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Abstract

Diffusion models have demonstrated exceptional
performances in various fields of generative mod-
eling, but suffer from slow sampling speed due
to their iterative nature. While this issue is be-
ing addressed in continuous domains, discrete
diffusion models face unique challenges, particu-
larly in capturing dependencies between elements
(e.g., pixel relationships in image, sequential de-
pendencies in language) mainly due to the com-
putational cost of processing high-dimensional
joint distributions. In this paper, (i) we propose
“mixture” models for discrete diffusion that are
capable of treating dimensional correlations while
remaining scalable, and (ii) we provide a set of
loss functions for distilling the iterations of exist-
ing models. Two primary theoretical insights un-
derpin our approach: First, conventional models
with element-wise independence can well approx-
imate the data distribution, but essentially require
many sampling steps. Second, our loss functions
enable the mixture models to distill such many-
step conventional models into just a few steps by
learning the dimensional correlations. Our ex-
perimental results show the effectiveness of the
proposed method in distilling pretrained discrete
diffusion models across image and language do-
mains. The code used in the paper is available at
https://github.com/sony/di4c.

1. Introduction

Diffusion models (Sohl-Dickstein et al., 2015; Ho et al.,
2020; Song et al., 2021b) have demonstrated excellent per-
formance in generative modeling, particularly for continu-
ous data such as images (Nichol et al., 2021; Rombach et al.,
2022; Saharia et al., 2022), audio (Kong et al., 2021; Chen
et al., 2021; Evans et al., 2024), and video (Harvey et al.,

'Sony Group Corporation, Tokyo, Japan 2Sony Al, Tokyo,
Japan >The University of Tokyo, Tokyo, Japan. Correspondence
to: Satoshi Hayakawa <satoshi.a.hayakawa@sony.com>.

Proceedings of the 42" International Conference on Machine
Learning, Vancouver, Canada. PMLR 267, 2025. Copyright 2025
by the author(s).

2022; Ho et al., 2022; Blattmann et al., 2023). Recent ad-
vancements in diffusion models often outperform traditional
generative models, such as variational autoencoders (VAEs,
Kingma & Welling, 2014; Higgins et al., 2017; Zhao et al.,
2019) and generative adversarial networks (GANs, Good-
fellow et al., 2014), in terms of sample quality and the
controllability of the generated results. Furthermore, dif-
fusion models are not limited to learning continuous data;
they can also be applied to discrete or categorical data with
modifications (Hoogeboom et al., 2021; Austin et al., 2021)
and offer a promising approach for discrete generative mod-
eling (Gu et al., 2022; Lou et al., 2024). Such discrete
diffusion models are the main topic of this paper.

A notable drawback of diffusion models is their slow sam-
pling speed due to requiring many sampling steps (Xiao
et al., 2022; Zhang & Chen, 2023). In continuous do-
mains, various approaches have been proposed to reduce
the number of steps, including well-designed forward pro-
cesses (Song et al., 2021a) and fast solvers of stochastic/ordi-
nary differential equations (SDEs/ODE:s, Lu et al., 2022a;b;
Zheng et al., 2023b). Another notable approach is knowl-
edge distillation, which significantly reduces the number
of sampling steps compared with earlier attempts by com-
pressing pretrained diffusion models into single- or few-step
generative models (Luhman & Luhman, 2021; Salimans
& Ho, 2022; Meng et al., 2023; Zheng et al., 2023a). An
emerging sub-family of distillation is the consistency-type
models (Song et al., 2023; Song & Dhariwal, 2023; Kim
et al., 2024), which exploit the fact that samples generated
via different paths from the same initial noise should coin-
cide.

However, discrete diffusion models face a fundamental chal-
lenge when attempting to reduce the number of sampling
steps. Conventional approaches use “product” models that
treat each dimension independently as sampling distribu-
tions (Figure 1, center), since high-dimensional joint dis-
tributions are intractable. While this has been successful
with hundreds of sampling steps, ignoring element-wise de-
pendencies (which we refer to as dimensional correlations)
causes non-negligible approximation errors (Figure 1). This
ignoring is also pointed out in some concurrent works (Park
et al., 2025; Liu et al., 2024; Xu et al., 2025).

In this paper, we propose Di4C (Distilling Discrete Diffu-
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Figure 1. Illustration of dimensional correlations. (Leff) Distribution p(x, ) is two-dimensional categorical distribution. p'(z) and
p*(y) are its marginals. (Center) Conventional denoiser in discrete diffusion uses product model, which is simply product of marginal
distributions. It fails to approximate ground truth distribution. (Right) Our mixture model is given by expectation of product model
p(z,y; \) = p*(z; \)p*(y; A) for random X. In figure, ) takes o, 3, v in equal probabilities, and model reconstructs p(z, y).

sion through Dimensional Correlations) to overcome this
limitation. Our key insight is that while individual steps in
conventional models are dimensionally independent, their
composition over multiple steps can implicitly capture cor-
relations (Section 3.1). On the basis of this observation, we
develop (1) a “mixture” model that explicitly represents di-
mensional correlations while remaining computationally
tractable (Figure 1, right), and (2) novel loss functions
that effectively distill the many-step denoising of a product
model into fewer steps. Our contribution is as follows:

Theoretical analysis: In Theorem 1, we show that N-step
sampling with product models can approximate data distri-
butions in O(1/N) total variation error. We also prove that
this bound cannot be improved in a simple two-dimensional
example. It underpins the empirical effectiveness of 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.

Model and loss design: To capture the aforementioned
dimensional correlations, we propose a “mixture” model
that can represent dimensional correlations (Section 3.2).
To distill a many-step discrete diffusion model (teacher)
into a few-step model (student), we also propose Di4C loss
functions for compressing the iterative process of the teacher
(Section 3.3). In theory, we prove that the loss functions
in Di4C can upper-bound the distance between the output
distributions of the IN-step teacher and the student with just
one step (Theorem 2). In combination with Theorem 1, this
provides an overall theoretical guarantee for Di4C.

Experiments: Finally, we demonstrate that our approach is
general and applicable to multiple settings. (1) On CIFAR-
10 with a pixel-based discretized Gaussian diffusion, we sub-
stantially improve the sample quality metrics of the teacher
model (Campbell et al., 2022) in few-step sampling. (2) On

ImageNet class-conditional generation with masked diffu-
sion, our method achieves a 2x speed-up while maintaining a
comparable sample quality to the teacher model (Besnier &
Chen, 2023). In addition, (3) on masked diffusion language
modeling with OpenWebText, we show that Di4C can fur-
ther distill a well-distilled model (Deschenaux & Gulcehre,
2025) by capturing dimensional correlations, without much
harming of sampling diversity. These results consistently
demonstrate that Di4C can effectively compress the sam-
pling steps of discrete diffusion models while maintaining
or improving generation quality.

Finally, the remainder of this paper is organized as follows:
Section 2 gives preliminaries on discrete diffusion models
and explains the dimensionality 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. In Section 5, we also
provide experimental results with image and language tasks.
After discussing related works in Section 6, we conclude
the paper with discussions on its limitations and future work
in Section 7.

2. Preliminaries
2.1. Discrete diffusion models

Suppose we have a data distribution gy := gqata Over the
space X. In diffusion models (Sohl-Dickstein et al., 2015;
Ho et al., 2020), we consider a Markov process (€ )o<i<T
with g ~ g9 and &7 ~ gr, where the time ¢ can be ei-
ther 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. Follow-
ing the convention, we regard this forward process as adding
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noise to the data distribution. Our aim is to generate samples
approximately from the conditional distribution qo|7(-|x7)
with &7 ~ g, which is a generative model for gqata. To
this end, we introduce a model or denoiser, which is repre-
sented as py; (for s < t), to approximate gy

Our primary interest is in the discrete diffusion models
(Austin et al., 2021; Campbell et al., 2022), where the space
X 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 con-
sider a diffusion process over the product space X = S
for a large D. Each state £ € X can thus be written as
x = (z4)P_,, where 2¢ indicates the entry of « 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 z¢ given = ~ p. To enjoy scalability, the for-
ward process is usually set to be factorized over dimensions,
Le., qus(zelzs) = [Th, a5, (¢ ]x$) holds for s < t (Gu
et al., 2022; Campbell et al., 2022).

2.2. Dimensional correlations in discrete diffusion

The common practices in modeling and training discrete
diffusion models lead them to ignore the dimensional cor-
relations within a data distribution. First, under the afore-
mentioned problem setting, for the sake of scalability, the
denoiser is usually defined as a product model that satisfies

Hps\t

Namely, the distribution p,; (-|; ) is dimensionally indepen-
dent. This product modeling is common if not particularly
highlighted (Campbell et al., 2022, Section G), due to the
combinatorial explosion of the product discrete state. In-
deed, adopting a product model significantly reduces the
output length from O(D!S1) to O(D|S]) at the cost of rep-
resentational 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 masked (absorbing-state) diffusion (Austin
et al., 2021); there is no chance we can approximate a com-
plex joint distribution (as in Figure 1) in one step when
x7 is a completely masked sentence (i.e., following a delta
distribution) and po|7(:|x7) is dimensionally independent.
See Section F.1.1 for more examples.

psje(@s|Te) = Uy, s <t ()

Another potential factor making the learning of dimensional
correlations infeasible in discrete diffusion models is that
some of the existing loss functions are not well prepared
for learning dimensional correlations. Most notably, in the
continuous-time score-based discrete diffusion, we need
only the marginal pg‘t(-\wt) or its variant to compute the
infinitesimal transition rate (see, e.g., Campbell et al. (2022,

Proposition 3) or Sun et al. (2023, Eq. 16)). Thus, learn-
ing backward transition rates does not lead to capturing
dimensional correlations, even if we use a model capable of
representing them.

3. Di4C 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 Sec-
tion 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. In particular, Section 3.2
and Section 3.3 try to solve the existing limitation described
in Section 2.2 in terms of modeling and loss design, respec-
tively. See Section A for more technical details of Di4C.

3.1. Composition of diffusion denoisers for inducing
dimensional correlations

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

pop(®|2) := By ) [p(z]y)] Zp z|y)p(ylz),
where this definition can be extended to the continuous case
in a straightforward way. Although this is just a convolu-
tion 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 = 19 < t1 < -+ < ty = T, we typically
USE Pyojt, © -+ © Py _y |ty (-|®7) With the terminal noise
T ~ qr as a generative sampler.

Notably, the composition can serve as a source of dimen-
sional correlation in discrete diffusion models. Even if one-
step denoisers, p|,, and p,|; (s < u < 1), are dimensionally
independent, their composition is generally not. Indeed,
dimensionally independent denoisers are successful given
hundreds of sampling steps (Austin et al., 2021; Gu et al.,
2022). Our method aims at compressing the composition of
well-trained denoisers into few-step sampling by learning
dimensional correlations.

Let p¥ be a pretrained teacher model with a product struc-
( b ;

ture .and .po‘t1 O O Dy Litn be a sufficiently good ap-

proximation of qo|T> where 0 < t; < --- < ty = T are

timesteps. In our distillation, we would like the student

model p? to approximate the teacher compositions as

(2B ) P _
Pojt, = Poje, © O Py, e n=1,....,N. (2

To achieve this, we provide a way of modeling p? that is
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capable of representing dimensional correlations in Sec-
tion 3.2, and we propose a set of loss functions to distill
dimensional correlation represented by the compositions of
a teacher model in Section 3.3.

3.2. Mixture models to capture dimensional correlations

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 < ¢:

Pllu(@sle:) = Ea|p (@slei V)] 3)
D

where pz‘t(ms|wt;)\) = sz"f(xﬂact;)\).
d=1

Here, ) is a random variable with an arbitrary distribution.
This distribution can be viewed as a convex mixture of
product models indexed by A. See Figure 1 (right) for an
intuitive illustration. Despite the fact that pg|t(:c0|a:t; A)
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 m and a family of prod-
uct distributions p(x; \) = HdD=1 p?(x?; \) indexed by A
satisfying p(x) = Exr[p(x; \)] for all z € SP.

Indeed, we have p(x) = E, ., [0, ()], where ¢, is the delta
distribution at z, which is certainly a product distribution.
Although the proof is not very informative, the assertion
itself implies that the mixture model has sufficient expres-
sive power to capture dimensional correlations. It should
also be noted that sampling from this mixture model during
the inference has almost no extra computational overhead
compared with the conventional product model, since it just
requires sampling and insertion of A (see Section 5.4).

3.3. Consistency for distilling dimensional correlations

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 pw. Let p9 be a general
student model (with enough expressive power; an example
is given in Section 3.2) that we want to train based on p¥.

Distillation loss. We first introduce a distillation loss,
which forces the student model to approximate the teacher
model at time ¢ (< T):

Edisti1(0§ %7“6, 5) = Ea}gNT’g DKL(ng‘(;(wxé) ”pg\5(|$6)) y

where 75 (= ¢5) is a reference distribution over X at time
0 and Dy, is the Kullback-Leibler (KL) divergence. We
expect that a single teacher denoising step is enough for a

0 time T

i Laistin & teacher

student
Figure 2. Illustration of how our loss functions work. Through
Laistil and Lconsis, we distill multiple teacher denoising steps into
fewer steps of student denoiser.

small ¢; the dimensional correlation is mainly incorporated
in the following consistency loss (see also Section A.1).

Consistency loss. We then propose a consistency loss,
which allows the student model to learn the dimensional cor-
relation represented by the teacher denoiser compositions:

Leconsis (97 Y1, 8, U, t)

= Eayor, [ Dice (0, © 2l L) [, (2)|

where 7; is a reference distribution over X’ at time ¢ ap-
proximating ¢;. While this loss is not straightforward to
compute, we discuss how to approximate it in practice with
Monte Carlo or control variates in Section A.2. Note that
the idea of mixing the teacher denoiser and student denoiser
in L.onsis can also be found in the continuous-state setting
regarding ODE trajectories (Kim et al., 2024, Fig. 3), but
our loss is different in that we work on the compositions of
conditional probabilities as in (2).

