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ABSTRACT

Recent advancements in text-to-image and text-to-video models, such as Stable
Diffusion 3 (SD3), Flux and OpenSora, have adopted rectified flow over traditional
diffusion models to enhance training and inference efficiency. SD3 notes increased
difficulty in learning at intermediate timesteps but does not clarify the underlying
cause. In this paper, we theoretically identify the root cause as a higher variance
in the loss gradient estimates at these timesteps, which hinders training efficiency.
Furthermore, this high-variance region is significantly influenced by the noise
schedulers (i.e., how we add noises to clean images) and data (or latent space)
dimensions. Building on this theoretical insight, we propose a Variance-Reduction
Sampling (VR-sampling) strategy that samples the timesteps in high-variance
region more frequently to enhance training efficiency in flow models. VR-sampling
constructs sampling distributions based on Monte Carlo estimates of the loss
gradient variance, allowing it to easily extend to different noise schedulers and
data dimensions. Experiments demonstrate that VR sampling accelerates training
by up to 33% on ImageNet 256 and 50% on ImageNet 512 datasets in rectified
flow models. Furthermore, VR-sampling could simplify the hyperparameter tuning
of logit-normal sampling introduced in SD3. The code is available anonymously
in

1 INTRODUCTION

Diffusion models (Song et al., 2021b; Ho et al., 2020; Dhariwal & Nichol, 2021; Song et al.,
2021a) have emerged as powerful generative models, showing remarkable potential in producing
high-quality data across various domains, such as image generation (Rombach et al., 2022), video
generation (Blattmann et al., 2023), and molecular design (Abramson et al., 2024). While traditional
diffusion models typically rely on a diffusion denoising loss for training, the latest state-of-the-art
models—such as Stable Diffusion 3 (SD3) (Esser et al., 2024), Flux', and OpenSora>—have adopted
flow matching training loss (Lipman et al., 2022). This approach offers improved training efficiency
and a shorter sampling path, making it a preferred choice for modern generative models.

Generative modeling seeks to approximate and sample from a target probability distribution. A
prominent approach, diffusion models (Song et al., 2021b; Ho et al., 2020), generate samples by
simulating a stochastic differential equation (SDE) that gradually transforms a simple distribution into
the data distribution. Their success is largely attributed to a simple regression-based training objective,
which bypasses the need to simulate the SDE during training. Additionally, an ODE exists that has the
same marginal probability as the SDE, providing an alternative path for model training. Recent work
has extended the use of ODEs in generative modeling. For example, continuous normalizing flows
(CNFs) (Lipman et al., 2022) leverage flow matching, a method for directly regressing the ODE drift,
akin to the training process in diffusion models. Similarly, (Liu et al., 2022) introduced rectified flow,
a simplified ODE-based approach for transporting between two observed distributions. Expanding on
these advancements, SD3 (Esser et al., 2024) combines both diffusion and flow formulations to train
a state-of-the-art, open-source text-to-image model using flow models. SD3 also highlights a key

1
2


https://github.com/AnonymousProjects/VR_sampling.git
https://github.com/black-forest-labs/flux.git
https://hpcaitech.github.io/Open-Sora/

Under review as a conference paper at ICLR 2025

—— Linear Scheduler /’\ 35 —— Linear Scheduler N —— Linear Scheduler ﬁ\
40— Cosine Scheduler /‘ —— Cosine Scheduler / \ g — Cosine Scheduler ,/ \
—— Diffusion Scheduler | \ —— Diffusion Scheduler [ —— Diffusion Scheduler /’ \

/

(a) CIFAR10 (b) ImageNet 256 x 256 (c) ImageNet 512 x 512

Diffusion noise scheduler Diffusion noise scheduler Diffusion noise scheduler
6 Cosine noise scheduler Cosine noise scheduler Cosine noise scheduler
Linear noise scheduler Linear noise scheduler Linear noise scheduler

a

)

(d) CIFAR10 (e) ImageNet 256 x 256 (f) ImageNet 512 x 512

Figure 1: Here h7S; represents the derived upper bound on the variance of conditional loss gradient
estimates. Note that ¢ = 0 indicates the pure Gaussian noise, and ¢ = 1 refers to the data. The curves
are generated using Monte Carlo simulations under three noise schedulers: linear (Liu et al., 2022),
cosine (Nichol & Dhariwal, 2021), and traditional diffusion (Ho et al., 2020). (a)-(c) display these
curves for datasets with different dimensionalities: CIFAR10 with 3 x 32 x 32, ImageNet 256 with
latent spaces of 4 x 32 x 32, and ImageNet 512 with latent spaces of 4 x 64 x 64. (d)-(f) presents
the probability density function 7(¢) of VR-sampling distributions.

challenge in rectified flow, noting that the target ODE drift is more difficult to learn at intermediate
timesteps. To address this, SD3 introduces logit-normal sampling and mode sampling to sample
intermediate timesteps more frequently, thus improving the training efficiency of flow models.

In this work, we delve into a deeper understanding of why the target ODE drift function is particularly
challenging to learn at intermediate timesteps. In the optimization of diffusion models or flow models,
techniques such as conditional score matching or conditional flow matching losses are utilized, as
we can only obtain the ground truth regression target when conditioned on the given samples. It has
been proved in (Lipman et al., 2022) that the conditional and non-conditional losses are identical, up
to a constant that is independent of optimization parameters—making the gradients of conditional
loss an unbiased estimator of those from non-conditional losses. However, the practical optimization
process often involves stochastic estimates of the loss, leading to discrepancies between optimizing
conditional loss and unconditional loss. We theoretically analyze the variance of conditional loss
gradient estimates and demonstrate that at intermediate timesteps, it exhibits larger variances, and thus
influences the training stability of these timesteps. Furthermore, we identify that the high-variance
regions closely depend on the noise schedulers (which dictate how noise is added to clean images to
achieve a pure Gaussian distribution) and the dimensions of data or latent space. In Fig. 1 (a)-(c), we
present our derived upper bound on the variance of conditional loss gradient estimates under different
noise schedulers and datasets. The results show that the high-variance regions vary depending on
both the noise scheduler and the dataset dimensionality.

Building on this theoretical analysis, we propose a Variance Reduction-based sampling strategy
(VR-sampling) that samples the high-variance regions more frequently to accelerate the training.
VR-sampling distributions are constructed using Monte Carlo simulations of the derived upper bounds
on the variance and can adjust according to the noise schedulers and data dimensions. The probability
density function 7 (t) of simulated VR-sampling distributions are presented in Fig.1 (d)-(f). Unlike
previous acceleration methods, such as those in (Hang et al., 2023; Choi et al., 2022; Wang et al.,
2024), which primarily focus on noise schedulers and often identify important timesteps heuristically,
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VR-sampling provides a more precise identification of high-variance regions depending on various
noise schedulers and data dimensions. Experiments show that it significantly accelerates flow model
training across different noise schedulers and data dimensions. Futhermore, it can also simplify
the hyperparameter choices of logit-normal sampling introduced in SD3 training. In summary, our
contributions are as follows:

* We derive an upper bound on the variance of loss gradient estimates and theoretically prove
that the convergence rate of the loss value during training depends on this bound. Our
analysis reveals that high-variance regions are strongly influenced by the choice of noise
schedulers and the dimensionality of the data or latent space.

» Leveraging this insight, we propose a Variance-Reduction Sampling (VR-sampling) strategy
that prioritizes sampling from high-variance regions to accelerate training. The VR-sampling
distributions are constructed via Monte Carlo simulations of the variance bounds and easily
adapt to different noise schedulers and data dimensions.

» Extensive experiments on the ImageNet 256 and 512 datasets show that VR-sampling
accelerate training by 33% and 50%, respectively, with linear noise scheduler, by around 35%
with cosine noise scheduler, and by up to 50% with diffusion noise scheduler. Furthermore,
VR-sampling simplifies hyperparameter tuning for logit-normal sampling as introduced in
SD3. Employing logit-normal sampling with our recommended hyperparameters, detailed
in Table 3, achieves a 38% speedup over the default choice on ImageNet 512 with linear
noise scheduler.

