lemma uses nearly the same techniques as those in Lemma B.2, while
it may have a better smoothness dependency in convergence since the chain rule of KL divergence.
Hence, we will omit several steps overlapped in Lemma B.2.

For any £ € {0,1,..., K — 1}, let p(x41)y,ky and pE;H)n,kn denote the joint distribution of

(X(k+1)n» Xkn) and (XETC 1y X}.,,)» which we write in term of the conditionals and marginals as

Pl 1ym,kn (5 T) = Pty lion (2 |2) - Drn(®) = P (615 (T]) * Do 1) ()
p@+1)n7kn(a’/‘/7 T) = p§+1)n|kn(w/\ﬂ3) 'pﬁ,(w) = p;g_n\(k+1)17($|x/) 'p§+1)n(w/)~

Besides, we consider a reference Markov process {X;} whose initial marginal distribution and
transition kernels satisfy

Xo ~Po=po and Pt 1ynlky(T'[®) = Py 1)y (T 2)-
Under these conditions, we have
vV (ﬁKnvp*) < TV (ﬁK'r}:ﬁKT}) +TV (ﬁKWnp*) .

Since {X;} and {x;, } share the same transition kernel, then we have

TV mep* > vapo ) = 7KL( || )

= 5K (renlpe) < /(04 L2)d 4+ 9 2,(0)| - exp(~ K.

where the first inequality follows from the chain rule of TV distance, the second inequality follows
from Pinsker’s inequality, and the last inequality follows from Lemma E.2. Besides, we have

(13)

1 1 . -
TV (Preys Prcn) < \/ KL (Prcy||Prn) < \/2KL (Prcn, (s —1yn||Prcn, (1))

1 -
\/ KL ((xc—1)g|[Bec—1)s) + EXNP(K U [KL (pKnl(K 1)y (%) ||pKn|(K 1n HX))}

where the first inequality follows from Pinsker’s inequality, the second and the third inequalities
follow from Lemma B.4. By using this inequality recursively, we have

K-1

L 1 . 1 . . .
TV ey o) 3| KL (oln) + 5 32 B, KL (B i (i 19

N

-1

1 . . -
=\ 3 2 Bxiy [KL (Bustyntin (5 [P 17010 (150
0

>
Il

(14)
where the equation follows from the definition of process {Xy }. Therefore, combining Eq. 14 with
Eq. 13, the proof is completed. O

Corollary B.5. For Alg I, if we set

1 2L +1 1+ L2)d L(0)]2
p= L log + ’ K:4L~log( + L?)d + ||V £.(0)]|
2 2L €2

and

e (1+ L2)d + ||V £.(0)]”
KL (P 1)nlion (1) [P k- vymi s (12)) < 47+ |log 3 :

€

we have the total variation distance between the underlying distribution of Alg 1 output and the data
distribution p, will satisfy TV (P, p+) < 2e.
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Proof. According to Lemma 3.2, we have

TV (rcspe) <4/ (L4 L2)d + [V £.(0)[* - exp(—Kn)

Term 1
= (15)
* 2 Z Es~pi, [KL (ﬁ(k+1)”|k"('|&)||pzz+1)n|kn(‘|ﬁ))}
k=0
Term 2
To achieve the upper bound Term 1 < €, we only require
1. (14 L%)d+ ||V (0)
P Knz Liog U IVEOI 6
€
For Term 2, by choosing
1 1 2L +1
=—1lo
n B g oL
we know forall k € {0,1,..., K — 1}, the conditional density Pit1)x ([ Z) is strongly-log concave,

and its score is 3L-Lipschitz. In this condition, we require

(1+L%)d+ | V£.(0)]

K =4L -log 5

€
when we suppose L > 1 without loss of generality. Then, to achieve Term 2 < ¢, the sufficient
condition is to require a uniform upper bound for all conditional probability approximation, i.e.,

€2 €2

KL (ﬁ(kﬂ)"\’m("i)le:ruk('@)) S KT IL

1
og 2

(1+12)d+ IVf*(O)Q] o

Hence, the proof is completed. O

Remark 1. 7o achieve the TV error tolerance shown in Corollary B.3, .i.e.,

€

v (ﬁ(k+1)n|kn('|“ﬁ)7pzzﬂ)mkn('@)) < i log

(1+12)d+ IVf*(O)Hz] -

€

it requires the KL divergence error to satisfy

IA

1 2 - ~
\/QKL (p(k+1)n|kn('|-"0)HPE;H)WU(-lac))

2 2 2772
o @ [, 0D IVEOI]
16L2 €2

TV (ﬁ(kﬂ)n\kn('@),pﬁﬂ)n\kn('@))

Compared with the results shown in Corollary B.5, this result requires a higher accuracy with an
O(L) factor, which is not acceptable sometimes.

Lemma B.6. Suppose Assumption [Al]-[A2] hold, the choice of 1 keeps the same as that in
Corollary B.5, and the second moment of the underlying distribution of Xy, is My, then we have

2
Mii1 < Tk +16(d + m3) + 24 M.

Proof. Considering the second moment of X 1),, we have
~ 2 N 2
Ephayn [HX(’C-HMH } = [ Dt 1yn(@) - [l]|"dz
[ ([ 5w saspatelni) lalPaa— an

~ [+ [ bsniinely) - ol *dady.
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Then, we focus on the innermost integration, suppose 4y (-, -) as the optimal coupling between
Pk+1)n/kn (*|y) and p{_ 4y (+y). Then, we have

[ Bt ienaly) el d =2 [ 500, aly) o] da
< [s@) (I2lf - 2)2l?) d@.a) < [5y(@.0) |2 - al*d@2) 09

= W22 <ﬁ(k+1)7]|knvp2;+1)n|kn) .

Since p&ﬂ)nlkn is strongly log-concave, i.e.,
—~V2 log pf;, (x|2) = V2, (x) + e I=LI
x (k+1)n|kn (K—k=1)n 1—e-2n = &5

the distribution p@ 1)k also satisfies 1/L log-Sobolev inequality due to Lemma E.9. By

Talagrand’s inequality, we have

. 2 . 265,
w3 (p(k+1)n\knvp@+1)n|kn) < I - KL (pk+1|k+%,b”pk+1\k+%,b> =7 (19)
Plugging Eq 18 and Eq 19 into Eq 17, we have
~ 2 ~ 25k
B (sennl] = [ (42 [l lalfaz)ay. o)

To upper bound the innermost integration, we suppose the optimal coupling between p(x _j_1), and
p&+1)n\kn('|y) is vy (-, -). Then it has

(/pa+nmmxww>wwfdw-zj}%K_k;uﬂw>wmfdw

S/%WJNMW—Mﬂﬁaa@é/%@wﬂd—w%ww> D

= WQQ(P(K—k—l)mPEEH)n\kn)

Since pa +1)nlkn satisfies LST with constant 1/L. By Talagrand’s inequality and LSI, we have
Wy o <2 KL
3 (P k-1 Plisvyniin) < T KL (Puc—k—1n [P +1ymin)

2
P(kaq)n(ﬂ?)

pz_kﬂ)nlkn(m‘y)
2
dx

Vlog dx

4
< T2 P(Kk—k—1)n(T) -

4
=712 p(kaq)n(x) )

glﬂmw+8/mK%4m@Wﬂﬁm

< 12|ly)|* + 8(d +m3).

where the last inequality follows from the choice of n = 1/2 - log(2L + 1)/2L and the fact
E [[x]?] < (d + m32) obtained by Lemma E.7. Plugging this results into Eq. 20, we have

P(K—k—1)n
N 2 26y, 2 N 2
E [[[&gusnn’] < 7= +16(d +m3) + 24-E [Iu ]

ey —e x
1—e2m

C Implement RTK inference with MALA

In this section, we consider introducing a MALA variant to sample from pk<—+1| «(Z]T0). To simplify
the notation, we set
o — 2|

2(1 — e—21) @)

9(2) = fik—k—1)n(2) +
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and consider k and x to be fixed. Besides, we set
P (2l0) = piya(2]@0) o< exp(—g(2))
According to Corollary B.5 and Corollary B.3, when we choose

1, 2L+1
=-lo
=598 9

the log density g will be L-strongly log-concave and 3L-smooth. With the following two
approximations,

so(z) # Vg(z) and re(z,2') = g(z) - g(2), (23)
We left the approximation level here and determined when we needed the detailed analysis. we can
use the following Algorithm to replace Line 3 of Alg. 1.

In this section, we introduce several notations about three transition kernels presenting the standard,

the projected, and the ideally projected implementation of Alg. 2.

Standard implementation of Alg. 2. According to Step 4, the transition distribution satisfies
Qz. =N (25 — 7 59(25),27) 24

with a density function
Q(gs‘zs) = Par (25 - (zs _T'SG(ZS)))~ (25)
Considering a 1/2-lazy version of the update, we set

T..(d) = % +0z,(dz") + % Qs (d2"). (26)

Then, with the following Metropolis-Hastings filter,

2z') = min 9(2:|#) cexp (—rg(2, 2 where a, (2') = a(2'—(z,—7-50(25)), 2
azS( )* {Lq(z,'zs) p( 9( s 9))} h zs( ) ( (s 9( S))’(2;§7

the transition kernel for the standard implementation of Alg, 2 will be
T (@oan) = T2 (@2) - an (o) + (1 [0 (T2 (@3)) b (@m). 09

Projected implementation of Alg. 2. According to Step 4, the transition distribution satisfies
Q.. =N (25 — 7 - 59(25), 27)
with a density function
((25|2s) = @or (2s — (2 = 7 Visp(24))) -
Considering the projection operation, i.e., Step 5 in Alg 1, if we suppose the feasible set
Q=B(0,R) and Q,=B(z,r)NB(0,R)

the transition distribution becomes

L= [ Q)+ [ Q) s,
ANQz, A-Q2,

Hence, a 1/2-lazy version of the transition distribution becomes

- 1 1 -

TL(d2) = 5+ 6., (d2) + 5 - QL (d2).

Then, with the following Metropolis-Hastings filter,

a ") = min (j(z5|Z/)~ex —rg(2', 2z where d,_ (2') = a(2'—(zs—750(24)), 2
e () =i {1, BB o (a2 | where () = e/ (- rsu()), ),

the transition kernel for the projected implementation of Alg, 2 will be

Te(dzsi1) = T7 (d2st1) - Gz, (2511) + (1 - / iz, (2T, (dzl)> <0z, (dzs 1)
Q
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Ideally projected implementation of Alg. 2. 1In this condition, we know the accurate g(z) — g(2’)
and Vg(z). In this condition, the ULA step will provide

Quz, =N (25 — 7 Vg(25), 27) (29)

with a density function
Gx(2s]2s) = por (25 — (T Vg(2s))) -

Considering the projection operation, i.e., Step 5 in Alg 1, the transition distribution becomes

QL. (A) = /A Q)+ / Q= (d2') - 62 (A). (30)

A-Q.,

Hence, a 1/2-lazy version of the transition distribution becomes

)

N 1 1 -
Tiz(d2) = 5 -0, (d2) + 5 - QL (=) (31

Then, with the following Metropolis-Hastings filter,

a ") = min L(zs‘%)'ex —(9(2") — g(=
Gz, (2) = {1’q*<zf|zs) p (= (9(z") — o s>))}, (32)

the transition kernel for the accurate projected update will be

Fre(dzars) = T2 (dzags) - s, (2010) + (1 - [an <dz’>> 5, (dzern). (33)
Q

Lemma C.1. Suppose we have

then the target distribution of the Inner MALA, i.e., p* (z|xo) will be L-strongly log-concave and
3L-smooth for any given x.