Figure 2 shows the intuition behind our loss functions. As
reference distributions rs and 7, we can either use ¢; gen-
erated from data or the distribution obtained by applying
multiple teacher denoising steps. See Section 4 for their
roles and theoretical guarantees on Lg;sti1 and Leonsis-

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 a data
distribution if the model’s marginal is perfectly trained and
given many steps (O(1/N) upper bound). We also show
that its /V-step total variation error can be lower bounded by
Q(1/N) even for a simple two-dimensional example. Both
bounds support the empirical evidences of existing models
that work (only) under many steps. In Section 4.2, we prove
that the proposed objective functions enable the many-step
denoising with a teacher model to be distilled into a few-step



Distillation of Discrete Diffusion through Dimensional Correlations

student model, provided that the student model has enough
expressive power.

By combining the upper bounds in these results, we in-
formally obtain the following estimate when distilling an
N-step sampling process of a teacher model that learns the
marginals perfectly:

drv (p(1-step student), go) (~ Theorem 1, upper bound)
< drv(p(1-step student), p(IN-step teacher)) + O(1/N)
< (Di4C losses in (6)) + O(1/N). (Theorem 2)

Here, p(n-step model) represents the resulting distribution
of n-step sampling with the model starting from g, and
drv denotes the total variation distance.

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 a data
distribution, which has already been empirically observed
in existing studies. To consider varying the number of de-
noising steps, let us work on the continuous-time setting.
Let (z¢)o<t<T follow a continuous-time Markov chain over
[0, T and the space X = SP with a factorized forward pro-
cess, i.e., qys(x¢|Ts) = Hle qfls(xﬂxg) for s < t. See
Section C for more details.

Theorem 1 shows the capability and limitation of a dimen-
sionally independent sampling scheme called analytical
sampling (Sun et al., 2023) or Tweedie 7-leaping (Lou et al.,
2024; Ou et al., 2025), where we use a product-model de-
noiser py;(zs|@:) = [, P, (d]a,) approximating the
true marginal as pg), (¢3]@:) ~ ¢f), ({|z;). Although com-
monly used, there has been only empirical evidence for the
overall efficiency of this dimensionally independent method.
Note that Campbell et al. (2022) provides a guarantee for an-
other dimensionally independent method called 7-leaping.

Theorem 1 (/V-step analytical sampling approximates data,
informal). Let gy, be forward transition probabilities that
Jactorize as above and p,|; be a product model with the
correct marginals, i.e., py(Ts|x) = HdD:l qg‘t(xﬂwt)
for s < t. Under regularity conditions, given timesteps
t; =iT/N fori=0,...,N, we have, as N — o0,

dTV (QO7EwT~qT [ptgltl SR OptN,1|tN(.|wT)j|) = O(l/N) .

“

Moreover, there is an example with |S| = D = 2 such that
the left-hand side of (4) is lower-bounded by c¢/N with some
constant ¢ > 0 for sufficiently large N.

Proof (sketch). We first prove the following estimate for
0<t—e<t<Tandx € SP (Lemma 1):

dTV(Qtfdt("w)apt*€|t<'|w)> = 0(62) ) ®)

as € — 0. The proof exploits the factorization q;|(z¢|s) =
I, g5}, (f|xS) and is based on additional continuity as-
sumptions. We then decompose the left-hand side of (4)
into NV terms by using a triangle-like inequality on drv
between compositional distributions (Proposition 4). The
i-th term essentially measures the distance between gy, _, ¢,
and py, ,|;, and thus is bounded by O(1/N?) from (5) with
e = T/N. By summing up the N terms, we obtain the
desired estimate for the first part. For the second part, we
actually construct a concrete example in Section C.3. [

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 advan-
tage of discrete diffusion over autoregressive models whose
sampling is sequential (Lou et al., 2024). However, it still
requires §2(1/¢) steps in order to have a uniform error bound
€, 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 losses can distill multi-step denoising models

Let p¥ and p? respectively be the teacher and student models
given in Sections 3.1 & 3.3. The following statement gives
a theoretical guarantee for using the proposed loss functions
at the appropriate time and distribution settings.

Theorem 2 (Di4C student approximates N-step teacher).
Let 0 = tg < --- < ty = T be timesteps and r1 be
a probability distribution on X. For each n, let v, =

D {pimH o---0 pril‘tNHscT)] Then, we have

drv (To,EmT~rT [pgm("xT)D

1
< — »Cisi 0; ,T’l,t 1/2
< \@( distil (050, 1e,, 1)

N—-1
+ Z Lconsis(o;"/)aTtn+17Ovtn7tn+1)1/2)- ©6)

n=1

We can prove this by formalizing the intuition behind Fig-
ure 2 (see Section D.1). Note that the right-hand side of
inequality (6) becomes zero (so does the left-hand side) if
the student model perfectly learns the composition of the
teacher as in (2), so learning with these loss functions is fea-
sible 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 (Song
et al., 2023; Daras et al., 2024; Lai et al., 2023), so our
guarantee would be interesting in that it explicitly shows the
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relationships between the magnitude of loss functions and
the total variation bound between the teacher and student.

Regarding the choice of r,, we should take rp = gr if we
would like to combine Theorem 2 with Theorem 1 to evalu-
ate Di4C’s overall performance against the data distribution.
For r; with ¢ < T, though we can generate samples x; ~ 7
by using the teacher model, it might be expensive due to the
multi-step inference required. Instead, we can use ¢, if we
have access to data, which is given by just one-step forward
sampling from g0 (-|2o) with the data x¢ ~ go. Since 7 is
an approximation of ¢; (Theorem 1), it would not harm the
training quality as long as the teacher model is well-trained.

5. Experimental results

We evaluated our Di4C method in three different diffu-
sion settings, each with distinct teacher models and state
spaces. First, we examined continuous-time discrete-state
diffusion with pixel-space representations using CIFAR-10,
where we distilled from a well-trained U-Net teacher model
(Section 5.1). Second, we explored masked diffusion on
vector-quantized (VQ) space using ImageNet, working with
a transformer-based teacher model designed for masked im-
age generation (Section 5.2). Third, we tested our approach
on masked diffusion language models trained on Open-
WebText, demonstrating Di4C’s effectiveness in distilling
transformer-based diffusion language models (Section 5.3).
Finally, we demonstrate that our mixture modeling causes
minimal latency overhead in all the above experiments (Sec-
tion 5.4). These experimental results, spanning different
domains, architectures, and diffusion processes, showcase
the broad applicability of our method while highlighting its
consistent ability to achieve faster sampling.

5.1. Discretized Gaussian diffusion on pixel space

In our first experiment, we adopted the same setting as
Campbell et al. (2022): a continuous-time discrete-state
Markov process (of discretized Gaussian transition) with
the CIFAR-10 image dataset (Krizhevsky, 2009). We used
the well-trained model checkpoint provided by Campbell
et al. (2022) as our product teacher model (p?). This model
outperforms previous discrete-time discrete-state models
such as Austin et al. (2021). As in the original paper, we
worked directly with the discrete pixel channel values (0 to
255) on 32 x 32 x 3 entries (i.e., |S| = 256, D = 3072).
The teacher model p¥ has a U-net architecture (Ho et al.,
2020) tailored for discrete diffusion, which is fed a time
feature at each upsampling/downsampling stage.

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 ~ Unif([0,1]) (uniform
distribution over [0, 1) in this experiment, by following the

original implementation of time conditioning. In training,
the student model was initialized by the teacher network
parameters with additional zero-initialized subnetworks con-
cerning \. See Section F.1.3 for implementation details.

Table 1. Comparison of models on CIFAR-10 dataset. Fréchet
inception distance (FID |) against training dataset and inception
score (IS 1) measured with 50,000 samples are shown in this order
(FID / IS).

10 steps 20 steps 40 steps
teacher 32.61/7.59 12.36/8.55 8.01/8.77
student 20.64/8.29 9.77/8.52 9.66/8.28
hybrid 25.54/8.00 9.47/8.56 8.02/8.43

Table 1 shows the results. The “hybrid” model used the
student model for the first half of the denoising process
and then switched to the teacher model for the remaining
steps during inference. The student substantially improved
the metrics compared with the teacher in 10-step sampling,
while the benefits of our method diminished as the number
of steps grew. In contrast, the hybrid model was the best
at 20 steps and on par with the teacher in 40-step FID. We
hypothesize that Di4C is particularly effective when using
fewer sampling steps, as this is where capturing complex di-
mensional correlations is crucial (Theorem 1). We also give
additional results for different sampling steps in Table 4.

Table 2. Comparison of teacher and student with PC steps. FID
against CIFAR-10 training dataset measured with 10,000 gener-
ated samples are displayed (so there is discrepancy from Table 1).
Number of function evaluations (NFEs) is adjusted to 20, with
varying budget allocations between denoising and PC steps.

NFE 6+7+7 104545  1443+3  20+0+0
teacher 57.57 3274 2132 1442
student 44.57 22.63 14.25 11.81

In Table 2, we also compare the teacher and student models
in combination with the predictor-corrector (PC, Camp-
bell et al., 2022) steps. The notation m+n+n indicates that
we used n corrector steps before each of the final two out
of m denoising steps, imitating the approach in Campbell
et al. (2022). For each setting, the best PC step-size among
{1073,1074,107°} was chosen. Since a PC step requires
an additional network evaluation (as expensive as one step
of denoising), we adjusted the total NFE in the table. While
adding PC steps shows improvement upon the vanilla m-
step denoising (see also Table 4) in both teacher and student
models, allocating all the NFE budget to denoising steps
performs better in this small NFE regime; this observation
aligns with Campbell et al. (2022, Fig. 4).
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5.2. Masked image modeling on VQ space

Next, we evaluated our method by applying it to a larger-
scale image generation model. For this purpose, we adopted
the framework of MaskGIT (Chang et al., 2022) and worked
on the ImageNet dataset (Deng et al., 2009) at 256 x 256
resolution. MaskGIT is one of the state-of-the-art image
generation methods, based on masked diffusion modeling.
Its generative (backward) process relies on heuristics includ-
ing confidence-based sampling (Section F.2.2). The variant
we used also uses discrete classifier-free guidance (CFG;
Section F.2.3). We demonstrate that Di4C can enhance
image generation even in combination with such heuristics.

In our setting, the model comprised two main components:
a VQGAN (Esser et al., 2021) pre-trained on the ImageNet
dataset and a masked diffusion model trained on the VQ
space. The VQGAN encodes a 256 x 256 resolution image
into 16 x 16 = 256 tokens, each drawn from a shared
codebook &* of size 1024. The forward process of our
diffusion modeling, denoted as g(-|o), independently
replaces zd with [MASK] at a certain probability m; for
eachd (i.e., S := S* U {[MASK]}, |S*| = 1025, and D =
256). The masking probability m; increases monotonically
from my = 0 to m; = 1, resulting in completely masked
sequences at t = 1 regardless of x.

As the teacher model, we used the PyTorch-based imple-
mentation by Besnier & Chen (2023), which replicates the
performance of the original MaskGIT. It uses a bidirectional
transformer p¥ that estimates the distribution of each token
given an ImageNet label ¢ and a partially masked sequence
x; € SP: pg’l’td(~|wt, c) & qg‘t(-\:chc). The input sequence
length is 257 including the embedding of c. Additionally,
the model supports unconditional generation, enabling dis-
crete CFG to match the original MaskGIT’s performance. In
this configuration, the teacher model generates high-quality
samples with only 8 steps, which is significantly faster than
typical diffusion-based generative models (see, e.g., Chang
et al., 2022, Table 1). In the implementation of our mixture
(student) model, we simply added a single token embedding
coming from A ~ Unif([0, 1]), so the input sequence length
is 258 instead of 257 in the student models.

Figure 3 shows FID-IS curves of 4-step sampling with var-
ious CFG coefficients: weg € {5,6,7,8,9,10,11,12} for
4 steps and wers € {2,2.5,3,3.5,4} for 8 steps (teacher
only). In the figure, didc represents a model trained using
the standard Di4C method, while di4c-d represents a model
trained with an additional datapoint loss (see Section F.2.4
for details). As shown in the figure, the FID-IS performance
of the 4-step Di4C models closely matched that of the 8-
step sampling of the teacher model. This result indicates
that Di4C can achieve an approximate 2x speed-up in the
sampling process.

10.51
—— teacher (4 steps)

didc (4 steps)
—— didc-d (4 steps)
--+-- teacher (8 steps)

10.0

9.5

9.0+

FID

8.5
8.0
7.5

7.0+ R

6.5

160 180 200 220
Inception Score
Figure 3. FID-IS curves of 4/8-step teacher and 4-step Di4C mod-
els on ImageNet 256 x 256 when varying CFG coefficients. Ar-

rows connect experimental results (dots) at each CFG coefficient
in ascending order.

See Section F.2 for further details of this experiment. In par-
ticular, Table 8 shows the detailed quantitative performance
(including precision and recall) of each model at its best
CFG coefficient.

5.3. Masked diffusion language models

Finally, we examined Di4C in language modeling. As
teacher models, we adopted two versions of pretrained
SDTT models (Deschenaux & Gulcehre, 2025, with a KL
target), which we refer to as sdtt-6 and sdtt-7. They were
obtained after respectively 6 and 7 rounds of distillation of
a masked diffusion language model (MDLM, Sahoo et al.,
2024. See also its concurrent works: Shi et al. 2024; Ou
et al. 2025) trained on the OpenWebText dataset (Gokaslan
& Cohen, 2019). As a forward process, they use a masked
diffusion with a GPT-2 tokenizer (Radford et al., 2019),
which is essentially the same as the one explained in Sec-
tion 5.2, while we had D = 1024 and |S*| = 50257 this
time. In the mixture modeling for Di4C, we added one token
from A ~ Unif([0, 1]) to the transformer, similarly to the
previous section. See Section F.3 for details.