2 PRELIMINARIES

In this section, we provide a brief overview of flow-based generative models, discussing their loss
functions and noise schedulers. We also show their connection to diffusion models.

Flow Models Denote x; as a random variable distributed according to some unknown data distri-
bution ¢(z1). Let p; be a probability path generated by a velocity field u; such that pg is a simple
distribution, e.g., the standard normal distribution py(z) = N (x|0, I), and p; = q. The velocity field
uy defines a time-dependent flow, which can be described by an ODE: dx; = wu;(xy, t)dt.

A direct way to build the probability path p, is to regress the velocity field u, through a neural network
vg. We can define the corresponding Flow Matching (FM) loss (Lipman et al., 2022) as

Len(0) = Eyp, @) ve(, 1) — ue(z)|?, (2.1)

where ¢t ~ U[0, 1] (uniform distribution). Flow matching presents a simple and appealing objective;
however, it is impractical to use in practice due to the lack of prior knowledge regarding appropriate
choices of p; and wu;.

Conditional Flow Matching A simpler way of constructing a probability path is via a mixture
of conditional probability paths. Explicitly, when given a data sample z1, we denote p;(z|z1) as
a conditional probability path such that it satisfies po(z|z1) = po(z) at time ¢ = 0 and p; (z|x1)
att = 1 to be g(x1). Marginalizing the conditional probability paths over g(x;) give rise to the
marginal probability path p,(z) = [ pi(z|z1)g(z1)dz.

Denote u(x|z1) as a conditional vector field that generates p;(z|x1). We also have that by marginal-
izing over the conditional vector fields in the following sense:

ug(z) = /ut(x|x1)del = Ep (o) e (2]21)], (2.2)

we can obtain the marginal vector field u;(x). When we choose the conditional probability path as
Gaussian, i.e., p;(z|x1) ~ N (z|azz1, m?1), the velocity field can be solved in closed form. In this
case, we could regress the conditional velocity filed u;(xz|x;) through a neural network vy using the
Conditional Flow Matching (CFM) loss:

Lerm(8) = By g(an)palen) 0o (@, 1) — ue(z]z) ||, (2.3)

Besides, it can be theoretically proved that the gradients of 8, Lrp; and Lo gy wert. 6 are equal.
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Table 1: Different choices of noise scheduler

Noise Scheduler ‘ at ‘ me ‘ ut(zlz1)
— _ 2
Diffusion (Ho et al., 2020) e=3Jo " Beds V1—e~ Jo ™" Beds %ﬂ1—tat$1 - ;W‘tﬁl—te
Linear (Liu et al., 2022) t 1—t T] — €
Cosine (Nichol & Dhariwal, 2021) |  sin(7t/2) cos(mt/2) 5 cos(mt/2)x1 — G sin(wt/2)e

Theorem 2.1 (Theorem 2 (Lipman et al., 2022)). Assuming that p;(x) > 0 for all z € R? and
t € [0,1], then up to a constant independent of 8, Ly and Lo ppr are equal. Hence,

VoLlrm = VoLlorm.

Now we discuss the construction u;(z|z1) for a general family of Gaussian conditional probability
paths. Namely, we consider conditional probability paths of the form p;(z|z1) = N (z|azx1, m?1),
where ag = 0,mp = 1 and a; = 1, m; = 0. This ensures that all conditional probability paths
converge to the same standard Gaussian noise distribution at ¢ = 0. The above distribution can also
be formulated as

Ty = apx1 + Mye, 24

where € ~ A(0, I). This flow provides a vector field that generates the conditional probability path:
dz; = ui(x¢|zq1)dt. Then the unique vector field that defines z; has the following form (Lipman
et al., 2022):

ug(z|zy) = #x + (at - atmt) Z1. (2.5)
t

t
Consequently, us(z|z1) generates the Gaussian path p;(x|z1).

Choices of a; and m; We could have different choices of a; and m;. Specifically, when we choose
a; =t and m; = 1 — ¢, it defines the forward process as straight paths between the data distribution
and a standard normal distribution. This is the rectified flow introduced in (Liu et al., 2022) and we
call it as linear noise scheduler thereafter. Another common choices of a; and m; are sin(nt/2)
and cos(mt/2) (Nichol & Dhariwal, 2021) and we call it as cosine noise scheduler.

When we choose a; = e~3Jo 545 and m, = V1 —e~Jo  Bsds where B, could be a linear

function between an interval, we have the probability path same as the traditional diffusion models,
such as (Ho et al., 2020), and we denote it as diffusion noise scheduler. Note that while traditional
diffusion models typically use the noise (i.e., €) prediction, flow models instead use velocity (i.e.,
u,) prediction. Besides, in our experiments, the time definitions are reversed compared to traditional
diffusion models: t = 0 represents pure Gaussian noise, while ¢t = 1 corresponds to the original data
points. We list the choices of a; and m; and their conditional velocity field u;(x|z1) in Table | and
in this work, we validate our methods under these three noise schedulers.

3 METHODS

In Sec. 3.1, we derive an upper bound on the variance of the gradient estimates for conditional
flow matching loss at a fixed z; and ¢. This bound shows how variance is influenced by the noise
schedulers and the data dimension (or the latent space dimension in latent flow models). Then in
Sec. 3.2, we theoretically prove that the convergence rate of the loss value during training depends on
our derived bound. Thus, in Sec. 3.3, we simulate the upper bound of loss gradient variances using
the Monte Carlo method and show that the mean variance is more prominent in the intermediate
timesteps. Based on these observations, we propose the VR-sampling to mitigate the high variance
and thus accelerate training.

3.1 GRADIENT VARIANCE DURING TRAINING PROCESS

As demonstrated in Theorem 2.1, the gradients Vo Ly, and Vg Loy are theoretically identical.
It is easy to see that given x and ¢, the optimal minimum v} (z,t) of Eqn. (2.1) is achieved at
vp(z,t) = u,(z) and the optimal minimum of Eqn. (2.3) is achieved when

’U;(l‘,t) = Eq(zl),pt(x\zl)[ut<x|xl)] = Ept(:rllx) [ut(x|xl>] = ut(x)
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During the gradient descent optimization, by averaging Vo Lo (6; 21, x,t) over z1 ~ q(z1), it
becomes a good estimator VgL gy (0; z,t) and will converge to the optimal solution (). This
means that for fixed  and t, Vo Lo (0; 21, 2, t) is an unbiased estimator of VoL (0; z, 1), i.e.,

Ep, (21]2) [VoLorr (0521, 2,1)] = VoLrp (05 2,t).

However, in practice, flow-based models are trained using stochastic estimates of gradients. For
example, in stochastic gradient descents (SGD) optimization, we update the parameters as follows:

o)  gU-1) _ NVeLorm (05214, %o, t:),

where 1 ; ~ q(x1), 20, ~ N(0,1),t ~ Uniform(0, 1) and ) is step size. Thus, in this case, for fixed
t and z, the variance of VoLopn (0; 21, 7,t) wrt 2y, ie., Tr(Covya,|2)(VeLorm (0521, 2,1))),
influences the convergence rate of optimization.

Denote V. ; = Tr(CoVy (g, o) (VoLcrr (0521, 2,t))). Suppose our target distribution g is normal-
ized, i.e., By [z1] = 0and 1E,(,,)[||z1]|*] = 1. We could obtain the following lemma:
Lemma 3.1. We could upper bound the average total gradient variance as follows:

oo V) < 44E0 o[ Vovola 1) [ 02 (1 s ()) a, B

my

where hy = a; — a; it and S (%) = LB, () B, (ar |y [21] 12 pe(]21) ~ N (agy, mPT).