Proof. Consider the energy function g(z) of p* (z|zg), we have

—ny2
@0 — 2 - |

g(Z) = f(K*k*l)’r](z) + 2(1 7 67277)

whose Hessian matrix satisfies

((1132:72”) +L> I = VPg(2) = V* fre—p-1)(2) + ui:jgn) I <(62n) —L) 1

Under these conditions, if we have

1 2041 =2
<.l e >
=581 T—e 2 =70

which means
3e~2n e
o Vi -_—
2a =) = VIR = gy
For the analysis convenience, we set
2L +1
2L "’

_11
77—20g

that is to say g(z) is L-strongly convex and 3L-smooth. O
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C.1 Control the error from the projected transition kernel

Here, we consider the marginal distribution of {z,} and {Zs} to be the random process when Alg. 2
is implemented by the standard and projected version, respectively. The underlying distributions
of these two processes are denoted as z; ~ s and Z; ~ [is, and we would like to upper bound
TV (us, its) for any given xq.

Rewrite the formulation of zg, we have
zs = 75 - 1(zs = zs) + 25 - 1 (25 # Zs)
where 1(-) is the indicator function. In this condition, for any set .A, we have

1(zs € A)=1(zs € A)-1(z5 =2Zs)+1(zs € A) - 1(zs # Zs)
=1(zs € A)—1(zs € A) - 1(zs # 2s) + 1(zs € A) - 1(zs # Z5),

which means
—1(23€A)~1(Z5#23) SI(ZS EA)—l(is E.A) < 1(ZS E.A)~1(Zs7éis).
Therefore, the total variation distance between pg and fis can be upper bounded with

TV (us, fis) < jup lns(A) — fis(A)| < 1(zs # zs) -
CR4

Hence, to require TV (ug, fis) < €/4 a sufficient condition is to consider Pr[zg # zg|. The
next step is to show that, in Alg. 2, the projected version generates the same outputs as that of the
standard version with probability at least 1 — €/4. It suffices to show that with probability at least
1 — €/4, projected MALA will accept all S iterates. In this condition, let {1, 2o, ..., 25} be the
iterates generated by the standard MALA (without the projection step), our goal is to prove that with
probability at least 1 — ¢/4 all z, stay inside the region B(0, R) and ||z5 — z5_1|| < rforall s < S.
That means we need to prove the following two facts

1. With probability at least 1 — ¢/8, all iterates stay inside the region B(0, R).

2. With probability at least 1 — €/8, ||xs — x5—1]| < r forall s < S.

Lemma C.2. Let ugs and [ig be distributions of the outputs of standard and projected implementation
of Alg. 2. Forany € € (0,1), we set

2 1
Rzmax{8~\/w+z,63-\/zlog&g}, 1"2(\/5—1—1)-\/7'(1—&—21/7-10g§
€ €

where z, is denoted as the global optimum of the energy function, i.e., g, defined in Eq. 22. Suppose
P(llzo|| > R/2) < €/4 and set

d 16d } B d
(BLR + [[Vg(0)]| + €score)? L2R? B (BLR+[|Vg(0)]| + Gscore)g’

Tgrnin{

then we have

TV (us, fis) <

1

Proof. We borrow the proof techniques provided in Lemma 6.1 of [41] to control the TVD gap
between the standard and the projected implementation of Alg. 2.
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Particles stay inside 5(0, R). We first consider the expectation of ||z, 1||> when z, is given, and
have

E [z

2] = [ 1217 7. @)

= [10P [ an )+ (1= [an @17 09)) b 02)

el [ (117 = 2l?) -0, ()T (02

— [ (1217 = 1) - 0n, ) (5 0e.(0) 4 5 - Qunfa2)

a1+ 5 [ (117 = ) - min {a(2). aza[2") -exp (=ro ', 2.)} 42

1 1
sl 5 [ 117 awlzaz

(34)

IN

where the second equation follows from Eq. 28, the forth equation follows from Eq. 26 and the fifth
equation follows from Eq. 27 and Eq. 25. Note that ¢(2’|z;) is a Gaussian-type distribution whose
mean and variance are z; — 7 - Sg(2) and 27 respectively. It means

/ 1211 - a(2'|zs)dz" = ||z, — 7 - so(z,)|* + 27d. (35)

Suppose z, is the global optimum of the function g due to Lemma C.1, we have

12 = - s0(Z)|1* = l|2l|* = 27 - 2 s (25) + 72 - Ilsa ()"

= llzll* = 27 2 Vg(z) + 27 2 (s0(2s) = V(=) +7° - 50(2s) = V(=) + V(=)

2 2
< |lzs|? - 27 - <Lllzsll Ivg(0)]]

2 2 — 2
2 2L >+T lzsl” + o (2s) = Vg(zo)l

+277 - [Vg(2)[” + 277 - [ls0(2,) — Vg(=,)II”
= (=Lt +72) -zl + 7 VO /L + (1 + 27%)€Gogre + 27° - | Vg (2,) |

< (1= L+ (1436L%) - 72) - ||z + 7 [Vg(O)I* /L +47% - [Vg(0)|* + (1 + 27%)eores
(36)
where the first inequality follows from the combination of L-strong convexity of g and Lemma E.3 ,
the second inequality follows from the 3 L-smoothness of g The strong convexity and the smoothness
of g follow from Lemma C.1.

Combining Eq. 34, Eq. 35 and Eq. 36, we have

Lt 1+36L2
E [||z,;+1||2 zs] < (1 - .72) sl
l 2 2 (1 + 272)6§c0rc
+(2L+2T ) IVg(0)]| +—2 + 7d.

By requiring €score < 7 < L/(2 4+ 72L%) < 1, we have

E | llz,41]1

Lt T
zs} < (1 - 4> Azl + I IVg(0)|]* + (2 + d)r.

[IVgO)[* , d
R2>8\[ =0+ (37)

Suppose a radio R satisfies
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Then, if ||z, > R/2 > 4,/[Vg(0)[2/L? + d/L. it has

2 IVg(0)|* | d 8[[Vg(0)[* | 8-(2+4d)
>16- | —L 4+ = | >
||z5|| — 16 ( L2 + L — L2 + L
Lrl|z|> _ 7

> . 2
s 21 [Vg(O)[I” + (2 + d)T

2 Lt 2
& Eflmalfa] < (1-5) 1.

To prove ||zs]| < R for all s < S, we only need to consider z, satisfying | zs|| >
44/[[Vg(0)[[2/L2 + d/L, otherwise ||zs|| < R/2 < R naturally holds. Then, by the concavity
of the function log(-), for any ||z,|| > R/2, we have

Lt Lt
E [log(||Zs41]*)[2s] <10gE [[|zs11]%|2s] <log(1 — -t log(||zs[*) < log(|z4]1%) — e

(38)
Consider the random variable

Zg = zs—T-s(;(zS)—i—\/E-f where ¢~ N(0,I)

obtained by the transition kernel Eq. 24, Note that ||| is the square root of a x(d) random variable,
which is subgaussian and satisfies

i [||5H >V + \/it} <e

for any ¢ > 0. Under these conditions, requiring
7 < (BLR + G + €5core) 2 -d where G :=||Vg(0)|, 39)

we have
P [llzss1ll = llzsll = 3V7d + 2v7t] <P |2, - |12 = 3v/7d + 2v/7]

. (40
<P[rliso(zo)ll + V2Tl = 3vrd+ 2v/7t] <P [Varligl = Vard+2v7t] < e

In Eq. 40, the first inequality follows from the definition of transition kernel 7, shown in Eq. 28 and
the second inequality follows from

[1Zs ]| = [|zs]| < 7[so(zs)[l + V27 [I€]|-
According to the fact
7 |Ise(2zs) || <TIVg(2s)l| + Tescore < 7 ([[Vg(2s) — Vg(0)[| + [[Vg(0) || + €score)
<7 BL - [lzs]| + [IVg(0)[| + €score) < V'Td

where the second inequality follows from the smoothness of g, and the last inequality follows from
Eq. 39 and || z;|| < R, we have

3VTd + 2y7t — 7|se(zs)|| > V2rd + 2v/7t,

which implies the last inequality of Eq. 40 for all ¢ > 0. Furthermore, suppose ||z;]| > R/2, it
follows that

(41)

2||zs 41l — 2[|=s]l
log(||zs+1%) —log(llzs|*) = 2log(llzsr1ll/2s]) < lzssall/ Nzl = 1 < I :

Therefore, we have log(||zs+1]|?) — log(||zs||?) is also a sub-Gaussian random variable and satisfies

P [log(||zs+1H2) —log(||zs]|?) > 6R™V71d + 4R 't\/T| < exp(—t?). 42)
We consider any subsequence among {zk}le, with all iterates, except the first one, staying outside

the region B(0, R/2). Denote such subsequence by {y,}5_, where ||yo| < R/2and S’ < S. Then,
we know y, and y,; satisfy Eq. 38 and Eq. 42 for all s > 1. Under these conditions, by requiring
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l|lzo|| < R/2 with a probability at least 1 — ¢/16, we only need to prove all points in {y,}5", will
stay inside the region 5(0, R) with probability at least 1 — ¢/16.

Then, set &, to be the event that
Es={llys | <R, Vs < s},

which satisfies £;_1 C ;. Besides, suppose the filtration 5 = {yo,y1,...,¥s . the sequence

{1(&5-1) - (log(llysl® + LsT/4) } 5 s
is a super-martingale, and the martingale difference has a subgaussian tail, i.e., for any ¢ > 0,

L(s+ 1)1
4

L(s+1)r
4

=P [log(lz,41]1%) — log(l12,) = 6R~'v/7d + 4R t/7] < exp(~t2),

L
P flogly.a?) + ~loa(ly )~ 557 2 7ROV AR

Lst _ _ Lt
<P [log(lysHIIQ) + —log(|lys[*) = =~ = 6R™'Vrd + 4R™ "t/ + 4]

where the first inequality is established when

Lt _«v7d 16d
— < — < —=—= > 1. 4
1T57R & 1< T2R? and d> (43)

Under these conditions, suppose

6vVrd | 4tv/7d uR 3
u = + & t= - =,
R R 4rd 2
it implies
2,2
2> Riu -1
— 647d

which follows from the fact (a — b)? > a?/4 — b?/3 for all a, b € R. Then, for any u > 0, we have

L(s+ 1)1 Lst R%u? R%*u?
Pl st1l? — 1 ) = == > < - 1) < —_
ox(lyast ) + T tog(lya ) - 57 2 0] <o (g 1) <30 (<5 ).

which implies that the martingale difference is subgaussian. Then by Theorem 2 in [30], for any s,

we have
Lst 74
log([lysll*) + 3 = log([lyoll*) + & Vsrdlog(1/¢)

with the probability at least 1 — ¢’ conditioned on £;_;. Taking the union bound over all s =
1,2,...,8 (8" < S) and set € = 16€¢'S’, we have with probability at least 1 — ¢/16, for all
s=1,2,...,5, it holds

4 L
tog(ly. ) <2loa(R/2) + &5 - /37dog(16574) — o

742 - dlog(16S/¢)
R2L

d 165 74% - dlog(16S/¢)
> = - <

we have log(||y||?) < log(R?), which is equivalent to ||y,|| < R. Combining with the fact that with
probability at least 1 — €/16 the initial point yy stays inside B(0, R/2), we can conclude that with
probability at least 1 — ¢/8 all iterates stay inside the region B(0, R).