Figure 4 shows the results of applying Di4C to the SDTT
models. For n = 6,7, sdtt-n + didc represents the model
obtained by fine-tuning sdtt-n using Di4C. Similarly, sdtt-
n + dide? represents the model obtained by applying an-
other round of Di4C to sdtt-n + didc (see Section A.4).

Unconditional generation. Figure 4(a) shows a perfor-
mance comparison for unconditional generation. Each
model generated 1024 samples of 1024 tokens, with the
number of sampling steps in {8, 16, 32, 64, 128}. Follow-
ing the previous work (Lou et al., 2024; Sahoo et al., 2024;
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Figure 4. Comparison of SDTT checkpoints (Deschenaux & Gulcehre, 2025) and their Di4C distillations.

Deschenaux & Gulcehre, 2025), we used the GPT-2-large
model (Radford et al., 2019) to evaluate the generative per-
plexity. The results show that applying one round of Di4C
lead to a similar level of improvement as applying one round
of SDTT (compare sdtt-6 + didc with sdtt-7). Also, two
rounds of Di4C (+ did4c?) showed speed-ups of more than
2x to match the teacher’s performance of 64 or 128 steps.

Conditional generation. We also tested the quality-
diversity tradeoff in conditional generation. We used 256
samples from the WebText dataset (OpenAl, 2019), and
each model, on the basis of the first 50 tokens of the sam-
ple, generated 5 continuations of 50 tokens, following De-
schenaux & Gulcehre (2025). We computed the generative
perplexity of the generated continuations and the Self-BLEU
score (Zhu et al., 2018) of the 5 completed samples starting
from the same prompt, and averaged them over the 256
prompts. Self-BLEU was computed by GPT-2 tokenizer
with equal weights on n-gram for n = 1, 2, 3,4 and scaled
from 0 to 100 (lower Self-BLEU indicates higher diversity).
Note that (Self-)BLEU has several parameters including
tokenization and maximum length for n-grams (Post, 2018),
so our numbers are not directly comparable to those from
an existing work such as Agarwal et al. (2024).

Figure 4(b) shows the quality-diversity tradeoff curves of
each model with various numbers of sampling steps. As
shown with solid lines, both sdtt-6 + didc and sdtt-6 +
didc? consistently achieved higher diversity than sdtt-7
with the same number of sampling steps while maintaining
comparable or better generative perplexity.

5.4. Latency overhead of mixture modeling

In this section, we demonstrate that the computational over-
head in introducing mixture modeling is negligible com-

pared with its performance gain. Table 3 shows the quantita-
tive results on the latency. The experiments listed in Table 3
correspond to those described in Sections 5.1-5.3, where
the chosen student models are the best models (didc-d in
ImageNet and sdtt-7 + didc? in OpenWebText). The table
shows the average runtime and standard deviation, calcu-
lated over 10 batches with batch sizes of 50, 64, and 16,
respectively. We tested unconditional generation for CIFAR-
10 and OpenWebText, and a class-conditional generation
with a uniform random class for ImageNet with a classifier-
free guidance.

Table 3. Latency comparison between teacher (product) and stu-
dent (mixture) models.

Experiment # steps | teacher (sec.) student (sec.)
CIFAR-10 10 0.5515+0.0024  0.5786=+0.0017
ImageNet 4 2.074140.0035  2.073440.0043

OpenWebText 16 3.340940.0417  3.481740.0730

In the CIFAR-10 and OpenWebText experiments, the over-
head from using mixture models was up to 5%, which is
negligible compared with their performance gain. In the
ImageNet experiment, the difference between the student
and teacher was within the statistical noise. This is likely
because the computational bottleneck in this case was not
the logit inference itself but rather the sampling process that
followed it.

6. Related work

Speeding up continuous diffusion models. In continuous
diffusion models, knowledge distillation (Luhman & Luh-
man, 2021; Salimans & Ho, 2022; Meng et al., 2023; Zheng
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et al., 2023a) and consistency-type techniques (Song et al.,
2023; Song & Dhariwal, 2023; Kim et al., 2024) enable
single- or few-step sampling, most of which are tailored for
probability flow ODEs. Among the studies on continuous
diffusion, the work by Li et al. (2024) is particularly relevant
to our mixture modeling approach. They highlight the lim-
ited expressive power of unimodal Gaussian distributions in
denoising continuous diffusions and demonstrate that using
Gaussian mixtures can substantially reduce the number of
sampling steps required in non-ODE diffusions.

Speeding up discrete diffusion models. For faster sample
generation in discrete diffusion models, Park et al. (2025)
propose a post-hoc optimization of sampling schedules and
outperforms the uniform partitioning of [0,7]. To speed
up MDLMs (Sahoo et al., 2024); SDTT (Deschenaux &
Gulcehre, 2025) gathers the logits at unmasked tokens from
a pretrained teacher MDLM throughout the denoising pro-
cess, achieving a speed-up of approximately 32x compared
with the teacher model. In addition, the confidence-based
sampling by MaskGIT (Chang et al., 2022) is essentially
a heuristic to enable faster sampling in masked diffusions.
These approaches can be combined with Di4C; we indeed
have demonstrated it for the latter two.

Two concurrent works are particularly relevant to our re-
search, both of which attempt to incorporate dimensional
correlations into discrete diffusion, specifically within the
MDLM context. Liu et al. (2024) combine pretrained au-
toregressive and masked diffusion models, achieving supe-
rior performance compared with using either model alone.
Meanwhile, Xu et al. (2025) propose an energy-based model
to modify the dimensionally independent sampler. While
both approaches improve upon the vanilla MDLM, their
sampling processes can incur some time and memory over-
head. This is due to the use of an additional non-diffusion
model in both methods, and the reliance on importance
sampling in the latter. In this regard, our mixture model-
ing allows for a simpler sampling process with minimal
modification to the original diffusion. However, since the
Di4C loss functions are model-agnostic, we should explore
the combination of Di4C losses and other proposed models
capturing dimensional correlations in future research.

7. Conclusion

In this paper, as current discrete diffusion models ignore
the dimensional correlations that need to be incorporated
to realize 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 cap-
ture 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 a data distribution, even without mod-
eling 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, we confirmed the efficiency of our framework
upon teacher models across multiple domains: improving
sample quality in 10-step sampling on CIFAR-10 with a
discretized Gaussian diffusion, achieving a 2x speed-up in
ImageNet 256 x 256 generation with masked image mod-
eling, and successfully distilling already-distilled masked
diffusion language models on OpenWebText while main-
taining generation diversity.

However, there are still problems to be solved. For example,
although we can distill many-step models into one-step ones
in theory (Theorem 2), our empirical results show only
2x fewer steps or so. To address this point, we need to
further optimize the architecture (mainly concerning \) and
training hyperparameters, while the iterated Di4C training
(Section A.4) can be a promising candidate.

Impact Statement

This paper presents a novel method for reducing the number
of sampling steps required for high-quality generation in
discrete data domains. While there are many potential social
impacts as usual in the generative Al field, we do not foresee
any specific problems particularly caused by this (mostly
theoretical) work.
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A. Training techniques for Di4C

In this section, we review the novel loss functions of Di4C and the mixture model given in Section 3.3 from an algorithmic
perspective, and we 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 Lqgjs and Leopnsis for practical improvements. One is the datapoint loss that directly computes the negative
log-likelihood with respect to the data distribution (e.g., Austin et al., 2021, Eq. 5), which we can use when we have access
to data qq:

£data(0; t) = E(mo,wt)wqut {_ Ing(e)\t(w0|$t):| . @)

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., pgl’td ~ qgl o

D
'Cmarginal(e; '(/Jv Tty t) = Emtwn [Z Dxr, (pg}‘;gd(lwt) || pg7f(xt))‘| . (®)
d=1

A.1. Surrogate of distillation loss

Since the exact evaluation of Lg4;st;; With a mixture model seems intractable, we consider an upper bound of Lgis as a
practical alternative:

Laistit(0;0,75,0) = Egsmors [DKL(PBZ](;('WS) l E/\[Pg|5('|9365 )\)])}

< Eopsrors B | Dice (ph5(-126)) [ P15 V)]
D

,d 0.d .
S Exasmrs lz DKL(pg)M (|£L‘5) ||p0‘5('|$5, )‘))
d=1

= Edistil(e; % Ts, 6)

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

A.2. Surrogate of consistency loss

We consider Lqongis in this section. As p?;  is more “reliable” than pgl ; (since s < u < t), we consider only the gradient of

slu
Lconsis concerning p It and ignore the gradient coming from p u . Therefore, we conduct stochastic gradient descent on 6
with the loss

sg(6 sg(6
Dxr (5 0l Claee) | P (L)) = HED 0 pl, (lwe), ), (|21)) + const., ©)

where sg(+) is the stop-gradient operator (van den Oord et al., 2017) and H (p, ¢) = Ep,[— log g()] is the cross entropy
between p and q. We hereby ignore the constant term in (9) and consider how to efficiently compute the cross entropy term.

Most naively, by using finite samples wgl), o :ch) ~iid piiﬁa) o pflt(-|wt) and A1, ..., ANy ~iiq A, We can approximate

this cross entropy by two-fold Monte Carlo:

sg (6
H(psii ' f\t("xt) pg|t('|$t))

——zzlogpsl75 ) |x,) ~ Zlog (N ZPSIt () |25 A )> . (10)

j=1

Although the value of each pz‘ t(mgj ) lzu; N) = [12 ] pq‘ : 4l 2 d|mu; A;) can be extremely small due to the D-fold product,
we can exploit the log-sum-exp structure:
)

N
log <Zp§t(azg)|mt; ) log (Z exp (Z logpslt
i=1

log-sum-exp

13
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which is implemented as a function with additional stabilization to avoid under/overflows in some of the common numerical
packages including PyTorch. See (Blanchard et al., 2021) for details of numerical properties associated with the log-sum-exp
structure.

Dimensionally independent control variate. Although naive Monte Carlo sampling with a sufficiently large sample size
can approximate the left-hand side of Eq. (10) 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 (Glasserman, 2004;
Oates et al., 2017), also known as a baseline in reinforcement learning (Williams, 1992). 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 E 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 piiga) o pfl ;(-|x¢), which is more informative than z!

Monte Carlo approach. We can write it in an expectation as follows:

, the pure samples in the

sg(6 sg(0
P 0Pl =By p (e PR (V)] (an

Sig(9)

variate given ¢, we need a function g such that (i) it reasonably approximates p’
compute/approximate. One such example is the product model defined as

To simplify (11), let us denote ¢" := p_; "’ (-|€y; A) and g := E,[¢7] with n = (:Bu7 A). To construct an efficient control

(‘|x¢) and (ii) Eg~q[g(x)] is easy to

st

ZANGENE Hpsu Clo, B Clee) = w2 Clwe) = Ba[p (s V)| (12)

We defer the explanation of how (i) and (ii) are satisfied to Section E.1. Given a control variate ﬁg‘t(-kct), we can decompose
the loss computation:

H (58, (120)) = Bayreg |~ 108 0y (s 20) + 10g B (s |20) | + By [ H(a", B ()] (13)

Monte Carlo by sampling @ ¢ Monte Carlo by sampling n

Here, the first term can be treated snmlarly to (10) and we approximately compute the second term by sampling 7 and using
the identity H(q”,pS () = Zd L H(g™ d,pé‘t (-|z¢)) (see (64) in Section E.1). In this decomposition, we expect the
mixture model to explicitly learn the dimensional correlation with the first term, while the second term stabilizes the overall
approximation, as we use more detailed information on ¢ than just its samples. See also Section E.2 for more background on
how we derive p? and another possible choice of control variate.

A.3. Auxiliary losses

While we can use a similar Monte Carlo estimate for L£q,¢, (With random samples of xg, x+, A), we can regard Ly arginal a5
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. (12), we have

Emtwqt [H(QO\t(\CCf)@g“Hmt)) ~ Emarginal(o; 1/)7 qt, t) + COTLSt., (14)

where the constant term is independent of 6. We give the derivation of (14) in Appendix E.3. We then obtain a decomposed
formulation of Lg,¢, for given x; ~ ¢; as follows, by letting ¢ = qo‘t(~\a:t) and s = 0 in Eq. (13) and then using
approximation (14):

Ldata(o; t) ~ ‘Ccorr (ea t) + Emarginal(a; l/}a qt, t) + COTLSt.,

Ecorr(a; t) = E(mo,wt)~q0,t - 10gpg|t(m0‘$t) + 1Ogﬁg|t(m0‘mt)] .

Here, L., measures the difference between p9 and ﬁe and thus represents the dimensional correlation learned by the model
pe. In the actual implementation for the first term L, We generate o ~ go and then x; ~ qt|0(~|w0), and regard them
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as samples from (xo, ;) ~ go ¢, Which are required for conducting Monte Carlo. When combining Lqata and Limarginal
(both as a loss and control variate), we empirically find that mixing them as o Lcorr (65 t) + Limargina1 (8; 9, g¢, t) with some
ay € [0,1] depending on ¢ is more efficient than just using constant «c; = 0 (pure marginal loss) or oy = 1 (pure data loss).
See Section F.1 for details in this regard.

A 4. Iterated Di4C training

While we generally assume that the teacher model is given by a product model, the Di4C loss functions can also treat
mixture teacher models. The only exception is the marginal loss (Section A.3), but we can just replace go|; With g, in (14)
and conduct Monte Carlo estimates. Through this generalization, we can run multiple rounds of Di4C in a similar spirit as
the multi-round SDTT (Deschenaux & Gulcehre, 2025).

