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Abstract

Diffusion models have demonstrated exceptional performances in various fields of
generative modeling. While they often outperform competitors including VAEs and
GANSs in sample quality and diversity, they suffer from slow sampling speed due
to their iterative nature. Recently, distillation techniques and consistency models
are mitigating this issue in continuous domains, but discrete diffusion models have
some specific challenges towards faster generation. Most notably, in the current
literature, correlations between different dimensions (pixels, locations) are ignored,
both by its modeling and loss functions, due to computational limitations. In
this paper, we propose “mixture” models in discrete diffusion that are capable
of treating dimensional correlations while remaining scalable, and we provide a
set of loss functions for distilling the iterations of existing models. Two primary
theoretical insights underpin our approach: first, that dimensionally independent
models can well approximate the data distribution if they are allowed to conduct
many sampling steps, and second, that our loss functions enables mixture models
to distill such many-step conventional models into just a few steps by learning the
dimensional correlations. We empirically demonstrate that our proposed method
for discrete diffusions work in practice, by distilling a continuous-time discrete
diffusion model pretrained on the CIFAR-10 dataset.

1 Introduction

Diffusion models [40, 20, 44] have demonstrated excellent performance in generative modeling,
particularly for continuous data such as images [34} 137, 38]], audio [25} 8} [13]], and video [18} 21} |5].
Recent advancements in diffusion models often outperform traditional generative models, such as
variational autoencoders (VAEs) [24} 19, 153] and generative adversarial networks (GANSs) [16], in
terms of sample quality and the controllability of the generated results. Furthermore, diffusion
models are not limited to learning continuous data; they can also be applied to discrete or categorical
data with some straightforward modifications [22} [2]] and offer a promising approach for discrete
generative modeling [[17,129]. Such discrete diffusion models are the main topic of this paper.

A notable drawback of diffusion models, whether continuous or discrete, is that they suffer from slow
sampling speed [50, 52]], coming from the iterative nature of their sampling procedure. Although
this feature allows many variants of conditional generations [9} 42, 3, 51]], naive sampling schemes
for diffusion models typically require a few thousands of sampling steps. In the continuous case,
there have been various approaches to reduce the number of sampling steps. Earlier attempts include
well-designed forward diffusion processes [41] and the use of fast solvers for stochastic/ordinary
differential equations (SDEs/ODEs) [30L 31} 55]. Another notable approach is knowledge distillation,
which compresses pretrained diffusion models into single- or few-step generative models [32, 39}
33,154]. An emerging sub-family of distillation is the consistency-type models [45} 43} 23], which
exploit the fact that generated samples via different paths from the same initial noise should coincide.
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Applying such distillation methods to discrete diffusion models for reducing the number of sampling
steps, however, is not straightforward. We claim that this is mainly because current methods are not
designed to capture dimensional correlations in the data distributions, both in terms of modeling
and loss functions. In this paper, we provide evidence for the claim and propose a method called
Di4C (Distilling Discrete Diffusion through Dimensional Correlations) that captures dimensional
correlations to reduce the number of sampling steps. Our contribution is summarized as follows:

* We show that the N-step denoising with the existing dimensionally independent discrete
diffusion models can approximate data distribution in O(1/N) total variation error, together
with the fact that there is a simple two-dimensional example where this bound cannot be
improved (Theorem [I). This underpins the empirical effectiveness of existing discrete
diffusion models with many steps and, at the same time, shows the importance of modeling
dimensional correlations to reduce the number of sampling steps.

* To capture the aforementioned dimensional correlations, we propose Di4C, which distills a
many-step discrete diffusion model (teacher) into a few-step model (student), by introducing
a new set of loss functions compressing the iterative process of the teacher (Section[3.2) and
a “mixture” modeling that can represent dimensional correlations (Section [3.3). In theory,
we prove that the loss functions in Di4C can upper-bound the distance between the output
distributions of the N-step teacher and the student with just one step (Theorem [2). This
result, in combination with Theorem [T} provides an overall theoretical guarantee for Di4C.

* In numerical experiments with the CIFAR-10 dataset [26], we verify that Di4C can actually
substantially improve quantitative evaluations in 10- and 20-step sampling compared to the
pretrained teacher model of Campbell et al. [6].

Outline. Section 2] gives some preliminaries on discrete diffusion models and explains the dimen-
sionality issue in discrete diffusion. We then explain the central idea of Di4C in Section [3|and show
theoretical results in Section 4} which are partially described above as our contribution. We also
provide experimental results with CIFAR-10 in Section[5] In Section [6] we conclude the paper with
some discussions on its limitations and future work.

2 Preliminaries

Discrete diffusion models. Suppose we have a data distribution gy := gqata On the space X. In
diffusion models [40, 20], we consider a Markov process (z:)o<i<7 With &g ~ go and xr ~ gr,
where the time ¢ can be either discrete or continuous. In this paper, we follow the notational convention
that ¢, and g5 ¢ represent the true conditional and joint distributions defined by this Markov process,
respectively. This process is designed so that the terminal distribution ¢ is a tractable distribution.
Our aim is to generate samples approximately from the conditional distribution qo|r(-|z7) with
xT ~ qr, which is a generative model for q4at.. To this end, we introduce a model or denoiser,
which is represented as p; (for s < t), to approximate goj7(-|27).

Our primary interest is in the discrete diffusion models [2, 6], where the space A’ is a finite set. In
this case, a probability distribution p on X can be regarded as a function p : X — R, and we will
sometimes abuse the notation by treating p as just an ordinary function. We are given a finite set S
and consider a diffusion process over the product space X = SP for a large D. Each state € X’
can thus be written as ¢ = (z¢)2_,, where 2¢ indicates the entry of x in the d-th dimension. Given a
probability distribution p = p(x) on X, let p? = p?(x?) be its d-th marginal distribution, i.e., the
distribution of % given & ~ p. In order to enjoy scalability, the forward process is usually set to be
factorized over dimensions, i.e., gy (@:|xs) = ]}, a5 (f|x3) holds for s < ¢ [T7.[6].

Ignorance of dimensional correlations in discrete diffusion models. The common practices in
modeling and training discrete diffusion models lead them to ignore the dimensional correlations
within the data distribution. First, under the aforementioned problem setting, for the sake of scalability,
the denoiser model is usually defined as a product model that satsifies

D
pse(xs|xe) = pr“(x?\wt), s <t. (1)
d=1



Namely, the distribution p,(-|z;) is dimensionally independent. Second, the commonly used
loss function Es< g @, i ~qo.... [PKL(@s)0.¢ (|0, @) || psje(-|z¢))] does not enforce dimensional

correlations, since g4|o,¢(-|Zo, ;) is dimensionally independent (see Section [A|for more details). The
capability and limitation of the product modeling is mathematically shown in Theorem T}

3 DidC for distilling discrete diffusion models

This section describes our proposed method, Di4C. We first show that the composition of well-trained
discrete diffusion models can represent the dimensional correlation in Section[3.1] and in the later
sections we discuss how to distill the multi-step denoising of a teacher model into a student model
that requires fewer steps. See Section[B|for more technical details of Di4C.

3.1 Composition of diffusion denoisers for inducing dimensional correlation

We introduce the notion of composition, which plays a significant role in representing the dimensional
correlations to be learned. Consider two general conditional distributions p(x|y) and p(y|z) over
finite sets. We define their composition as

pop(a|z) == Eyosiin p(@ly)] = > p(@ly)pyl2),

where this definition can be extended to the continuous case in a straightforward way. Although this
is just a convolution of two functions, it can be viewed as a composition of denoising operators in the
context of diffusion models. Specifically, given a single-step denoiser p,|; and the finite timesteps
0=ty <ty <---<ty=T,wetypically use p;|¢, - 0psy_, ¢y (-|®7) With the terminal noise
T ~ qr as a generative sampler.

Notably, the composition can serve as the source of dimensional correlation in discrete diffusion
models. Even if one-step denoisers, pg,, and p,; (s < u < t), are dimensionally independent,
their composition is generally not. Furthermore, Theorem [I|suggests that this composition applied
to the conventional product model has enough capacity to capture the data distribution including
dimensional correlation. Therefore, compressing the composition of well-trained denoisers into
few-step sampling is a feasible way of learning dimensional correlation.

Let p¥ be a pretrained teacher model with product structure and pg’l [ O o pf’N_l ltn be a sufficiently
good approximation of g 7, where 0 < ¢; < --- <ty = T are timesteps. Our aim is to train a
student model pY that compresses the dimensional correlation learned by the teacher as

0 Y » _
Polt, = Pojt, © O Py, Lt n=1,...,N. 2)

To achieve this, we propose a set of loss functions to distill dimensional correlation represented by
the compositions of a teacher model in Section and we provide a way of modeling p? that is
capable of representing dimensional correlations in Section[3.3]

3.2 Consistency for distilling dimensional correlation

We present a set of (two) loss functions that take dimensional correlation into account. Consider we
are given a product teacher model, which is denoted as p¥. Let p? be a general student model (with
enough expressive power; an example is given in Section [3.3) that we want to train based on p¥.

Distillation loss. We first introduce a distillation loss, which forces the student model to be
consistent with the teacher model at time ¢ (< T'):

Laistit(0;90,75,0) 1= Egyrr, {DKL(pzﬁg('kB&) | P8|5(‘|w6))} ; 3)

where 75 (= ¢s) is a reference distribution over X" at time ¢ and Dk, is the Kullback—Leibler (KL)
divergence. We expect that a single teacher denoising step is enough to estimate o from xs; the
dimensional correlation is mainly incorporated in the following consistency loss (see also Section(B.I).



Consistency loss. We then propose a consistency loss, which allows the student model to learn the
dimensional correlation represented by the composition of teacher denoisers:

Leonsio (036,710,510, 1) i= Bayr, | Dicr (6, © 0L, (o) 90 () | 4)

where r; is a reference distribution over X at time ¢ approximating ¢;. While this loss is not
straightforward to compute, we discuss how to approximate it in practice with Monte Carlo or control
variates in Section [B.2] Note that the idea of mixing the teacher denoiser and student denoiser in
Lconsis can also be found in the continuous-state setting regarding ODE trajectories [23| Fig. 3], but
our loss is different in that we work on the compositions of conditional probabilities.