<2log(R/2) +

By requiring
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The difference between z.,; and z, is smaller than r. In this paragraph, we aim to prove
|Zs+1 — zs|| < rforall s < S. Similar to the previous techniques, we consider

7y =12, — T 59(z5) + V27 - & where &~ N(0,I).

According to the transition kernel Eq. 28, it has

PllZo+1 — 2|l = 7] <Pz, — 24 = 7] < P [rllso(z,)l| + V2rlié]l = 7]
r = 7lso(zs)] r—vrd| @
=P ||l > ——=—"| <P|l¢]l > —=—
V2T V2T
where the second inequality follows from the triangle inequality, and the last inequality follows from
Eq. 41 when the choice of 7 satisfies Eq. 39. Under these conditions, by choosing

> (V241)-V7d+2\/710g(8S/e) & ’“;;fd > Vd+ V2 - /log(85/e),

Eq. 45 becomes

P(l[2es1 — 2| > ] <P [nm > ﬂ] <Pl > v+ V2. iogB5/9)| < 2.

which means .
Plllzsss — 2l <7 21— .

Taking union bound over all iterates, we know all particles satisfy the local condition, i.e., ||zs+1 —
z,|| < r with the probability at least 1 — ¢/8. Hence, the proof is completed.

C.2  Control the error from the approximation of score and energy

Lemma C.3. Under Assumption [A1]-[A2], we set

2L +1
2L

1
=3 log and G :=||[Vg(0)].

Forany € € (0,1), we set

IVg(0)||? d d 165 88
> L 2 634 = log —— =3-4/7dlog —.
R maX{S 3 ,63 og c , =3 dlog c

Suppose it has

1) 3€score 8S 7€ T(BLR + G)escore 1 1
— = . dl _ score < — d ener, < TA0
16 g \(Teles ot 2 =3g NG Cenery =95

we have

(1= 6 = Beenensy) * Toe (L) < To(0) < (146 + Beanengy) - Torn ().
Sor any set A C B(0, R) and point z € B(0, R).

Proof. Note that the Markov process defined by 7 (-) and 7, . (-) are 1/2-lazy. We prove the lemma
by considering two cases: z € A and z € A.

When z ¢ A, we have
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Similarly, we have

Tez(A) = 1/ x 2 (2')G (2| 2)d2".
’ 2 Jano.

In this condition, we consider

9TL(A) — 2T 2(A) = — / i n ()i (2']2)d2 + / 2 (2)()2)d2"
ANQ, ANQ

(212
- e+ [ aEiE e
ANQ, ANQ,

which means

To(A) = Tox(A) _ Jang, 2(2) - (@(2']2) — 4.(2']2)) 4=’
ﬁ,Z(A fAsz Gx,z(2') G (2| 2)d2’
Term 1

46
L, (@(2)) — () d(/|2)02" 40

fAsz d*,z (Z’)Q* (Z’|z)dz’

Term 2

+

First, we try to control Term 1, which can be achieved by investigating G(z'|z)/G.(z'|z) as follows.

i(21z) _ (1F =@ | 12— (21 V)
G:(2'|z) p( 4r ! AT )

In this condition, we have

qi(é/'ij —exp (A7) 7+ (=12 = 2l° = 27+ (2 = 2) " so(2) = 72 lso (2) P

12 = 2l + 27 (2 — ) V() + 72 [Ve(2)]?)) (47)

—exp <;< —2)7 (=s0(2) + V(=) + T (= lsa(=)I + |Vg<z>||2)) .

It means
a=12) | _|1 r
]m TEbl '2<z —2)7 (=s0(2) + Vg(2) + ] (= lse(2) > + [ Vo(2) )
<5 1% = 2l Is0(2) = V()] + = - [Iso(=) + V(=) - Iso(2) = Tg(2)l]
<5 15" = 2l Iso(=) = Vg(=) | + = - Iso(=) ~ Va(2) | + 5 - IVa(2)] - s0(2) ~ V(=)
Sresgore n Te%foe . 7(3LR —;G)escore

where the last inequality follows from the fact 2’ € B(z,r) N B(0, R)/{z}, z € B(0, R) and
IVg(2)ll = Vg(2) = Vg(0) + Vg(0)| <3L - ||2]| + G <3LR+G.

According to the definition of I and r shown in Lemma C.2, we choose

ri=3-\T- dlog§2(\/5—}—1)~\/Td—|—2\/Tlog§
€ €

Under this condition, we require

) S€score 85 7€ T(BLR + G)éscore 1
2 X log == score < - 4
16 5 \Tdlos—+ — 4 2 =39 (48)
then we have
~ ! ~ !
m(1-0) «mdZ2) (110} & 0 dEE g0
8 G«(2'|2) 8 8  4.(2]2) 8
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and
'l

1) a(z' ~ 5
m 2F12) o< e 2EF1R) 0 (49)
2 €ANQ. 4. (2'|2) 8

8 ~ zeANQ. G (2'|2)

with the definition of Term 1 shown in Eq. 46.
Then, we try to control Term 2 of Eq. 46 and have
Jana, (@=(2') — .. 2(2) 4(Z'2)d2"  [4nq, (02(2") = 3.2(2)) 1(2'[2)d2" [4q, Gx=(2')3(2']2)d2"

Janq, @n=(2)i(2|2)d2 [0 e 2(2)d.(2]2)d2"
(50)

fAF‘IQz &*,z (Z/)Cj* (Z,|Z)dZ/

According to Eq. 49, it has

S0 ax 2 (2")q(2'|z)d2’ i(z' )

8 o %zp)_immN,({(l) R ?@V)g1+ﬂ(ﬁ)
8 T 2€AnQ. Gu(2'|2) T [4rq. Gxz(2)G(2'|2)d2 T zeAnQ. 4. (2'|2) 8

then we can upper and lower bounding Term 2 by investigating a. (z')/a., (2’) as follows

a ZI =min exp (— ZI — gz : N*( ‘ I)
a*-,z( ) {17 p( (g( ) g( ))) q*(z/|z)}’
G»(2") =min exp (—rg(2',2)) - N( | /)
Z( ) {17 p( 9( ’ )) Q(Z/Iz)}'

In this condition, for any 0 < § < 1, we first consider two cases. When

N g+ (2]2") o N(CIED.
as2(2") =1 <exp(—(g9(z') — = and a,(2') = exp (—r9(2',2))-= <1,
(=) (~(0l) = 92N 2 ) = e (-ro(s',2) TZE)

we have
exp (—rg(2, 2) .<Z<jzz’> i (2 ~ /
=2y B < LB ) D) <1 s
exp (—(9(#) — g(2) - LI () i=]2)
Term 2.1
Besides, when
q(z|2")

ex(2) = e (~(0l=) — () 5 <

we have
~ ’

ia(2') | oxp (—ro(2', 2)) - L2
1< FAEIE) , Zez) OV
exp (—(9(2') —9(2))) - T=z15

C~7f>'=,z(z,) B exp (—(g(Z/) —g(Z))) " G- (2']z) -

Term 2.1

Then, we start to consider finding the range of In(Term 2.1) as follows

In (Term 2.1)| = |(—=79(2’, 2) + (g(2') — g(= +lnq~*(z ‘z)+1n f](z|z)

I (Torm 2.)] = |(-ro(2',2) + (9(") ~ g2) + 1 EEE 4 o 22 -
eonergy + I EEB Ny AED | 0 i A2
Seeversy T G2y | TP @l | = e T 16 M G|

where the last inequality follows from Eq. 48. Besides, similar to Eq. 47, we have

4(=|2) = exp ((4T)_1 ' (_ Iz = 2'||* =27 (2= ') Ts(2') — 72 - ||sa(2))]

0.(212)
= 2| 427 (2= 2)TVg(2) + 7 [Va()7) )
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which means

q(zlz/) _1 T / / T(_ "2 N2
]m G| = [ s + Ve + 4 (= lse=)IP + 19911
1 T
<3 llz =21l llso(=) = Vg() | + = - Isa(=') + Vg()I| - lls6(=') = V(=)
1 T T
<5 llz =2 - Iso(=') = Vg() | + 7 - so(=') = Vg(=)I + £ [V g(=)I| - sa(=") — Vg (=)
T€score | TE> T(BLR + G)éscore
< score
=7 + 1 + 5 )

where the last inequality follows from the fact z’ € B(z,r) N B(0, R)/{z} and
IVa(z)|l = [Vg(z') — Vg(0) + Vg(0)]| < 3L - ||2|| + G < 3LR+G.

Combining this result with Eq. 48, we have

< i RN i _ 3escore dlo § + 7-chorc + T(3LR + G)escore
=16 6 2 Talos 4 9 :

Plugging this result into Eq. 54, it has

~ /
‘ln ?(z|z?
Q*(z‘z)

)
[In (Term 2.1)| < 3 + €cnergy-
By requiring €cnergy < 0.1, we have
5 1)
In(1- i 2€energy | <In(Term2.1) <In {1+ 1 + 2€cnergy
5 )
A 2€energy <Term2.1<1+ Z + 2€energy-

4
Combining this result with Eq. 52 and Eq. 53, we have

ax(2') 5
<1 n 2 energy
ar2(2) + 4 + Z€energy

1- 1 - 266nergy S

which implies

Jarg, (42(2) — @, 2(2')) 4(2'|2)d2’ > min =)

— 1> —— —2€ener
Janq, @x2(2)(2'z)d2’ = O A () T 4 ey (55
~ * ~ - )
Jane, (@2(2) = -2(2')) (2'|2)d2 =) 0,
- n €energy -
fAan ax,2(2')q(2'|z)d2’ T 2eA Gy o (2)) = gy

Plugging Eq. 55 and Eq. 51 into Eq. 50, we have

5 Beenergy 5 5 5 5\ & 5e
___Tenerey (2 _9 d1+2) < T 2< (249 1422V < 8 energy

(56)
In this condition, combining Eq. 56, Eq. 49 with Eq. 46, we have
- 0 + 56energy 7;(-/4) - N*,z (-’4) o + 5€energy
2 - T - 2
0+5 o 0+5 7
o (1 . + ;energy> ﬁ,z(A) < 7~—Z(A) < (1 + + ;energY> . ﬁ’z(A)

Hence, we complete the proof for z ¢ A.
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When z € A, suppose there exist some r’ satisfying
Q= B(z,7") C A
We can split A into A — ), and €2, . Note that by our results in the first case, we have
(5 5 ener ind d 5 5 ener -
(1 - +;gy) Tez(A— QL) < TL(A-Q)) < (1 + ’L;gy> Tz (A= Q).
Then for the set {2/, we have

) - Tay)| | -T@-0)) - (1-T.@-a)

Ti2(82) Tez(2)
T @) - T@-)| | Ta(@- %) - T(@- )| |Ta(@-0)
7~;Z(Q/z) B ﬁZ(Q - Q/z) 7:2((2/2)
< (5+5€energy L9 = (5+ 5€energy;

- 2
where the last inequality follows from Eq. 57 and the property of 1/2 lazy, i.e.,
~ ~ 1
Ta@-0) <1 and To.(9) > 5.
In this condition, we have

(1~ 6 — Seonergy) - Tox(@%) < To(L) < (146 + Becnengy) - Tooz ().