B. Kullback-Leibler divergence and total variation distance

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

Dxwi(pllq) == Iez;(p(x) log zgg, drv(p,q) = jgg{lp(z‘l) —q(A)] = ;;{Ip(%‘) —q()].

Here, in the computation of Dx7,, we ignore the term with p(x) = 0 and, if there is an  with p(z) > 0 and ¢(z) = 0, we
then define Dk, (p|| ¢) = 0. These two error criteria between distributions are bridged by the following inequality (see, e.g.,
Canonne (2022)).

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

drv(p,q) <1/ %DKL(pH q)-

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

Proposition 3 (Cover & Thomas, 2006, Theorem 2.7.2). Dk, (p || ) is convex with respect to the pair (p, q). Namely, for
t € |0, 1] and probability distributions p1,p2, q1, g2 on the same domain, we have

Dxy(tpr + (1 —t)p2 [ tq1 + (1 — t)g2) < tDxwi(p1 || q1) + (1 — ) DxL(p2 || g2)-

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, q2 over Y, we have

drv (Bymg, [P1(-19)] s By, [P2(-[9)]) < By, [drv (1 (), p2(-[9)] + drv (a1, ¢2)-

We give its proof in Section D.2.

C. 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 (Campbell et al., 2022; Sun et al., 2023), we
explicitly track the continuity/nonzero assumptions used in their derivations.

C.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 (Anderson, 2012; Campbell et al., 2022). The starting block is the forward
transition rate in a short-time interval. For ¢ < ¢ + €, assume the following equation for the infinitesimal forward transition:

Qt+e|t(y|33) = 61/,13 + GQt(ywr) + 0(6)3 €> 0) (]5)
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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

Qrte)s(Yl2) = qu\t yl2)ays(21e) =D (0y.2 + Qe(y, 2)€)qus(2]2) + ofe)

z

= qr1s(yl2) + €D Quly, 2)ss(2]2) + ole).

This means that we have 0; ;s (y|z) = Y, Q¢(y, 2)qys(2|z), where ;" is a right-derivative regarding ¢. Under the
condition that ); is continuous over [0, 7’| (assume it is continuously extended to ¢ = T, though it is not necessary right
now) and ¢ is continuous over ¢ € [s, T, ¢, becomes differentiable over the open interval (from a general fact in analysis
(von Eitzen, 2014)) and we have the Kolmogorov forward equation for ¢ € (s,T'):

Brqy)s (yla) = ZQt (v, 2)aus (2]). (16)
Now, let us derive the backward equation. For s < s 4 € < ¢, by using (15), we have
Gt|s y|£C th|s+e y|z)q9+e\s |1’ ZQt|S+E ylz)( Z,T + EQ (Z iE)) + 0( )

= Qt|s+e(y|x + 62Qt|s+e y‘z)Qs(zvx) + O(E)’

z

Thus, by additionally assuming the continuity of g, , for s € [0, 7], we obtain the one-sided derivative 07 ¢, (y|x) =
— >, @|s(¥|2)Qs(2, ). When combined with the continuity of (), similarly to the above argument on the forward equation,
it leads to the backward Kolmogorov equation for s € (0, ¢):

Dy (yla) = Zqﬂ (¥]2)Qs (2, ). (17)

To summarize so far, under the assumption that g, is continuous for s, with 0 < s < ¢ < T and @ in (15) is continuous
over [0, T'], we have the two Kolmogorov equations given by (16) and (17). Note that all the ) _ are finite sums because of
the finiteness of X.

C.2. Kolmogorov equations for factorized forward processes

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

qf+e\t(yd|xd) = 6yd,md + ng(ydvxd) + 0(6) (18)

foreachd =1,...,D and ¢t < t + €. In this case, we have

D
Qi+elt (ylz) = H qt+e|t Yy ‘1: = 0ya +52Qt y €T )5y\d z\a +0(€) 19)
d=1 d=1

by simply expanding the product, where \? € SP~! is given by omitting the d-th entry of &. From (19), the transition rate
for a; is given by

D
- Z QY (y*, x")5yna gra (20)
d=1
as in Campbell et al. (2022, Proposition 3). Let us assume continuity regarding the forward process in each dimension:

Assumption A. Foreachd = 1,..., D, there exists a function Q¢ : S x S — R indexed by t € [0,T] satisfying (18).
Moreover, for any fixed x,y € S, qfls(y|x) is continuous in {(s,t) € [0,T)? | s < t} and Q}(y, ) is continuous in [0, T).
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This can be satisfied by broad range of forward diffusion designs, including uniform, absorbing (masked), and discretized
Gaussian diffusion (see, Campbell et al., 2022, Section E).

Under Assumption A, ¢4 and Q) for the original process x; are also continuous since q;|(y|x) = Hle qfls (y?|z?) and
(20). Thus, we can apply the argument in Section C.1 to obtain Kolmogorov equations (16) & (17). Moreover, 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.
(2022, Proposition 3) and Sun et al. (2023, Proposition 3.2)).

Proposition 5. Let SP, := {x € SP | q(x) > 0}. Under Assumption A, there exists a function R, : S x SP, — R
indexed by t € (0, T such that

(a) we have g, 1 (Y|x) = 6y o + €Ri(y, ) + o(€) fory € SP x e Stl?+ and e > Qwitht — e > 0, and

(b) Ri(y,x) can be nonzero only if x and y coincide in at least D — 1 entries.

We give its proof in Section D.3. As one can see from the proof, the time-reversal transition rate R; is given concretely
by Ri(y,x) = Q(x,y)q:(y)/q:(x) when & # y and ¢;(x) > 0. Note that the ratio ¢;(y)/q:(x) is treated as a discrete
counterpart of the score function (Sun et al., 2023; Lou et al., 2024).

Let us add another regularity assumption:

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

Note that usual choices of Q¢ regarding ¢ including the time-homogeneous case ; = @ and the noise scheduling
Q: = B(t)Q with a smooth 8 (Campbell et al., 2022; Lou et al., 2024) satisfy this assumption. Finally, under these two
assumptions, we can formalize Theorem 1 as follows.

Theorem 3. Suppose (x;)o<i<1 satisfies Assumptions A & B. Let p, be a product model with the correct marginals, i.e.,

Psje(Ts]2s) = Hle qglt(x§|wt)f0r s < t. Then, there exists a constant C' > 0 such that, given timesteps t; = iT /N for
i1 =0,...,N, we have

C

dTV (CIOaEwquT [pt0|t1 Optl‘tg S OptN_1|tN("$T)j|> S N (21)

Furthermore, there exists an example of (x4)o<i<r satisfying D = |S| = 2 and the same assumptions such that the left-hand
side of (21) is lower-bounded by c¢/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. (21), in Section D.4. For the latter half, we provide the concrete version in Proposition 6 in the following
section.

C.3. Lower bound of Theorem 3

We shall provide an example that yields an 2(1/N) error between the analytical and true denoisers. Our example
even satisfies the following stronger assumption, which is often used in theoretical analysis (e.g., Campbell et al., 2022,
Assumption 1):

Assumption C. Foranyt € [0,T] and x € SP, ¢;(x) > 0 holds.

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 g = (044 + 5 ) /2 and the dimension-wise time-homogeneous
transition rate Q¢(y,z) = 1/2 — §,, ford = 1,2 and 2,y € S. Under this setting, the forward transition probability is
continuous and satisfies (’)tqf‘s(- la) = quﬁs (|a) as a vector-valued differential equation, so we have, for ¢t > s,

1 1 1
01 (al) = sl (ala) + S, 0l) = & — af(ala).
By solving this, we obtain qfls(ala) =1(1+e () fort > s. By symmetry, we generally have
L L
4ij(ala) = qff(b]b) = F(l+e =), g, (bla) = qff,(alb) = F(l—e =) (22)

17



Distillation of Discrete Diffusion through Dimensional Correlations

This is a special case of uniform diffusion and clearly satisfies Assumptions A & B. Although the singularity of gg violates
Assumption C at time zero, we can consider the time interval [d, T'| for some ¢ > 0 instead of [0, T to ensure ¢; > 0. We
will, however, work with the singular gq for simplicity of computations. The following proposition gives the lower bound
discussed in Theorem 3. If necessary, we can replace T with 7' + ¢ and consider @} = x5 to match the time intervals.

Proposition 6. Let (x;)s<i<T be the Markov process defined above and p); be the product model pg(xs|x:) =
ngl qg‘t(mﬂxt) for s < t. Ifwelet N > 2(T — 6)/0 be an integer and t; = § + (T — 6)/N fori = 0,...,N
be timesteps, then there is a constant ¢ > 0 such that

c

> (23)

drv (q57 ]EzT~qT [Pt0|t1 OPty|ty © " OptN,l\tN('kDT)])
The proof is given in Section D.5.

D. Proofs
D.1. Proof of Theorem 2

Proof. For simplicity of notation, let ﬁf’n Te be the denoiser given by the teacher with timesteps ¢, < t, 41 < --- < tn, i€,

< Y P
Per "= Petnsr © O Pin_yjtn

nt1
so that we have ry, = Eq oy {ﬁilT(-|mT)] Note that we can just set ﬁleT(-\az) = ﬁ#lT(-\w) = 0g.
Also, let pon, == Egprry {pg\tn opﬁfn‘T(-mT)} for n = 1,...,N, where pon is just given by pon =
Eerrry {pg‘T(~|ocT)] . We first compare py ,, and po n+1 With the consistency loss.
Foreach 0 < u <t < T, we have
Leonsi (036,71, 0,1,8) = Bapymr, [ Dict (8, © 11, Clave) | 6y, (|0)]
> Dk, (]Ewwn [Pgm ° Pf\t('@t)] H Eo,ror, [P8|t('|wt)])

from the convexity (Proposition 3). If we let w = ¢, and ¢t = ¢,,4; for some 1 < n < N, we can see
0 0 ~
Emtwn |:p0‘“ Op$|t(|mt)i| = EmT |:p0‘tn °© p;l;,\tn+1 opi+1|T('|mT)] = Po,n;

and Ep, ., [Pg‘ t(|a:t)} = po,n+1 hold. By using Pinsker’s inequality (Proposition 2), we have

1

1
d n n <—=D n n /2 < 7£consis 07 , T vovtnvtn 1/2~ 24
v (P0,n> Pont1) < 7 KL(Po,n || Pont1)™/= < 7 (039,74, +1) (24

From a similar argument, we have

»Cdistil(g;wvrtlvtl) = Ea:t1~rtl DKL(p’é)p|t1('|wt1) H P8|t1(‘$t1))] > DKL(TO ||p0,1)7

and thus

1 1
drv(ro, < — Dk, (r V2 < = Lo (00,7, , 1) 2. 25
v(ro,po,1) < 7 kL(70 || po,1) ™/ < 7 distit (039,74, , 1) (25)

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

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

n=1

Finally, applying Eqgs. (24) and (25) to its right-hand side yields the desired inequality. O
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D.2. Proof of Proposition 4
Proof. Let us first consider the case of ¢; = ¢». Then, we have

A1y By 191 (1)), By [p2(- 1))
=2 | Eneiaw) - X nnw

< *ZZHH zly) = p2(z|y)| a1(y) = Eyq, [drv (p1(-|y), p2(-9))] 5 (26)

> (o1 (2ly) — pa(ly)ar (v)

Y

=%Z

x

where we have used g; > 0 in the inequality. On the other hand, if p; = p2, we have

dry (Byng, [P2(-[9)] s Eygs [p2(-9)])
= %Z > palaly)a(y) Zm zly)az(y Z
% Z Zp2($|y)|ﬂh(y) —q2(y Z\fh — @) =drv(a, e), 27)

(z|y) (a1 (y) — ¢2(y))

IN

where we have used p, > 0 in the inequality and ) po (:17|y) = 1 in the last equality.
By utilizing the usual triangle inequality of drv and inequalities (26) & (27), we obtain

drv (Eyng, [p1([9)] s Eyngs [p2(|9)])
< drv(Eyeg, [P1C19)] s Eymgy [P2([9)]) + drv (Eymg, [P2([9)] s Eymgs [P2([9)])
< Eyg, [drv (p1(1y), p2(-9))] + drv (a1, g2),
which is the desired inequality. O

D.3. Proof of Proposition 5

Proof. Note that, by Assumption A, g, is continuous over {(s,t) € [0,T]* | s < t}, and Q; given by (20) is continuous
over [0, T and satisfies Egs. (15)—(17), as mentioned in Section C.2 just after Assumption A.

Let us simply write z € X instead of the bold style z € S in this paragraph. We consider only = € X such that g;(z) > 0.
We follow the argument in Sun et al. (2023, Section B.2). Let us consider the conditional probability (namely, the true
denoiser) g,|¢(-|z) for s < ¢, which is uniquely determined since g;(x) > 0. Then, we have

_ o sWas(@ly)  (9545) W) aes (2ly) + 45 (y) (9squ1s) (zy)
83Qs|t(y|x) = Us Qt(-r) = Qt(CU)

= ﬁ <Qt|s(x|y)ZQs(y7Z)Qs( —qs(y Zqﬂs z|w) Qs (w, y)) (28)

where we have used the forward Kolmogorov equation of ¢; given as
hqe(z Zatfmo z|w)go(w ZZQt , 2)qt10 (2|w)qo(w ZQt z,2)q (2

for computing d5q, and the backward Kolmogorov equation for computing 0,¢;s. By taking the limit s — ¢ — 0 in (28), we

obtain limg ;o Osqsp (y|z) = Zi(g) Qi(z,y) if y # x, given the continuity of g, and Q. Then, from Taylor’s theorem,
we obtain a backward counterpart of (15) for y # z as
q
tcal) = Q@) o), >0 @9)
()

Since Ey qt—ej¢(y|r) = 1 holds always, we also have that q¢;_..(z[x) = 1 + Ry, + o(e) for the coefficient R; , =

— >yt gzgg; Q:(z,y). Therefore, we can prove (a) by letting R;(y, ) = q‘(y) 5 Qu(x,y) fory # zand Ry(2,2) = Riq.