The proof of Lemma 3.1 is shown in Appendix C. Here, S € [0, 1] is a function related to the signal-
to-noise ratio (SNR) a;/m;, representing the average data separation scale at a given SNR. This
concept is also discussed in (Shaul et al., 2023), which highlights the difference between conditional
kinetic energy and system kinetic energy. To clarify the notion of data separation, consider a data
point z1; ~ ¢(z1). If this point is well-separated at the SNR a;/m,, then the noised sample
Ty = ax1,; + mye will be closer to its originating data point 1 ; than to any other data point x; ;
with j # ¢. When all data samples are well-separated, we have S = 1, and it is evident that as
ag/my — 00, S — 1.

3.2 CONVERGENCE ANALYSIS

Now we have an analysis on the convergence of SGD and show that the convergence rate of the
loss value during training depends on h; and S. Before presenting our theorem, we introduce some
necessary assumptions.

Assumption 3.2. Suppose vg(7,t) € Rt is L-smooth and twice differentiable w.rt. § € R?
(d > dyyt), i.€., there exist a constant L such that

V5 (vo(z, t);|| S L, VO €RY, x,t,i€ doy.
For any 6 € R?, we further assume |(vg(z,t) — us(z|21));| < § < oo is bounded for all z, 21 and ¢.

Assumption 3.2 assumes the smoothness of the neural network, which is quite common, mild, and
frequently used in the analysis of general non-convex problems (Guo et al., 2021; Arjevani et al.,
2022; Xie et al., 2024). Let Ly be a constant that only depends on 6, d,y:, and L. Then under
Assumption 3.2, we have HVZECFM(G)H < Ly (see its proof in Lemma D.2 in Appendix. D).
Finally, we have the following theorem.

Theorem 3.3 (Linear Convergence). Suppose Assumption 3.2 holds. Consider {6y }rcn a sequence
generated by the SGD algorithm, with a constant stepsize 7 satisfying 0 < n < L%} It follows that

E[Lerm (0] < (1 —20) Loran(6°) + 2d<25 + s)Q/hf (1 -8 (‘”)) dt, (3.2)

me

where § and L are the constants that depend on the boundedness and smoothness of vy (x, t).

The proof of Thereom 3.3 is shown in Appendix. D. Although the loss component in the upper bound
from Eqn. (3.2) diminishes linearly, a noise term persists within the upper bound. Once the loss
reaches a certain threshold, the dominant term in the convergence upper bound effectively becomes
noise term. In contrast to conventional optimization theory, the magnitude of this noise is independent
of the optimization step size and is solely determined by the sampling policy.
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3.3 VARIANCE REDUCTION BASED SAMPLING STRATEGY (VR-SAMPLING)

Based on the above theoretical analysis, we design a sampling strategy that aims to reduce the
variance of loss gradient estimates. First, since we cannot obtain a closed-form expression for the
separation function S, we use the Monte Carlo methods to estimate it. The formulation for the Monte
Carlo estimation of S is

ay 1 XX

where M is the number of data samples and K is the number of Gaussian samples, z1 ; ~ ¢(x1) and
pe(z|z1 ) ~ N (21,4, m?/a?l). Besides, p;(x1 ;|z) could be calculated based on Bayes’ theorem,
ie., pr(214lx) = pe(w|rri)q(z,:) /pe ().

2
1+ mtez) ‘ , (3.3)
Qg

We present the simulated values of S; and hfSt under different noise schedulers and data dimensions
in Fig. 2 and Fig. 1(a)—(c), respectively. In these simulations, the dimensionality of CIFARIO is
3 x 32 x 32, while the latent space dimensions for ImageNet 256 and ImageNet 512 are 4 x 32 x 32
and 4 x 64 x 64, respectively. We observe in Fig. 2 that the timesteps at which the separation function
S, transitions from 0 to 1 differ depending on the noise scheduler and data dimension. This indicates
that the data samples transition from being completely inseparable to well-separated at different
timesteps across various settings. Accordingly, as shown in Fig. 1(a)—(c), the high-variance regions
also vary with different noise schedulers and data dimensions.

&
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S

(a) S for CIFARI10 (b) S for ImageNet-1k 256 (c) S for ImageNet-1k 512

Figure 2: Separation Curves S and h2S; of different noise schedulers under different datasets. Here,
t = 0 indicates the pure Gaussian noise, and ¢ = 1 refers to the data.

In this way, to balance the variance of the loss gradient estimates, we sample timesteps in hign-
variance region more frequently. Our VR-sampling strategy is designed based on the derived upper
bound to create a probability density function (PDF) 7 (t) over t. The process involves the following
steps: (1) we first normalize the simulated curve by calculating the total area under the curve (via
integration) and dividing the curve by the total area; (2) we compute the cumulative sum of the
normalized curve to derive the cumulative distribution function (CDF) F'(t); (3) Using the CDF,
we construct an interpolation function to approximate its inverse F'~1(u), u ~ Uniform(0,1); (4)
the inverse CDF maps a uniformly distributed random variable to the domain of ¢, ensuring that
the resulting samples follow the distribution defined by the probability density function (PDF) 7 (t),
where 7(t) = F'(t). Here the inverse CDF serves as a crucial tool for sampling from the desired
density. Besides, as we use Monte Carlo estimation, we cannot reach the exact point where S; = 1,
but as t — 1, a;/m; — oo, causing the simulated variance curve to approach infinity. To address
this, we smooth the region near ¢ = 1 during normalization to prevent the values from diverging. We
present the probability density function 7(¢) of simulated distributions in Fig. 1 (d)-(f).

Time Consumption on obtaining VR-Sampling The time required to compute the VR-sampling
distributions depends on the number of data samples and Gaussian noise samples selected for
the Monte Carlo simulations. For example, on ImageNet 256 x 256, we set the number of data
samples M = 200 and sample 500 Gaussian noise samples to construct ;. This simulation takes
approximately 40 minutes using 8 A800 GPUs. This time is significantly shorter and acceptable
compared to the several days needed for full training (e.g., for ImageNet 256x256, training for 400K
iterations takes approximately 72 hours on 8 A800 GPUs in our setting). More details about the
choices of samples under each setting and time consumption are shown in Table 4 in Appendix A.1.
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4 EXPERIMENTS

We empirically investigate VR-sampling across a range of experimental settings. First, we describe the
basic experimental setup in Sec. 4.1, including the datasets, codebases, training details, and evaluation
metrics. Next, we present our experimental results in Sec. 4.2 and compare our performance to
current state-of-the-art methods for training diffusion models. Finally, we show that our sampling
strategy could benefit the hyperparameter choice of logit-normal sampling introduced in SD3 (Esser
et al., 2024) in Sec. 4.3.

4.1 EXPERIMENT SETTINGS

Datasets and Codebases To validate our theoretical analysis, we conduct experiments on datasets
of varying dimensions, including CIFAR10, ImageNet-1k 256, and ImageNet-1k 512, and evaluate
across three noise schedulers: linear, cosine, and diffusion. For CIFAR10, we use the TorchCFM
codebase *, which leverages an U-Net to train flow models. For ImageNet 256 and ImageNet 512, we
employ the SiT codebase *. SiT (Ma et al., 2024) is a flow model counterpart to DiT (Peebles & Xie,
2023) and uses the same Transformer architecture. To compare with state-of-the-art methods under
diffusion noise scheduler, we test our sampling strategy on the DiT codebase °.

Training and Evalutions To validate the effectiveness of our methods, we adhere to the default
training settings across the different codebases and run 200K iterations for CIFAR10 and 400k
iterations for ImageNet-1k under each configuration. We use the default training results as the
baseline and compare them with our designed sampling strategies. The detailed training settings are
provided in Appendix A.2.