Hence, we complete the proof for z € A. O

Corollary C.4. Under the same conditions as shown in Lemma C.3, if we require

€energy < 6/5a
then we have

(1-20) - Toz(A) < To(A) < (1+26) - To 2 (A),
for any set A C B(0, R) and point z € B(0, R).

C.3 Control the error from Inner MALA to its stationary

In this section, we denote the ideally projected implementation of Alg. 2 whose Markov process,
transition kernel, and particles’ underlying distributions are denoted as {Z. s }5_,, Eq. 33, and /i,
respectively. According to [41], we know the stationary distribution of the time-reversible process
{5 50 18
e—9(2) d Q
————dz LESEOR
fu(dz) = ¢ [e 90 dz’ (58)
0 otherwise.
Here, we denote (2 = 5(0, R) and
Q. =B(0,R)NB(z,7).
In the following analysis, we default

1, 2L+1
=759 51

Under this condition, the smoothness of g is 3L and the strong convexity constant is L.

we aim to build the connection between the underlying distribution of the output particles obtained
by projected Alg 2, i.e., jis, and the stationary distribution i, though the process {2*75}520. Since
the ideally projected implementation of Alg. 2 is similar to standard MALA except for the projection,
we prove its convergence through its conductance properties, which can be deduced by the Cheeger
isoperimetric inequality of fi..

Under these conditions, we organize this subsection in the following three steps:

1. Find the Cheeger isoperimetric inequality of fi,.

2. Find the conductance properties of T
3. Build the connection between fig and /i, through the process {z,, S}§=O'
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C.3.1 The Cheeger isoperimetric inequality of /.

Definition 1 (Definition 2.5.9 in [12]). A probability measure p defined on a Polish space (X, dis)
satisfies a Cheeger isoperimetric inequality with constant p > 0 if for all Borel set A C X, it has

lim inf A = nlA) > 1;L(A)M(AC).
p

e—0 €

Lemma C.5 (Theorem 2.5.14 in [12]). Let u € P1(X) and let Ch > 0. The following are equivalent.
1. u satisfies a Cheeger isoperimetric inequality with constant Ch.

2. For all Lipschitz f: X — R, it holds that

Eulf —Eufl <20 -E,[[Vf] (59)
Remark 2. For a general non-log-concave distribution, a tight bound on the Cheeger constant can
hardly be provided. However, considering the Cheeger isoperimetric inequality is stronger than
the Poincaré inequality, [6] lower bound the Cheeger constant p with Q(dl/ 2¢ p) where cp is the
Poincaré constant of ji.. The lower bound of cp can be generally obtained by the Bakry-Emery
criterion and achieve exp(—O(d)). While for target distributions with better properties, p can
usually be much better. When the target distribution is a mixture of strongly log-concave distributions,
the lower bound of p can achieve 1/poly(d) by [20]. For log-concave distributions, [23] proved that
p = Q(1/(Tr(%2))Y/4), where X is the covariance matrix of the distribution fi.. When the target
distribution is m-strongly log-concave, based on [16], p can even achieve Q(\/Z) In the following,
we will prove that the Cheeger constant can be independent of x.
Lemma C.6. Suppose . and i, are defined as Eq. 22 and Eq. 58, respectively, where R in (i, is
chosen as that in Lemma C.2. For any ¢ € (0, 1), we have

1 fQ fi (d2)
2 = fRd u*(dz) =1

Proof. Suppose (1. x exp(—g) and fi, are the original and truncated target distributions of the inner
loops. Following from Lemma C.13, it has

N €
TV (fiss i) < 1
when /i, is deduced by the R shown in Lemma C.2. Under these conditions, supposing {2 = B(0, R),

then we have

TV (i ) = / Je(d2) — . (d)] = /Q a(d2) — i (d2)] + / ()

_ exp(=g(2))  exp(=g(2) . exp(—g(2)) .
_/Q Jraexp(=g(z))dz" [ exp(—g(2)) dz’ ¢ +/]1§de Je exp(g(Z’()6)0<§Z’d '

Suppose
Z:/ exp (—g(z))dz and ZQ:/exp(—g(z))dz7
then the first term of RHSR;f Eq. 60 satisfies ?
/ exp(—g(z))  exp(—y(2))
ol Jpaexp(—g(2))dz’  [exp(—g(2'))dz’

1 1 Za
(e Lewramye) fow o =1-7
and the second term satisfies

dz

/ exp(—9(2))  , _ Juaexp(=g(z')dz' — Jpexp(=g(')dz" _ Za
Ri_q Jpa €xp (—g(2'))dz’ Jga exp (—g(2")) dz’ zZ’
Combining all these things, we have
Za € 1 Zg
2-([1—-—) <~ - < =<1
( Z > =1 7 357 =
where we suppose € < 1 without loss of generality. Hence, the proof is completed. O

https://doi.org/10.52202/079017-3027 95550



Lemma C.7. Suppose iy, [ix and € are under the same settings as those in Lemma C.6, the variance
of fix can be upper bounded by 2d/ L.

Proof. According to the fact that i, is a L-strongly log-concave distribution defined on R? with the
mean v,,,, which satisfies

/ 1(2) |z — vnl?dz < &
e L

following from Lemma E.8. Suppose

Q= B(0,R), 7= / exp(—g(2))dz, Zo = / exp(—g(2))dz
Rd Q
where R shown in Lemma C.2, then the variance bound can be reformulated as

/ﬂxp(zg(z” |2 —vm||2dz+/d I |z v, Paz < £

which implies

exp(—g(2) ryae 242
———Llz—vp|Tdz < — - = < —. 61
| I e vz < 1)

Note that the last inequality follows from Lemma C.6. Besides, suppose the mean of i is v, then
we have

/w.”z_vmuzdz:/w-||z—vm+vm—vm||2dz
Q Q

ZQ ZQ
:/w.‘lz_vm||2dz+2./w.<z_vm’vm_vm>dz
Q Zq Q Zo
(~9(2)) ©2
exp(—
+/ ERUTED o, — v dz
Q Zo
:/ eXp(*g(Z)) . Hz*'UﬁLHQ dz+/ eXp(fg(Z)) . ||vm 7va2 dz
Q Za Q Zo
Combining Eq. 61 and Eq. 62, the variance of i, satisfies
— 2d
/ exp(—g(2)) | Iz —va|?dz < 2.
O ZQ L
Hence, the proof is completed. O

Corollary C.8. For each truncated target distribution defined as Eq. 58, their Cheeger constant can
be lower bounded by p = Q(+/L/d).

Proof. Tt can be easily found that /i, is log-concave distribution, which means their Cheeger constant
can be upper bounded by p = Q(1/(Tr(X))'/2), where ¥ is the covariance matrix of the distribution
1. Under these conditions, we have

exp(—g(2)) 9 2d
— - - . — ~ <
Ir (%) /Q - |z — va|” dz ,

where the last inequality follows from Lemma C.7. Hence, p = Q(+/L/d) and the proof is completed.
O

C.3.2 The conductance properties of T.

We prove the conductance properties of 7:,2 with the following lemma.

Lemma C.9 (Lemma 13 in [22]). Let 7:72 be a be a time-reversible Markov chain on Q with
stationary distribution [i.. Fix any A > 0, suppose for any z,z' € Q with ||z — 2’| < A we

have TV (ﬁ,z, 7:’2/) < 0.99, then the conductance ofﬁ}z satisfies ¢ > CpA for some absolute

constant C, where p is the Cheeger constant of [i..
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In order to apply Lemma C.9, we have known the Cheeger constant of i, is p. We only need to verify
the corresponding condition, i.e., proving that as long as ||z — 2’|| < A, we have TV (ﬁyz, 7~;7z1) <
0.99 for some A. Recalling Eq. 33, we have

T a(d2) =T7 ,(d2) - s o (2) + (1 - [aaBTa02) 6ula2)

(63)
where the second inequality follows from Eq. 31 and the last inequality follows from Eq. 30. Then the

rest will be proving the upper bound of TV (’ﬁ,z, 7;7z’ , and we state another two useful lemmas as
follows.
Lemma C.10 (Lemma B.6 in [41]). For any two points z, z' € R, it holds that

(1+3L7) ||z — 2|
V2T

TV (Q*7z(')’ Q*,z’ ()) S
Proof. This lemma can be easily obtained by plugging the smoothness of g, i.e., 3L, into Lemma B.6
in [41]. O
Corollary C.11 (Variant of Lemma 6.5 in [41]). Under Assumption [A1]-[A2], we set

1, 2L+l
=585

1 85
< —3. 1
TS 16 BLRA G fem? 0 m=3-y rdlog =

there exist absolute constants cg, such that ¢ > cop\/T where p is the Cheeger constant of the
distribution [i..

and G :=||Vg(0)].

If we set

Proof. By the definition of total variation distance, there exists a set A C (2 satisfying

TV (7ea(). Tor () =

Trz(A) — ﬁ,z/(A)’ .

Due to the closed form of 7, . shown in Eq. 63, we have

1

Tez(A) = (1 -3 /EEQZ a*,z(z)Q*,z(dzO + ;/%A G z(2)-1[2 € Q] Q. 2(d2)

Under this condition, we have

Tz (A) — ﬁ,z/(A)’ < max (1 - % /Q 2 a*,z~<2)c?2*,£(d2)>

z

Term 1

+ % / G n(2)1[2 € Q] 0 n(d2) — s (2) - 1[2 € 0] Duar (d2)].
zeA

Term 2
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Upper bound Term 1. We first consider to lower bound a. z(Z) in the following. According to

Eq. 32, we have

Iz rve@))°
4t

+9(2)

ax,2(2) > exp <—9(£) + Iz~ 2 +4:V9(2)|| ) ’

which means
Ana.(2) 27 (IVe@)I - [Ve(2)I)

Term 1.1
—2-(9(2) —g(2) = (Vg(2),2 — 2))
Term 1.2
+2-(9(2) — 9(2) —(Vg(2),2 — 2)).
Term 1.3

Since Term 1.2 and Term 1.3 are grouped to more easily apply the strong convexity and smoothness
of g (Lemma C.1), it has

Term 1.2 > —3L |2 — 2> and Term1.3> Lz —z|* > 0.
Besides, by requiring 7 < 1/3L, we have
Term 1.1 =7 - (Vg(2) — Vg(2), Vg(2) + Vg(2))
= —7-IVg(2) = Vg(2)| - [[Vg(2) + Vg(2)|
> —3L7 |2 — 2| - (2(|Vg(2)] + 3L |2 — Z[|) = —3L7"||Vg(2)||* — 6L |2 - 2|*.
Therefore,
A, 2(2) > ~ 817 |Vg(3)|* ~ 9L |12 - £ = ~3L7? | Vg(2)| — 9L |[r- Vg(2) + var ¢
> = 21L7%||Vg(2)|” = 36L7 [|€]|*
and
Ind, (%) > —6L7% |Vg(2)[* = 9L7 [|¢]* > —6L7> - (BLR + | Vg(0)[)* — 9L7|¢>
where the last inequality follows from
IVg(2)| < [IVg(2) = Vg(0)[ + [[Vg(0)[| < 3LR +[[Vg(0)] .