As reference distributions r5 and r;, we can either use ¢, generated from data or the distribution
obtained by applying multiple teacher denoising steps. See Section [ for their roles and further
theoretical guarantees on Lgjsti1 and Leonsis-

3.3 Mixture models for representing dimensional correlation

As an effective instance to represent correlated multivariate categorical distributions, we propose a
mixture model. We define it as a family of conditional probability distributions that have the following
representation for s < ¢:

plji(@s| @) = Ex pz\t(wslwt;k)} S HCNEEDY: Hpg“ CHERDIE )

where ) is a random variable with an arbitrary distribution. This distribution can be viewed as a
convex mixture of product model indexed by \. Despite the fact that pgl (xo|x¢; ) is dimensionally

independent for each given point A, this mixture representation is universal in the following sense:

Proposition 1. For any probability distribution p over SP, there exist a probability distribution 7 and
a family of product distributions p* (x) = HdD:1 p*?(x?) indexed by X satisfying p = Exr [p*].

Indeed, we have p = E,,, [0, where J, is the delta distribution at &, which is certainly a product
distribution. Although the proof is not very informative, the assertion itself implies that the mixture
model has sufficient expressive power to capture dimensional correlation. It should also be noted that
sampling from this mixture model during the inference has almost no extra computational overhead
compared to the conventional product model, since it just requires sampling of A.

4 Theoretical analysis

In this section, we present an overall theoretical analysis on our distillation method. In Section 4.1}
we show that the conventional product model (1)) can approximate the data distribution if the model’s
marginal is perfectly trained and given many steps, which supports the empirical evidences of existing
works. In Section[d.2] we prove that the proposed objective functions enable the many-step denoising
with a teacher model to be distilled into a few-step student model, provided that the student model
has enough expressive power. The former (Theorem [I)) bounds the discrepancy between the data
distribution and many-step teacher denoiser, and the latter (Theorem 2) provides a bound between the
many-step teacher and (few-step) student denoiser. Thus, by combining these two, we can conclude
that a few-step high-quality discrete diffusion model should be obtained if we apply our method to a
well-trained teacher product model and an expressive student model (e.g., mixture model).

4.1 Product models with multi-step sampling can approximate data distribution

We first show that dimensionally independent denoisers with many steps are capable of approximately
recovering the data distribution, which has already been empirically observed in existing studies.
To consider varying the number of denoising steps, let us work on the continuous-time setting. Let
(x¢)o<t<T follow a continuous-time Markov chain over [0, 7'] and the space X = S with factorized

forward process, i.e., g;s(¢|Ts) = HdD=1 qf‘s(xﬂx‘j) for s < t. See Section |D|for more details.

Theorem|[I]|shows the capability and limitation of a dimensionally independent sampling scheme called
analytical sampling [46] (a.k.a. Tweedie T-leaping [29}36]]), where we use a product-model denoiser



pee(®s|ze) = T10, pd,(zd]a,) approximating the true marginal as pl|, (¢3|@:) ~ ¥, (z{|z:).

Although commonly used, there has been only empirical evidences for the overall efficiency of this
dimensionally independent method. Note that Campbell et al. [6] provides a guarantee for another
dimensionally independent method called 7-leaping'| [6].

Theorem 1 (N-step analytical sampling approximates data, informal). Let qy, be forward transition
probabilities that factorize as above and p,|; be a product model with the correct marginals, i.e.,

Pojt(xs|Ts) = Hle qglt(xgl\:ct) for s < t. Then, under some regularity conditions, given timesteps
t; =14iT/N fori=0,...,N, we have

drv (QOleactqu [pto\tl OPty|ta © " " CPtn_1ltn (|CL’T)D = O(1/N), (6)
where dTv denotes the total variation distance.

Moreover, there is an example with |S| = D = 2 such that the left-hand side of (0)) is lower-bounded
by ¢/N with some constant ¢ > 0 for sufficienty large N.

See Theorem [3|for a formal version. Theorem [1|is important as it underpins the use of dimensionally
parallel denoising given sufficient steps, which has been claimed as an advantage of discrete diffusion
over autoregressive models whose sampling is sequential [29]. However, it still requires 2(1/¢) steps
for having a uniform error bound e, according to the latter half of the assertion. We show next that we
can further reduce the number of steps with our loss functions, by distilling the distribution of an
N-step teacher model into a few-step student model by learning dimensional correlations.

4.2 Our loss functions can distill multi-step denoising models

To consider our loss functions, let p¥ and p? respectively be the teacher and student models given in
Sections [3.1) & [3.2] The following statement gives a theoretical guarantee for using the proposed loss
functions at appropriate time and distribution settings.

Theorem 2 (Di4C student approximates N-step teacher). Let 0 =tg < --- < ty =T be timesteps

and 1 be a probability distribution on X. If we let vy, = Egprory p;/; o---0 pj’Nil I (|:1;T)}

[tnt1
for each n, we have

drv (7"07 Earrrs {Pg\T('WT)D

N-1
1
S ﬁ (Ldistil(o;q/)art]atl)l/Q + Z Lconsis(e;'wvrtywlaOatn7tn+1)1/2> . (7)

n=1

See Section [E.T|for the full proof. Note that the right-hand side of inequality (7) becomes zero (so
does the left-hand side) if the student model perfectly learns the composition of the teacher as in
(2), and so learning with these loss functions is feasible in theory if the student model has enough
expressive power. Existing theoretical guarantees in consistency-based distillation of continuous-state
diffusions typically discuss the case when consistency losses are exactly zero [45] 11} 27], and so our
guarantee would be interesting in that it explicitly shows the relationships between the magnitude of
loss functions and the upper bound of the total variation distance between the teacher and student.

Regarding the choice of r;, we should take rr = gr if we would like to combine Theorem@]with
Theorem|I]to evaluate Di4C’s overall performance against the data distribution. For r; with ¢ < T,
though we can generate samples x; ~ r; by using the teacher model, it might be expensive due to
the multi-step inference required. Instead, we can use g; if we have access to data, which is given by
just one-step forward sampling from gy o (-|xo) with the data 2 ~ go. Since 7; is an approximation
of ¢, (Theorem[I)), it would not harm the training quality as long as the teacher model is well-trained.

5 Experimental results

In numerical experiments, we adopted the same setting as Campbell et al. [6]: a continuous-time
discrete-state Markov process with the CIFAR-10 image dataset, where the authors share a well-
trained model checkpoint (which we use as a product teacher model p¥) that outperforms previous

! Although sharing the same name, 7-leaping and Tweedie 7-leaping are essentially different.



discrete-time discrete-state models such as Austin et al. [2]. As in the original paper, we worked
directly with the discrete pixel channel values (0 to 255) on 32 x 32 x 3 entries (|S| = 256, D = 3072).

The teacher model p¥ has the U-net architecture [20] tailored for discrete input-output, which is fed a
time feature at each up-/down-sampling stage. We combined the teacher model with two sampling
strategies (7-leaping [6] and analytical sampling [46| 29]]; see Sections {.1| & [G.T)) and report their
evaluation results as baselines in Table[I] We found the performance of the two sampling schemes to
be very different: 40-step analytical sampling outperforms 1000-step 7-leaping in FID.

To obtain an architecture for our student mixture model (3)), we slightly extended the teacher’s
architecture so that it accepts a conditioning with A (following the uniform distribution over [0, 1]
in this experiment), by imitating the original implementation of time conditioning. In training,
we fine-tuned from the teacher network parameters with additional zero-initialized subnetworks
concerning A. Note that the inference time of our student model is almost the same as that of the
teacher model thanks to the architecture, and so the NFE is the dominant factor of the sampling speed
among all the methods. See Section[G.2]for details of the implementation and training.

Table 1: Comparison of models on CIFAR-10 dataset. NFE corresponds to the number of sampling
steps. The Fréchet inception distance (FID |) against the training dataset and the inception score
(IS 1) are calculated using 50000 generated samples. *: reported values from Campbell et al. [6]].

NFE 10 NFE 20 NFE 40 NFE 1000
Method
FID IS FID IS FID IS FID IS
p¢ + 7-leaping - - - - 315.75 1.66+001 8.10% 8.74*

p¥ +analytical  32.61 7.59x010 12.36 8.55+013  8.01 8.77+0.09 - -

p? (ours) 20.64 8.29+0a3 9.77  8.52+0.08 9.66 8.28+0.10 - -
p?&pYcombined  25.54 8.00+0.11  9.47 8.56+0a4  8.02  8.43 to.11 - -

The results are shown in Table The “p?&p?¥ combined” model uses the same p? for just the first half
(from noise to an intermediate state) of the denoising process and uses p¥ with analytical sampling for
the rest. We can see that p? substantially improves the metrics upon the teacher in 10-step sampling,
while the gain of using our method gets smaller as NFE grows. The hybrid model interestingly beats
other models in 20-step FID and shows almost the same 40-step FID with the teacher, while using the
student solely gets worse. We hypothesize that this is because the true denoiser g, (s < t) becomes
more “dimensionally independent” as ¢ — s or ¢ is small. The former condition (small ¢ — s) explains
the worse performance gain of the mixture model as NFE grows, and the latter partially explains the
effectiveness of using the combined model. However, we should further consider different forward
diffusion and/or noise schedule to investigate it.

6 Conclusion

In this paper, as the current discrete diffusion models ignore the dimensional correlations that
need to be incorporated for realizing few-step models, we proposed Di4C, a method for distilling
pretrained discrete diffusion models. Di4C provides a set of loss functions for models that can capture
dimensional correlations, an example of which is the mixture model. As a theoretical contribution,
we proved that the existing discrete diffusion models with many steps can indeed recover the data
distribution, even without modeling dimensional correlations. We also proved that such many-step
models can be distilled into few-step ones, if we use the Di4C loss functions with a model that has
enough expressive power, such as a mixture model. In numerical experiments with the CIFAR-10
dataset, we confirmed the efficiency of our framework in 10-step sampling.

