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ABSTRACT

Diffusion models are relatively easy to train but require many steps to
generate samples. Consistency models are far more difficult to train, but
generate samples in a single step.

In this paper we propose Multistep Consistency Models: A unification
between Consistency Models (Song et al [2023)) and TRACT (Berthelot
et al.,|2023) that can interpolate between a consistency model and a diffusion
model: a trade-off between sampling speed and sampling quality. Specifically,
a 1-step consistency model is a conventional consistency model whereas a
oo-step consistency model is a diffusion model.

Multistep Consistency Models work really well in practice. By increasing
the sample budget from a single step to 2-8 steps, we can train models
more easily that generate higher quality samples, while retaining much of
the sampling speed benefits. Notable results are 1.4 FID on Imagenet 64
in 8 sampling steps and 2.1 FID on Imagenet128 in 8 sampling steps with
consistency distillation, using simple losses without adversarial training.
We also show that our method scales to a text-to-image diffusion model,
generating samples that are close to the quality of the original model.

1 INTRODUCTION

Diffusion models have rapidly become one of the dominant generative models for image,
video and audio generation (Ho et al., [2020; Kong et al.l 2021} [Saharia et al., [2022). The
biggest downside to diffusion models is their relatively expensive sampling procedure: whereas
training uses a single function evaluation per datapoint, it requires many (sometimes hundreds)
of evaluations to generate a sample.

Recently, Consistency Models (Song et al., [2023) have reduced sampling time significantly,
but at the expense of image quality. Consistency models come in two variants: Consistency
Training (CT) and Consistency Distillation (CD) and both have considerably improved
performance compared to earlier works. TRACT (Berthelot et al.| |2023]) focuses solely on
distillation with an approach similar to consistency distillation, and shows that dividing the
diffusion trajectory in stages can improve performance. Despite their successes, neither of
these works attain performance close to a standard diffusion baseline.

Here, we propose a unification of Consistency Models and TRACT, that closes the perfor-
mance gap between standard diffusion performance and low-step variants. We relax the
single-step constraint from consistency models to allow ourselves as much as 4, 8 or 16
function evaluations for certain settings. Further, we generalize TRACT to consistency
training and adapt step schedule annealing and synchronized dropout from consistency
modelling. We also show that as steps increase, Multistep CT becomes a diffusion model.
We introduce a unifying training algorithm to train what we call Multistep Consistency
Models, which splits the diffusion process from data to noise into predefined segments. For
each segment a separate consistency model is trained, while sharing the same parameters.
For both CT and CD, this turns out to be easier to model and leads to significantly improved
performance with fewer steps. Surprisingly, we can perfectly match baseline diffusion model
performance with only eight steps, on both Imagenet64 and Imagenet128.

Another important contribution of this paper that makes the previous result possible, is a
deterministic sampler for diffusion models that can obtain competitive performance on more
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1.0

Figure 1: This figure shows that Multistep Consistency Models interpolate between (single
step) Consistency Models and standard diffusion. Top at ¢ = 0: the data distribution which
is a mixture of two normal distributions. Bottom at ¢ = 1: standard normal distribution.
Left to right: the sampling trajectories of (1, 2, 4, co)-step Consistency Models (the latter is
in fact a standard diffusion with DDIM) are shown. The visualized trajectories are real from
trained Multistep Consistency Models. The 4-step path has a smoother path and will likely
be easier to learn than the 1-step path.

complicated datasets such as ImageNet128 in terms of FID score. We name this sampler
Adjusted DDIM (aDDIM), which essentially inflates the noise prediction to correct for the
integration error that produces blurrier samples.

In terms of numbers, we achieve performance rivalling standard diffusion approaches with
as little as 8 and sometimes 4 sampling steps. These impressive results are both for
consistency training and distillation. A remarkable result is that with only 4 sampling steps,
multistep consistency models obtain performances of 1.6 FID on ImageNet64 and 2.3 FID
on Imagenet128.

2 BACKGROUND: DIFFUSION MODELS

Diffusion models are specified by a destruction process that adds noise to destroy data:
z; = oy + o€ where €, ~ N(0,1). Typically for ¢ — 1, z; is approximately distributed as
a standard normal and for ¢ — 0 it is approximately x. In terms of distributions one can
write the diffusion process as: q(zi|x) = N (2|, 0y).