For evaluation, we primarily use the Frechet Inception Distance (FID) to assess the performance of
the trained models. For CIFAR10, we set the number of sampling steps to 100 and utilize ODE-dopri5
solvers, generating S0K images for FID calculation. For ImageNet 256 and ImageNet 512, we use
250 sampling steps with ODE-dopri5 solvers to generate 10K images for evaluation. We calculate
FID under both unconditional generation (with the classifier-free guidance (cfg) scale of 1.0) and
conditional generation (with cfg scale of 1.5).

4.2 RESULTS

In this section, we show the experimental results across various noise schedulers and data dimensions.
Fig. 3 shows the FID curves for the ImageNet-1k 256 dataset under both unconditional (cfg=1.0)
and conditional (cfg=1.5) generation when we employ SiT XL/2 network. We observe that, using
VR-sampling under linear noise schedule, we achieve the same FIDs (for both conditional and
unconditional generation) as the baseline at 400K iterations, but in only 270K iterations—representing
a 33% acceleration. Similarly, under a cosine noise schedule, we reach the same FIDs at around
250K iterations, achieving a 38% speedup. Notably, with the diffusion noise schedule, we see an
even greater acceleration of 50%, reaching the baseline FIDs at 200K iterations instead of 400K.

-~ Baseline (cfg=1.0) L} -+~ Baseline (cfg=1.0) wlt -+~ Baseline (cfg=1.0)
~+— VR-Sampling (cfg=1.0) IR —+— VR-Sampling (cfg=1.0) —+ VR-Sampling (cfg=1.0)
- Baseline (cfg=1.5) Y —»- Baseline (cfg=1.5) 2 —»- Baseline (cfg=1.5)
- VR-Sampling (cfg=1.5) R - VR-Sampling (cfg=1.5) LU - VR-Sampling (cfg=1.5)

FID
HID
FID

2006 290k a00 T 2006 z0c a0 T 200 20 a0
Training Iteration Training Tteration Training Tteration

(a) Linear scheduler (b) Cosine scheduler (c) Diffusion scheduler
Figure 3: FID curves under different noise schedulers for ImageNet-1k 256256

Fig.4 shows the FID curves for the ImageNet-1k 512 dataset under both unconditional (cfg=1.0)
and conditional (cfg=1.5) generation, using the SiT XL/2 network. Remarkably, with the linear
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noise scheduler, we achieve the same FID as the baseline at 400K iterations in just 200K iterations,
delivering a 50% speedup. Similarly, under the cosine noise scheduler, we observe a 33% speedup,
and with the diffusion noise scheduler, we once again achieve a 50% speedup. Additionally, we
report the FID and Inception Scores (IS) at 400K iterations on the ImageNet-1k dataset in Table2,
further demonstrating the efficiency and performance improvements of our approach.

We present the FID curves for CIFAR10 in Fig. 5 under three noise schedulers. For linear noise
schedulers, it achieves the same FIDs as the baseline at 200K iterations in 140K iterations, showing
a 30% speedup. It shows 10% speedup under cosine noise schedulers and 46% speedup under
diffusion noise schedulers. Note that our methods also generalize to different network size (see
Appendix B.1). In addition, our conclusions hold when using fewer sampling steps and other solvers
(see the Appendix B.2). We also present some qualitative results in the Appendix B.4.

. - Baseline (cig=1.0) i - Baseline (cig=1.0) “ - Baseline (cig=1.0)
A VR-Sampling (cfg=1.0) A VR-Sampling (cfg=1.0) 'VR-Sampling (cfg=1.0)
—%- Baseline (cfg=1.5) ]t —- Baseline (cfg=1.5) X —%- Baseline (cfg=1.5)

- VR-Sampling (cfg=1.5) O\ - VR-Sampling (cfg=1.5) N - VR-Sampling (cfg=1.5)

2 . T T

. . . - . .

50k 100k 150k _ 200k 250k 300k 350k 400k S0k 100k 150k 200 Ok 300k 350k 400k S0k 100k 150k _ 200k 250k 300k 350k 400k
Training Iteration Training Iteration Training Iteration

(a) Linear scheduler (b) Cosine scheduler (c) Diffusion scheduler

Figure 4: FID curves under different noise schedulers for ImageNet-1k 512x512

Table 2: Comparison of FID and IS metrics for different noise schedulers on ImageNet 256 and
ImageNet 512. Here * denotes the results at 350K iterations and other results are at 400K iterations.

ImageNet 256 ImageNet 512
FID (1) IS FID (1) IS

cfg=1.0 cfg=1.5 | cfg=1.0 cfg=1.5 | cfg=1.0 cfg=1.5 | cfg=1.0 cfg=1.5
Baseline 21.56 8.47 71.19 157.33 31.58 14.98 49.44 103.60
VR-sampling | 18.79 7.10 8193  182.01 19.89 8.19 81.92 172.59
Cosine Baseline_ 21.18 8.34 71.87 159.40 | 33.74* 17.0* 46.25%  93.00%*
VR-sampling | 17.17 6.60 90.20  194.70 | 26.95* 11.40% | 63.14* 132.2*

Baseline 24.27 9.69 62.78 137.88 37.29 18.71 42.54 84.13

Noise Scheduler Method

Linear

Diffusion ;
VR-sampling 18.88 7.61 75.93 159.21 23.60 9.64 66.80 140.68
rrrrr Bascline . -+~ Baseline PN - Baseline
o VR-Sampling o 1y —— VR-Sampling —— VR-Sampling
g’ g a 2 :
T T L — P
(a) Linear scheduler (b) Cosine scheduler (c) Diffusion scheduler

Figure 5: FID curves under different noise schedulers for CIFAR10 datasets

4.3 LOGIT-NORMAL SAMPLING

Stable Diffusion 3 (Esser et al., 2024) introduces logit-normal sampling to accelerate training under
linear noise scheduler, a method that has been adopted in subsequent training frameworks, such as
OpenSora ® and Flux. The density function for logit-normal sampling is given by:

1 1 ( (logit(t) — m)? )

i—n°P 252

svV2rt(l—1t)

mn (t;m, s) =
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where logit(t) = log ﬁ, with a location parameter m and a scale parameter s. In practical training,
the values of m and s are usually set to 0 and 1, respectively.

Inspired by our VR-sampling strategy, we explore its potential to inform hyperparameter choices
for logit-normal sampling. We set the scale parameter s to 1 and align the location parameter m
with the distribution of our VR-sampling. Specifically, we perform a Kolmogorov-Smirnov (KS) test
to compare the VR-sampling distribution with various logit-normal distributions. We choose m in
steps of 0.25 (thatis, ..., —0.75,—0.5,...,0.5,0.75, .. .), selecting the value of m that minimizes
the KS score, thus achieving a closer match between the two distributions. Based on our simulated
VR-sampling distributions shown in Fig. 1 (d)-(f), we conclude the optimal choice of m in Table 3
across various noise schedulers and data dimensions. Here we present a range of m as the two
distributions cannot be totally matched.

Table 3: Recommended choices of location parameters m under different settings. In our experiments,
we set t = 0 to be Gaussian noise and ¢ = 1 be data samples. In the reverse case where ¢ = 1 refers
to Gaussian noise and ¢ = 0 refers to data, just set m’ = —m, where m is our listed choices.

Data dimensions 3x32x32 4x32x32 4x64x64

Linear Scheduler 0.25 ~ 0.5 0~ 0.25 —0.75 ~ -1
Cosine Scheduler 0.25 ~ 0.5 0~ 0.25 —0.75 ~ —1
Diffusion Scheduler 1.25~ 1.5 0.75 ~ 1 0.25 ~ 0.5

Experiments demonstrate that logit-normal sampling with our recommended choice of m outlined
in Table. 3 could accelerate training much more effectively than default choice of m = 0 under
linear noise scheduler. Besides, we also find that it is also effective under cosine and diffusion noise
schedulers. For example, in ImageNet-1k 512x512 dataset, we determine through Kolmogorov-
Smirnov (KS) score comparisons that the optimal choice of m is —0.75 under linear noise scheduler.
We compare the FID curves under VR-sampling, logit-normal sampling with m = —0.75 and m = 0
in Fig. 6. The results show that logit-normal sampling with m = —0.75 achieves a 47% training
speedup over the baseline and a 38% speedup over the default m = 0. Moreover, logit normal
sampling with m = —0.75 achieves a speedup comparable to that of our VR sampling, indicating
that it offers an alternative. For future ease of use, if the data dimensions match those specified in
Table 3, the logit-normal sampling with the recommended m can be employed directly, eliminating
the need to simulate the VR-sampling distribution again.