However, there are still some problems to be solved. For example, although we can distill many-step
models into one-step ones in theory (Theorem [2), our empirical results only show the improvements
over the same few-step sampling. To address this point, we need to further optimize the architecture
(mainly concerning \) and training hyperparameters. It is also important to investigate how “dimen-
sionally independent” ¢, is, as mentioned at the end of Section |5} and to clarify the situations in
which dimensional correlations should be considered, rather than just using product models.
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A Ignorance of dimensional correlations in discrete diffusion models

In this section, we discuss the limitations introduced in the latter half of Section |2|in more detail,
namely, the fact that the existing discrete diffusion models as well as the loss functions ignore
dimensional correlations appearing in the data distributions.

Model’s ignorance of dimensional correlation. The product model

pse(xs|xe) = Hps|t ), s <t,

is common if not particularly highlighted [6, Section G], due to the combinatorial explosion of the
product discrete state. Indeed, adopting a product model significantly reduces the output length from
(’)(DS) to O(DS) at the cost of representational capacity. This limited expressive power can be
crucial for considering few-step discrete diffusion models. As an extreme example, consider doing
one-step denoising in the case of absorbing-state diffusion [2]; there is no chance we can approximate
a complex distribution by one step when x is a completely masked sentence (i.e., following a delta
distribution) and pO‘T(- |7 ) is dimensionally independent. See Section for more examples. To
mitigate this issue, we propose a class of model that is capable of treating dimensional correlation in
Section[3.31

The issue caused by the dimensionally independent modeling has also been pointed out in the context
of continuous-state diffusion models [28]]. However, such a modeling in the continuous case (i.e.,
modeling the added noise as a unimodal Gaussian) is empirically less problematic, partially due to
the use of ¢2 loss and the existence of probability flow ODEs.

Loss function’s ignorance of dimensional correlation. Another potential factor making the
learning of dimensional correlation infeasible in discrete diffusion models is that the existing loss
function is not well prepared for learning dimensional correlation. This common loss is derived as
variational lower bound (VLB) of log-likelihood, which is given by

a]Ewo,wa’\‘qo,a [_ logp0‘5(:co|:1:5)] + /8E5<t7w07wsawt"’q0,s,t [DKL(qS\07t('|mO’ xt) H ps\t('|xt))]

with a, 8 > 0and 0 < § < 1, where Dy, denotes the Kullback-Leibler (KL) divergence (see
Sectlon. It usually does not force py; for ¢ > d to be dimensionally correlated, due to the product
structure of g9 ; for s < ¢ given by

D
QS|0(ws‘w0)qt\O G(wt|m0;ws) . H QS\O(‘(Eﬂmg)qﬂs(l’td‘xz)

qs(0,t(Ts|To, 1) = -
‘! o Gtlo (@ |0) iy o (2f|2§)

An exeption is the auxiliary 10ss Ez o,~q, . [~ 10g poj¢(To|2¢)] sometimes added with a very small
coefficient [2,117]], which is still not enough for learning the correlation in practice.

In the continuous-time score-based discrete diffusion, we only need the marginal p‘jlt(~|:ct) or its
equivalent for computing the infinitesimal transition rate [0, 46]. Therefore, the existing training
pipelines cannot learn the dimensional correlation. Note that using a product model with these loss
functions is ““scalable” in the sense that Dk, (qsjo,(-|To, ®¢) || psj¢(-|+)) becomes just the sum of
KL divergence over the dimensions.

We addressed this challenge by introducing Lconsis in Section[3.2] which allows a general model to
learn the dimensional correlation produced by the “composition” discussed Section [3.1]

B Training techniques for Di4C

In this section, we review the novel loss functions of Di4C and the mixture model given in Section[3.2]
from an algorithmic perspective, and provide a set of techniques to stably train it. Specifically, we
introduce techniques to make the computation of the loss functions scalable through Monte Carlo
integration and control variate methods.

Before going into the details of the training techniques, we introduce two auxiliary loss functions,
which we can use in addition to Lg;sti; and Lonsis for practical improvements. One is the datapoint
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loss that directly computes the negative log-likelihood with respect to the data distribution [e.g., 2}
Eq. 5], which we can use when we have access to data gg:

Cdata(& t) = E(mo,wt)wqo,t [_ 10gP8|t(930|33t)} . 8)

The other is the following marginal loss, which is easier to compute, under the assumption that the
teacher model sufficiently learns the true marginal, i.e., pg"’td ~ qg‘ 4

D
Emarginal(a; 1[)7 Tt t) = Ewt/\/’l"t lz DKL (pg]%d(|mt) H pgi?(|wt))‘| . (9)

d=1

B.1 Surrogate of distillation loss

Since the exact evaluation of Lgjsti1 With a mixture model seems intractable, we consider an upper
bound of Lyg;sti; as a practical alternative:

Laioit(05,75,6) = Bayary | D, (0} (5) | B o5 (s M)])]

< Eapsors Ex | Dict (bl (25)) || 5 (|5: V)|
D

d 0.d | .
< Exprrs [Z Dict (02 s | P52 s 1))
d=1

= Edistil(e; % Ts, 6)

Here, the inequality is given by the convexity of KL divergence (see Proposition [3). The upper bound
Laisti1 (and then Lgisti1) becomes zero if the student denoiser coincides with the teacher for the time
interval [0, 6], regardless of \. Therefore, the use of this upper bound is feasible if p has enough
expressive power.

B.2 Surrogate of consistency loss

We consider L;qnsis in this section. As pgl ., 1s more “reliable” than pz‘ , (since s < u < 1), we only

consider the gradient of L.,,sis concerning pgl . and ignore the gradient coming from pglu. Therefore,
we conduct stochastic gradient descent on § with the loss

% sg (0
Dir (P ol Claen) | P2 (Clae)) = HE 0 pl, (lwe), ), (|21)) + const.,  (10)

where sg(+) is the stop-gradient operator [47]] and H (p, ¢) = Eq~.,[— log ¢(x)] is the cross entropy
between p and ¢q. We hereby ignore the constant term in (I0) and consider how to efficiently compute
the cross entropy term.

Most naively, by using finite samples a:( ) - ,:B(SM) ~iid pZi(Le) u|t( |z:) and A1, ... AN ~iid A,
we can approximate this cross entropy by two-fold Monte Carlo:

6
H(piiﬁ ) Op:fp('@t) p2|f('|mt))
M 1 N ‘
- Zlogps‘t W |z,) ~ Z (N Zpﬁt(mgmwt;,\i)) . (11)
J 1 j=1 i=1

Although the value of each pz‘t(xgj) |zw; Ai) = Hd 1 pslt ( ). d|ar:u7 A;) can be extremely small
due to the D-fold product, we can exploit the log-sum-exp structure:

N
log<zp§|t(w§j)mt; > 1og<ZeXp<Zlogpst (@) ay; A )>>
1=1
—_——

log-sum-exp

which is implemented as a function with some additional stabilization to avoid under/overflows
in some of the common numerical packages including PyTorch. See [4] for details of numerical
properties associated with the log-sum-exp structure.
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Dimensionally independent control variate. Although the naive Monte Carlo sampling with a
sufficiently large sample size can approximate the left-hand side of Eq. (IT)) well, a small batch can
cause high variance in the evaluation of the expected values. An established way of stabilizing Monte
Carlo integration is to use so-called control variates [15,135]], also known as baseline in reinforcement
learning [49]. To estimate an expectation E[f], we can subtract another function/random variable g,
called a control variate, whose integral we know or can compute more precisely than Monte Carlo,
and execute the Monte Carlo for f — g, by using the decomposition E[f] = E[f — g] + E[g]. See
Section [F for a more detailed explanation. As a concrete application of this technique, we below
propose the use of a dimensionally independent control variate.

We first exploit the compositional form of p %1(0 )o P t( |&+), which is more informative than x

the pure samples in the Monte Carlo approach. We can write it in expectation as follows:

sg(0 sg(6
P 0B e0) =By oy 1o [P Cli V)] 2

To simplify (T2)), let use denote ¢" := psi(f (‘|zy; A) and g := E,) [¢"] with = (2, A). To construct

an efficient control variate given ¢, we need a function g such that (i) it reasonably approximates
pg‘ . (-|z¢) and (ii) Eg~q[g(x)] is easy to compute/approximate. One such example is the product
model defined as

(J)

pslt |aet) Hpslt Jet), ﬁzif(.‘azt) = Pzif('\"”t> = ]EA[ S‘t( | )} . (13)

We defer the explanation of how (i) and (ii) are satisfied to Section E} Given a control variate
Py ? .(|x+), we can decompose the loss computation:

H (08, (120)) = Barq | = 108 20}, (s ]20) + 10g B (@s|20)| + By [H (a5 (20)] . (14)

Monte Carlo by sampling x5 Monte Carlo by sampling n

Here, the first term can be treated similarly to (TI)), and we approximately compute the second
term by sampling 1 and using the identity H (¢", Tog‘t(- ) = 25:1 H(q" 7p5|t ‘|t)) (see (64) in
Section[F.T). In this decomposition, we expect that the mixture model explicitly learns the dimensional
correlation with the first term, while the second term stabilizes the overall approximation, as we use
more detailed 1nformat10n on ¢ than just its samples. See also Section[F.2|for more background on
how we derive p? and another possible choice of control variate.

B.3 Auxiliary losses

While we can use a similar Monte Carlo estimate for L4,4, (With random samples of xg, x4, \),
we can regard Limarginal S a possible control variate for it. Indeed, if the teacher network is well-
trained, we can expect that its marginal approximates the true marginal as p¥>¢ ~ ¢%. Thus, for the
marginal-matching product model 7° given in Eq. (13), we have

Ewtwqt H(Q0|t(|mt)aﬁg\f(|wt)):| ~ ['marginal(H; ¢, qt, t) + COTLSt., (15)

where the constant term is independent of 6. We give the derivation of (I3)) in Appendix [F.3] We then
obtain a decomposed formulation of £q,t, for given x; ~ g; as follows, by letting ¢ = qo‘t( |&;) and
s = 0 in Eq. (T4) and then using the approximation (I3)):

Edata(9§ t) ~ Ecorr(9§ t) + ACmarginal( ;¢7 qt, ) + const.7
Leorr(0:) = By ) |~ o8y (wol) + log B, (o).