We can see (b) from (20) and the concrete form of R;. O
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D.4. Proof of first half of Theorem 3

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

Lemma 1. Under the same setting as in Theorem 3, there is a constant C' > 0 such that, for any t € (0, T, € € (0,t], and
x € X with ¢(x) > 0, we have

Ce?

qr(x)

drv(qi—et(12), pe—ee (-|2)) < (30)

Proof. From (28) and Assumption B, ¢,|;(y|z) for s < t is twice-differentiable with regard to s, and q;(x)9sq|¢(y|z) can
be represented as a polynomial of the function values of g5, Qs, g5, and 95Qs. Thus, there is a constant C; depending on
|S[, D, sup; , ., Qs(2,w) and supy , ,, 9s(2, w) such that qt(m)agqs‘t(y|m) < C for any s,t,y, x (note that gy, and g
are within [0, 1]).

Now that 0,¢,; can be continuously extended to s € [0, ¢] from (28), for each ¢ € (0,T], € € (0,t] and x,y € SP with
gt(x) > 0, Taylor’s theorem yields that

(aqu|t)(y|ac)|829 2 Ci
<
5 el < 2qt(a:)€ , 3D

oo (812) — Oy — eFely, )| = \

for a certain 6 € (t — €,1).

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

P qle) R @) @)| = | Y a6’y le) R 2\, 2)
y\desD—l

= > (@-ae ("9 2) = eRel (" 4\ )

y\d
S|Py 2
2qt(a:)

where the second equality comes from Proposition 5(b) and the inequality is from (31). If y¢ = z

(32)
4, since pf__| (z"]x) =
1= 3 asgalpf ., (y?la) we can use (32) to obtain

pl@lz) —14+€ > Rl(yh,z\),2)| < Y Inf .. (y'@) — eRi((y",2\Y), )|
ydo£ad ydo£ad
S|PCh 2
From (32) and this, by defining R : S — Ras R¥(y?) = R;((y?, x\?), ) for y¢ # x? and R¥(z?) = — D ydotad Ri(y?),
there exists a constant Cy > 0 and a function A% : S — R (for fixed ¢ and x) such that

Ay e), sup |A%(yd,e)| < Co. (33)

d d d,d
D¢ L) = 0ya g — €R +
t |t(y | ) ye, t(y ) qt(m) JiES, €

Therefore, we have
2

D
) = d pd — € d(yd ¢ d dé
peeautyle) = T (b0 — i) + 155 4% 0)

D D 2 \F
=0y t+€> RIYNOyaza+ Y Prl(ya .0, BRI, Ay%€)y) (q:)> »
d=1 k=1

Remainder term
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where P is a certain polynomial of 3D variables for each k. Note that, if y # =, R} (yd)éy\d7w\d can be nonzero only if
y® # x? and y\?¢ = 2\’ In that case, from the definition of R (y%), we have

Pi—et(ylx) = eR}(y?) + (Remainder term) = €R;(y, x) + (Remainder term). (34)

This equality also holds when y and « differ in more than one entry, since the coefficient of € becomes zero in such a case,
and R;(y, x) = 0 from Proposition 5(b). Since the inputs for each Py, are all bounded, we have

D 2 \" 2 2D
(Remainder term) < Cj (> < CsD < 4 > (35)
; q:(x) () q(x)P
for a constant C's > 0. By combining it with (31), for y # x, we have

|@t—ept(Y]x) — pi—eje(Yl2)| < [gi—et(Ylz) — €Re(y, @)| + [€Re (Y, T) — Pr—ept (Y|
Cl ) < 62 62D ) ( 62 62D )
< +C3D (——+——5 | <O ——+——5
20.(x) " (@) | qu(@)P Na@ " a@?P

for a constant C; > 0. In particular, we have

drv (g e\t( ), pe— €|t (-|z)) ZIQt €|t (ylx) pt75|t(y|a:)|

Z|Qt—e\t(y|w) — D—ee(yl)| + |1 - Z Qe—et(ylx) — 1+ Z Pi—ejt(y|x)

yF#w y#x y#x

b €2 2D 2 2D
Z'qtfdt(y'w) _ptfe\t(ylw)l < |87 Cy ((p(m) + q{t(m)D) =Cs (M + q{t(m)D) )

yFw

IN

for a constant C5 > 0. Now, we can assume that C > 1/2, by adding a positive number if necessary. Since drv is bounded
above by 1 in general, we consider two cases:

(@) If 5 > 1, we have drv (gy—es (@), pr—eps(-|2)) < 1 < 2C5 <2 since 2C5 > 1.

2 2D 2 . &2 2D
(b) If - (m) < 1, we have drv (g—ee(-|2), pr—ep (|2)) < Cs (qt(m) + 7qt(m)D) < 205%(:.:) since 75 > ~p.
Therefore, we finally obtain (30). O

By using the lemma and Proposition 4, we can prove the theorem.

Proof of Theorem 3. Foreach¢ = 0,..., N, let us define the compositions

]50|t0("$) = 0z, ]50|t7¢ = Piolty O O Dty tso i=1,...,N.

Note also that, for & with gr(x) > 0, we have q;,|7(-|Z) = q¢,jt,,, © - © Gir_, |ty (-|2) from the Markov property of

the reverse process. Indeed, for s < ¢ < u, we have q,;(2|y) = qy|s,+(2|x, y) from the Markov property of the forward
process, so, for z with ¢, (2) > 0,

4s,t(x,Y) qt,u(y, 2)
;QS\t(x|y)qt\u(y|z ” Qt(y) qu( )
Qs:f X y)qu‘t( |y) o QS,t(w7y)Qu|8,t(z|w’y)
- Z qu(2) - Zy: 4u(2)
_ Zy QSJ,'U,(w,ya ) o q$,u(maz) _ x|z
o qu(2) - qu(2) = il 12
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where we have implicitly used that ¢;(y) > 0 holds for y satisfying ¢, (y|z) > 0 (given ¢,(z) > 0). By using the
inequality recursively, we can prove the aforementioned identity.

We prove the desired estimate by exploiting the compositions. Recall g = Eg ~qr [qo‘tN (|:13T)] . What we want to estimate
is drv(Eap~gr [q0jtn (1Z7)] s Exprgr [Pojen (]®7)] ). We bound the distance with the following triangle inequality:

dry (Eepmgr [Gojty Cl21)] 3 Bapmgr [Pojey (l27)])
N—-1

< Z dTV(EmTNQT [ﬁo\ti O Gt |ty (|mT)} ’EmT’\‘QT [ﬁ0|ti+1 o Qtz:+1|tN('|mT)] ) (36)
=0

Let us bound each term inside the summation by using Lemma 1 and Proposition 4. First, since po¢, ., = Doj¢; © Pt; [¢;.15 DY
letting p1 = p2 = Poy¢, in Proposition 4, we have
dTV(EwTNQT I:ﬁolti © qtq‘,ltN('|wT)] 7EwT~QT [ﬁ0|t1+1 © qt71+1|tN("wT)])

< dTV(EmTNqT [qtiltN(.|wT):| 7EET~QT [ptilti+1 © qti+1|tN('|$T)])' (37)

Second, Since gy, ,tx = Gt,|t;s1 © Qtip|tn-> DY lEUINg @1 = @2 = Gt,, = Egpngy [qti““N (|:cT)] in Proposition 4 (note
that the indices of ¢, g2 here are different from time), we have

drv (]EmTNQT [qtz‘\tz\] (|mT)} ’EmTN(IT [pti|ti+1 O bt 1|ty (|mT)])
S Equ‘H»l [dTV (Qtri‘ti+1 ('|m)7pti|t7;+1 (|m))]

Clti1 —t:)% _ C|S|PT?
< 3wt gl AT

qt;4q ()>0

where we have used (30) and ¢; 1 — t; = T'/N in the last inequality. By combining estimates (36)—(38), we obtain

N-1

_ cls|P1?  C|S|PT?

01 Bag s [0 (127)]  Ba g [ Clor)]) < 3 ST = ST
=0

which completes the proof with a replacement of the constant factor. [

D.5. Proof of Proposition 6

Proof. Consider the analytical sampler p,; (zw|zy) = qilt(z\x)qf‘t(ww) for s < t. Note that, because of the symmetry
between a and b in qg and the forward transition, the distributions g; 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 (22). First, note that go|;(ab|-) =
qoj¢(bal-) = 0. Therefore, we have

qrjo(aalaa)qo(aa)

dorlaala) = = aa)
B @tjo(aalaa)qo(aa) - 1(1+et)? (1 4eh)? (39)
duo(aalaa)qo(aa) + qro(aaltb)qa(®D) ~ (1 +e 12+ L(1—e 02  2(1+e %)
(bblaa) =1 — qo¢(aalaa) = M (40)
QOlt - QOlt - 2(1 n e_2t)7
1
qot(aalab) = qo(bblad) = > 41)
where (41) is derived from symmetry.
By using (39)—(41) and the general fact (for Markov processes)
qs|o,t(33s|ﬂ?o,mt) _ QO,s,t(‘EO,msaxt) _ qS\o(ws|wo)Qt|o,s(mt|$o,ms) _ q3|0(3’3s\$0)%\s(mt|$s) (42)

QO,t(wmmt) qt|0($t|$o) Qt\O(wt|$0)
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for 0 < s < t, we can compute ¢,|;(-|aa) for any s € [0, ] as follows:

qs\t(aalaa) = QOlt(aa|aa)QG|0 +(aalaa, aa) + QO\t(bb|aa)QQ\0,t(aa‘bba aa)
(1+6_t)2 1( +e_5)21( +€—(t s)) (1 _e_t)2 i(l _e—s)2i(1+e—(t—s))2

2(1 4 e~2t) (1—|—e—t) 2(1 4 e=2) %(1 —e™t)2
(e )P+ (1—e )1 +e )2 (T4e2)(14e (79))2 @)
N 8(1+ e—2t) N 41 + e2t) ’
qsj¢(bblaa) = qop(aalaa)qso .+ (bblaa, aa) + qop (bblaa)qs|o.¢ (bb|bb, aa)
_ (4e)? q et - —em!)? J(1tet)? gl —e 7)?
C2(14e2t) 1(1+et)? 2(1+e 2t) 1(1—et)?
(P QeI ) (1 e (1 et )
N 8(1 + e—2t) 4(1 + e2t) ’
1
gs|e(ablaa) = gsjs(balaa) = S (1 — g,¢(aalaa) — g, (bblaa)) (45)
1 Qe (e (et
) 8(1+e2t)
_ 1 B (1 +€—2$)(1 +e—2(t—s)) _ 1 B e—2s _|_e—2(t—s) 46)
) 4(1+e72) 4 4(1+e2t)
We can also compute ¢, (aalab) = g (bblab) as
qsj¢(aalab) = qopc(aalab)qso,+(aalaa, ab) + qo\:(bblab)qs|o.+ (aa|bb, ab)
_ 13 Ll+e )21+ e (=9))(1— e (t=9) ! 1(1—e*)23(1+e t=9)(1— e (t79)
2 T1+et)(1—et) 2 11— (1 +et)
(4P Q- e M) (14 e )1 e )
8(1 — e—2t) B 4(1 —e2t)
—2s _ ,—2(t—s)
_lye e 7 47)

4 4(1 —e2)

Let us now compute the probabilities regarding the analytical sampler. To make it simple, let g, (= * |-) := qq¢(zal-) +
qs|¢(xb|-) represent marginals; g,; (*y|-) is defined similarly. By using this notation and (43)—(47), we have

psje(aalaa) = g (a * |aa)qs)i(xalaa) = g (a * [aa)® = (g5 (aalaa) + g5 (ablaa))?
B ((1 Fe ) (14 792 1 (14+e2)(1+ e—2<t—s>)>2

4(1 4 e=2) 2 4(1+e2)
_ (2(1 +e )+ (e ) (A +e79)2 - (14 e2<fs>>>)2
- 4(1+e=2t)
B (1_|_€—2t) + (1+e—25)e—(t_s) 2 B (1—|—e_(t+s))(1+€_(t_s)) 2
- ( A0 +e?) ) - ( A +e?) ) @

Psje(bblaa) = qqp¢ (b * |aa) gy (+blaa) = gy (b * |aa)® = (gs|¢(bblaa) + gy ¢ (balaa))?
_ <(1 +e ) (1—e )2 1 (14+e2)(1+ eQ(tS))>2

4(1 4 e—2t) 2 41+ e 20)
(AU R gty
B 4(1 + e~2)
(e = (14 e2)e =N (1 e (D) (1 — e (t-9)) 2
a < 2(1+e~2) ) - ( 2(1 4 e 2) ) 49)
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Let us compute the sum of (48) and (49) as we use it later:

psjt(aalaa) + pgj(bblaa)
B ((1 e () (1 + e—(t—s)))2 . ((1 — e~ (t+))(1 — e—(t—s)))2
2(1 4 e=2t) 2(1 4 e2)
(146~ F)(1 + e~ 4+ (1 — e (H)) (1 — e~ (=22
- A(1 + e2t)2
(1 + e—2t + e*(t+3) 4 ef(tfs))Q + (1 4 e~ 2t _ e*(tJrS) _ ef(tfs))2
4(1 + e=2t)2
(1 + 67215)2 + (67(t+s) _|_ef(tfs))2 1 (ef(tJrs) _|_ef(tfs))2

- 2(1 + e2t)2 T2t T e e 50)

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

Psje(a* |ab) = qop(aalab)qy g, (ala, a) + qoj: (bblad)gy 4 (alb, a)
1 %(1 + e‘s)%(l + e~ (t=9)) 1 %(1 — e‘s)%(l + e~ (t=9)
2 0te) 2 10—
_(A4e)l-e)+(l-e*)A+e )P +e )
N 4(1 — e~2t)
B (1 _ e—(t—i—s))(l 4 e—(t—s)) B 1 N e—(t—s) _ e—(t-i—s)
21 — %) 2 T T =y
1 ef(tfs) _ 67(t+s)

ps\t(*alab) = ps|t(a * |ba) = ps|t(b * |Clb) =1- ps\t(a * |ab) = 5 - 2(1 — 6_2t) ’

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

(S

1 e—(t=5) _ o—(t+s)\ 2
paaalat) = (e labptsalad) = § - (“5 =)

Let us consider iteratively denoising from gz by using p,;. For an € > 0 and nonnegative integers n < T'/e — 1, define

pg‘ = pr, peTf(n+1)e = ]Ew'\/lﬁw,ns [pr(n+1)e|Tfne('|w)] , n=0,1,....