Following (Sohl-Dickstein et al., 2015; Ho et al. [2020) we will let 07 = 1 — a? (variance
preserving). As shown in Kingma et al.| (2021)), the specific values of o and «; do not really
matter. Whether the process is variance preserving or exploding or something else, they can
always be re-parameterized into the other form. Instead, it is their ratio that matters and
thus it can be helpful to define the signal-to-noise ratio, i.e. SNR(t) = a?/c2. To sample
from these models, one uses the denoising equation:

(25|20, ®) = N (25 |pi5 (20, @), 015) (1)
where x is approximated via a learned function that predicts & = f(z,t). Note here
2 —
that o7, = (& + Z;'S) " and piss = 07, (S22 + %) as given by (Kingma et al.
S t]s tls s

[2021). In (Song et al., [2021b)) it was shown that the optimal solution under a diffusion
objective is to learn E[z|z;], i.e. the expectation over all data given the noisy observation
zt. One than iteratively samples for t =1,1 - 1/N,...,1/N and s =t — 1/N starting from
z1 ~ N(0,1). Although the amount of steps required for sampling depends on the data
distribution, empirically generative processes for problems such as image generation use
hundreds of iterations making diffusion models one of the most resource consuming models
to use (Luccioni et al., 2023).

Consistency Models In contrast, consistency models (Song et al.| [2023} |Song & Dhariwal
2023) aim to learn a direct mapping from noise to data. Consistency models are constrained
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Figure 2: Qualititative comparison between a multistep consistency and diffusion model.
Top: ours, samples from aDDIM distilled 16-step concistency model (3.2 secs). Bottom:
generated samples usign a 100-step DDIM diffusion model (39 secs). Both models use the
same initial noise.

to predict & = f(z0,0), and are further trained by learning to be consistent, minimizing:

|1/ (2¢,t) — nograd(f(zs, s))II, (2)

where z; = asx + 0s€ and z; = oz + o€, (note both use the same €) and s is closer to the
data meaning s < t. When (or if) a consistency model succeeds, the trained model solves for
the probability ODE path along time. When successful, the resulting model predicts the
same x along the entire trajectory. At initialization it will be easiest for the model to learn
f near zero, because f is defined as an identity function at ¢ = 0. Throughout training, the
model will propagate the end-point of the trajectory further and further to ¢t = 1. In our
own experience, training consistency models is much more difficult than diffusion models.

Consistency Training and Distillation Consistency Models come in two flavours: Con-
sistency Training (CT) and Consistency Distillation (CD). In the paragraph before, z5 was
given by the data which would be the case for CT. Alternatively, one might use a pretrained
diffusion model to take a probability flow ODE step (for instance with DDIM). Calling this
pretrained model the teacher, the objective for CD can be described by:

| f(z¢, 1) — nograd(f (DDIM¢—s (Zteacher; 2t), )|, 3)

where DDIM now defines z given the current z; and (possibly an estimate of) x.

An important hyperparameter in consistency models is the gap between the model evaluations
at t and s. For CT large gaps result in a bias, but the solutions are propagated through
diffusion time more quickly. On the other hand, when s — ¢ the bias tends to zero but
it takes much longer to propagate information through diffusion time. In practice a step
schedule N(-) is used to anneal the step size t — s = 1/N(-) over the course of training.

DDIM Sampler The DDIM sampler is a linearization of the probability flow ODE that
is often used in diffusion models. In a variance preserving setting, it is given by:

zs = DDIM;,s(x, 2¢) = asx + (0s/0¢) (2t — az) (4)

In addition to being a sampling method, the DDIM equation will also prove to be a useful
tool to construct an algorithm for our multistep diffusion models.

Another helpful equations is the inverse of DDIM (Salimans & Hol [2022)), originally proposed
to find a natural way parameterize a student diffusion model when a teacher defines the
sampling procedure in terms of z; to z,. The equation takes in z; and z,, and produces x
for which DDIM;_,(x, 2:) = zs. It can be derived by rearranging terms from the DDIM
equation:

ze — Loz,
x = invDDIM;_, (25, 2¢) = It (5)

e
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3 MuLTISTEP CONSISTENCY MODELS

In this section we describe multi-step consistency models. First we explain the main
algorithm, for both consistency training and distillation. Furthermore, we show that multi-
step consistency converges to a standard diffusion training in the limit. Finally, we develop

a deterministic sampler named aDDIM that corrects for the missing variance problem in
DDIM.