Here, L. measures the difference between p? and ﬁe and so represents the dimensional correlation
learned by the model pe. In the actual implementation for the first term L, We generate &y ~ qqg
and then ; ~ q4/o(-|%o), and regard them as samples from (xo, ;) ~ qo ¢, which are required for
conducting Monte Carlo. When combining Lgata and Lmarginal (both as loss and control variate), we
empirically find that mixing as oy Leorr (6 t) + Liarginal (05 ¥, ¢, t) with some oy € [0, 1] depending
on ¢ is more efficient than just using constant o, = 0 (pure marginal loss) or a; = 1 (pure data loss).
See Section |G| for details in this regard.
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C Kullback-Leibler divergence and total variation distance

Let p and ¢ be probability distributions on the same finite set X'. The KL divergence Dkr, and the
total variation distance drv are defined as follows:

Dxi(pllq) == ;p(ﬂv) log 287 drv(p,q) == jlég(lp(fl) —q(A)| = ;;{p(x) —q(z)].

Here, in the computation of Dkp,, we ignore the term with p(z) = 0 and, if there is an z with p(z) > 0
and ¢(x) = 0, we then define Dkr,(p || ¢) = 0. These two error criteria between distributions are
bridged by the following inequality (see, e.g., [7]).

Proposition 2 (Pinsker’s inequality). For probability distributions p and q on X, we have

drv(p,q) < %DKL(PHQ)-

The convexity of KL divergence in the following plays a role in the main body of the paper.

Proposition 3 ([10, Theorem 2.7.2]). Dx1,(p || q) is convex with respect to the pair (p, q). Namely,
fort € [0, 1] and probability distributions p1, ps, q1, g2 on the same domain, we have

Dxw(tpr + (1 —t)p2 [ tqr + (1 — t)g2) < tDxi(p1 | q1) + (1 — t)Dxi(p2 || ¢2).-

We also use the following triangle-like inequality for the total variation distance of compositions.

Proposition 4. For probability distributions p1(+|y), p2(:|y) over X conditioned ony € Y and q1, g2
over ), we have

drv (Eymg, [P1C19)] s Eygs [P2(19)]) < Eyng [drv(p1(|y), p2(-1y))] + drv (a1, g2)-

We give its proof in Section [E.2]

D Continuous-time Markov chains and Kolmogorov equations

Let us discuss the Kolmogorov forward/backward equations associated with continuous-time Markov
chains. While the arguments below are mostly a reorganization of those given in previous studies
(6l 46], we explicitly track the continuity/nonzero assumptions used in their derivations.

D.1 Kolmogorov equations in the general case

Let us consider a general Markov process over the continuous time interval [0, 7] and a discrete
(finite) state space X', which is called a continuous-time Markov chain [[1} 6]]. The starting block is
the forward transition rate in a short-time interval. For ¢ < ¢ 4 €, assume the following equation for
the infinitesimal forward transition:

Qutet(Y|2) = 0y 0 + €Q(y, ) +0(e),  €>0, (16)

where d,, ., is the Kronecker delta and @), is a function X x X — R called the transition rate. Here,
for s <t < t+ ¢, we have

Qiye)s(ylT) = Z Qetet(Y|2)qr)s (2]2) = Z(‘Sy,z + Qi(y, 2)€)qs(2]w) + o(€)

z

= grjs(yl2) + € D Quly, 2)aus(2]z) + o(e).

This means that we have 9, ¢;s(y|z) = >, Qu(y, 2)qys(z|x), where 9" is the right-derivative
regarding ¢. Under the condition that ); is continuous over [0, T'] (assume it is continuously extended
to t = T', though it is not necessary right now) and gy, is continuous over ¢ € [s, T, q¢|s becomes
differentiable over the open interval (from a general fact in analysis [48]) and we have the Kolmogorov
forward equation for ¢t € (s, T):

Draugs (W) = 3 Quly, 2)aups (21a). (17)
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Now, let us derive the backward equation. For s < s + ¢ < ¢, by using (I6), we have

qt\b y|1‘ th\s—i-e y| Q5+E ZQt\é+e y| z T + 6@8(25 :E)) + 0(6)

= qt\s+e(y|x +e Z Qt|s+€(y|Z)QS(Zv :ZJ) + 0(6)'

z

Thus, by additionally assuming the continuity of |, for s € [0, 77, we obtain the one-sided derivative
OF qus(ylr) = =3, ays(y|2)Qs (2, ). When combined with the continuity of Q, similarly to the
above argument on the forward equation, it leads to the backward Kolmogorov equation for s € (0, ¢):

Dsqy)s(ylx) = th|s y2)Qs (2, ). (18)

To summarize so far, under the assumption that Qi) is continuous for s,¢ with 0 < s <t < T and

Q: in (I6) is continuous over [0, T'], we have the two Kolmogorov equations given by and (T8).
Note that all the ), are finite sums because of the finiteness of X'

D.2 Kolmogorov equations for factorized forward processes

Let us now consider the case where X = SP and x; = (z¢)2_, follows a dimensionally independent
forward process with transition rate Q¢. Namely, suppose

qg+e|t(yd‘xd) = 6yd,:cd + ng(ydu md) + 0(6) (19)
foreachd =1,...,D and t < t + €. In this case, we have

D

Qe+ept(ylx) = Hqt+e\t (y*a?) Oy +EZQ1§ y' x )5y\d z\d 1 0(€) (20)
d=1

by simply expanding the product, where 2\? € SP~1 is given by omitting the d-th entry of &. From
(20), the transition rate for x; is given by

D
- Z QY (Y, M0 yi gra (21)

d=1

as in Campbell et al. [[6, Proposition 3]. Let us assume the continuity regarding the forward process
in each dimension:

Assumption A. For each d = 1,...,D, there exists a function Q¢ : S x S — R indexed by
t € [0,T) satisfying Eq. (I9). Furthermore, for any fixed z,y € S, qfls(y\:v) is continuous over
{(s,t) €[0,T) | s <t} and Q}(y, ) is continuous over [0, T).

Under this assumption, ¢, and @, for the original process x; are also continuous since we have
ays(ylz) = Hl?:l qtdls (y?|z?) and 1). Thus, we can apply the argument in Section to obtain
the Kolmogorov equations & (T3).

To consider the time-reversal transition rate, let us further assume the following property for the
forward process:

Assumption B. Foranyt € [0,T) and x € SP, q;(x) > 0 holds.

This is satisfied, for instance, when gqata () > 0 for all x € SP and qf‘g(y|x) >0forallz,y €S
and d. The latter holds true for common forward diffusions such as uniform diffusion and discretized
Gaussian [2].

Under these assumptions, we can show a favorable property of the time-reversal process. This is just
a re-formalization of a well-known fact (e.g., Campbell et al. [6, Proposition 3] and Sun et al. [46,
Proposition 3.2]).

Proposition 5. Under Assumptions@] & []:91 there exists a function Ry : SP x 8P — R indexed by
€ (0,T] such that
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(a) we have q;_ 4 (y|T) = 6y o + eRe(y, x) + o(€) for e > O witht — e > 0, and
(b) Ri(y,x) can be nonzero only if ¢,y € SP coincide in at least D — 1 entries.

We give its proof in Section[E.3] As one can see from the proof, the time-reversal transition rate R;

is given concretely by R:(y, ) = Q+(x,y)q:(y)/q:(x) when @ # y, and the ratio ¢;(y)/q:(x) is
treated as a discrete counterpart of the score function [46} 29].

Let us add one more regularity assumption:

Assumption C. Foreachd=1,...,Dandx,y € S, Q¥(y, z) is differentiable for t € (0,T) and
the derivative 9;Q¢(y, x) can be continuously extended to [0, T).

Note that usual choices of Q¢ regarding ¢ including the time-homogeneous case @; = @ and the
noise scheduling Q; = 5(t)Q with a smooth 3 [6,[29] satisfy this assumption. Finally, under these
three assumptions, we can formalize Theoremﬂ] as follows.

Theorem 3. Suppose (x;)o<i<r satisfies Assumptions@ @ & @ Let pg); be a product model with

the correct marginals, i.e., py)¢(Ts|Tt) = H5:1 qg‘t(a:ﬂ:ct)for s < t. Then, there exists a constant
C > 0 such that, given timesteps t; = iT /N fori =0, ..., N, we have

drv (QO7EmT~qT [pto\tl OPty|ty ©" OptN_l\tN('|93T)D S 7 (22)

=1

Furthermore, there exists an example of (x;)o<i<7 satisfying D = |S| = 2 and the same assumptions
such that the left-hand side of [22)) is lower-bounded by ¢/ N with some constant ¢ > 0 for sufficiently
large N.

This theorem basically says the min-max convergence rate of the analytical sampling is 1/N. We give
the proof of the first half, i.e., Eq. (22), in Section[E.4] For the latter half, we provide the concrete
version in Proposition [6]in the following section.

D.3 A lower bound of Theorem

We shall provide an example that yields an Q(1/N) error between the analytical and true denoisers.
Consider S = {a,b} and D = 2, where the state-space is given by X = {aa, ab,ba, bb} by
omitting parentheses. Consider the (forward) Markov process given by the initial distribution
qo = (8aa +pb)/2 and the dimension-wise time-homogeneours transition rate Q¢ (y, x) = 1/2 — 8,
ford = 1,2 and z,y € S. Under this setting, the forward transition probability is continuous and
satisfies gf|, (-|0) = Qfqy,(+[0) as a vector-valued differential equation, and so we have, for t > s,

1 1 1
Ot (ala) = —5a (ala) + 5ad, (bla) = 5 — gt (ala).

By solving this, we obtain qfﬁs(a|a) =1(1+e (9) fort > s. By symmelry, we generally have

1 . 1 s
@i (ala) = G, (blb) = 5 (1+e=¢=), g (btla) = g (alb) = (1 === @3)

This is a special case of uniform diffusion and clearly satisfies Assumptions[A]&[C| Although the
singularity of ¢ violates Assumptionat time zero, we can consider the time interval [9, T'] for some
d > 0 instead of [0, T'] to ensure ¢; > 0. We will, however, work with the singular go for simplicity of
computations. The following proposition gives the lower bound discussed in Theorem 3] If necessary,
we can replace T with T' + 6 and consider &}, = x5 to match the time intervals.