Another example involves the ImageNet-1k 256 x256 dataset with diffusion noise scheduler. We
compared the FID curves for VR-sampling, logit-normal sampling with m’ = —0.75 (in DiT,
m/ = —m), and the current SOTA method—SpeeD (Wang et al., 2024), designed specifically for
diffusion training. The SpeeD method was implemented using its official codebase’. As illustrated
in Fig.7, both VR-sampling and logit-normal sampling with our recommended m value converge
slightly faster than SpeeD. Unlike SpeeD, which relies on a complex heuristic sampling and weighting
strategy based solely on changes in SNR (as discussed in Theorem 1 of SpeeD), our methods target
the fundamental factors affecting training. This makes our methods easily applicable across various
noise schedulers and datasets and obtain good performance. In fact, it remains uncertain whether the
SpeeD method is still effective when applied to flow model training. We presents additional results
for other noise schedulers and data dimensions in Appendix B.3.

5 RELATED WORK

Flow and Diffusion Generative Models Diffusion models have emerged as a powerful class of
generative models, particularly effective in generating high-quality images. These models operate
by defining a forward process, where noise is incrementally added to data, and a reverse process,
which denoises the data to generate samples. Building on the principles of diffusion models, Lipman
et al. (2022) introduced flow matching, which constructs a probability flow ODE directly to generate
samples from learned distributions. Liu et al. (2022) propose rectified flow to learn the transformation
between Gaussian noise and a target data distribution, by creating a straight-line path between
them. Huang et al. (2024) proposes incorporating correlated noise instead of pure Gaussian noise
into deterministic diffusion models, which improves image quality. Similarly, Heitz et al. (2023)
introduces iterative a-blending, which blends and deblends samples between two densities. Further
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advancing this line of work, SD3 (Esser et al., 2024) scales rectified flow to large-scale text-to-image
models, pushing the boundaries of diffusion-based generative models.

Training Acceleration in Diffusion Models To accelerate the training of diffusion models,
P2 (Choi et al., 2022) and Min-SNR (Hang et al., 2023) introduce two re-weighting methods.
P2 weighting prioritizes learning from key noise levels determined by observations, while Min-SNR
adjusts timestep loss weights based on clamped signal-to-noise ratios to balance conflicts. There are
also two re-sampling methods: Log-Normal (Karras et al., 2022) and CLTS (Xu et al., 2024) and a
method combining re-weighting and re-sampling: SpeeD (Wang et al., 2024). Log-Normal (Karras
et al., 2022) assigns high sampling probabilities at intermediate timesteps. CLTS (Xu et al., 2024)
proposes a curriculum learning based timestep schedule, which leverages the noise rate as an explicit
indicator of the learning difficulty and gradually reduces the training frequency of easier timesteps,
thus improving the training efficiency. SpeeD (Wang et al., 2024) design an asymmetric sampling
strategy that reduces the frequency of steps from the convergence area while increasing the sampling
probability for steps from other areas. Additionally, they propose a weighting strategy to emphasize
the importance of time steps with rapid-change process increments. All above methods only consider
the impact of noise schedulers on training and most strategies only rely on the change of SNR.

Our work builds on the concept of importance sampling to reduce gradient variance. As demonstrated
by (Katharopoulos & Fleuret, 2018), importance sampling can focus computational efforts on infor-
mative examples, effectively reduce gradient variance during training, and accelerate convergence.
Additionally, Jeha et al. explores variance reduction through a k-th order Taylor expansion applied
to the diffusion training objective and its gradient. In contrast to (Jeha et al.), our approach directly
identifies and targets high-variance regions during training, sampling them more frequently to reduce
variance and improve efficiency, without relying on approximations as in (Jeha et al.).

6 CONCLUSION

In this work, we propose VR-sampling to accelerate flow generative model training by sampling
timesteps in the high-variance region more frequently. We begin by theoretically analyzing the
upper bound on the variance of loss gradient estimates and identify that the high-variance region is
closely correlated with the noise schedulers and data (or latent space) dimensions. Based on this
theoretical insight, we design VR-sampling distributions based on Monte Carlo simulations of our
derived variance upper bounds. We validate the efficiency of VR-sampling under different noise
schedulers and different datasets. Furthermore, VR-sampling could simplify hyperparameter tuning
for logit-normal sampling proposed in SD3 and experiments show that logit-normal sampling with
our recommended choice of m also has a good training speedup.

Limitations and future work Due to the limitation of GPU resources, we do not test our sampling
strategy on larger model size, such as stable diffusion 3 and video generation models. Extending
our approach to larger-scale models, where computational demands are significantly higher, would
greatly enhance the value of our methods. Additionally, we observe that our theoretical analysis
can be applied to consistency flow model training, allowing for the design of a sampling strategy to
accelerate consistency training. We will leave this exploration for future work.

10



Under review as a conference paper at ICLR 2025

REFERENCES

Josh Abramson, Jonas Adler, Jack Dunger, Richard Evans, Tim Green, Alexander Pritzel, Olaf
Ronneberger, Lindsay Willmore, Andrew J Ballard, Joshua Bambrick, et al. Accurate structure
prediction of biomolecular interactions with alphafold 3. Nature, pp. 1-3, 2024.

Yossi Arjevani, Yair Carmon, John C Duchi, Dylan J Foster, Nathan Srebro, and Blake Woodworth.
Lower bounds for non-convex stochastic optimization. Mathematical Programming, pp. 1-50,
2022.

Andreas Blattmann, Tim Dockhorn, Sumith Kulal, Daniel Mendelevitch, Maciej Kilian, Dominik
Lorenz, Yam Levi, Zion English, Vikram Voleti, Adam Letts, et al. Stable video diffusion: Scaling
latent video diffusion models to large datasets. arXiv preprint arXiv:2311.15127, 2023.

Jooyoung Choi, Jungbeom Lee, Chaehun Shin, Sungwon Kim, Hyunwoo Kim, and Sungroh Yoon.
Perception prioritized training of diffusion models. In Proceedings of the IEEE/CVF Conference
on Computer Vision and Pattern Recognition, pp. 11472-11481, 2022.

Prafulla Dhariwal and Alexander Nichol. Diffusion models beat GANs on image synthesis. In
Advances in Neural Information Processing Systems, volume 34, 2021.

Patrick Esser, Sumith Kulal, Andreas Blattmann, Rahim Entezari, Jonas Miiller, Harry Saini, Yam
Levi, Dominik Lorenz, Axel Sauer, Frederic Boesel, et al. Scaling rectified flow transformers for
high-resolution image synthesis. In Forty-first International Conference on Machine Learning,
2024.

Zhishuai Guo, Yi Xu, Wotao Yin, Rong Jin, and Tianbao Yang. A novel convergence analysis for
algorithms of the Adam family. arXiv preprint arXiv:2112.03459, 2021.

Tiankai Hang, Shuyang Gu, Chen Li, Jianmin Bao, Dong Chen, Han Hu, Xin Geng, and Baining
Guo. Efficient diffusion training via min-snr weighting strategy. In Proceedings of the IEEE/CVF
International Conference on Computer Vision, pp. 7441-7451, 2023.