Under these conditions, we have

1
Term 1 <1— - exp (—6L7’2 (3LR + ||Vg(0)||)2) -min/ exp (—9L7[€]%) - Gu.2(2)d2

1 z
=1 5 exp (=612 BLR + | V9(0))?) - Eeonon [exp (9L 7€]2)]

<1-04-exp (—6L7’2 (3LR + |\Vg(0)||)2) -exp (—18L7d),
(64)
where the last inequality follows from the Markov inequality shown in the following

Eeono,1) [exp (—9L7|[€]|%)] > exp (—18L7d) - Pep(o.1) [exp (—9LT[|€]|?) > exp (—18L7d)]
=exp (—18L7d) - Pepnro.1) [I€]1* < 2d] > exp (—18L7d) - (1 — exp(—d/2)).
Then, by choosing

1
T < ; (65)
16VL- (3LR + [|Vg(0)|)
it has 6L72 (3LR + ||Vg(0)||)* < 1/40. Besides by choosing
1 1
(66)

1
T< < <

— J2R2 — 5 < : —,

L*R* = 0 18I (\/g+ n 1665) 40-18L-d
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where the last inequality follows from the range of R shown in Lemma C.2, it has 18 Ldr < 1/40.
Under these conditions, considering Eq. 64, we have

Term1<1—0.5- min / U 2(2)Qu2(d2) <1—0.4-e71/20, (67)
2eQ,2€Q: Jqo,

Then, combining the step size choices of Eq. 65, Eq. 66, and Lemma C.2, since the requirement

1 1 d
F< , T<——=— and 7<
= 16VL - (3LR + || Vg(0)])) L2R? (BLR+ [[Vg(0)]| + €score)?

can be achieved by

7 <1671 (BLR 4 |[Vg(0)] + €score) 2 (68)

the range of 7 can be determined.

Upper bound Term 2. In This part, we use similar techniques as those shown in Lemma 6.5 of [41].
According to the triangle inequality, we have

2 - Term 2 S/
ZeA

/ _EDLE € 0] — a1 [ € 0] a2

< . _ . ~ N ~ -y R ~
=2 <1 2632292 /Qz a*7z(z)Q*7z(dz))

/ (@112 € 0u] — d(al1 2 € 2. a2

(1—dv2(2) 4(2]2)1 [£ € Q2] d2 +/ - @) € dz

_|_

_|_

Term 2.1
(69)
Then, we upper bound Term 2.1 as follows

Term 2.1 <

[ aleau] @ - aee)| +
zeA
STV (Qua(). Qe () + max { / g / i >dz}

atele)az, | c’j(ﬁ|z’)d2}

ERI—-Q, 2€RI—Q,

/ (12 € Q] — 1[2 € ) - d(]2)
z2€A

<TV (Q*,z(')’ Q*ﬂz'(')) + max {/ﬁ

According to the definition, G, . (-) is Gaussian distribution with mean z — 7Vg(z) and covariance
matrix 271, thus we have

/ UEl=)dZ < Pary [ > 5 (=7 IVg())? /T]

. N .1
J I e e e R P
ieRd—Qz/

Then, we start to lower bound
!
r—T1[[Vg(z)|| -z - 2.

Then, we require

d
35- (3LR + G)?

where the latter condition can be easily covered by the choice in Eq. 68 when d > 3 without loss of
generality. Under this condition, we have

|lz—2[| <0.1r and 7 < (70)

0.17v/d

7 <(0.17)2- & ﬁgBLR—&-G' (71)

d
(BLR + G)?
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Since we have
IVg(2)|l = Vg(z) — Vg(0) + Vg(0)[| <3L- ||z + G <3LR+G,
by the smoothness, it has
0.17v/d

VT <
[IVg(=)1
Plugging Eq. 72 and Eq. 71 into Eq. 70, we have

r—71|Vg(z)| - |z = 2'|| > 0.9r — 0.17V7d > V6.47d

where the last inequality follows from the choice of r shown in Lemma C.3, i.e.,

r:3-1/7dlog§23-\/7d‘
€

Under these conditions, we have

max / zj(£|z)d£,/ q(2]2")dz § <P, (|2l > 3.2d) < 0.1.
2eRI-Q, 2eRI—Q_/

Then combine the above results and apply Lemma C.10, assume 7 < 1/(3L), we have

Term 2.1 < 0.1 + TV (Q*,zc), Q*,z/()) <01+ /2/r- ||z -2

7(|Vg(2)| < 0.17V7d (72)

Plugging the above into Eq. 69, we have

Term?ﬁ(lzeén;relﬂ/ v 2(Z )Q*z(dz)>+ <Ol+\/7 ||zz||>

< (1 —08- e*l/”) F0.05+ (21)" Y2 |2 — /|,
where the second inequality follows from Eq. 67.

After upper bounding Term 1 and Term 2, we have
TV (tz(.)j;,z/(.)) <1—04-e7 /204 (1 ~08- 6*1/20) +0.05 + (27)" Y2 ||z — 2|
<0.91+ (27)" Y2 ||z — 2'|| < 0.99

where the last inequality can be established by requiring ||z — 2’| < v/27. Combining Lemma C.9,
the conductance of /i, satisfies

¢ >co- pV2T.

Hence, the proof is completed. O

The connection between [is and ji,.. With the conductance of truncated target distribution, we are
able to find the convergence of the projected implementation of Alg. 2. Besides, the gap between
the truncated target ji, and the true target u. can be upper bounded by controlling R while such an
R will be dominated by the range of R shown in Lemma C.2. In this section, we will omit several
details since many of them have been proven in [41].

Lemma C.12 (Lemma 6.4 in [41]). Let ns be distributions of the outputs of the projected
lmplementanon of Alg. 2. Under Assumption [A1]-[A2], if the transition kernel T. (+) is d-close to

T. = with § < min {1 — /2 ¢7/16} (¢ denotes the conductance of ji), then for any \-warm start
mmal distribution with respect to [i., it holds that

TV (fis, fi) < A+ (1 62/8)” +166/6.
Lemma C.13 (Lemma 6.6 in [41]). For any € € (0,1), set R to make it satisfy

€

B(O,R)>1— —

p(BO,R) 21—,

and [i, be the truncated target distribution of p.. Then the total variation distance between (i, and
fix can be upper bounded by TV (fix, ps) < €/4.

95555 https://doi.org/10.52202/079017-3027



C.4 Main Theorems of InnerMALA implementation
Lemma C.14. Under Assumption [A1]-[A2], we can upper bound G = ||V g(0)|| as

IVg(0)l < L-\/2(d+m3) + 3L |20l

Furthermore, we can reformulate R as

165
R=63- \/(der%Jr [ENRE log—

to make it satisfy the requirement shown in Lemma C.3. Then, the range of inner step sizes, i.e., T,
will satisfy

165
T<C,- (LQ (d—i—m% + ||zo]| ) log) ,
where the absolute constant C, = 2=%.378 . 772,

Proof. To make the bound more explicit, we control R and G in our previous analysis. For G =
[IVg(0)]], according to Eq. 22, we have

e~z — e gy

Vg(z) = Vfik—k-1),(z) +

(1—e2m) 7’
which means
-n
I900)] < 910 O] + |1
2L
< |V fir—k—1)(0)]| + L1 2L+ 1) - [lzo|l < ||V fk—r—1)5(0)]| + (2L + 1) - [|lzo]| -

Besides, we should note f(x_j_1)y is the smooth (Assumption [A1]) energy function of p(x_x_1),
denoting the underlying distribution of time (KX — k — 1) in the forward OU process. Then, we have

||Vf(K*k*1)77(0)||2 IEP(K k—1)n {va(K k—1)n || :|
S2EP(K—k—1)T, |:HVf(K7k71)n(X)|| :| +2EP(K—k—1)n [va(kafl)n(x) - vf(K*kfl)n(O)Hﬂ

<2Ld+2L°E,, , .. {||x||2] < 2Ld + 2L% max {d,m2} < 2L2(d + m3)

(73)
where the first inequality follows from Lemma E.6, and the third inequality follows from Lemma E.7.
Under these conditions, we have

IVg(0)|| < L-y/2(d+m3) + 3L - [|@ol|. (74)
Then, for R defined as

IVg(0)||? d d 16S
RZmaX{8' T+Z’63 Zlog? 5

we can choose R to be the upper bound of RHS. Considering

Vo0 4 [ ) 16l

L d<63- \/(d+m% + [loll?),

then we choose

165
R:63-\/(d+m§+||:co 2)- log—

After determining R, the choice of 7 can be relaxed to

1
TSCT-<L2(d+m§+||a:O||) 10g65) ,
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where the absolute constant C;; = 2~% - 378 . 7=2, since we have

(3LR + G + €score)” < IL*R? + 4G?

<9L?.63%- (d+m3 + [|zo|?) - log @ +4 (417 - (d+m3) + 18L%||zo?)

165
<9-63%* L* (d+mj + ||xo®) log —.

Hence, the proof is completed. O

Theorem C.15. Under Assumption [AI]-[A2], for any € € (0,1), let i«(2) x exp(—g(2))1[z €
B(0, R)] be the truncated target distribution in B(0, R) with

165 -
R =63 (d-+m3 + eo]?) - 1og 205 = & ((a+m3 + ol

r=3- \/7'cllog§ = O(r'/24"/?)
€

and p be the Cheeger constant of fi.. Suppose fio({||x|| > R/2}) < €/16, the step size satisfy

rin Alg. 2 satisfies

165\ ' -
T<C, - (L2 (d+m3 + [|lzo]|*) - log 6) =O(L7%- (d+mj + [lzo]*) ),

the score and energy estimation errors satisfy

CopV2T
32.5

c
< 0P

6SCOI‘C —
3236 4/dlog 85

then for any A\-warm start with respect to ., the output of both standard and projected implementation
of Alg. 2 satisfies

:O(pd*1/2) and  €cnergy < O(pTl/Q),

¢ 202 s - L
TV (s, ps) = 5 +A (1 - % '7') + O(dl/QP Yescore) + O(p 7 1/2€energy)

Proof. We characterize the condition on the step size 7. Combining Lemma C.2 and Corollary C.11,
it requires the range of 7 to satisfy

7 <167 BLR + [[Vg(0)|| + €score) >
Under this condition, we have

dlog 85 dlog 85 85\ !
S e < € d < [792.¢2  .dlog =
(SLR + G)2 e 6gcolre o T ( Fscore o8 € >

T <
which implies

(3LR + G)Escorc - T S Escorc\/’]i : leg % and €§Corc - T S 6scorc\/F : \( leg §
€ €

Then, we have

. 2 .
516 lSesgom rdlog 85 n (3LR + C;)escorc T n ESCOI T‘|

<16 - 3€score \ /leog§ 4 Sscore | Mleog@ 4 Secore Mdlogﬁ
2 € 2 € 4 €

=36¢€score + |/ Tdlog % <
€

DN | =
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which matches the requirement of Lemma C.3. Under this condition, if we require

copvV2T
32-5

Cop

32-36-4/dlog &
/ V2
0+ 5Eenergy < 36€score - |/ Td 10g % + 5€energy < COPITT < %
€

and satisfies the requirements shown in Lemma C.12.