Proposition 6. Let (x1)s<¢<T be the Markov process defined above and p; be the product model
Pojt(xs|xy) = HdD:1 qg‘t(xﬂwt) fors < t. Ifwelet N > 2(T — 0)/) be an integer and t; =
d+i(T —6)/N fori=0,...,N be timesteps, then there is a constant ¢ > 0 such that
c
drv (45, Ezpmgr [Pto\tl O Piyjts © O Pin 1 jin ClTT)]) = N 24

The proof is given in Section[E.5
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E Proofs

E.1 Proof of Theorem 2]

Proof. For simplicity of notation, let ﬁg’ Te be the denoiser given by the teacher with timesteps
th <tpgr <--- <tn,le,

~1) p p
= 0--+0
Pt "= Pryltnsa Py 1w

so that we have ry, = Egpporr {;5?’ |T(-\:cT)} . Note that we can just set ﬁleT(-|w) = ﬁ#lT(-\m) =
Oz-

Also, let po.n, = Egpry {pg\tn oﬁilT(-|wT)} forn = 1,..., N, where pg n is just given by
Po.N = Eqprry {pg‘T(~|wT)] We first compare py ,, and po ,+1 With the consistency loss.
Foreach 0 < u <t <T, we have
Leonsis(05 0,71, 0,u,8) = Baonr, | Dict. (0, © 2 (L) |90 (L)
> DxL (Emt"""t [pg\u Opfﬁ('lwt)} H Ezynr, [Pg\t('m)b

from the convexity (Proposition 3. If we let v = t,, and ¢ = t,,41 for some 1 < n < N, we can see
0 0 ~
Eainr, [Pmu © pfw("‘”t)} = Eqr {pom Opimﬂ ° PiHlT("‘”T)} = Ponsy

and E,, ., [pg‘ N |:cf)} = po,n+1 hold. By using Pinsker’s inequality (Proposition, we have

1 1
drv(Po,ns Pont1) < EDKL(pO,n | pons1)t/? < ﬁﬁconsis(e;w7rt,L+170atnatn+l)l/2- (25)

From a similar argument, we have

Laisti1(0; 9,14y, 1) = By ory, [DKL(Z?Z)&‘M(W%]) P4, Cl2e,))| = Dxw(ro |l po.t),

and so

1 1
drv(ro,po1) < 72DKL(7'0 [ po.1)? < 72[/distil(9§w7rt1at1)l/2- (26)

By using the triangle inequality of total variation distance, we obtain

N-1
drv(ro,po.n) < drv(ro,po1) + Z drv(Po,ns Po,nt1)-

n=1

Finally, applying Egs. (23) and (26) to its right-hand side yields the desired inequality. O

E.2 Proof of Proposition[d]

Proof. Let us first consider the case of ¢; = ¢2. Then, we have

dTV(Eywa [pl (|y)] ) Ey~q1 [p2(|y)D

% SN mi@ly)aw) =D pa(zly)a(y)

< %Z > Ipa(aly) = pa(@|y) 41 (y) = Eymg, [dov (pr(-[y), p2(-|y))] 27)

:%Z

x

Z(p1(33|y) = p2(zly)) @ (y)

Y
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where we have used ¢; > 0 in the inequality. On the other hand, if p; = po, we have

A1y (Eygs P2 (19)]  Eyaa[p2(C13)])
=2 [ malelanty) - > el = %Z
< Y mella) - el Dql — 0(y)| = drv(as, @), 28)

y) — a2(y))

where we have used po > 0 in the inequality and ZT p2(x|y) = 1 in the last equality.
By utilizing the usual triangle inequality of drv and the inequalities (27) & (28)), we obtain

drv (Ey~g, [P1([9)] 5 Eygs [p2(-9)])
< dov(Eyng, [p1 (9] Bymg, [P2(19)]) + dov (Byng, [P2(:[9)], By, [p2(-19)])
< Eyng, [drv (p1([y), p2(-1y))] + drv (a1, ¢2),
which is the desired inequality. O

E.3  Proof of Proposition 3]

Proof. Note that, by Assumption g1)s is continuous over {(s,t) € [0,7]? | s < t}, and Q, given
by (21) is continuous over [0, 7’| and satisfies Eqs. (T6)—(I8), as mentioned in Section [D.2] before
Assumption

Now we work under Assumption Let us simply write 2 € X instead of the bold style 2z € S” in
this paragraph. We follow the argument in Sun et al. [46, Section B.2]. Let us consider the conditional
probability (namely, the true denoiser) g,; for s < ¢, which is uniquely determined since q; > 0.
Then, we have

_ o Ways(@ly)  (954s) (W) ars (2]y) + 45 (y) (9sqys) (x]y)
85Qs|t(y|x) — Us Qt(ff) - Qt(x)

! ) <Qt|s(l‘|y)ZQs(y7z)q.§( —qs(y ZQHS r|w)Qs(w, y)) (29)

B Qt(x

where we have used the forward Kolmogorov equation of ¢; given as
Oeqr(x Zat%\o (z|w)go(w ZZQ:& , 2)qj0(2|w)go(w ZQt z,z)qi(z

for computing ;g and the backward Kolmogorov equation for computing 9, s. By taking the limit

s — t — 0 in (29), we obtain lim_,; ¢ sqs¢ (y|z) = ZZ(% Qi(z,y) if y # =, given the continuity

of g5 and Q5. Then, from Taylor’s theorem, we obtain a backward counterpart of (T6) for y # x as

Qe—ept(ylx) = GZZE:;; Qi(z,y) + o(e), €> 0. (30)

Since °, g;—¢t(y|z) = 1 holds always we also have that ¢;_;(z|r) = 1+ €R;, + o(e) for
the coefficient Ry , = — >

Qf(a: y). Therefore, we can prove (a) by letting R;(y, z) =

y#w qt(x)
Zz(z) Qi(z,y) fory # x and Ry(x,x) = Ry 4.
We can see (b) from (21)) and the concrete form of R;. O

E.4 Proof of the first half of Theorem

We first prove the following auxiliary lemma replacing the o(e) term in the backward transition by

O(€?).

Lemma 1. Under the same setting as in Theorem[3] there is a constant C > 0 such that, for any
€ (0,T), € € (0,t], and x € X, we have

drv (Gr—ee (@), pe—e (-|2)) < Ce*. 31)
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Proof. From (29) and Assumption qs|¢(y|x) for s < t is twice-differentiable with regard to s, and
q¢(x)0sqs|¢ (y|z) can be represented as a polynomial of the function values of g, Qs., gy|s, and 0sQs.
Thus, there is a constant C; depending on |S|, D, sup; , ,, Qs(2,w) and sup; , ,, 9s(z, w) such
that 852q5|t(y|m) < Ci for any s, t,y, x (note that ¢, and g, are within [0, 1]).

Now that d,q,|; can be continuously extended to s € [0, ] from (29) and Assumption B] for each
t € (0,T), e € (0,t] and z,y € SP, Taylor’s theorem yields that

0%q, o=
( sd |t)(y|a:)| 962 < %62’ (32)

- (ul2) — .0 — il )] = [0 <
for a certain 6 € (t — ¢, 1).

Let us next consider the marginal-matching product model p;_ ;. For each d, if y® # 2, we have

pg—e|t(yd‘x) - ERt((yda w\d)a Q})‘ = Z qt—€|t((yd’ y\d)‘w) - ERt((yda w\d)a Q})
y\dcsD-1

=3 (-l 9\ )2) — eRel ("9 )

y\d
S|P-tc
< 18] . L2,
where the second equality comes from Proposition b) and the inequality is from (32). If y¢ = ¢
since pf'_,(x%@) =1 =3 a,alpf | (y*|2) we can use (33) to obtain

(33)

>

plc(@lz) —1+e Y Ry’ 2, 2)| < Y Il ou(v'l2) — eRel(y 2\, @)

yd#xd yd#xd
D
_IsiPe
- 2
From (33) and this, by defining RY : S — R as R{(y?) = Ri((y?,x\%),x) for y? # x? and
Ri(z%) = =3 aspa R (y?), there exists a constant C > 0 and a function A% : § — R (for fixed
t and x) such that
P (y®) = 8ya pa — eRE(y?) + €A%y €), sup A%yl e)| < Co. (34

yleS, €

Therefore, we have

D
pi-cip(yle) = [T (6,000 — eRE(y") + A%y, €)
d=1

D
=0yw €Y REWO agna + EPs(e, (8,040, BRI, Ay, €)01),
d=1

where P is a certain polynomial of 3D + 1 variables. Note that, if y # =, R{ (yd)(sy\d7w\d can be
nonzero only if y? # % and y\? = x\%. In that case, from the definition of R¥(y?), we have

Pi—et(ylz) = eR{ (y*) + € P = eRy(y, ) + P, (35)

This equality also holds when y and x differ in more than one entry, since the coefficient of € becomes
zero in such a case, and Ry (y, ) = 0 from Proposition b). Since the inputs for Ps are all bounded,
by combining it with (32)), for y # x, we have

|Gt —cje (Y1) = Pi—ept(YlT)| < [qr—ct(Ylx) — €Re(y, )| + [eRe(y, @) — q1—ce (y|)]

C
< 7162 + (sup P3)62 < O4é?
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for a constant Cy > 0. In particular, we have

ey (e (1), pr—eeC12) = 5 S lar—e (W) — e (vl

= % Z|Qt—e\t(y|m) — Pr—epp(ylz)| + |1 - Z Qi (yl®) — 1+ Z P (yl®)

< Z|Qt75\t(y|w> _ptfe\t(ylw)l < |S|DC4627 (36)
YyF#T
which proves (31). O

By using the lemma and Proposition[d we can prove the theorem.