Our goal is to estimate the difference between p5._,,. and gr_,, for each n. Let us fix n and set ¢ = T'— ne when computing
p§_. in terms of p;. Because of the symmetry, p§(aa) = p§(bb) and p§(ab) = p§(ba) = L — pf(aa) hold in general.
Therefore, by using (50) and (51), we have

Pi—.a) = iy (aa]aa)pi (0a) + peqo(0albb)p§ (D) + i (aalab)pi (a8) + pi—e(aalba)pi ba)
1
— ir-alaalaa)pi(aa) + pr-o(0beapi(aa) + 2pip(oalab) (5 - ritaa)

= pt—e|t(aa|ab) + (pt—e|t(aa|aa) + pt—e|t(bb|aa) - 2pt—e\t(aa|ab))p:(aa)

1 (e—s _ e—(2t—s))2 (e—e + e—(2t—e))2 (e—s _ e—(2t—e))2 .
T1 a1 — ey ( 2(1+ e 2)2 2(1 — e 21)2 ) pi(aa). (52)

To compare it with g;_., we also compute a similar recurrence equation by replacing p’s with ¢’s and using (45)—(47):

qi—c(aa) = qi—i(aalad) + (¢ —ep(aalaa) + g (bblaa) — 2q; 1 (aalab))q: (aa)

1 e—2€¢ _ 672(t76) e—2e€ + 672(t75) e—2¢ _ 672(1576)
( > qt(aa) (53)

4 4(1—e2) 2(1 4 e~2t) + 2(1 — e~2t)
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Let us now compute quantities regarding the coefficients in (52) and (53).

e—2¢ _ 672(1576) (676 _ 67(27576))2
1 — -2t o (1 —e2t)2
(6—26 _ e—Q(t—e))(l _ e—2t) _ (e—e _ e—(2t—e))2
(1 _ 672t)2
(6726 _ 672(tfe) _ 672(t+e) + e*2(2t76)) _ (676 _ ef(2tfe))2
(1 _ e—2t)2
—(t—e€) _ ,—(t+€))2 —2t
_ (6 (1 - ef2t)2 ) _ (1 _eefgt)g (ee - 6—6)2, (54)
e 2¢ +€72(t7€) (676 +67(2t76))2
1+ e2t (14 e—2t)2
(6—26 + e—2(t—e))(1 + e—2t) _ (e—e + e—(2t—e))2
(1 + 67225)2
(6726 + 672(tfe) 4 672(t+e) + 672(2t75)) _ (676 + ef(Qtfe))2
(1 +e—2t)2
—(t—e) _ ,—(t+€))2 —2t
L T efzt)Q L _ a fe,gt)z (e —e ), (55)

e—2¢€ + e—2(t—€) e—2€ _ e—2(t—e)
1+e2 * 1—e2
(6—26 + 6—2(75—5))(1 _ e—2t) 4 (6_26 _ e—2(t—e))(1 =+ e—2t)

1—e 4
ol 2(6725 _ 672(2t7€)) _ 2(1 _ 87425)
N 1—e %
2(1 2(2t—e)
=24+ M(e_% —1). (56)

1—e 4

We shall evaluate the difference A§ := ¢;(aa) — p§(aa) by using (52)—(56) as follows:

Ac . e—2¢ _ e—2(t—e) B (e—e _ e—(2t—e))2
fme 4(1 — e—2t) 4(1 — e—2t)2
e—2¢ T e—2(t—e) e—2¢ _ e—Q(t—e)
€ Aé
' ( 2 +e ) | ol ) i)+ 80

(e—e 4 e—(2t—5))2 (e—e _ e—(2t—e))2 .
N ( ey T aa—emyp )Pl
e—2t ) e—2€ + 6—2(25—5) e—2¢ _ e—2(t—e)
" (€ o€ A€
Mm@ e ( 21t e2) | 2(1_e ) '
N (6—26 + e—Q(t—e) (e—e + e—(2t—e))2 e—2€ _ e—Q(t—e) (e—e _ e—(2t—e))2

d1te®) | 20+e P T al-e ) | 21— )pg(““)

6—226 . o 1 + e2(22&—5) Y .
:m(e — € )+<1+1—64t(€ _1)>At
672t 672t . o e
+ (2(1 fe2t)2  2(1— e2t)2> (e = e™)pi(ac)
6721& € 67% 1 € € —€\2
- (aremmpriten)+ e (5 i) ) € =)
1+e2(2t7€) o .
+ (1+1_€_4t(e 2 1)) AS. (57)
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Since p§(aa) = p§(bb) < 1/2, we have

67215 67275 1
mpt(aa) + 21 —e )2 (2 - pt(aa)>

1 672t 67275 67275
> —mi = .
= 2mm{2(1+e—2t)2’ 2(1 —e—2t)2} 41— e2t)2

Additionally, as the Taylor series of (e¢ — e™€)% = €2¢ 4 e72¢ — 2 is given by >_p- | =2 (2¢)?*, we especially have

25!
(e€ — 7€)% > 4¢2. Thus, we obtain
8_2t € e_Qt 1 € € —€\2
(Wpt(a@ + m (2 _pt(a’a’))) (ef—e™)
o2t o2t
> 4= ——— ¢ 58
SA1—e2)2 ¢ T (122 (58)
Also, since e~2¢ > 1 — 2¢, we have
1+ e2(2t—e) o 2(1 +€2(2t_6)) 4
Suppose we are working on the time interval [, T'| for some 8, T > 0. Let us take € < §/2; then we have
4 4 €
l———e>1——e>1— - . 60
AT A (00)
For (58), we have
e ? 2o —2t.2 2T 2
(1767%)26 e et >e e (61)
By combining (57)—(61), we first see that A§ is nonnegative for all ¢ = T" — ne by induction onn = 0, 1,. .. (assuming
e < §/2andt € [6,T]). Then, we obtain the following simple inequality:
Ape=(1- g) AS 4 o272
By recalling that t = T — ne, we can rewrite it as
e\~ e\ . e~ or
(1-5) Az (1-5) AL+ (1-f) e
Since A% = 0, we have
Tone = 5 5 5 '
k=1 k=0
Since n < T'/e and (1 — 1/x)7 is increasing over z > 1, for k = 0,...,n — 1, we have
T/6
ek e\ e\T/e 65/6T/6 12
1—7) >(1—7) >(1—7) - (1—7) >((1-2 = 972T/5,
( 60/ = o/ = 1 1 - 2
where we have exploited the assumption € < §/2 (so that §/e > 2). By applying this to (62), we obtain
%—ne > (21/66)72Tn62.
Now, let e = (T — §)/N for the given N. Since N > @ and thus € < 4/2, we have
T —96)?
Af; — A;’fNe > (21/66)—2TN62 — (21/66)—2T( ~ ) )
Finally, as drv (g5, pS" ~2/™) > A€, the constant ¢ = (21/%¢) =27 (T — §)? satisfies (23). O
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E. Control variates

When we want to compute an expectation E[f ()], instead of directly doing the Monte Carlo estimate % Zfil flz;) =~
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 (). (©3)
i=1

This left-hand side is still an unbiased estimator of E[f ()], and ideally has a lower variance than the vanilla Monte Carlo
estimator % Zf\il f(x;) if g = f is a good function approximation. The role of g in (63) is called a control variate

(Glasserman, 2004; Oates et al., 2017).
E.1. Marginal-matching product model as control variate
We briefly discuss how the product model p° given in (12) satisfies the following favorable properties (already shown in
Section A.2) for being a control variate:

(i) it reasonably approximates p‘zl ,(-|z¢), and

(i) Ez~qlg(x)] is easy to compute/approximate.
For point (i), note that 7 is defined as a 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 a quantitative understanding. The remainder p’ — 5% can then be regarded as a dimensional correlation
captured by p?, with which we conduct a usual Monte Carlo integration.

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

H(Qaﬁ) = Eacs'vq[_ IOgT)(xs)] = EnEwSNQ" [_ logﬁ(ms)]
D
=B, [H(¢" D) =E, |- > ") logp’(«) | . (64)
d=1zdeS

While it still requires Monte Carlo with 7 to estimate this, it utilizes the product structure of each ¢” and p to exactly
compute H(q",p). Thus, we heuristically expect it to be more accurate than the Monte Carlo estimate using samples from g.

E.2. Derivations of dimension-wise computable control variates for mixture model

Convex upper bound as control variate. To simplify the notation and situation, suppose we are given probability
distributions ¢ = E, [¢"] and p? =E, [p(”‘} , where ¢" and p?* are product distributions, i.e., we have

¢"(x) = [[ ™=, p"Ma) =[] "M ().
d=1

By letting H be the (cross) entropy, we want to minimize
Dxr(qllp”) = H(q:0°) = H(q) = Egng[~10g 0" (®)] — Egngl—logg()].
Since q is fixed, we simply want to minimize
H(Qape) =Eang [_ Ing9<w)] =EyEpgn [_ 108170(5'3)]

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

—logpa(a:) = —logE, [p‘g’)‘(:c)} < IEA[— 1ogp‘9’)‘(:c)} .
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Indeed, its expectation regarding & ~ ¢ is dimension-wise computable as
EgrqBr [~ log " (z)]

=E,EgzgnEx [— 1ogp9’>‘(sc)} = E,ExEggn [— logp(”)‘(ac)]
D

=E,E\ Z Eydgn.d [— logp? M4 (z?)] = R nEx Z Z ¢z log p? (x|
d=1 d=1 gd

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

H(q,7°) = Egg [~ logp’ (x) + Ex[log p”* (z)]] +EpngEx [~ log p”* ()] -

Monte Carlo approximation dim-wise computable

Marginal control variate. The previous convex upper bound seems good, but since
EogBx [~ 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 D

ExngBa [~ logp" (@)] = E; ) EpiognaBa[~logp” (4)] = —E; ) EpignalogEx[p"*(za)] .
d=1 d=1

which is given by Jensen’s inequality as well. Therefore, if we define the product distribution
D
P(@)=[]7""@a),  P"(xa) = Ba[p"%(za)],

we have Eg(Ey [—log p?*(x)] < Epq[—logp’ ()] and this alternative is also dimension-wise computable. Since
p? and 77 coincide 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 A.2:

H(q,p°) = Bang[—logp’ (z) + 10g P’ ()] + Eang [~ log P’ (z)] .

Monte Carlo approximation dim-wise computable

E.3. Product teacher model as control variate

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

Proposition 7. Let g, § be probability distributions on X = SP 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 that H (g, p) can be computed only by using the marginals q°. Indeed, we have

Z logp ] Z Ezng logp Z Z q“( Ing )

d=1 zd

Ewwq[Ing = wwq

and it yields the desired conclusion. O

From this proposition, under pg’l’td = qgl . and the fact that 7’ is a product model, we have
Eauae | H(@oje(120), 5 (120))] % B, [ HY, (l20), 5, (20))]
Since H (p1, p2) = Dx1(p1 || p2) + H(p2, p2) this right-hand side can be rewritten as

Eaoar [H B4 (@0), B, (120)] = By [ Dic (8, (l0) 115, (20)))] + const.,

where the constant term is independent of 6. Since the KL divergence between two product distributions decomposes into
the sum of the KL divergence between each marginal, we obtain approximation (14).
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F. Experimental details
F.1. Discretized Gaussian diffusions
F.1.1. SAMPLING SCHEMES

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

T-leaping. In Campbell et al. (2022), the authors first approximate the infinitesimal transition rate by using each marginal
pff"t Indeed, the transition rate can be represented only with qg‘ , and does not require a joint conditional distribution
(Campbell et al., 2022, Proposition 3). After estimating the transition rate, they apply a dimensionally parallel sampling
method called 7-leaping (Gillespie, 2001) 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 Table 5 corresponds to TLDR-0 in Campbell et al. (2022).

Analytical sampling. Although the 7-leaping (or Euler method) is efficient with a large number of sampling steps, we find
that it deteriorates when we reduce the number of steps seemingly due to discretization error. Analytical sampling (Sun et al.,
2023) (a.k.a. Tweedie T-leaping; Lou et al., 2024), which is simply a parallel exact sampling of each dimension given as

q(s|t wllay) = qu|0t |5L’0axt)q0\t e Z‘Lmt d|930a$t)Po|f (zg]2:), (65)

does not suffer so much from the discretization. This is also mentioned in Gu et al. (2022) as a fast inference strategy, though
they do not discuss dimensional correlations. See also (71) for the derivation of a dimensionally independent denoiser based
on the product model pj;.