Eric Heitz, Laurent Belcour, and Thomas Chambon. Iterative a-(de) blending: A minimalist
deterministic diffusion model. In ACM SIGGRAPH 2023 Conference Proceedings, pp. 1-8, 2023.

Jonathan Ho, Ajay Jain, and Pieter Abbeel. Denoising diffusion probabilistic models. Advances in
Neural Information Processing Systems, 33:6840-6851, 2020.

Xingchang Huang, Corentin Salaun, Cristina Vasconcelos, Christian Theobalt, Cengiz Oztireli, and
Gurprit Singh. Blue noise for diffusion models. In ACM SIGGRAPH 2024 Conference Papers, pp.
1-11, 2024.

Paul Jeha, Will Sussman Grathwohl, Michael Riis Andersen, Carl Henrik Ek, and Jes Frellsen.
Variance reduction of diffusion model’s gradients with taylor approximation-based control variate.
In ICML 2024 Workshop on Structured Probabilistic Inference {\ &} Generative Modeling.

Tero Karras, Miika Aittala, Timo Aila, and Samuli Laine. Elucidating the design space of diffusion-
based generative models. arXiv preprint arXiv:2206.00364, 2022.

Angelos Katharopoulos and Frangois Fleuret. Not all samples are created equal: Deep learning with
importance sampling. In International conference on machine learning, pp. 2525-2534. PMLR,
2018.

Yaron Lipman, Ricky TQ Chen, Heli Ben-Hamu, Maximilian Nickel, and Matthew Le. Flow matching
for generative modeling. In The Eleventh International Conference on Learning Representations,

2022.

Xingchao Liu, Chengyue Gong, et al. Flow straight and fast: Learning to generate and transfer data
with rectified flow. In The Eleventh International Conference on Learning Representations, 2022.

Nanye Ma, Mark Goldstein, Michael S Albergo, Nicholas M Boffi, Eric Vanden-Eijnden, and
Saining Xie. Sit: Exploring flow and diffusion-based generative models with scalable interpolant
transformers. arXiv preprint arXiv:2401.08740, 2024.

11



Under review as a conference paper at ICLR 2025

Alexander Quinn Nichol and Prafulla Dhariwal. Improved denoising diffusion probabilistic models.
In International conference on machine learning, pp. 8162-8171. PMLR, 2021.

William Peebles and Saining Xie. Scalable diffusion models with transformers. In Proceedings of
the IEEE/CVF International Conference on Computer Vision, pp. 4195-4205, 2023.

Robin Rombach, Andreas Blattmann, Dominik Lorenz, Patrick Esser, and Bjorn Ommer. High-
resolution image synthesis with latent diffusion models. In Proceedings of the IEEE/CVF Confer-
ence on Computer Vision and Pattern Recognition, pp. 10684—10695, 2022.

Neta Shaul, Ricky T. Q. Chen, Maximilian Nickel, Matt Le, and Yaron Lipman. On kinetic optimal
probability paths for generative models. In Proceedings of the 40th International Conference on
Machine Learning, ICML’23. JMLR.org, 2023.

Jiaming Song, Chenlin Meng, and Stefano Ermon. Denoising diffusion implicit models. In Interna-
tional Conference on Learning Representations, 2021a.

Yang Song, Jascha Sohl-Dickstein, Diederik P Kingma, Abhishek Kumar, Stefano Ermon, and Ben
Poole. Score-based generative modeling through stochastic differential equations. In International
Conference on Learning Representations, 2021b.

Kai Wang, Yukun Zhou, Mingjia Shi, Zhihang Yuan, Yuzhang Shang, Xiaojiang Peng, Hanwang
Zhang, and Yang You. A closer look at time steps is worthy of triple speed-up for diffusion model
training. arXiv preprint arXiv:2405.17403,2024.

Xingyu Xie, Pan Zhou, Huan Li, Zhouchen Lin, and Shuicheng Yan. Adan: Adaptive nesterov
momentum algorithm for faster optimizing deep models. IEEE Transactions on Pattern Analysis
and Machine Intelligence, 2024.

Tianshuo Xu, Peng Mi, Ruilin Wang, and Yingcong Chen. Towards faster training of diffusion
models: An inspiration of a consistency phenomenon. arXiv preprint arXiv:2404.07946, 2024.

12



Under review as a conference paper at ICLR 2025

A TRAINING DETAILS

A.1 DETAILS ON MONTE CARLO SIMULATIONS

Denote the number of samples as M and the number of Gaussian samples are K. Besides, we divide
the time range [0, 1] into 1000 discrete timesteps. We implement the Monte Carlo simulation on GPUs,
as most of the calculations involve matrix operations. The time consumption (in seconds) to compute
S; for each timestep shown in Table. 4. We can find that the computation time are highly dependent
on the choice of M and K. However, since the computations for each timestep are independent, they
can be executed in parallel across multiple GPUs to reduce the time consumption. Furthermore, as
shown in Fig. 8, increasing M and K makes the high-variance region more pronounced, but also
increases time consumption. To balance this trade-off, we typically set M = 200 and K = 500
which has been experimentally shown to work well.

Table 4: Time consumption with different M and K

M K sec/per timestep

100 200 ~ 3.8s
200 500 ~ 17.5s
500 1000 ~ 101.5s

4.0
1.0 4
35
0.8 1 3.0
25 /\
0.6 — M=100,K=200 N —— M=100,K=200
t M =200, K =500 N’g 20 M =200, K =500
0.4 —— M=500,K=1000 15 —— M=500,K=1000
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(a) Simulated separation curves. (b) hZS; curves.

Figure 8: Separation curves and h7S; under different M and K with linear noise scheduler in
ImageNet 512x512.

A.2 TRAINING SETTINGS

In this part, we present the detailed setting of training across different settings. For experiments
related with CIFAR10, we implement the cosine noise scheduler and diffusion noise scheduler in the
TorchCFM codebase ® and choose the “icfm” model as the model under linear noise scheduler. We
run each setting using one A800 GPU and the explicit training details are as follows:

Table 5: Training Parameters for CIFAR10

Parameter Value
Learning Rate (—-1r) 2e-4
EMA Decay (——ema_decay) 0.9999
Batch Size (-—batch_size) 128
Total Steps (——total_steps) | 200001
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For training in SiT ° and DiT '° codebase, we run each setting using A800 GPUs and the explicit
training details are:

Table 6: Training parameters for ImageNet 256 and 512

| TmageNet 256 ImageNet 256 ImageNet 512

Model SiT-S/2 SiT-XL/2, DiT-XL/2 SiT-XL/2
Number of GPUs 4 8 8
Training Iterations 700K 400K 400K
Image size(--image-size) 256 256 512
Number of classes (——num—-classes) 1000 1000 1000
Global batch size(-—global-batch-size) 256 256 128
VAE (--vae) ema ema ema
CFG scale (-—cfg-scale) 4.0 4.0 4.0
Optimizer AdamW AdamW AdamW
Learning rate le-4 le-4 le-4
Weight decay 0 0 0

B MORE EXPERIMENTAL RESULTS

B.1 GENERALIZE TO DIFFERENT NETWORK SIZE

The results presented in Sec. 4.2 show the performance across various data dimensions and noise
schedules using SiT XL/2, which contains 675 million parameters. In this part, we demonstrate that
our sampling strategy is equally effective with SiT S/2, which has 33 million parameters. We test this
case under ImageNet-1k 256 datasets and report the FIDs of unconditional generation. We could also
observe around 35% speedups under the linear and cosine noise scheduler and 50% speedup under
diffusion noise scheduler.