Proof of Theorem |3} Foreacht =0,..., N, let us define the compositions

ﬁolto(.|w):6$7 ﬁo‘tl ::pto‘tl O"'Opt,;_1|t7;u i:]-?"'7N'
Note also that we have g;,j7 = q¢,j¢,, © " © Gty_,|t5 [Tom the Markov property of the reverse

process. Indeed, for s < ¢ < u, we have q,,:(2|y) = qu|s,:(2|z, y) from the Markov property of the
forward process, and so

Z 4st(2]Y) qupu(yl2) = Z 45t Y) @ ,u(Y, 2)

a(y)  qu(z)

e Gt (@Y (2lY) o st (T, Y) s o (2], y)
B zy: qu(2) B zy: qu(2)

where we have implicitly used Assumption [B] By using the inequality recursively, we can prove the
aforementioned identity.

We prove the desired estimate by exploiting the compositions. Recall o = Eqyp gy [qojey (|T7)].
What we want to estimate is drv(Ezp~qr (90t (-[7)] s Expegr [Pojen (-|7)]). We bound the
distance with the following triangle inequality:
d1v (Eargr [Qoen (127)]  Earngr [Pojen (127)])
N-1
< Z dTV(EwTNqT [ﬁom o qti|tN('|mT)] ’EETNQT [ﬁO\ti+1 Ot |ty (|wT)]) (37
i=0

Let us bound each term inside the summation by using Lemma [I] and Proposition @] First, since
Dolti1 = Dojt; © Ptiltises by letting p1 = p2 = Py, in Proposition 4] we have

dTV(EiBTNQT [ﬁo\ti O Gt |ty (|$T)] ’EmTNQT [ﬁo‘ti+l OGqt; 11|ty (|wT)])

< dTV(EwTNQT [qtiltN(":BT)] ’EmTNQT I:pti‘tiJrl Ot 1|ty (|xTﬂ ) (38)

Second, SINCe Gy, [tx = Gt;ft, 41 © Qtopaltn- DY lEUINGg ¢ := ¢1 = g2 = B g, Gt (27)] 0
Proposition[d (note that the indices of ¢1, g2 here are different from time), we have

drv (EmTNQT [QtiltN (|33T)] 7E93TNQT [ptilti+1 Ot 1|ty (|mT)])
CT?

< E‘ENQ [dTV(qti\ti+1 (|w)7pt7|t1+1(|w))] < W’

where we have used (31)) and ¢;41 — t; = T'/N in the last inequality. By combining the estimates

(B7)-[@9), we obtain
N-1

v (Bargr [Goftn (127)] s Bapmgr [Bojey (12r)]) < Y
1=0

(39)

CT?  CT?
N2~ N’

which completes the proof with a replacement of the constant factor. O
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E.5 Proof of Proposition [§]

Proof. Consider the analytical sampler p,|;(zw|zy) = qilt(z|x)q§‘t(w|y) for s < t. Note that,

because of the symmetry between a and b in go and the forward transition, the distributions ¢; or
those given by the composition of p,, are also symmetric. Thus, the probability of aa recovers all
the information of the distributions we consider over X'.

Let us compute several probabilities regarding ¢,|; and the analytical sampler through (23). First,
note that go|;(ab|-) = qoj¢(ba|-) = 0. Therefore, we have

qt‘o(aa|aa)q0(aa)

QO|t(aa|aa’) = Qt(aa)
B qtjo(aalaa)qo(aa) B (1 +eh)? (1 4eh)?
 qyo(aalaa)qo(aa) + qyo(aalbb)qo(bb) 11+e )2+ 1(1-et)2 T 2(14 e 2
(40)
1— —t\2
dola) =1 = oy (aalaa) = 5= . @n
1
qoj¢(aalab) = qop¢(bblab) = > 42)

where [#2) is derived from symmetry.
By using (@0)—(@2) and the general fact (for Markov processes)
q0,s t(w07 X, L) q5|0(w8|$0)qw0,s(wt‘$0>wS) qS\O(mS|w0)Qt|s(wt|wS)
gs|o, t(ws|$07 wt) = =
qo,+(xo, x+) Qt\o(ﬂff,|3’»’0) Qt|0($t\m0)

for 0 < s <'t, we can compute g, (-|aa) for any s € [0, ] as follows:

qs|¢(aalaa) = qo|¢(aalaa)qso +(aalaa, aa) + o+ (bblaa)qs o, (aalbb, aa)
(IT+e 2 L +e®)2i(1+e 92  (1—e )2 L1 —e®)2 (1 +e(t79)2

2(1+e2) 1(1 + e t)2 2(1 + e—2t) %(1 — e t)2
(e (e (A4 e IR (ke (be 702
) S+ o) R (e —
qs)¢(bblaa) = qop(aalaa)qso,+(bblaa, aa) + qoj (bblaa)qso,+ (bb|bb, aa)

_ 0+ e H1—e®)2i(1—e )2 (1—e)? L1 +e5)2L(1— e (t79))2
2(14 e %) 1(1+et)? 2(14e%) 1(1—et)?
() e T ) N ) AN
N 8(1 + e~2t) 4(1 + e2t) ’
1
QS|t(ab‘aa) = q(slt(ba|aa) = 5(1 - QS\t(aa|aa) - QS\t(bb|aa)) (45)
1 (e (e ) (1 e
) 8(1 + e~2t)
_ 1 (1 +e—2s)(1 +e—2(t—s)) _ 1 e—2s _|_€—2(t—s) 46)
2 4(1+e72t) 4 4(1 4 e2t)
We can also compute ¢, (aalab) = g (bblab) as
qsit(aalab) = qo\¢(aalab)qso+(aalaa, ab) + qo\¢(bblab)qs|o.+ (aa|bb, ab)
150+ e )2 0+ e )1 —em ) 1 4(1—e®) 23 (14 e ) (1 — e (79)
=3 Tl+et)(1-e?) 2 %(1 —e ) (1+et)
(L4 e+ (L= e )1 = e209) (14 )1 e20)
8(1 —e2t) B 4(1 — e—2t)
1 e—2s _ 672(1575)

“1t e 0
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Let us now compute the probabilities regarding the analytical sampler. To make it simple, let
qsje(x * |-) := qspe(xal-) + g5 (2b]-) represent marginals; gy (*y|-) is defined similarly. By using
this notation and (@3)-&7), we have

psie(aalaa) = gy (a * [aa)g) (xalaa) = gyji(a  laa)* = (g (aalaa) + gy, (ablaa))?

((1 e ) (14e 02 1 (14 2)(14 e—2<t—s>)>2

4(1 4 e=2) 2 4(1+e2)
_ (2(1 +e )+ (Lhe ) (L+e 79)2 — (14 e-2<f-s>>>)2
B 4(1+e"2)
B (1—|—672t)—|—(1—|—6723)67(t75) 2 B (1+67(t+s))(1+67(t75)) 2
- 2T +e %) ) (e ) @

poje(bblaa) = ,1e(b % |aa)q(+blaa) = 4,1o(b * [aa)* = (g (bblaa) + gje(balaa))”
B <(1 +€728)(1 _ e*(tfs))Q N 1 (1 + 6725)(1 + eQ(tS))>2

4(14e~2) 2 4(1 + e 2t)
204 e ) 4 (L4 e 2)((1— e m9)2 — (1 4 em20-9)))\?
B ( 4(1 + e 20) )
(e ) — (14 e 2)e= =9\ /(1 — e ()1 — e~ (t=9))\?
- ( 2(1 + ¢ 2) ) = ( 21T e ) ) (49)

Let us compute the sum of (@8) and {9) as we use it later:

pst(aalaa) + pq)¢(bblaa)

B (14 ef(t+s))(1 _’_ef(t—s)) 2 (1- 67(t+s))(1 _ ef(t—s)) 2
(e ) (e )
(L+ e ) (1 +em0-9))2 4+ (1 = e=(H+9)(1 — e=(t9)))?

4(1 + e2t)2
(1 + e—2t + e*(tJrS) + ef(tfs))Q + (1 + e—2t _ 67(t+s) _ ef(tfs))Z
A1 + e 2t)2

(1 +e—2t)2 4 (e—(t-i-s) +e—(t—s))2 1 (e—(t+s) +e_(t_s))2

2(1 + e 20)2 BT T (50)

Next, p,j¢(aalab) is the product of two marginals — g,.(a * |ab) and g, (*a|ab), which can be
computed as follows:

psje(a* |ab) = qoyr(aalab)ayq . (ala, a) + qoj, (bblab)gy g , (alb, a)
13 4e)g+e ) 151 —et)g(l e )

2 1(1+et) 2 11—e?)
_(+e)l-eN+A-—e)A+e ") +e )
B 4(1 —e2t)
B (1 _ 67(t+s))(1 Jref(tfs)) 7 1 N e—(t=s) _ o—(t+s)
2(1 —e™2) 2 2(1—e2t)
1 e—(t=s) _ o=(t+s)

Psjt(*alab) = psje(a * [ba) = pyj¢(b* |ab) = 1 — pyje(a  |ab) = 5 — 21— 2y

where the latter derivation is from the symmetries of the two dimensions and two characters. By
using these, we have

1 o—(t=s) _ o—(t+s)\ ?
ps|t(a’a’|ab) = ps|t(a’ * ‘ab)ps\t(*aw’b) = Z - < 2(1 — e_Qt) ) . (51)
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Let us consider iteratively denoising from g7 by using p,¢. For an ¢ > 0 and nonnegative integers
n < T/e—1, define

p% = DPTs p;—(n-‘,—l)g = ]Emfvp}7nE [pT—(n+1)e\T—n6('|m)] , n=0,1,....