3.1 GENERAL DESCRIPTION

Multistep consistency splits up diffusion Algorithm 1 Training Multistep CMs

time into equal segments to simplify the
modelling task. Recall that a consistency
model must learn to integrate the full ODE
integral. This mapping can become very
sharp and difficult to learn when it jumps
between modes of the target distribution
as can be seen in Figure[I] A consistency
loss can be seen as an objective that aims
to approximate a path integral by minimiz-
ing pairwise discrepancies. Multistep consis-
tency generalizes this approach by breaking
up the integral into multiple segments. Orig-
inally, consistency runs until time-step 0,
evaluated at some time t > 0. A consis-
tency model should now learn to integrate
the DDIM path until 0 and predict the cor-
responding . Instead, we can generalize

Sample & ~ paata, € ~ N(0,I), train iteration 4
Nper segment =
round(Nieacher (¢) /student _steps)

step ~ U(0, student _steps — 1)

Nyrel ™~ u(17 Nper segment)

tstep = step/student steps

T
Lteacher —
cacher {fteacher (Zta t)

Tvar = Hmteacher - :EHQ/d
t = tstep + Nrer/T  and
Zt = Q4 + OL€E

Zs = aDDIMtﬁs(mteachery Zt, xvar)

&rer = nograd(f(zs, s))

T = f(zt7 t)

ﬁref,tstcp = DDIMsatstep (:i:refv zs)

Zaig = InVDDIMy—st 0y (Zref topep » 2t) — &

Ly = wy - ||@aige|| for instance wy = SNR(t) + 1

if training
if distillation

s=t—1/T

the consistency loss to targets 2, instead
of (= zp). It turns out that the DDIM equation can be used to operate on z;,, for
different times tgep, Which allows us to express the multi-step consistency loss as:

H DDIMt*ﬂfstep (f(zt7 t)v Zt) - 2ref7tstep | |7 (6)

where Zief 1., = DDIM,_ ., (nograd f(z,s),2s) and where the teaching step z, =
aDDIM;_,¢(x, z;) is an approximation of the probability flow ODE. For now it suffices
to think of aDDIM as DDIM. It will be described in detail in section [3.2] In fact, one can
drop-in any deterministic sampler (or integrator) in place of aDDIM in the case of distillation.

A model can be trained directly on this loss in z space, however make the loss more
interpretable and relate it more closely to standard diffusion, we re-parametrize the loss to
T-space using:

[@aige|| = [1f (2, ) — invDDIMt 0 (Zref, taep 26)|]- (7)

This allows the usage of existing losses from diffusion literature, where we have opted for
v-loss (equivalent to SNR + 1 weighting) because of its prior success in distillation (Salimans
& Hol 2022]).

As noted in (Song et al., [2023), consistency in itself is not sufficient to distill a path (always
predicting 0 is consistent) and one needs to ensure that the model cannot collapse to
these degenerate solutions. Indeed, in our specification observe that when s = tsep, then
Zref tyep = DDIM 1, (255 &) = zs. As such, the loss of the final step cannot be degenerate
because it is equal to:

[|f(z¢,t) — invDDIM; s (2, 2¢)]||- (8)

Many-step CT is equivalent to Diffusion training Consistency training learns to
integrate the probability flow through time, whereas standard diffusion models learn a path
guided by an expectation & = E[x|z;] that necessarily has to change over time for non-trivial
distributions. There are two simple reasons that for many student steps, Multistep CT
converges to a diffusion model. 1) At the beginning of a step (specifically ¢ = tgep + %) the
objectives are identical. Secondly, 2) when the number of student steps equals the number
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of teacher steps T', then every step is equal to the diffusion objective. This can be observed
by studying Algorithm [1} let ¢ = tgep + 1/ For consistency training, aDDIM reduces to
DDIM and observe that in this case s = tgep. Hence, under a well-defined model f (such

as a v-prediction one) DDIM;_,4,,,, does nothing and simply produces 2ref’tstcp = z,. Also
observe that 2;, = 2Zs. Further simplification yields:
w(t)||zaig|| = w(t)|| invDDIM, 4 (25, 20) — 2| = w(t)||x — 2| (9)

Where || — &|| is the distance between the true datapoint and the model prediction weighted
by w(t), which is typical for standard diffusion. Interestingly, in (Song & Dhariwal, 2023) it
was found that Euclidean (¢2) distances typically work better than for consistency models
than the more usual squared Euclidean distances (¢2 squared). We followed their approach
because it tended to work better especially for smaller number of student steps, which is
a deviation from standard diffusion. Because multistep consistency models tend towards
diffusion models, we can state two important hypotheses:

1. Finetuning Multistep CMs from a pretrained diffusion checkpoint will lead to quicker
and more stable convergence.

2. As the number of student steps increases, Multistep CMs will rival diffusion model
performance, giving a direct trade-off between sample quality and duration.