:(’)(pdfl/Z) and  €energy < O(pTl/Q),

€score <

it makes

Then, we are able to put the results of these lemmas together to establish the convergence of Alg. 2.
Note that if g is a \-warm start to ji., it must be a A-warm start to fi, since fi.(A) > p.(A) for all
A € Q. Combining Lemma C.2, Lemma C.12 and Lemma C.13, we have

TV (ps, px) STV (ps, fis) + TV (fis, fix) + TV (fix, fis)

S
€ ¢2 16(5 + 5eenergy) €
<— R 7 T Trenergy) e
<7+ (A ( 8) + ;) +1

2 \° \/@ 57
S; A (1 - Cof . T) + 408€score . + Conergy

cop copV/T
€ c2p? S
:5 + A <1 — OT . 7') -+ O(dl/zpilescore) + O(pilT?l/zeenergy)
After combining this result with the choice of parameters shown in Lemma C.14, the proof is
completed. O

Lemma C.16. Under the same assumptions and hyperparameter settings made in Theorem C.15, we
use Gaussian-type initialization

d —enz|
o z)mxp(_L”zHQ_mo e 2] )

dz 2(1 —e=2m)
If we set the iteration number as
S=0(Lp2 (d+m2)rY),

the standard and projected implementation of Alg. 2 can achieve

3e ~ _ 1
TV (NS),U*) < Z + 0(d1/2p 1fscore) + O(P 17 1/2€energy)-

Proof. We reformulate the target distribution u, and the initial distribution g as follows

z z 2 o —e Nz 2 =z 2
b e [— (fucosmm(er+ 2 - <||zfl_e_zn')' - 2l ﬂ = exp (—6(2) - ¥(2))

2 — e z|? 2 2
1ol o exp [Lz||23L||z|| <||wo ezl _ 3Lz )] — exp [5L|z”¢(z)].

2 2(1 —e=2m) 2 2
Under this condition, we have
po(dz) _ Jraexp (—¢(2') —(2')dz" exp (6(z) — 5Lz
pe(dz) = [paexp (=5L/2-[|2'||? — 4 (2')) d2’ 2
Due to Assumption [A1], we have
LI 3L 5LT

o XV e+ 5 = V) 2 5

(75)

which means

LIz | 5Lz
_|_

L
B2) < Bz + 2 -z = 2 < 9z) + 2 :
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and

L 2 Lz
exp <q§(z) — 5”;”) < exp ((b(z*) + 5”;”) . (76)
Since the function ¢(z) is strongly log-concave, it satisfies
L||z|]? Vo(0 Lllzll? v 2
Vo(z) 2 > ||:I| N ¢>L( ]| R () > || || +oz) — I sf;(L)II

due to Lemma E.3 and Lemma E.4. Under these conditions, we have

[ewl-o) - vl < exp (~o(a) + ”W;(L‘””) [ew [—L”Z"Q ~ 0t ax

16
IVe(0)|? / 23L|| 2|2 Jlwo—e72|]
= — * - - d
P ( =)+ o 16 2(1 — e 2n)
(77
Besides, we have
L 1|12 R 2
/exp {5 ||2Z I~ _ w(z')] dz’ = /exp —L||Z|]” - ”2?1 _ee_gz,,> ] dz’,
which implies
5L| 2| N LT
/exp{—2—w(z) dz~/exp ST dz
78
s [ |- BUEE I —enz ] "
=) P 16 2(1 — e—2n)
Plugging Eq. 76, Eq. 77 and Eq. 78 into Eq. 75, we have
po(dz) 5L||z % | IVé(0)| / L%
< . — dz'. 7
[ (dz) = eXp( 2 T P 16 | 7)

Due to the strong convexity of ¢, it has

4[V4(0) = Vo(z.)II? _ 4[V(0)|?

2
||z*|| S L2 - L2

and
IV6(0)]1* = ||V fi—k_119(0)||* < 2L%(d + m3)

where the inequality follows from Eq. 73. Combining with the fact
TLZ|?] ., (167\*?
/ exp [— 16 dz’ = T ,

<exp (22L - (d+m3)) - <167T

Eq. 79 can be relaxed to
A < max Mo(d )
= i (dz)

which is independent on ||x||. Then, In order to ensure the convergence of the total variation distance
is smaller than e, it suffices to choose 7 and S such that

c2p? 5 ¢ log(\/e) ~ _ _
R

where the last two inequalities follow from Theorem C.15. Hence, the proof is completed. [

/2
7)) = e (O m)

Theorem C.17. Under Assumption [A1]-[A2], for Alg. 1, we choose

1 2L +1 14 L2)d (0 2
p= Y100 2L d K = 4L 10g LA VA
2 2L 2
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and implement Step 3 of Alg. 1 with projected Alg. 2. For the k-th run of Alg. 2, we use Gaussian-type
initialization
; 2
j10(dz) 2 lde—e 2
—_— —L - .
dz P ( I= 2(1 —e=2m)
If we set the hyperparameters as shown in Lemma C.16, it can achieve
TV (lﬁKmp*) <e+ @(Ldl/QP_lescore) + O(%_l/g ) LQ(dl/Q +mg + Z)P_1€energy)
with a gradient complexity as follows
O (Lp~2#7 - (d+m3)’ 2%)
for any 7 € (0,1) where Z denotes the maximal ly norm of particles appearing in outer loops

(Alg. ]).

Proof. According to Lemma B.3, we know that under the choice

1, 2L+
"=y e

it requires to run Alg. 2 for K times where

(L+L%)d +| V(0
5 :

K =4L -log
€

For each run of Alg. 2, we require the total variation error to achieve

D £ ~ €
v (p(k+1)n|kn('|$),p§+1)n|kn(-|w)) SE .

log 5

(1+%)d+ IIVf*(O)IQ] B

€
+ @(dl/Qp_l€score) + O(p_lTl;l/zeenergy)-
Combining with Lemma C.16, we consider a step size

48LS log THH VI (OF ) -

€

4

7 =Cr - <L2 <d+ m3 + ||53k||2) -log

=O(L™%- (d+m3 +||&|*) " 7)

where 7/ € (0, 1), to solve the k-th inner sampling subproblem. Then, the maximum iteration number
will be

§=0 (L p 27" (d+md)” - lanl)?) .
This means that with the total gradient complexity
K-S=0(Lp %" (d+md)’ 2%)
where Z denotes the maximal /5 norm of particles appearing in outer loops (Alg. 1), we can obtain

vV (mep*) <€+ @(Kdl/Qpilescore) + O(KL(d + mg + Z2)1/27271/2p71€energy)
=c+ @(Ldlﬂp_lescore) + (’)(?_1/2 . LQ(cll/2 + mag + Z)p_leenergy).

Hence, the proof is completed. O
Lemma C.18. Suppose we implement Alg. 2 with its projected version, we have
7*<0 (L*(d+m3)*p7?).

where Z denotes the maximal lo norm of particles appearing in outer loops (Alg. 1)
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Proof. Suppose we implement Alg. 2 with its projected version, where each update will be projected
to a ball with a ratio r shown in Lemma C.2. Under these conditions, we have

2
w0+§ _-7311

Foreachi € {1,2,.. .K}, we have

K
< (K + 1) [[@ol” + (K +1)- > l|& — i ||

i=1

I2x|* =

s
e — @1l = llzs — 20> < (S+1) - llzy — 1) <251
j=1
Follows from Lemma C.16, it has
log(Me)\ 4 ~ (dlog(A/e) _
2 _ _ 2,2
Then, we have
7> <O(K?) - O (L(d+m3)?p~2) = O (L3 (d +m3)?*p~ %),
Hence, the proof is completed. O

C.5 Control the error from Energy Estimation
Corollary C.19. Suppose the diffusion model sg satisfies

~ €
30 (,1) + Viogps ()], < 2

Ldl/2’
and another parameterized model Zé (z,t) is used to estimate the log-likelihood of p:(x) satisfying

< Pe
oo L2(d1/2+m2+Z)

If we implement Alg. 1 with the projected version of Alg. 2, it has
TV (prcns ) < O(e)
with the following gradient complexity

O(Lip 2 (a+m3)*22).

HlAgf(a:, t) + log pi(x) H

Proof. Since we have highly accurate scores and energy estimation, we can construct sg and rg-
(shown in Eq. 23) for the k-th inner loop as follows

e~ Mz — e gy

1—e2m

|k — e z|°
2(1 —e=2m)

- <ig/(z/, (K —k—1)n) + W) .

Under these conditions, we have

se(z) =8¢(2z, (K —k—1)n) +

ro/(z,2") = lo:(z, (K — k — L)) +

< Pe
enr —
energy L2(d1/2+m2+Z)

Plugging these results into Theorem C.17 and setting 7 = 1/2, we have
TV (prcy, p<) < O(e)

with the following gradient complexity

@<L4p_2 (d+m2) Z2)

pe
€score < Ld1/2

and
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Corollary C.20. Suppose the score estimation is extremely small, i.e.,
pe
Ldl Td1/27
and the log-likelihood function of p; has a bounded 3-order derivative, e.g.,

|30 (x,t) + Viogpe(x)|l

|[v@ )| < L.
we have a non-parametric estimation for log-likelihood to make we have TV (pxy, ps) < @(6) with
O (L™ (d+m3)’ 2% ).
gradient calls.

Proof. Combining the Alg. 2 and the definition of €cpergy shown in Lemma C.4, we actually require
to control

€energy = (9(2s) — g9(zs)) —ro(Zs, 25)
for any s € [0, S — 1]. Then, we start to construct 79 (Zs, ;). Since we have

(52) — 20) = Foema(ze) 4 1= llzo = 2. =0l
g(zs g(zs (K—k—1)n\~s 2(1—67277) 2(1 —672"7) ’

we should only estimate the difference of the energy function f(x _x_1), which will be presented as
f for abbreviation. Besides, we define the following function

h(t)=f((Zs — zs) -t + 25),

- f(kaq)n(Zs) -

which means

dh(t
w0 = B r (a2 42 (2 2)
d?h(t

h(z) (t) B (dt§2) = (25 - ZS)T VQf ((28 - zs) “t+ Zs) (is - zs)

Under the high-order smoothness condition, i.e.,
V@) < L
where || - || denotes the nuclear norm, then we have
2 2 ;
h(l ”zs - ZSH ® r’

LORLUED e DI
It means we need to approximate h(*) with high accuracy.
For i = 1, the ground truth A1) (0) is

dh(t
n00) = P _ 9z (2 - 2)
dt
we can approximate it numerically as
A (0) = sp(zs) - (25 — 25)
since we have score approximation. Then it has
5(1)(0) = h(l)(o) - B(l)(o) <V f(zs) = sa(2s)[ - 125 — 2]l < €score - 1 (80)
Then, for i = 2, we obtain the ground truth 2(?) (0) by
RO (t) — R V(0 / R (7)dr = th® (0 / h? (1) — b2 (0)dr,

which means
R (t) — hM(0)

h2(0) = -

t
+ % : / R (1) — R (0)dr.
0
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If we use the differential to approximate h2 (0), i.e.,

- D (4) — D
h(2) (0) — h (t) . h (0)’
we find the error term will be
260 1t
52(0) = ‘h@)( ) — (0 )‘ ’ —+ / h 3 (1) — K@ (0)dr
0

If we use smoothness to relax the integration term, we have

81

RO (r) = ROO)] < [|[V2F (2 = 2) -7+ 2) = V()] - 12 — 2* < Ly - 12 — =P

which means

— 3
/h 2)( 0)dr <M / rdr tLTT (82)

Combining Eq. 80, Eq. 81 and Eq. 82, we have

2€score” L3t

§@(0) <
(0) < =l 22,
which means the final energy estimation error will be
- 2O — MW (0
h(1) — h(0) — <h<1>(0) + %
~ 80O 820 | L _ oo L (Zescorer | Lt | Li? (83)
=71 2 TN t 2 6
Term 1
Term 2

Considering €score 1S €xtremely small (compared with the output performance error tolerance €), we
can choose ¢t depending on €score, €.8., t = 1/€score, t0 Make Term 1 and Term 2 in Eq. 83 diminish.
Under this condition, the term L3 /6 will dominate RHS of Eq. 83. Besides, we have

85 ~
r=3-1/rdlog — = O(r*/2d'/?),
€
then we have

Conergy = O(L1") = O(Ld*/2r/2) = O (L7272 (d + m} + @ 2) 7 74/2)

where the last equation follows from the choice of 7 shown in Theorem C.15. Then, plugging this
result into Theorem C.17 and considering €gcore K €, We have

TV (P, pe) <€ + O(LdY?p  eqeore) + O(F 2 L2(dY? 4 ma + Z)p  eoncray)
<O(e) + O (%(dl/? Fmo+ Z)p- )
with a gradient complexity as follows
O (Lip27" - (d+md)’ 22).
Then, by choosing

€p

T:4d1/2+m2+z7

we have TV (fy, ) < O(€) with
O (Lip™ - (d+m)* 2 c).