Our goal is to estimate the difference between p%._, . and g7_y. for each n. Let us fix n and set
t = T — ne when computing p§__ in terms of p§. Because of the symmetry, p$(aa) = p$(bb) and
p§(ab) = p§(ba) = £ — p§(aa) hold in general. Therefore, by using (50) and (5T), we have

Pi.(a) = py— (aalaa)(aa) + Py (aalbb)§ () + pr_i(aalab)pi (ab) + pr_(aalba)pi (ba)
1
— i laalaa)pi(aa) + pr-u(0aalpi(aa) + 2p1p(oalab) (5 - ritaa)
(

= pi—ejt(aalab) + (pi—ct(aalaa) + py_¢ (bblaa) — 2p;_ ¢ (aalab))p;(aa)

1 (676 _ 67(2t76))2 (676 + e*(2t76))2 (676 _ 67(21576))2
=>_ “(aa). (52
17 a(l—e )y ( S e T o1y )pt(““) (52)

To compare it with ¢;_., we also compute a similar recurrence equation by replacing p’s with ¢’s and

using (5)~@7):
qi—c(aa) = Qt—s\t(aa|ab) + (%—dt(aa‘aa) + Qt—e|t(bb|aa) - QQt—Clt(aa|a’b))qt(aa)

1 6725 _672(2575) 67254_672(7575) 6—25 _672(t,€) 5
S A ( W +e®) | 21 )‘h(a“) 53

Let us now compute some quantities regarding the coefficients in (32)) and (33).

e—2¢ _ 672(t75) (675 _ ef(2t76))2

1— -2t - (1—e2t)2
(e—Qe _ e—2(t—e)>(1 _ e—2t> _ (e—s _ e—(zt—e))2
(1 _ 672t)2
(6726 _ 672(1576) _ 672(t+e) + 672(21576)) _ (676 _ 67(27576))2
(1 _ e—2t>2
—(t—e€) _ ,—(t+€))2 —2t
S 1- eth)z Fo- 1 _ee—zt)z (ef = e, (54)
e—ze +e—2(t—e) (e—e +e—(2t—e))2
1+ e—2t (1 +672t)2
(6726 4 672(t76))(1 + 672t) _ (676 + 67(27575))2
(1 + e—2t)2
(6726 + 672(t7e) + 672(t+e) + e*Z(Zt*G)) _ (676 + 67(2t7e))2
(14 e 20)2
_ (e=(t=¢) — = (t4e))2 _ e—2t (¢ - o 55)
(1 + 6—2t)2 (1 + 6—2t)2 ’

e—2¢€ + 6—2(15—5) e—2€ _ e—2(t—e)
1+e 2 + 1—e 2
(6726 + 672(1575))(1 _ 67215) + (6725 _ 672(2675))(1 + 67216)

1—e 4
o 2(6—26 _ e—2(2t—e)) _ 2(1 _ 6—415)
N 1—e 4
21 +€2(2t75) e
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We shall evaluate the difference A{ := ¢;(aa) — p§(aa) by using (52)—(56) as follows:
—2e _ ,—2(t—e¢) —e _ ,—(2t—€))2
A= e e (e e )
4(1 —e=2t) 4(1 — e—2t)2
e—2¢€ 4 e—Q(t—e) e—2¢ _ e—2(t—5)
€ AE
' ( A te) | a(l-e ) ) ilae)+ 80
e €+ e—(2t—e) 2 e~ € — e—(2t—5) 2 .
- (¢ 2t 2) + ( 21 2) pi(aa)
2(1 + e—2t) 2(1 — -2t

e—2t ) e—2¢ + e—2(t—e) e—2€ _ e—Q(t—e)
= —nz(e—e )7+ oy T =3 ¢
4(1 — e=2t) 2(1 4 e=2t) 2(1 — e=2t)
N e—2€ + e—Q(t—e) B (e—e + e—(2t—e))2 N e—2€ _ e—Q(t—e) B (e—e _ e—(2t—e))2 e(aa)
2(1+ e 2) 2(1+ e 2)2 2(1— e 2) 2(1—e20)2 )Pt
o2t . 14200 .
= e _efzt)z(e —e )+ (1+ Tl G 2 _ 1)) AS

672t 67225 9
+ <2(1 +e*2t)2 T o1 —e2t)2) (e = e™)pi(aa)
—2t

<2(1 o0 + 5 (5 i) ) ) (e - e
w142 = L o 1)> A -

Since p§(aa) = (bb) < 1/2, we have

e —2t 6721‘, 1
e 00 g (3 i)

o2t —2t o2t
= mm{Q(l Fe 22’ 2(1— e 2)2 } T A1
Additionally, as the Taylor series of (e¢ —e™¢)? = €2 + 72 — 2is given by >, , ﬁ(%)%
especially have (e€ — e~¢)2 > 4¢2. Thus, we obtain

(H:izt)zpt(aaw 2(155_%)2 (; pt(aa)>) (e — =€)
>

—2t —2t

e e
= R — 58
41— e2t)2 € T - e—2t>2€ (58)
Also, since e~ 2¢ > 1 — 2¢, we have
1 +e2(2t—e) o 2(1 + 62(2t—5)) 4

Suppose we are working on the time interval [0, T] for some §, 7" > 0. Let us take ¢ < §/2, then we
have

4 4
— €
For (38), we have
672t
m62 Z 6_2t€2 Z 6_2T€2. (61)
— e

By combining (57)—(61)), we first see that A{ is nonnegative for all ¢ = T — ne by induction on

n=20,1,... (assuming ¢ < §/2 and ¢t € [4, T]). Then, we obtain the following simple inequality:
Ai = (1-5) a5 +eTe

By recalling that t = T — ne, we can rewrite it as

(1 — %)*(”H) AT (nt1)e = (1 — 5)771 AS_ + (1 B g)*(nJrl) 2T 2
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Since A% = 0, we have

e (1- g)" zn: (1- g)_k e 2T = ni (1- g)k e 2T, (62)

— k=

Since n < T'/e and (1 — 1/x)7 is increasing over z > 1, for k = 0,...,n — 1, we have

=92 (5= -9 = () () e

where we have exploited the assumption € < §/2 (so that §/e > 2). By applying this to (62)), we
obtain
AS o> (2Y%) 72 ne,

Now, let e = (T' — §)/N for the given N. Since N > @ and so € < §/2, we have

Lor (T —0)°
N

Finally, as dTv(q5,pgT_6)/N) > A, the constant ¢ = (2'/9¢)~27(T — §)? satisfies (24). O

§= A%y, > (219)2TNE = (21/%)

F Control variates

When we want to compute an expectation E[f ()], instead of directly doing the Monte Carlo estimate

+ Zi\il f(x;) = E[f(x)], we can find a function g ~ f such that E[g(x)] is tractable, and then do
the Monte Carlo estimate for the remainder term:

N
(@) — (@) + Elgle)] ~ E[f(x)]. (©3)
i=1

This left-hand side is still an unbiased estimator of E[f(x)], and ideally has a lower variance than the

vanilla Monte Carlo estimator ﬁ Zf\il f(x;) if g = f is a good function approximation. The role of
g in (63) is called a control variate [13[35]].

F.1 Marginal-matching product model as control variate

We briefly discuss how the product model 77 given in satisfies the following favorable properties
(already shown in Section [B.2) for being control variate:

0

S‘t(-\mt), and

(i) it reasonably approximates p
(i) Ez~qlg(x)] is easy to compute/approximate.
For the point (i), note that 7’ is defined as the product model having the same marginal as p?.
Since dimensionally independent modeling (when combined with multi-step sampling) works as
in Theorem [1| 7° should approximate p’ to a certain degree; see also Lemma 1| for quantitative

understanding. The remainder p? — p? can then be regarded as the dimensional correlation captured
by p?, with which we conduct a usual Monte Carlo integration.

Regarding (ii), given a product distribution p(z) = HdD=1 p%(z?) over X = SP, we can indeed
compute H(q,p) by a Monte Carlo integral using samples of 7 as

H(q,p) = Eg ~g[—logD(xs)] = EjEq, ~gn[— log p(xs)]

D
=B, [H(¢".D)] =By | Y ¢"(@d)logp(?) | - (64)
d=1z2eS

While it still requires Monte Carlo with 7 to estimate this, it utilizes the product structure of each ¢"
and P for exactly computing H (¢", D). Thus, we heuristically expect it to be more accurate than the
Monte Carlo estimate using samples from gq.
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F.2 Derivations of dimension-wise computable control variates for mixture model

Convex upper bound as control variate. To mm})hfy the notatlon and s1tuat10n suppose we
are given probability distributions ¢ = E,[¢"] and p’ = [ } where ¢7 and p?* are product
distributions, i.e., we have

D
~TIa @D, @) = [[ " ).
d=1
By letting H be the (cross) entropy, we want to minimize

Dx(qllp”) = H(q.p") — H(q) = Egg [~ logp’ ()] — Epny[—logg(z)] .

Since q is fixed, we simply want to minimize

H(q7p9) =Egzq [— logpa(:c)] =E Ezgn [— logpe(w)]

with regard to 6. However, it might have a high variance when we only sample  ~ ¢ and execute
Monte Carlo. One option is using the following upper bound ike negative ELBO given by Jensen’s
inequality (convex inequality) as a control variate:

—logp’(z) = —log Ex[p"*(x)] < Ex[—logp”(z)] .

Indeed, its expectation regarding « ~ ¢ is dimension-wise computable as

]E:quE)\ [_ Inge)\(m)}

= E,EzngrEx [ logp” M (2)] = E,EAEgqn [~ log p‘“( )]
D

=E,E\ Z Eyaogn.a [— log p? 4 (24 =E,E\ Z Z g4 (x?) log p? M (zd) |,
d=1 d=1 gd

which does not require Monte Carlo sampling of . Overall, we can decompose the computation as

H(q,7") = Egng[—logp” () + Ex [log p"* ()] + EgngEa [~ log p”* ()] -

Monte Carlo approximation dim-wise computable

Marginal control variate. The previous convex upper bound seems good, but since
BB [~ logp”(2)] = Ex[H (q,p"")] > inf H(q,p"),
it might be a very loose bound (we want the mixture to outperform the best product distribution p®).

To make it more practical, we can consider its dimension-wise tractable lower bound as follows:

D

EquE)\ [ logp Z E zd g dE)\ logpe’)"d(ajd)] > —En Z Emdqu,d log Ex [pe’)\’d(xd)} s
d=1

which is given by Jensen’s inequality as well. Therefore, if we define the product distribution

P (x) = Hﬁe’d(ﬂ?d)’ P4 xa) = EA[p"(24)] ,
d=1

we have g Ex [~ log p?* (2)] < Egnq[—logp’ ()] and this alternative is also dimension-wise

computable. Since p? and 77 coincides in each one-dimensional marginal, the difference between
these two can be regarded as the result of dimensional correlation.