Note that this trade-off requires training a new Multistep CM for each of the desired student
steps, but given that one starts from a pretrained model, one expects that finetuning requires
a fraction of the original training budget.

What about training in continuous

tirr}e?d Diﬁuskt)_n modils ca{)ﬂ be ezllsily Algorithm 2 Sampling from Multistep CMs
rained in continuous time by sampling = —

t ~ U(0,1), but in Algorithm [1| we have ?jinf i ?12 N(g’)li",hj; ‘o stfieitisgfs
taken the trouble to define ¢t as a discrete 2 — Dl%’Il.\/.[;;Z(f(zt 1), 1) T

grid on [0,1]. One might ask, why not let end for o

t be continuously valued. This is certainly
possible, if the model f would take in an additional conditioning signal to denote in which
step it is. This is important because its prediction has to discontinuously change between
t > tsep (this step) and ¢ < tgep (the next step). In practice, we often train Multistep
Consistency Models starting from pre-trained with standard diffusion models, and so having
the same interface to the model is simpler. In early experiments we did find this approach
to work comparably.

3.2 THE ApJusTED DDIM (ADDIM) SAMPLER.

Popular methods for distilling diffusion mod-
els, including the method we propose here,
rely on deterministic sampling through nu-
merical integration of the probability flow
ODE. In practice, numerical integration of
this ODE in a finite number of teacher steps
incurs error. For the DDIM integrator (Song
et all 2021a) used for distilling diffusion

Algorithm 3 Generating Samples with aD-
DIM
For all ¢, precompute Tvar: = 1||@ — &(2:)||?/d,
or set Tvar,s = 0.1/(2 + o /a?).
Sample zp ~ N(0,1I), choose n € (0,1)

. . e for t in (%,..., %) wh =t—1/Td
models in both consistency distillation (Song Og :mfggt’ 5 » ) where s /T do

et al. 2023)) and progressive distillation (Sal; ¢ = (2 — i) /oy

imans & Ho, [2022; Meng et all 2022) this Zovar = (s — 105 /0)? - Tars
integration error causes samples to become 2 = as@ 4 /02 + (d/[[€][?) 2 var - €
blurry. To see this quantitatively, consider a end for 7

hypothetical perfect sampler that first sam-
ples x* ~ p(x|z;), and then samples z; using

zt — o™ atas) . O

¥+ 2z (10)

¢ Ot Ot

zi =asx" + o0,
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Figure 3: Comparison of sampling methods for the small ImageNet 64 (left) and ImageNet 128
(right) models without distillation. The Heun (with sampler adds a second order correction
to DDIM.

If the initial z; is from the correct distribution p(z;), the sampled z} would then also be
exactly correct. Instead, the DDIM integrator uses

2PPM — (o, — yosfo))@ + (05 )00) 24, (11)
with model prediction &. If & = E[x|z;], we then have that
E[l2:]* — 122 "™ | 2] = trace(Var[zs|z]), (12)
where Var[z|z] is the conditional variance of z; given by
Var([zs|z:] = (s — aosfor)? - Var[z|z¢], (13)

and where Var[z|z;] in turn is the variance of p(x|z;).

The norm of the DDIM iterates is thus too small, reflecting the lack of noise addition in the
sampling algorithm. Alternatively, we could say that the model prediction & ~ E[x|z,] is
too smooth.

Currently, the best sample quality is achieved with stochastic samplers, which can be tuned
to add exactly enough noise to undo the oversmoothing caused by numerical integration.
However, current distillation methods are not well suited to distilling these stochastic samplers
directly. Alternatively, deterministic 2"¢ order samplers are also not ideal, as they require
an additional forward pass during distillation.