Hence, the proof is completed. O
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Remark 3. If we consider more high-order smooth, i.e.,
[v@ s < L.

with similar techniques shown in Corollary C.20, we can have the following bound, i.e.,
€energy = O(L1")

when €score is extremely small. Under this condition, since it has
8S ~
r=3-y/rdlog — = O(r/%d"/?),
€
we have

Conersy = O(L1") = O(LA*/7/2) = O (L7F /2 (d - mf + @ |2) "7 #4/2) = O(L="+17472),
Then, plugging this result into Theorem C.17 and considering €score < €, We have
TV (rcy: p) <€+ O(Ld'p™ €score) + O(FH2 L2(d'2 +m + Z)p™" €cncrey)

=0(e) + O (FD2L7 43 (@2 4y + 2)p7")

=0(e) + O (%(“*1)/2(&/2 +my + Z)pfl)
where we suppose L > 1 in the last equation without loss of generality. Then, by supposing
. e2/(u=1),
TR Y me 17
we have TV (Prcy, ps) < @(6) with

%) (L4p’3 (d+ m§)2 78 . 2/ (u=1) 2u)

where the last 2" appears since the estimation of high-order derivatives requires an exponentially
increasing call of score estimations.

D Implement RTK inference with ULD

In this section, we consider introducing a ULD to sample from pﬁ_ll x(Z]|To). To simplify the
notation, we set

)
[z — 27"

2(1— e~2n) (89

9(2) = fxk—k—1)n(2) +
and consider k£ and x( to be fixed. Besides, we set

P (2l0) = pj iy (2]@o) o< exp(—g(2))
According to Corollary B.5 and Corollary B.3, when we choose

1, 2L+1
=-lo
=598 5

the log density g will be L-strongly log-concave and 3 L-smooth.

For the underdamped Langevin dynamics, we utilize a form similar to that shown in [40], i.e.,
dit = \A/tdt
d‘A’t = _’Y‘A/tdt — S¢ (ZST)dt + \/ﬂdBt

with a little abuse of notation for t € [s7, (s + 1)7). We denote the underlying distribution of (2, v)
as 7y, and the exact continuous SDE

dZt = tht
th = —"}/tht — Vg(Zt)dt + v 2’YdBt

(85)
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has the underlying distribution (z;, v;) ~ ;. The stationary distribution of the continuous version is
defined as

- oy l?
7 (z,v|xp) x exp | —g(2) 5

where the z-marginal of 7% (:|x) is p* (-|x¢) which is the desired target distribution of inner loops.
Therefore, by taking a small step size for the discretization and a large number of iterations, ULD will
yield an approximate sample from p* (:|x(). Besides, in the analysis of ULD, we usually consider
an alternate system of coordinates

2
((ba 1/)) = /\/l(z,v) = (z,z + ;’U),

their distributions of the continuous time iterates 77" and the target in these alternate coordinates
7M, respectively. Besides, we need to define log-Sobolev inequality as follows

Definition 2 (Log-Sobolev Inequality). The target distribution p, satisfies the following inequality

E,, [¢°log ¢*] — E,. [9%]logE,, [¢°] < 2C1LsiE,, Vgl

with a constant Cyg1 for all smooth function g: R — R satisfying E,.[g%] < oc.

Remark 4. Log-Sobolev inequality is a milder condition than strong log-concavity. Suppose p
satisfies m-strongly log-concavity, it satisfies 1/m LSI, which is proved in Lemma E.9.

Definition 3 (Poincaré Inequality). The target distribution p satisfies the following inequality
Exep [9(x) = Exuplg®)]I?] < CriE, |Vl

with a constant Cpy for all smooth function g: R — R satisfying E,.[¢%] < <.

In the following, we mainly follow the idea of proof shown in [40], which provides the convergence

of KL divergence for ULD, to control the error from the sampling subproblems.

Lemma D.1 (Proposition 14 in [40]). Let 7T't/\/[ denote the law of the continuous-time underdamped

Langevin diffusion with v = c\V/3L for ¢ > /2 in the (¢,%)) coordinates. Suppose the initial
distribution Ty has a log-Sobolev (LSI) constant (in the altered coordinates) Cys1(mg!), then {m{'}
satisfies LSI with a constant that can be uniformly upper bounded by

2L 2
CLSI<7Tt/VI) < exp (—\/? t) . CLSI(WéVl> + Z

Lemma D.2 (Adapted from Proposition 1 of [26]). Consider the following Lyapunov functional

/
F(r',77) =KL (x'||7") 4+ En Hzml/?wog;L @ I.

V6L

2 11
1, where 93?:[121L \/ZT

For targets m* & exp(—g) which are 3L-smooth and satisfy LSI with constant 1/L, let v = 2+/6L.
Then the law 4 of ULD satisfies

OF (mp, ) < ——— - F(m, 7).
W F (e, ) < TV (e, m7)

Lemma D.3 (Variant of Lemma 4.8 in [1]). Let 7ty denote the law of SDE. 85 and m; denote the law
of the continuous time underdamped Langevin diffusion with the same initialization, i.e., 7o = mwo. If
v =< V'L and the step size T satisfies

=0 (L—3/2d—1/2T—1/2)

then we have
2 (rp|mr) < L32dr2T + €2, L~Y%T

score
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Proof. The main difference of this discretization analysis is whether the score V log p; can be exactly
obtained or only be approximated by sg. Therefore, in this proof, we will omit various steps the same
as those shown in [1].

We consider the following difference

(s+1)T
Z/ (Vg(2:) — se(2sr),dBy)

(s+1)T
Z / IVg(z0) — so(zar)|2dt.

From Girsanov’s theorem, we obtain immediately using Itd’s formula

dar\? 1 S=1[ r(s+1)7 ,
™ <d7rT) —1=E[exp (2G7)] -1 = ZEWT g /ST exp(2Gy) |Vg(zt) — se(zsr)||
1 - (s+1)T
S Z/ \/ [exp(4G)] [IIVg(zt) - Se(zST)H“] dt
=0
4 S5-1 (s+1)T
4
S; / \/ eXp 4Gt [||Vg(zt) - VQ(ZST)” :|dt
46 (s+1)1

+ TZ [ VEmwGr

s=0
According to Corollary 20 of [40], we have

(s+1)TAt )
exp< Z / I99(20) — so(zr)| d)]
39 S—1 (s+1)TAt (s+1)TAt
<\Bewo | 230 ([ 19z - VatelPar s [ s

E [exp(4G,)] <

s=0 T ST

S—=1 ,(s+1)7At
16te 32
=exp (;Core) 4| Eexp lv . E / IVg(z) — Vg(z57)||2dr]
ST

s=0

<3-,|Eexp

(s+1)TAt )
Z / IVg(z,) - Va(za)| dr],

(86)
where the last inequality can be established by requiring

€score — (@) (71/2T_1/2) = 716t65core <1
Y

since exp(u) < 1+ 2u for any u € [0, 1].

With similar techniques utilized in Lemma 4.8 of [1], we know that if

1/2 V3L 3
5
= V3L < T>Y"2 _ |2
v 3 5 T 6L'd1/3T1/2<10gS)1/27 and ~ T La

it holds that

Eexp

S5=1 (s41)7
32 Z/ e |Vg(z) — Vg(zST)||2dr] < exp ((’) (L3/2d72T10g5>) :

Furthermore, for
< L’3/2d’1/2T’1/2(log 5)71/2’
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it has
sup E[exp(4Gy)] <1
t€[0,T]

Then, still with similar techniques utilized in Lemma 4.8 of [1], we have

VE (1900 = Vatzun ] < 622\ & [I2: - 2] £ 22072

In summary, we have
N 2 2.2 2
E., (dﬂ'T) 1< L*dr*T N escoreT7
dmr g v

and the proof is completed. O

Corollary D.4. Under the same assumptions and hyperparameter settings made in Lemma D.3. If
the step size T and the score estimation error €score Satisfies

=6 (W) and  €geore = O (T71/2e)

Then we have x*(7r||mr) < €%

Proof. We can easily obtain this result by plugging the choice of 7 and € into Lemma D.3. Noted
that we suppose L > 1 without loss of generality. O

Theorem D.5 (Variant of Theorem 6 in [40]). Under Assumption [A1]-[A2], for any € € (0,1), we
require Gaussian-type initialization and high-accurate score estimation, i.e.,

7o =N(0,e" = 1) @N(0,I) and egore = O(€).

If we set the step size and the iteration number as

. 2 2 -1/2
=0 <6d1/2L1/2 . <1og {L(d+m22"’ [E )]) )
€
- 2 2 1/2
a6 <€1d1/2, (log [L<d+mi2+ ol )D ) |

the marginal distribution of output particles pp will satisfy KL (]ﬁT ||p“(~ |a:0)) < O(e2).

Proof. Consider the underlying distribution of the twisted coordinates (¢, 1)) for SDE. 85, the
decomposition of the KL using Cauchy—Schwarz:

AM|[_M 7 A M| M LEARPY
KL (#74|7 ):/log —wdir! = KL (& | 7 )+/10g —diy

—KL (7| m) + KL (x|« ) / M _ )

- M W§4
=KL (77 H7rT )+ KL (7 H’]T M| mM) X Var log .

87
2 2
1 7T7M
Then, we start to upper bound the relative Fisher information. Since 7" = M7 (:|xo), then

M (g, ) o 7 (M7, ) |o).

Using LSI of the iterations via Lemma D.1, we have

M 7TM
Var v <log > < Crsi(npt) -, M HVIog i

Therefore, we have
Viegm™ = (M) "Viegn (-|zg) o M7,
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and similarly for V log 77¥'. This yields the expression

2
oAt
B M

According to the definition of M, we have

—E,. M( Tv1og H } (88)

For any ¢y > 0 and

we have

o 1/4—c VBL(1/V2+coV2)
LM — ceM (M) = {¢*(va#2wf> 3L —co) }

The determinant is

3L -

<i—co> (4—co) — <;§+c0\/§>2

for ¢y > 0 sufficiently small, which means that

MTAMHT <t Lom.

Therefore, Eq. 88 becomes

2
T
=
According to Lemma D.2, the decay of the Fisher information requires us to set
2

T> LV2 . log [ <KL (mo|7*) + B <H§m1/2V1 H ))] , (89)
which yields KL (7?74" Hﬂ'M) <e

1 ) 2
Ex, (Hfml/QVIOg H ) < — FI(mo||n*) = 3L ‘Er, (HVIog FH > .

According to the definition of LSI, we also have

KL (mo|7*) < CLSI JFI( 0H7r‘_):i~E,m (HVIog:i‘r).