Note that these schemes are both dimensionally independent in the sense of (1) while not explicitly modeling p;. Indeed,
the dimensional independence is ubiquitous even when modeling p,|; implicitly. First, the reparametrization p,; (xs|z:) =
> o Pojt(To|Tt)gs|0,t (Ts|To, T¢) (Austin et al., 2021; Gu et al., 2022), also used in analytical sampling, is dimensionally
independent, provided that pq(-|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 (Campbell et al., 2022, Proposition 3), but the existing sampling schemes of x; given x;
in continuous-time settings including 7-leaping (Campbell et al., 2022) and the Euler-based method (Sun et al., 2023; Lou
et al., 2024) are still dimensionally independent.

N-step sampling in the actual experiment is given as follows. We first set the timesteps 0 =t < t; < -+ <ty =1,
with ¢; = 0.01 + 0.99 x ](,111 for + > 1. Given a terminal noise x,, we sample x;, with our py,|;, ., iteratively for

41
it =N—1,N —2,...,1. Finally, we sample o € argmaxpg"tl(-mtl) when using the teacher product model and
X € argmax pgl ¢, (|z¢,; A) with a random A when using the student mixture model.

F.1.2. ADDITIONAL EXPERIMENTAL RESULTS

To complement the main experimental results presented in Section 5.1, we provide additional details and analysis here.

FID/IS results of fewer sampling steps. For additional comparison, we computed FID/IS of the teacher and student
modles using 10K samples (fewer than the SOK samples used in the main body, so the numbers may be slightly worse) for
2-20 steps in Table 4. In terms of FID, our method achieves approximately 1.4 times acceleration in the 10-20 steps range.
However, it does not perform well in very few steps (e.g., 2—4 steps).

More detailed results of Table 1. We evaluated two different sampling strategies with the teacher model p¥: (1) 7-leaping
(Campbell et al., 2022) and (2) analytical sampling (Sun et al., 2023; Lou et al., 2024). The complete evaluation results
are shown in Table 5, which extends the results presented in Section 5.1. A notable observation is that analytical sampling
significantly outperforms 7-leaping in terms of sampling efficiency; 40-step analytical sampling achieves better FID scores
than 1000-step T-leaping.

Regarding distilled models, as we have highlighted in Section 5.1, p’ works well in 10 steps, while it deteriorates as we
grow the number of sampling steps. The hybrid model interestingly beats other models in 20-step FID and shows almost the
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Table 4. Comparison of models on CIFAR-10 dataset in various sampling steps. Same setting as Table 1 except that 10,000 generated
samples were used for computing FID/IS.

#steps 2 4 6 8 10 12 14 16 18 20
FID teacher 39224 17329 7824 4944 34770 2633 21.47 18.05 1580 14.42

student 411.70 147.67 59.62 33.85 2257 1746 1437 1286 12.28 11.81
IS teacher  1.17 2.99 590 701 745 782 796 816 835 846

student  1.25 3.48 6.71 7.68 817 833 837 850 838 8.39

Table 5. Comparison of models on CIFAR-10 dataset. Fréchet inception distance (FID |) against training dataset and inception score
(IS 1) are calculated using 50,000 generated samples. *: reported values from Campbell et al. (2022).

10 steps 20 steps 40 steps 1000 steps
Method
FID IS FID IS FID IS FID IS

p¥ + 7-leaping - - - - 31575 1.66+001 8.10* 8.74*
p¥ +analytical  32.61 7.59+010 12.36 8.55+013  8.01 8.77+0.09 - -

p9 (student) 20.64 8.29+t0a13 9.77  8.52+0.08 9.66 8.28+0.10 - -
p’&p¥ (hybrid) 25.54 8.00+011 9.47 8.56+014  8.02  8.43 +o11 - -

same 40-step FID with the teacher, while using the student solely gets worse in 40 steps. We hypothesize (elaborating on the
description in Section 5.1) that this is because the true denoiser q,|; (s < t) becomes more “dimensionally independent” as
t — s or t is small. The former condition (small ¢ — s) explains the worse performance gain of the mixture model as the
number of steps 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.

F.1.3. IMPLEMENTATION AND TRAINING

Diffusion modeling. As explained in Section 5, 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 (Campbell et al., 2022, Section E).

Network architecture. All the models are based on the implementation explained in Campbell et al. (2022, Section H.2),
where pgbl , 1s parameterized with a U-net (Ho et al., 2020) that has feature resolutions from 32 x 32 to 4 x 4. Since the output

of the original U-net architecture (Ho et al., 2020) is a D-dimensional sequence (in S) rather than D marginal distributions,
Campbell et al. (2022) 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 feature map used
in Ho et al. (2020), and this embedding is fed to the upsampling/downsampling layers of the U-net after passing through
SiLU-activated linear layers (Elfwing et al., 2018). See Campbell et al. (2022, Section H.2) and their GitHub repository for
more details on the original implementation. All the models output the estimation of go|;, and we conduct denoising from
time ¢ to time s by using the dimension-wise analytical sampling (65), except for the 7-leaping benchmark in Table 5.

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 downsampling layers, the embedding of A
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 upsampling layers, we concatenate the embeddings of
A, t, and the pixel-wise average of the 4 x 4 resolution latent tensor, and the remaining process is the same as for the
downsampling layers.

Training. 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 \ are zero-intialized, and the rest are

randomly intialized following the default setting of the original model.
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For the Di4C finetuning, we followed the original setting in terms of the use of the 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

ACdistil((g; ’(/}7 qs, 6) + Econsis(e; wa qt, 07 t— Ata t) + atﬁcorr (97 t) + Emarginal(e; '(/)a qt, t)v (66)

with techniques described in Section A. The following are additional details:

* Sampling from g5 and ¢ is based on the same sample of &y ~ ¢qo.
* § = 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 + A¢, 1].

» We can use several o as in the ablation study in the following section. In the main model p? given in Table 5, we used
the following sigmoid-based function as o:

1

t) = .
90 = T oo — 200)

(67)

Regarding the training steps/minibatch details, the original teacher model checkpoint had been trained for 2M steps, where
each step used 128 images from the CIFAR-10 dataset as a minibatch. In our finetuning, we stopped all the trainings in
320K steps (without warm-ups). Each step used 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 set M = N = L in (10). L = 16 is adopted in our model in Table 5,
while the ablation study in the following section compares various choices of L.

Evaluation. We measured FID and IS with the PyTorch-based implementation' following Campbell et al. (2022).

F.1.4. ABLATION STUDY

Table 6. Ablation study on o and use of control variates.

10 steps 20 steps 40 steps
Method
FID IS FID IS FID IS

p?¥ + analytical 32.61 7.59+010 1236 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, w/o CV 44.09 6.79+0.10 26.16  7.54+010 2220 7.72+0.08

ap =1 24.14  7.54+008 12.30 8.06+007 10.32 8.14+o0.10
a; =1, wlo CV 2692 8.12+008 13.77 8.57+014 10.59 8.66+0.05

ap =1 2421 8.10+o011 10.85 8.55+008 9.27  8.51+o0.10

ap = g(t) (see (67)) 2277 8.19+008 10.07 8.54+012 9.01 8.42+0.11

As an ablation study, we compared several loss functions, mainly changing «;, which controls the degree of dimensional
correlations we aim to learn from datapoints. We also investigated whether the use of control variates is effective. The
results are shown in Table 6, where “w/o CV”” means that the control variates were not used in training. The efficiency of
control variates was consistent, while a; = 0 and o; = 1 had pros and cons. Non-constant functions of oy worked better,
partially matching the hypothesis discussed at the end of Section 5.

Additionally, we compared different batch-sizes of \ in Table 7 (also see the end of the previous section). The non-constant
a; = ¢(t) was used in all the settings. L in the table represents the batch size of A in Monte Carlo sampling. There is a
certain tradeoff between FID and IS in 10- or 20-step sampling; we can expect a better FID with a larger L (smaller data
batch), while a smaller L tends to result in a better IS.

'https://github.com/w86763777/pytorch-image-generation-metrics, which got renamed from the original
repository “pytorch-gan-metrics” to “pytorch-image—-generation-metrics”.
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Table 7. Ablation study on Monte Carlo sample size of \.

10 steps 20 steps 40 steps
Method
FID IS FID IS FID IS
p¥ + analytical 32.61 7.59+010 1236 8.55+013 8.01  8.77+0.09
L=2 27.29 8.00x001 11.42 8.67+012 894  8.64+0.09
L =4 2494 8.05+o0.14 10.66 8.60+011 890  8.59+0.07
L=28 22777 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+013 993 8.44+010 991  8.26+0.3
L =064 19.26 8.13+010 10.13  8.26+011 10.59 8.02+0.15

F.1.5. GENERATED SAMPLES

Figure 5 shows image examples corresponding to Table 1, which were all generated with the analytical sampling.

F.2. Masked generative image modeling
F.2.1. MASKED DIFFUSION MODELING

As described in Section 5.2, we use the pretrained VQGAN codebook §* with |S*| = 1024 and add one [MASK] token to
define S. Also, D = 256 in this experiment. The only ingredient we need in masked diffusion is the masking probability
my: a monotonically increasing function with my = 0 and m; = 1. Following Chang et al. (2022) and Besnier & Chen
(2023), we model the forward process of z; given xg € (S*)? as

d [MASK] with probability my,
wl =4 . » (68)
x with probability 1 — my,
independently for each d € {1,..., D}. Note that (68) does not necessarily determine a Markov process (and indeed an

explicit Markov formulation is not needed for training). If one needs a Markov formulation, however, for ¢ > s > 0 and
z € 8" =8\ {[MASK]}, we have

my = g¢fjo(IMASK]|z) = ¢ (IMASK]|z) + ¢ff ((MASK]|2)qd o (2]x) = ms + (1 — m,)gfl, (1MASK]|x)

and thus we have
my — g

qfls([MASKnx) = (69)

1—mg
In the actual experiment, we used the arccos scheduler m; = 2 arccos(1 — t) /.

F.2.2. CONFIDENCE-BASED SAMPLING

Given @, at time t, let M, := {d € {1,...,D} | =} = [MASK]}. Suppose we have a product model po;(-|z;) =
T, P, (|@e) such that pg, ([MASK]|a,) = 0 foralld € {1,..., D} and p§, (x{|z{) = 1 forall d ¢ M. Let us explain
how we sample xs with s < ¢ in one step of confidence-based sampling (Chang et al., 2022; Besnier & Chen, 2023).
Following the original implementation of MaskGIT-PyTorch (Besnier & Chen, 2023) we conduct the sampling as follows:

1. Sample & = (&8)7_; ~ poj¢(-|z¢). Note that we have Z{ # [MASK] for each d and & = «{ for d & M,.
2. Calculate the confidence for each chosen 7 for d & M, as
conf(d) = logpglt(i’ghct) + cop () - egb,

where the second term is given by constant multiplication of Gumbel noise to add stochasticity in confidence-based
sampling (see, e.g., Comunita et al. (2024, Section 3.4.4) for a concise explanation). To be concrete, egb for each

9t—1/N

2 1-1/n in our

d ¢ M, is an independent standard Gumbel noise, and ¢y, is a scale factor given by cgp,(t) =
experiments, where N is the number of steps in the whole sampling process.
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(a) teacher, 10 steps

(g) hybrid, 10 steps (h) hybrid, 20 steps (i) hybrid, 40 steps

Figure 5. Comparison of generated samples in CIFAR-10 experiment.

3. Let n(¢, s) be the number of tokens we unmask in this single sampling step from ¢ to s. Let d* ¢ M, be the index

n(t,s)
with the n(t, s)-th largest conf(d). We define z; = (z2)2_, as follows:

n(t,s)
d

4 a4 ford ¢ M, with conf(d) > conf(ds,, ),
B x{ otherwise.

Note that conf(d) coincides with probability zero thanks to the Gumbel noise.

This is for one step of confidence-based denoising. When we use a mixture model, we first sample A and conduct the
confidence-based sampling for the product model conditioned by A. In the actual sampling process, we specify n (the
number of unmasked tokens) as we explain below?.

Let N be the number of sampling steps and t; = i/N fori = 0,..., N. We jump from ¢; to ¢;_; at each sampling step

The definition of n(t;, t;—1) described below is different from the implementation of MaskGIT-PyTorch, since the original imple-
mentation did not correspond to forward processes.
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fori =N,N—1,...,1,sowesett =t; and s = t;_;. Let m; be the masking probability at time ¢, so that the expected
number of [MASK] tokens equals Dm, given the forward process design, where my = 0 and m; = 1. By rounding them
into integers, we define n(t;,¢;—1) = round(Dmy,) — round(Dm,,_,) for each i. In the code, we further add 1 when
n(t;,t;—1) = 0 and deduct the added ones from n(t1, ) so that at least one token gets unmasked, following the original
implementation.

F.2.3. DISCRETE CLASSIFIER-FREE GUIDANCE

Following the original implementation, we use the discrete classifier-free guidance (discrete CFG; Tang et al., 2022).
Given an unconditional denoiser pyj;(-|x;) and a conditional denoiser po|;(-|2:, c) with a class label ¢, we sample from the
distribution
Poj¢[w] (|24, €) 0<P0|t('|wt,C)prou('\mt)fw

for a CFG guidance scale w; w = 0 corresponds to sampling from the conditional denoiser. In our implementation, given
the number of steps IV, we let w = wegg - (11\7?11\/ to linearly increase the guidance scale in the sampling process, where wcgg
is a user-selected CFG coefficient, mentioned in Section 5.2. When we use a mixture model, we first sample a single A and
sample from the CFG-guided distribution given by the A-conditioned unconditional/conditional denoisers poj;(-|x+; A) and
Poj¢ (|2, ¢; A) as a heuristic.