-+ Baseline -+ Baseline - Baseline
VR-Sampling VR-Sampling wl N VR-Sampling

FID
FID
FID

Wok A0k 500k o T W0k 300k 400k SO0k 600K Wok A0k 500c
Training Iteration Training Iteration Training Iteration

(a) Linear scheduler (b) Cosine scheduler (c) Diffusion scheduler

Figure 9: FID curves (cfg=1.0) under different noise schedulers when using SiT S/2

B.2 RESULTS ON FEWER SAMPLING STEPS

In Sec. 4.2, we calculated the FID values using 250 sampling steps with the ODE-dopri5 solvers.
In this section, we demonstrate that our conclusions remain valid even with a reduced number of
sampling steps using alternative solvers. We reduced the sampling steps to 30 and employed the
ODE-Euler solvers. The results shown in Table. 7 confirm that with fewer sampling steps and
different solvers, we can achieve comparable, and sometimes superior, improvements in both FID
and IS metrics.

B.3 CHOICES OF m

In this part, we provide additional experimental results about the choices of m. As it is time-
consuming to validate every setting, we only choose part of settings and try to cover all noise

9
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Table 7: Comparison of FID and IS metrics under different sampling step and method on ImageNet

256. Here we present the results when cfg=1.0 at 400K iterations.

ImageNet 256
Noise Scheduler Method FID (]) IS (1)
ODE-dopri5 ODE-Euler | ODE-dopri5 ODE-Euler
250 steps 30 steps 250 steps 30 steps

Baseline 21.56 24.38 71.19 68.74

Linear VR-sampling 18.79 21.39 81.93 80.42
improve 2.77 2.99 10.74 11.68

Baseline 21.18 26.00 71.87 65.22

Cosine VR-sampling 17.17 21.55 90.20 81.95
improve 4.01 4.45 18.33 16.73

Baseline 24.27 33.47 62.78 51.95

Diffusion VR-sampling 18.88 26.85 75.93 62.69
improve 5.39 6.62 13.15 10.74

schedulers and datasets. In ImageNet 512x512, we choose linear noise scheduler and present the
FID (cfg = 1) curves under SiT XL/2 networks in Fig. 10 (a). In this case, the KS-scores between our
simulated curves and logit-normal sampling is shown in Fig. 10 (b). We can find that in this case, the
recommended choices of m is —1 ~ —0.75 outlined in Table. 3 has smaller KS scores and the FID
curves converge faster than other choices. Specifically, logit-normal sampling with our recommended
choices achieves a 47% training speedup over the baseline and a 38% speedup over the default m = 0.

- Baseline
VR-Sampling

- Logit-normal(-1, 1)

- Logit-normal(-0.5, 1)
- Logit-normal(-0.75, 1)
- Logit-normal(0, 1)

0.275

0.225

0.200

KS-score

0.175

50k 100k 150k 200k 250k 300k 350k 400k -0.8 0.6

Training Iteration m

-0.4 -0.2 0.0

(a) FID curves under linear noise scheduler. (b) KS scores under different m.

Figure 10: FID curves and KS score under linear noise scheduler in ImageNet 512x512.

In ImageNet 256 x 256, we choose the cosine noise scheduler and present the FID (cfg = 1) curves
under SiT XL/2 networks in Fig. 11 (a). In this case, the KS-scores between our simulated curves
and logit-normal sampling is shown in Fig. 11 (b). We can find that in this case, the recommended
choices of m is 0 ~ 0.25 outlined in Table. 3 has smaller KS scores and the FID curves converge
faster than other choices. Specifically, logit-normal sampling with our recommended choices of m
achieves a 37.5% training speedup over the baseline and an about 25% training speedup over the
other choices of m, such as m = —0.5 or m = 0.5.

In CIFARI10, we choose the diffusion noise scheduler and present the FID curves under Unet in
Fig. 12 (a). In this case, the KS-scores between our simulated curves and logit-normal sampling is
shown in Fig. 12 (b). We can find that in this case, the recommended choices of m is 1.25 ~ 1.5
outlined in Table. 3 has smaller KS scores and the FID curves converge faster than other choices.

B.4 QUALITATIVE RESULTS

In this part, we present some qualitative results in Fig. 13, Fig. 14 and Fig. 15.
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Figure 11: FID curves and KS score under cosine noise scheduler in ImageNet 256 x256.
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Figure 12: FID curves and KS score under diffusion noise scheduler in CIFAR10.

B.5 MORE QUANTITATIVE RESULTS

We include additional experimental results showing FID values with more training iterations (900K
iterations) in Fig. 19. We also show the gradient curve in Fig. 20. Additionally, we also show the
results with higher cfg values in Fig. 21. In this figure, we present the FID and IS curves under
cfg=3.0 and cfg=4.5 under linear noise schedulers for ImageNet256 datasets. A high classifier-free
guidance (cfg) scale introduces a trade-off between fidelity (alignment to conditional input) and
diversity/realism. Specifically:

* Inception Score (IS) improves with higher cfg values as the generated images become more
distinct and coherent with their class features, resulting in higher confidence predictions.

» FID, however, often suffers at high cfg values because the generated images deviate from
the natural statistics of the dataset due to overfitting to the class guidance.

In Fig. 21 (a), for higher cfg values (e.g., cfg=3.0 and cfg=4.5), the trends of the FID curves differ
from those at lower cfg values (e.g., cfg=1.0 and cfg=1.5). Initially, our method outperforms the
baseline in terms of FID, but with longer training, the FID eventually becomes worse than the baseline.
This occurs because the model fits the data better but becomes overly aligned to the class conditions
at higher cfg values, reducing diversity and realism.

However, as shown in Fig. 21 (b), the Inception Scores (IS) consistently outperform the baseline
methods across all cfg values, indicating better semantic alignment and class fidelity. Additionally,
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at higher cfg scales, the differences between our method and the baseline are more pronounced,
highlighting the advantages of VR-sampling in these settings.

C PROOF OF LEMMA 3.1

We begin to prove Lemma 3.1. We have that
COVp(a o) (Vollve(, t) — ur(z|z1)]?)
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< AEp(ay oy [ue (@l )ue (2]20) T — we(@)ue (@) £ (Vove (2, £)) (Vove(z, 1)) ||
S AE oy lue (@l ue (2]20) " — we(@)ue (@) || FII1(Vove (z, £)) (Vove(z, 1)) | p
= 4l|Vove (@, )P Ep(ay oy llue (z|z1) |* = e (2)[|7].

Recall that we have
u(z|zy) = %x + (dt - atZZ) Z7.
Denote g; = % and h; = (at — ay 2—:) Then we have that
Et,q(a1).pe(alan) e (@120 %] = Eegor) po(olon lgew + hewa ]

(a
2 Bt (1) 0 (eo) [|gememo + grazzy + by ||?]

. . AT
= By g(1),po(zo) | ||Te0 + 1hear/mezt + | Gy — atﬁ 1
t
= Et:‘l(wl)wo(lo)[”mt'TO + atx1||2}

b
Q4 B[ + a2
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where (a) is because © = m;xo + a;x1 and x and x1 is independent, (b) is because zg ~ N (0, )
and we assume ¢ is normalized. We also have that

Et po(o) 1t (2)1] = B p () [ (o1 oy e (1) 1I7]
=E¢ p,(2) [||gtx + hiBop, (21 2)[21 ||2]
= Et,p,(z) [ 1211% + 2g:he By, (o 2 [21] + hE | Bp, (2 [21]]|7]
Et po(a) [G2 12117 + 29004y, (2, 2y [21] + hid = hid + hZ | Ep, (2,12 [21] 7]
=Eipo(a) (9712017 + 2000 Epy (012 [21] + hid] = By p, () [hEd = B By, (2, ) [21]]17]-
For the first term in RHS, we have
Et po(2) (9012117 + 29:he By, (2 1oy [21] + BEd] = Bty (2) pr (a2 (92 12117 + 2g¢hes + hid]
=Bt po(@) pe(anlo) (92 121 + 2geher + hi[|21]|?]
= Et p, () ps (a1 o) 962 + Ry ][]

= Bt q(a1) e (afan) e (2]21) ).