M
]Eﬂ.M HV log
T ™

2
<3L-E,, Mzml/?wog;TZH } .

2, Besides, we can easily have

Recall as well that this requires v =< /3L in SDE. 85. For the remaining KL (#2!||7!) and

x? (74| 71) in Eq. 87, we invoke Lemma D.3 with the value T = St specified and desired
accuracy €, , which consequently yields

~ € ~ [ T3/213/441/2
™= (i) 5:9<f;) ©0

Under this condition, we start to consider the initialization error. Suppose we have 7o = N(0, €7 —
1) ® N(0, I'), which implies

2
e x
FI (mo||7*") <En, ’vf(Kkl)n(Z) = Vi —k-1)n(0) + V fx—r-1),(0) — P ef;n ]
36_2’7
<BL?Er, [|12]%] + 3 ||V fise k1) ()] =T (£
3e=2n

=312 (* = 1) + 3|V fizc i1y (O)]| + A=z 1@l
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Following the 7 setting, i.e.,

1 2L+ 1 2L+ 1
n = = log i e = +

2 °n . oL

which yields
2
FI (mo||m) SL+ ||V fir—t—1)5(0)]|” + L?||zo]|?
SL+ L2(d+m3) + L?||lzo*
where the inequality follows from Eq. 73. Therefore, combining Eq. 91, Eq. 90 and Eq. 89, we have

oD

1/2 o 2) 12
T2 > [-1/4 log L(d+ m% + H$0||2> / > /4. log B (HVlog T H
which implies
2 2 —1/2
P (Edm Py <1Og {L<d+m22+ o] )D )
€
~ L(d 2 2 1/2
T b (6_1611/2, <10g[ (d+m + 1ol )D .
€
In this condition, the score estimation error is required to be
€score = O (71/2T71/2 . e) =0 (6/\/Z) .
Hence, the proof is completed. O
Theorem D.6. Under Assumption [Al]-[A2], for Alg. 1, we choose
1. 2L+1 1+ L2)d L(0)?
n = =log + and K:4L~log( +Ld+ [V )
2 2L €2

and implement Step 3 of Alg. 1 with projected Alg. 3. For the k-th run of Alg. 3, we require
Gaussian-type initialization and high-accurate score estimation, i.e.,

7o =N(0,e2" — 1) @ N(0,I) and €geore = O(e).
If we set the hyperparameters as shown in Lemma D.5, it can achieve TV (Pry, ps) S € with an
@) (Lle/ze’l) gradient complexity.

Proof. According to Corollary B.5, we know that under the choice

1 2L+
"=y e

it requires to run Alg. 3 for K times where

(1+ 1)+ VL)

K =4L -log 5

€
For each run of Alg. 3, we require the KL divergence error to achieve
-1

X A Y € (L+L2)d +[|V/.(0)]
KL (500 )01k C 1) [ yien (1)) <7 - .

log =2

Combining with Theorem D.5, we consider a step size
7 =0 (Lildfl/ze - (log [L2 (d4+m3 + ||zf3k||2)})71/2)
then the iteration number will be
S =0 (L2427 (log [12 - (d+md + @ ]2)])2).
For an expectation perspective, we have
Ejy, [log(L?||%x]%)] < log [Ey,, (I%k]1)] = O(L)
where the last inequality follows from Lemma B.6. This means that with the total gradient complexity

K-8=0 (L")
Hence, the proof is completed. O
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E Auxiliary Lemmas

Lemma E.1 (Theorem 4 in [35]). Suppose p o< exp(—f) defined on R? satisfies LSI with constant
w > 0. Along the Langevin dynamics, i.e.,

dx; = =V f(x)dt + V2d B,

where x; ~ py, then it has
KL (p¢||p) < exp (—2ut) - KL (po||p) -

Lemma E.2. Suppose p < exp(—f) defined on R? satisfies LSI with constant ju > 0 where f is
L-smooth, i.e.,

IVf(@") = V()| <Ll — .
If po is the standard Gaussian distribution defined on RY, then we have

(14 2L2)d + 2|V f(0)|]

KL (po|[p) < P

Proof. According to the definition of LSI, we have

]wog if((;”)) Hdm — 5 [ mla@) -2+ V(@) de

KL (]p) <5 [ m(@)
<pt [/ m(@)felPde+ [ m(@)| V(@) - T50) + V() Pde

<t [(1 +212) [ poe)aldz + 2 |Vf<o>||2]

(142L%)d +2||Vf(0)]?

I
where the third inequality follows from the L-smoothness of f, and the last equation establishes
since E,, [||z]|?] = d is for the standard Gaussian distribution pg in R%. O

Lemma E.3 (Variant of Lemma B.1 in [41]). Suppose f: RY — R is a m-strongly convex function
and satisfies L-smooth. Then, we have

m=|®  ||V£(0)?
2 2m

where x, is the global optimum of the function f.

Vi@)-z >

Proof. According to the definition of strongly convex, the function f satisfies

J0) = f(@) 2 V(@) - (0-2)+ 3 -|o* & Vi@ 2> f(2) - f(0)+ 7 -],

Besides, we have

moa oo me s VA2 [VA0))?
_ > . . > . _ . — I .
@)= 1(0) = V) @+ D lla|? = 5 o) = 5 ) - LS =
Combining the above two inequalities, the proof is completed. O

Lemma E.4 (Lemma A.1 in [41]). Suppose a function f satisfy

mlz|*  [[Vf(0)]
2 om

Vi) @ >

then we have

fa) = el + fla) - O
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Lemma E.5 (Lemma 1 in [18]). Consider the Ornstein-Uhlenbeck forward process
dx; = —x,dt + V2dB,,

and denote the underlying distribution of the particle x; as p;. Then, the score function can be
rewritten as

e txg—x
Ve Inpi(z) = Eoo~a (o) T g2y
o — etaol &2
- 0
@t (xo|z) o< exp (‘f*(fBO) T (1—e20) ) :

Lemma E.6 (Lemma 11 in [35]). Assume p x exp(—f) and the energy function f is L-smooth.
Then

Exp [IV/G0I] < 1d

Lemma E.7 (Lemma 10 in [8]). Suppose that Assumption [A1]-[A2] hold. Let {X;}c[o ] denote
the forward process, i.e., Eq. 1, for allt > 0,

E {||x||2} < max {d, m%} .

Lemma E.8. Suppose q is a distribution which satisfies LSI with constant i, then its variance satisfies

§ | X 2 w g
[ @)z~ P de < .

Proof. Tt is known that LSI implies Poincaré inequality with the same constant, i.e., j, which means
if for all smooth function g: R? 5 R,

var, (9(x)) < B, Vg0

In this condition, we suppose b = E,[x], and have the following equation

[ d(@) e~ I dw = [ g(a) o - b da
/iq(m i —by) da:fZ/ (z,e;) — (b, e;)) dz
fZ/ (x,e;) — E,[(x, €:)] dmfzvarq gi(x

where g;(x) is defined as g;(x) = (x, e;) and e; is a one-hot vector ( the i-th element of e; is 1
others are 0). Combining this equation and Poincaré inequality, for each ¢, we have

var, (9(0) < B [lel’] = .

Hence, the proof is completed. O

Lemma E.9 (Variant of Lemma 10 in [11]). Suppose — log p is m-strongly convex function, for any
distribution with density function p, we have
2
‘V log p(@) H dx.

S

By choosing p(z) = g*(x)p.(x)/E,. [g%(x)] for the test function g: R* — R and E,,, [¢*(x)] <
00, we have

2
Ep. [¢%logg*] — E,. [9°] logE,, [¢°] < —E,. [IIVgHQ} :

which implies p satisfies 1/m-log-Sobolev inequality.
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* Please provide a short (1-2 sentence) justification right after your answer (even for NA).

The checklist answers are an integral part of your paper submission. They are visible to the
reviewers, area chairs, senior area chairs, and ethics reviewers. You will be asked to also include it
(after eventual revisions) with the final version of your paper, and its final version will be published
with the paper.

The reviewers of your paper will be asked to use the checklist as one of the factors in their evaluation.
While "[Yes] " is generally preferable to " ", itis perfectly acceptable to answer " " provided a
proper justification is given (e.g., "error bars are not reported because it would be too computationally
expensive" or "we were unable to find the license for the dataset we used"). In general, answering
" "or "[NA] " is not grounds for rejection. While the questions are phrased in a binary way, we
acknowledge that the true answer is often more nuanced, so please just use your best judgment and
write a justification to elaborate. All supporting evidence can appear either in the main paper or the
supplemental material, provided in appendix. If you answer [Yes] to a question, in the justification
please point to the section(s) where related material for the question can be found.

IMPORTANT, please:

* Delete this instruction block, but keep the section heading ‘“NeurIPS paper checklist',
* Keep the checklist subsection headings, questions/answers and guidelines below.

* Do not modify the questions and only use the provided macros for your answers.

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: We have clear claim that we improve the diffusion inference by RTK
framework.

Guidelines:
e The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?

Answer: [Yes]
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Justification: We discussed the limitation in section 5.
Guidelines:
* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.
* The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

 The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used
by reviewers as grounds for rejection, a worse outcome might be that reviewers
discover limitations that aren’t acknowledged in the paper. The authors should use
their best judgment and recognize that individual actions in favor of transparency play
an important role in developing norms that preserve the integrity of the community.
Reviewers will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]

Justification: See Section 4 A1, A2, E1, E2, E3 for Assumptions. Proof are provided in the
Appendix.

Guidelines:

* The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.
4. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the
main experimental results of the paper to the extent that it affects the main claims and/or
conclusions of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]
Justification: See our Appendix.

Guidelines:
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* The answer NA means that the paper does not include experiments.

* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

* Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all
submissions to provide some reasonable avenue for reproducibility, which may depend
on the nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient
instructions to faithfully reproduce the main experimental results, as described in
supplemental material?

Answer: [Yes]

Justification: We have detailed information in the Appendix to reproduce the emprical
results.

Guidelines:

» The answer NA means that paper does not include experiments requiring code.

¢ Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.
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* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits,
hyperparameters, how they were chosen, type of optimizer, etc.) necessary to understand
the results?

Answer: [Yes]
Justification: See the Appendix for more information.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [NA]

Justification: We just have illustrative empirical result about the trend and generated samples.
Not claims for accuracy or error from the empiral side.

Guidelines:

* The answer NA means that the paper does not include experiments.

e The authors should answer "Yes" if the results are accompanied by error bars,
confidence intervals, or statistical significance tests, at least for the experiments that
support the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

¢ It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

* It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.

8. Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the
computer resources (type of compute workers, memory, time of execution) needed to
reproduce the experiments?

Answer: [Yes]
Justification: See appendix.
Guidelines:

* The answer NA means that the paper does not include experiments.
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* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

9. Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]
Justification: Conducted
Guidelines:

e The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special
consideration due to laws or regulations in their jurisdiction).

10. Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [NA]
Justification: It is a theoretical paper. No societal impact is visible in a short term.
Guidelines:

» The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

11. Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]

Justification: No real data in this paper.
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Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

12. Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [NA]
Justification: No real data are used.
Guidelines:

* The answer NA means that the paper does not use existing assets.
* The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

13. New Assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]
Justification: Only synthetic data are used with detailed instructions.
Guidelines:

* The answer NA means that the paper does not release new assets.

» Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

14. Crowdsourcing and Research with Human Subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?
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Answer: [NA]
Justification: NA.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main
contribution of the paper involves human subjects, then as much detail as possible
should be included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

15. Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: NA.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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