F.2.4. IMPLEMENTATION AND TRAINING

Network architecture. For the teacher model p¢, we just used the implementation of Besnier & Chen (2023, Table 1),
which uses a 24-layer transformer with 16 attention heads to compute the logits for each of D = 256 visual tokens. As inputs,
p¥ gets the D visual tokens x; = (z¢)2_, and a class token ¢ (when unconditional, it is replaced by an “unconditional
token”), and these D + 1 tokens are added positional encodings. Note that time conditioning is not fed to the model. Each
learned embedding (of 1024 VQGAN codebook elements and 1000 ImageNet classes) is of 768 dimensions. Since the
output of the transformer has D + 1 vectors in R7%8, we discard the vector corresponding to ¢ and compute the logits by

using the similarity with the embeddings of codebook elements.

To realize a mixture model p?(-|z;; \) upon this implementation, we first sample A ~ Unif([0, 1]), pass it to the timestep
embedding used in the CIFAR-10 experiment (Appendix F.1.3), and transform its output into a 768-dimensional vector
using a two-layer MLP with a single GELU activation after the first layer. Thus, we obtain D + 2 vectors in R7%® consisting
of D visual embeddings, a class embedding, and an embedding of A. We simply feed them to a transformer having the same
architecture as p¥ and discard the final output vectors concerning ¢ and ) to calculate the logits. The logit calculation is
done in the same way as the teacher model.

Training. We basically used the same formulation as (66) with a slight modification to reduce the computational burden
as follows:

li<an
At

with At = 0.05 and the following details:

Edistil(a; ¥, qi,t) + 1{t>At}£consis(9§ ¥, q:,0,t — At t) + atccorr(9§ t) + Emarginal(9§ ¥, g, t)7 (70)

* We sampled ¢ ~ Unif([0, 1]) and «; according to (68) using x from data.
* We used oy = 0 for dide and oy = 0.1 - g(t) for dide-d in the experiment (Figure 3), where ¢(t) is given in (67).

¢ Control variates were used in both variants of Di4C.

For optimization, we followed the original implementation, i.e., the AdamW optimizer with a learning rate 1075, (31, 32) =
(0.9,0.96) and a weight decay 10~5. The teacher model was trained for 300 epochs with a minibatch size of 512 using eight
A100 GPUs (adding up to 768 GPU hours; Besnier & Chen, 2023). Our finetuning used two A6000 GPUs with a minibatch
size 4 (2 for each of two GPUs) and a A-batch size of 32. It was trained for 30K iterations (so only 120K out of 1.28M
ImageNet training images were used), which amounts to approximately 50 GPU hours.

Evaluation. In each experiment, we generated 50,000 samples (50 images for each ImageNet class) and then computed
FID (against test data) and IS with the original implementation of Besnier & Chen (2023).
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F.2.5. GENERATED SAMPLES

Samples generated by each model in Section 5.2 are shown in Figure 6. The best CFG coefficient in Figure 3 in terms
of FID was chosen for each model, as shown in Table 8. The table also shows the FID/IS performance, together with the
Precision/Recall values computed by the code of Besnier & Chen (2023). Regarding the choice of ImageNet labels (Ostrich,
Burger, Volcano), we followed Besnier & Chen (2023, Figure 3).

Table 8. Chosen CFG coefficients and corresponding FID/IS values.

Model  #steps  wergs FID()) IS (1) Precision (1) Recall (1)

teacher 8 3.0 6.57 202.0 0.7939 0.5499
teacher 4 11.0 7.97 216.0 0.7737 0.5057

didc 4 6.0 6.79 209.2 0.7910 0.5363
didc-d 4 7.0 6.57 213.6 0.7866 0.5391

F.3. Masked diffusion language models

F.3.1. DIFFUSION MODELING AND SAMPLING

Diffusion modeling. We basically worked under the same setting as in Section F.2.4 except for the following:
« D =1024.
* The non-mask codebook S* is given by the set of GPT-2 tokenizers, which satisfies |S*| = 50257.

» The masking probability is given by m; = t.

While the above apparently linear noise scheduling is called log-linear (Sahoo et al., 2024, Section E.1), the naming comes
from their parametrization: m; = 1 — e~ with o (t) = —log(1 — t).

Analytical sampling in masked diffusion. The sampling algorithm used for the MDLMs is essentially the same as the
analytical sampling in Section F.1.1, tailored for masked diffusions. What we have is a dimensionally independent denoiser

pojt(ol®e) = [[4=1 pglt(:cg\a:t). By using (42), we can deduce the resulting product denoiser p,|; based on py; as follows:

q$\0($s|w0)Qt|s(wt‘mS)

Psje(Ts|@e) = qu|0,t($s|wo,$t)Po|t(m0|ﬂ?t) = Z (|0 poj¢(Tol®:)

xo zo qtjo(Lt|Lo

_ = qg‘o(wﬂxg)qﬂs(xf\xg) d s d

- Z H d (29|20 p0|t($0‘93t)
zo d=1 A0\ T 1Tg
D d (.d|.d\,d (,.d].d D

qg‘o(xs|x0)qt| 1(1‘t ‘zs) d d d d

=1I1>- i (xd|;d) Pl = ] pd(@lla). (71)

d=1 mg t|0 t 10 d—=1

Note that, once a token (dimension) is unmasked, we do not need to further change that token in the backward process:
this property is incorporated in pg; as pg‘t(xﬂwt) =1 for xf # [MASK] (Sahoo et al., 2024, Section 3.2.3). Thus, we

just need to consider the case 2¢ = [MASK]. By using the fact that the masking probability is given by m; = ¢ and

g5, (IMASK]|z) = "= for - # [MASK] in (69), if 2f = [MASK] and x # [MASK], we simply have

—Ms

qglo(x\x)qﬁs([MASK]lw)pd (o) = A m) 55 (wlme) = T (o)
qﬁo([MASK”CU) ot t o)t t o)t t)s

d
p;‘t(m|$t) = me

which corresponds to Sahoo et al. (2024, Eq. 7).
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(k) didc, 4 steps

Figure 6. Comparison of generated samples. (a)—(d): Conditioned with ImageNet label Ostrich (009). (e)—(h): Conditioned with Burger
(933). (i)—(1): Conditioned with Volcano (980).
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F.3.2. IMPLEMENTATION AND TRAINING

Network architecture. For the teacher model, we used the two “small” checkpoints (round 6 and 7) of Deschenaux &
Gulcehre (2025)%, which uses a transformer architecture to compute the logits of Poj¢(-|x¢) for each token. The transformer
architecture is originally from (Sahoo et al., 2024), and has 169M parameters with 12 layers, the embedding dimension of
768, and 12 attention heads. The model receives D = 1024 tokens and does not depend on the timestep. For adaptation to
mixture modeling, we just applied the same modification as given in Section F.2.4.

Training. While the model accepts a continuous time training, we followed Deschenaux & Gulcehre (2025) to digitize the
timesteps to T = {At-n |n=0,1,2,3,...,1024}, with At = 1/1024. We used the following loss function:

1{t§6}£distil(0; 1/)7 dt, t) + 1{t>6}£consis(0; 71[}3 dt, 07 t— Atv t) + atﬁcorr(o; t) + Lmarginal(o; 1/% qt, t)a (72)

where the details are as follows:

* We set § = 0.02.
* We sample r ~ Unif([0, 1]) and let

or with probability 0.3,

t=2710(1 4 | 210 here  ¢*(r) =
1+ 1277 (r)]),  where t"(r) §+ (1 —8)r with probability 0.7.

Therefore, t € T \ {0} almost surely.
* We sampled x; according to (68) using o from data (OpenWebText).

* We used o; = 0 in the experimental results shown in Section 5.3. In Section F.3.3, we also report the result of setting
ap = 0.1 - g(t) with g(t) from (67).

* Control variates were used in all the experiments.

For training, we mostly followed the original setting of Deschenaux & Gulcehre (2025): We used the Adam optimizer (but
with a learning rate of 3 x 10~5) with EMA (weight decay 0.9999) and did a constant warm-up (increasing the learning rate
linearly for the first 500 iterations and setting it constant after that). For each experiment, the Di4C training (one round) was
run for 100K iterations over 2x A6000 GPUs, where the minibatch size was 2 (1 for each device) and \-batch size was 16.

Self-BLEU computation. As described in Section 5.3, in the conditional generation experiment, we generated M = 5
continuations C) = {X Y), o X éi)} conditioned on the first 50 tokens (prompt) of each WebText datapoint X (). Each
continuation was of 100 tokens including the prompt, and we used M = 256 prompts from the WebText dataset in total. To
quantify the diversity of continuations, we followed Deschenaux & Gulcehre (2025) and computed the Self-BLEU score as

L~ 1y @), () \ x @)
NZMZBLEU(XJ/ ;CUN\ X,
i=1 j=1

where BLEU(X; C') is the BLEU score of a sentence X against the set of reference sentences C'. To actually compute
this, we tokenized the inputs with the GPT-2 tokenizer, and then utilized the implementation of Zhu et al. (2018)* with
ngram = 4, which internally calls the sentence_bleu function of the NLTK library (Bird et al., 2009)° with equal
weighting and the met hod1 smoothing function.

Evaluation. Except for the Self-BLEU computation, all the evaluations were done using the code of SDTT (Deschenaux
& Gulcehre, 2025)°.

31t is loaded by load_small_student (loss='k1ld', round=n) with n = 6,7, from the library sdtt in https://
github.com/jdeschena/sdtt.
‘nttps://github.com/geek-ai/Texygen/blob/master/utils/metrics/SelfBleu.py.
Shttps://github.com/nltk/nltk/blob/3.7/nltk/translate/bleu_score.py.
*https://github.com/jdeschena/sdtt/tree/main.
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Figure 7. Comparison of Di4C distillations of SDTT checkpoints with and without data loss.
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Figure 8. Comparison of Di4C distillations of SDTT checkpoints with and without data loss.

F.3.3. ADDITIONAL EXPERIMENTAL RESULTS

Data loss ablation.

perplexities, we presented them as the main model in Section 5.3.

MAUVE results.

In Figure 7, we show the result for sdtt-6/7 + didc-d, which used loss (72) with oy = 0.1¢g(t) as
mentioned in Section F.3.2. The results are almost the same as those without data loss (especially in Figure 7, where sdtt-7
+ didc is hidden behind the curve of sdtt-7 + didc-d). Since the ones without data loss showed slightly better generative

We also tested our models with the MAUVE score (Pillutla et al., 2021). The setting is the same as the
unconditional generation in Section 5.3, and the MAUVE computation is done by using the code of SDTT (Deschenaux &

Gulcehre, 2025). As shown in Figure 8, no significant performance decay from the teacher model was observed.

F.3.4. GENERATED SAMPLES

Let us qualitatively compare our best model (sdtt-7 + didc?) with the SDTT checkpoint which our model is based on

(sdtt-7), conditioned on the first 50 tokens from this paper’s abstract (old version; highlighted in blue):

e (sdtt-7, 4 steps) Diffusion models have demonstrated exceptional performances in various fields of generative modeling.
While they often outperform competitors including VAEs and GANs in sample quality and diversity, they suffer from
slow sampling speed due to their iterative nature. Recently, districting the image spl Image\ n\ ndistriction the size spl
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Image size The stable image spl consists of thin—arr 2D-frame data that supports band— construction data and generates
the physical representation of image presentation. Although much is known

(sdtt-7 + didc?, 4 steps) Diffusion models have demonstrated exceptional performances in various fields of generative
modeling. While they often outperform competitors including VAEs and GANs in sample quality and diversity,
they suffer from slow sampling speed due to their iterative nature. Recently, distilling the high spl Image Im-
age\n\ndistriction the whole spl Image Image generating an image Image is a thin-narr 2D-layer architecture that
exhibits banding-resolving effects in the lowizing of a low resolution. Little is known

(sdtt-7, 16 steps) Diffusion models have demonstrated exceptional performances in various fields of generative
modeling. While they often outperform competitors including VAEs and GANs in sample quality and diversity, they
suffer from slow sampling speed due to their iterative nature. Recently, distillilusion models, which use a dataset from
the sample and using inferred model data, have become standard. self-arrained three-block sampling that utilizes a
subset of the data and combining Bayesianesian and inferred model data that combines Bayesian

(sdtt-7 + didc?, 16 steps) Diffusion models have demonstrated exceptional performances in various fields of generative
modeling. While they often outperform competitors including VAEs and GANs in sample quality and diversity, they
suffer from slow sampling speed due to their iterative nature. Recently, distorting Diffusion models, nested within a
conventional model architecture, and using different model architectures, has become a flexible self-arrative three-model
architecture that supports intensive problem-solving and mature Bayesianesian model and model development. This
approach has

(sdtt-7, 64 steps) Diffusion models have demonstrated exceptional performances in various fields of generative
modeling. While they often outperform competitors including VAEs and GANs in sample quality and diversity, they
suffer from slow sampling speed due to their iterative nature. Recently, distancing from the Diffusion model has
allowed developers to construct new models using rapid-processing, supervised learning supervised (GCl supervised)
software-drawing that improves the ability to identify discriminant parameters, functional model depth, and is the
process of rapidly

(sdtt-7 + didc?, 64 steps) Diffusion models have demonstrated exceptional performances in various fields of generative
modeling. While they often outperform competitors including VAEs and GANs in sample quality and diversity, they
suffer from slow sampling speed due to their iterative nature. Recently, distancing from the Diffusion model has
allowed scientists to analyze the model using discriml, a software that utilizes to discriml. This software can generate
images that offset the time to be discrimlative, and reduce the time to be discrimlative.

(sdtt-7, 256 steps) 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, distancing from the traditional resource
management process has led to a change in the type of user experience, producing significant advances in the types of
software-developing operations, while facilitating the adoption of parallel programming and functional programming
approaches. However,, it is increasingly

(sdtt-7 + didc?, 256 steps) 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, distorting cloud images are in the process of
processing to high standards in both sample quality and storage, producing important advances in the development of
software-developing operations, while facilitating the development of parallel programming and functional efficiency.
GPUs are in the process of processing
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