Denote S (%) = LE,, ) |Ep, (21]2) [21]]|?- Thus, the second term in RHS is
Q¢
B8~ Dol = B a1 =5 (22 )]
Combining the above results, we have
a
B oy ateol el = ()2 = B i (1-5 ()]

which completes the proof of Lemma 3.1.

D CONVERGENCE GUARANTEE

To prove the main results, we first provide a auxiliary lemma.

Lemma D.1 (Polyak-Eojasiewicz (PL) Inequality). Suppose vg(z,t) € Rut is differentiable w.r.t.
0 € R% and d > dyy;. For all 8 € R?, we have

Lorn(6) < 5 (IVoLors(@) + Var (VoLer(®: 1, a,1) ).

Proof. We separate the last layer learnable bias term from 6, namely, 0 := [#_;, b], where b is the
learnable bias of the last layer. And hence, there exists vg_, (z, t) such that vg(x,t) = vg_, (x,t) + b,
we have

2
L:CFM(G) = Et,q(xl),Pt(x|x1)||v9(xvt)*ut(ﬂxl)”z = Et,q(m),pt(xlm)||v9—b(m7t) +b— Ut(x‘xl)H .

Note that the Jacobian matrix of vg_, (z,t) + b reads as:
3, (0;2,1) = [Jveib(e,b;x,t),Idm} € R dour (D.1)

where J,, (0_p; z, t) is the Jacobian of the function vy_, (z, t) w.r.t. 0_p. Since d > doye, J»(0; 2, 1)
is full column-rank, i.e., Jf (6; 2, )3, (0; z,1) = I,

out*®

Similar to the prove in (Lipman et al., 2022), to ensure existence of all integrals and to allow the
changing of integration order (by Fubini’s theorem) in the following, we assume that g(z;) and
pi(x|z1) are decreasing to zero at a sufficient speed as ||z|| — oo and that u;, vg, Vgvg are bounded.
Then we have:

VQECFM(G) = VQEt,q(wl),pt(xh:l) ||1}97b($, t) +b— ut(x|m1)||2
= By gen) putalen) | Volloo_ (2.8) + b — we(alen)| ]
= B¢ g(a1),pe(z]a1) [2JU(0; x,t) (’Ugib(l‘, t)+b— ut(sc|x1))]

18
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Therefore, we get
2
'CCFM(H) = Et,q(zl),pt(mlwl) Hv&b (x, t) +b— ut($|$1)H
= By (w1 (o) || T5 052, 8) T (032, 8) (vo_, (2, 1) + b — wy(z|z1)) |

|
< (Bt pialan [ 230 (05 2,8) (vo_, (,8) + b — uy () ||

’ 2

= i <||V950FM(9) 1> + Var (VoL (6521, , t)))7
which finish the proof. O
Lemma D.2 (Smoothness of L& gz (0)). Suppose Assumption 3.2 holds, then we have
VeLcrm(9)|| < Lo,
where Ly < oo is the constant that only depends on 8, dy+, and L.

Proof. Given any i € [doyt), let f;(0,x,t) == (vg(x,t) — us(x|21)),. We already have boundedness
for the zeroth- and second-order, i.e.,

fi(0,z,t) <6, || Vafi(0,2,1)] <L,
then, by the Taylor’s theorem with the Lagrange form of the remainder,we have

1
fi(aaax7t) = fl(aax7t)+vgfz(97xat)(0a - 9)+§(0a - G)Tvgfz(eéax,t)(oa - 0); voavo € Rda

where 6 is some point between 6, and §. Without loss of generality, we let ||¢, — 6| = 1, hence we
can get

1 L
’vgfz(97x7t)(9a - 6)‘ < |fi(9aax7t) - f1(97x7t)|+§ (ea - O)Tv3f1(0$7x7t)(9a - 9) < 26+§7vea70'
Then we can get | Vo f; (0,2, t)|| < 26 + L. Then we have
v9f1(67x7t)

§2(5+£.

13065, 1)]| = s

Vo fdy.. (0,2,t)

Now, we are ready to prove the smoothness of Lo pps(0). The Hessian of the Lopas(0) is
2
VZ‘CC'FM(Q) = VgEt,q(ml),pt(r\ml) H’Ua_b(l‘, t) +b— ut(mlxl)H
2
= Evgtenpnteten | Vil oy (2.8) +b = wi(olen) ]

= 2E+t g(21),p¢ (x]21)

dout
I, (0;2,) + > (vo(w, 1) — Ut(xlwl))iw(ve(r,t))i] -
i=1
Note that, we already have

H(Ug(x,t) - ut(m|w1))iV2(v9(x7t))iH < L.

Then, by Jensen inequality, we can conclude that

IVeLorm(0)] =2

dou,t
Eth(ml)’Pt(f\%) [JUJ;F (6‘; €, t) + Z (UQ(CU, t) - ut(x‘xl))iVQ(Uf)(xﬂ t))z]

i=1
dout
< 2Et,q(z1),pt(w\w1) JUJI(H,I,t) + Z (UG(‘Tat) - ut(l’|$1))iv2(1}9($,t))i
=1
dout
< Q}EHJUJI(H;x,t)H +2E Z (vo(,t) — ug(z|21)), V2 (v (2, 1)),
i=1

I\ 2
< 2(2(5 + 2> + 2dy 0L = Ly.
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Proof of Theorem. 3.3. Due the the Ly-smoothness from Lemma D.2 and together with the update
rule of SGD, we have

ACCFM(QkJrl) < LCFJVI(GIC) + <V6£CFM(8k);0k+l o 9k> + %H0k+1 o akHQ

Lon?
2

=Lerm(0) —n{(VoLerm (%), VoLorn (0¥ 21,2,t)) + |VoLerm (0¥ 21,2, t)||2'

By taking expectation conditioned on #*, and denote V := Var (Vo Lcrar(0; 21, ,t)), we can get

L 2
E[Lcrm (0] < Lopm(07) — 77||VG£CFM(9k)H2 + 9277 E|‘V9£CFM(9k§$laxat)H2
Lgn? Lon*V
<Lerm(0*) — 77||V9£CFM(9k)H2 + GT??HVQ»CCFM(@)HQ + %
(a) 2 Len’V
<Lcrm(0*) - g”veﬁcmw(@k)H + QZ
(b) Lon*V
SCCFM(Qk) + g(V — 4CCF]\4(9k)) + %
S(l - QU)ECFM(Q'IC) +nV
v
§(1 — Qn)k[:CFM(GO) + 5
(o)
2020 Lopar(07) + 208, o Vounle 017 17 (15 () ) a
t
k 0 L ? 2 ay
<(1—2n)"Lerm(07) +2d( 26 + - R(1-8(—))dt,
2 my
where (a) is due ton < L%’ (b) comes from Lemma D.1, and (¢) comes from Lemma 3.1. O]
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Figure 13: Linear noise scheduler in ImageNet 512 x 512 (zoom in to observe

details).
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Figure 14: Cosine noise scheduler in ImageNet 256 x 256 (zoom in to observe

details).
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Figure 16: More qualitative results on linear noise scheduler in ImageNet 512 x 512
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Figure 18: Qualitative results on CelebA datasets under linear noise scheduler at 40k iterations.
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Figure 19: FID values with more training iter-
ations.

45 Baseline
-~ VR-Sampling
10 Baseline (cfg=1.5)
- VR-Sampling (cfg=1.5)
35 Baseline (cfg=3)
- VR-Sampling (cfg=3)
20 Baseline (cfg=4.5)
a - VR-Sampling (cfg=4.5)
2P
20
15
10
e
------ 2]
100k 200k 300k 400k

Training Iteration

(a) FID under cfg=3.0 and cfg=4.5.

Figure 21: FID and IS curves for higher cfg values under linear noise schedulers for ImageNet256

datasets.
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Figure 20: Variance of loss gradient norm at
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400K iterations.
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(b) IS under cfg=3.0 and cfg=4.5.
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