Therefore, we propose the following decomposition, which is also discussed in Section|[B.2

H(q,p?) = Egng[—logp® () + log P’ (x)] + Egq [ log P ()] -

Monte Carlo approximation dim-wise computable
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F.3 Product teacher model as control variate

For two models with the same marginals, we have the following proposition:

Proposition 7. Let q, § be probability distributions on X = S with the same marginals q¢ = §°.
Then, for a product distribution p(z) = [], p*(z?) over X, we have H(q,p) = H(q, p).

Proof. Tt suffices to prove H (g, p) can be computed only by using the marginals ¢?. Indeed, we have

Ex~qllog p(@)] = Eang lzlogp ] ZEM log p?( ZZQ ) logp? (),

d=1 gd

and it yields the desired conclusion. O

From this proposition, under pgl,td ~ qgl , and the fact that 7Y is a product model, we have

B | H(q0e(1@0). P, (120)] % Eaya [H, (), B (2))]

Since H(p1,p2) = Dxr(p1 || p2) + H(p2, p2) this right-hand side can be rewritten as

Ea e [H (Y, (120), B (100)| = Eaoma, | Dice (B, (20) [ 5, (20)))] + const.,

where the constant term is independent of 6. Since the KL divergence between two product dis-
tributions decomposes into the sum of the KL divergence between each marginal, we obtain the

approximation (T3).

G Experimental details

G.1 Sampling schemes

In the experiments, we use the following two sampling schemes when evaluating the already trained
product teacher model.

T-leaping. In Campbell et al. [6]], the authors first approximate the infinitesimal transition rate by

using each marginal pgjl’td. Indeed, the transition rate can be represented only with qgl . and does not
require the joint conditional distribution [6, Proposition 3]. After estimating the transition rate, they
conduct a dimensionally parallel sampling method called 7-leaping [14] coming from computational
chemistry. Simply put, 7-leaping is a sort of generalization of the Euler method for solving the
backward SDE, exploiting the ordinal structure of S. We omit the corrector steps; the 7-leaping in

TableE]corresponds to 7TLDR-0 in Campbell et al. [6].

Analytical sampling. Although the 7-leaping (or Euler method) is efficient with a large NFE, we
find that it deteriorates when we reduce the NFE seemingly due to the discretization error. The
analytical sampling [46]], which is simply a parallel exact sampling of each dimension given as

d (. .d d d (. d
qs\t($s|wt qu\ot |x07xt)q0|t xo|*”3t qu\ot ‘moﬂft )Pz)b\t (zglee),  (65)

d
g

does not suffer so much from the discretization. This is also mentioned in Gu et al. [[17] as a fast
inference strategy, though they do not discuss dimensional correlations.

Note that these schemes are both dimensionally independent in the sense of (I)) while not explicitly
modeling p,;. Indeed, the dimensional independence is ubiquitous even when modeling p,|; implic-
itly. First, the reparametrization p|¢ (zs|@:) = > pojt(TolTi)qso,¢(Ts|To, z+) [2L[17], also used
in analytical sampling, is dimensionally independent, provided that py(-|x;) is given by a product
model and the forward diffusion is dimensionally independent. Second, we can apparently avoid the
heuristic in the above modeling through the estimation of the transition rate in the continuous-time
discrete diffusion [[6, Proposition 3], but the existing sampling schemes of x4 given x; in continuous-
time settings including 7-leaping [6] and the Euler-based method [46l [29] are still dimensionally
independent.
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Sampling in the actual experiment given an NFE NV is as follows: We first set the timesteps 0 =
to < t1 < --- <ty = 1, witht; = 0.01 + 0.99 x 1?/7—11 for ¢+ > 1. Given a terminal noise
Ty, we sample @y, with our py, 4, iteratively for: = N — 1, N — 2,... 1. Finally, we sample

i+1
x) € argmaxpg"tl (+|t, ) when using the teacher product model and xy € aurgrnao(pg't1 (| s A)
with a random A when using the student mixture model.

G.2 Implementation and training

As explained in Section@ the state-space has D = 3 x 32 x 32 dimensions, and each dimension
has 256 possibilities of pixel values which corresponds to S = {0, ..., 255}. The forward diffusion
process is defined through a discretized Gaussian transition rate with 7' = 1 [6, Section E].

All the models are based on the implementation explained in Campbell et al. 6, Section H.2], where
pg" , 1s parameterized with a U-net [20] that has feature resolutions from 32 x 32 to 4 x 4. Since the

output of the original U-net architecture [20] is a D-dimensional sequence (in S) rather than D
marginal distributions, Campbell et al. [6] adjusted the network so that it first outputs a Gaussian
distribution over the real line for each marginal and then normalized it to obtain a distribution over S.
The time ¢ in their implementation is passed to a transformer-based positional embedding, and this
embedding is fed to the up-/down-sampling layers of the U-net after passing through SiL.U-activated
linear layers [[12]]. See Campbell et al. [6, Section H.2] and their GitHub repository for more details on
the original implementation. All the models output the estimation of ¢, and we conduct denoising
from time ¢ to time s by using the dimension-wise analytical sampling , except for the 7-leaping
benchmark in Table [Tl

The only change we made on the architecture is the insertion of A\. We sample A from the uniform
distribution over [0, 1], so we can basically use the same embedding architecture as the time ¢. For
the down-sampling layers, the embedding of X is concatenated with the time embedding, and then
fed to the linear layers. After the linear layers, similarly to the time embedding, it is added to the
latent vector of the image. For the up-sampling layers, we concatenate the embeddings of A, ¢, and
the pixel-wise average of the 4 x 4 resolution latent tensor, and the remaining process is the same as
for the down-sampling layers.

Since our model is an expansion of the original model for p¥, we trained (finetuned) our student
model p? from the checkpoint of p¥. The bias terms and the final layers concerning the embeddings
of X\ are zero-intialized, and the rest are randomly intialized following the default setting of the
original model.

For training, we followed the original setting in terms of the use of Adam optimizer and the learning
rate 2 x 10~% as well as other hyperparameters. The two primary differences in training are loss
functions and the training steps/minibatch size (due to the Monte Carlo for \). For the former point,
we basically used

[/distil(a; wa qs, 6) + ‘Cconsis(a; ¢7 qt, 07 t— Ata t) + at‘ccorr(e; t) + Ernarginal(a; wa qt, t)a

with techniques described in Section[B] Additional details are as follows.

* Sampling from ¢s and ¢, is based on the same sample of o ~ qg.
* 6 = 0.01 with probability 1/2; otherwise ¢ is taken uniformly from [0.01, 0.02].

* At is sampled from a log-uniform distribution over [0.001, 0.01]; ¢ is then sampled uniformly
from [0.01 + At, 1].

* We can use several «; as in the ablation study in the following section. In the main model
p? given in Table |1, we used the following sigmoid-based function as oy

g9(t) -

e . 66
1+ exp(10 — 20t) (66)

Regarding the training steps/minibatch details, the original teacher model checkpoint had been trained
for 2M steps, where each step uses 128 images from the CIFAR-10 dataset as a minibatch. We
stopped all the trainings in 320K steps (without warm-ups). Each step uses a minibatch of 128/ L
images from the CIFAR-10 dataset, where L is a batch size for A in the Monte Carlo estimates; we

28



set M = N = L in (TI). L = 16 is adopted in our model in Table[I] while the ablation study in the
following section compares various choices of L.

Finally, for evaluation, we measured FID and IS with the PyTorch-based implementationﬂ following
Campbell et al. [6].

G.3 Ablation study

Table 2: Ablation study on oy and the use of control variates.

NFE 10 NFE 20 NFE 40
Method
FID 1S FID IS FID 1S

pd’ + analytical 32.61 7.59+010 12.36 8.55+013 8.01  8.77+0.09

a; =0 26.23 8.02+009 11.55 8.59+t007 9.01 8.65+0.14
a; =0, wo CV 44.09 6.79+010 26.16 7.54+010 2220 7.72+008

ap =1 24.14  7.54x008 12.30 8.06+007 10.32 8.14+0.10
a; =1, wo CV 26.92 8.12+008 13.77 8.57+014 10.59 8.66+0.05

ap =t 2421 8.10+o0.11 10.85 8.55+008 9.27  8.51+0.10

ap = g(t) (see (66)) 22.77 8.19+008 10.07 8.54+012 9.0l  8.42+0.11

As an ablation study, we compared several loss functions, mainly changing o, which controls the
degree of dimensional correlations we aim to learn from datapoints. We also investigate whether the
use of control variates is effective. The results are shown in Table 2} where “w/o CV” means that the
control variates are not used in training. The efficiency of control variates is consistent, while a; = 0
and oy = 1 have pros and cons. Non-constant functions of a; work better, partially matching the
hypothesis discussed at the end of Section [3}

Table 3: Ablation study on the Monte Carlo sample size of \.

NFE 10 NFE 20 NFE 40
Method
FID 1S FID IS FID IS

p’/’ + analytical 32.61 7.59+0.10 12.36 8.55+0.13 8.01  8.77+0.09
L=2 2729 8.00+001 11.42 8.67+t0a12 894  8.64+0.09
L=4 2494  8.05+0.14 10.66 8.60+0.11 890  8.59+0.07
L= 2277  8.19+008 10.07 8.54+012 9.01 8.42+0.11
L=16 20.64 8.29+013 9.77 8.52+008 9.66  8.28+0.10
L =32 20.25 8.28+013 9.93 8.44+t010 991 8.26+0.3
L =064 19.26 8.13+010 10.13  8.26+011 10.59 8.02+0.15

Additionally, we compared different batch-sizes of A in Table (3| (also see the end of the previous
section). The non-constant a; = g(¢) is used in all the setteings. L in the table represents the batch
size of A in Monte Carlo sampling. There is a certain trade-off between FID and IS in 10- or 20-step
sampling; we can expect better FID with larger L (smaller data batch) while smaller L tends to result
in better IS.

"https://github.com/w86763777/pytorch- image-generation-metrics, which got renamed from
pytorch-gan-metrics to pytorch-image-generation-metrics.
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