Here we therefore propose a new deterministic sampler that aims to achieve the norm
increasing effect of noise addition in a deterministic way, with a single evaluation. It turns
out we can do this by making a simple adjustment to the DDIM sampler, and we therefore
call our new method Adjusted DDIM (aDDIM). Our modification is heuristic and is not more
theoretically justified than the original DDIM sampler. However, empirically we find aDDIM
to work very well leading to improved FID scores (Fig. [3)) and thus a stronger deterministic
teacher.

aDDIM performs on par with the 2nd order Heun sampler on Imagenet64 and outperforms
it on Imagenet128. Indicating that a noise correction works just as well or better than a 29
order correction. Interestingly, we also found that the 2°¢ order Heun sampler (Karras et al.l
2022) only works well with the noise schedule introduced in the same work (see App. for
more details).

Instead of adding noise to our sampled zg, we simply increase the contribution of our
deterministic estimate of the noise € = (z; — ;&) /0. Assuming that & and € are orthogonal,
we achieve the correct norm for our sampling iterates using:

22PDIM _ & + /02 + tr(Var[zs| z]) /]| €] % - & (14)
In practice, we can estimate tr(Var[z;|z;]) = (s — ayos/0y)? - tr(Var[z|z;]) empirically on
the data by computing beforehand tr(Var|z|z;]) = n||Z(z;) — x||? for all relevant timesteps .
Here 7 is a hyperparameter which we set to 0.75. Alternatively, we obtain equally good results
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Figure 4: Another qualititative comparison between a multistep consistency and teacher,
using the same prompt. Top: ours, a distilled 16-step concistency model (3.2 secs). Bottom:
generated samples using a 100-step DDIM diffusion model (39 secs). Both models use the
same initial noise.

by approximating the posterior variance analytically with tr(Var|z|z:])/d = 0.1/(2 + a3 /o?),
for data dimension d, which can be interpreted as 10% of the posterior variance of x if
its prior was factorized Gaussian with variance of 0.5. In either case, note that Var[z,|z]
vanishes as s — ¢: in the many-step limit the aDDIM update thus becomes identical to the
original DDIM update. For a complete description see Algorithm [3]

Note that aDDIM only replaced the teacher steps. The student model uses a vanilla DDIM
step which learns to predict the trajectory of the teacher with aDDIM. The student DDIM
step only serves as a convenient output parameterization, and the student could just as well
predict z; directly.

4 RELATED WORK

Multistep Consistency Models are a direct combination of (Song et all 2023} [Song &
and TRACT (Berthelot et all [2023). Compared to consistency models, we
propose to operate on multiple stages, which simplifies the modelling task and improves
performance significantly. On the other hand, TRACT limits itself to distillation and uses
the self-evaluation from consistency models to distill models over multiple stages. The
stages are progressively reduced to either one or two stages and thus steps. The end-goal of
TRACT is again to sample in either one or two steps, whereas we believe better results can
be obtained by optimizing for a slightly larger number of steps. We show that this more
conservative target, in combination with our improved sampler and annealed schedule, leads
to significant improvements in terms of image quality that closes the gap between sample
quality of standard diffusion and low-step diffusion-inspired approaches.

Earlier, DDIM (Song et al.|2021a) showed that deterministic samplers degrade more gracefully
than the stochastic sampler used by [Ho et al.| (2020) when limiting the number of sampling
steps. Karras et al. (2022) proposed a second order Heun sampler to reduce the number of
steps (and function evaluations), while Jolicoeur-Martineau et al.| (2021)) studied different
SDE integrators to reduce function evaluations. Progressive Distillation (Salimans & Ho
[2022; Meng et al., 2022) distills diffusion models in stages, which limits the number of mode
evaluations during training while exponentially reducing the required number of sampling
steps with the number stages.

Other methods inspired by diffusion such as Rectified Flows (Liu et all 2023a) and Flow
Matching (Lipman et al.;[2023) have also tried to reduce sampling times. In practice however,
flow matching and rectified flows are generally used to map to a standard normal distribution
and reduce to standard diffusion. As a consequence, on its own they still require many
evaluation steps. In Rectified Flows, a distillation approach is proposed that does reduce
sampling steps more significantly, but this comes at the expense of sample quality.
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Table 1: Imagenet performance with multistep consistency training (CT) and consistency
distillation (CD), started from a pretrained diffusion model. A baseline with the aDDIM
sampler on the base model is included.

Small Large
ImageNet64 ImageNet128 ImageNet64  ImageNet128
Steps | Train Distill Train Distill | Train Distill

Base Consistency Model 1 7.2 4.3 16.0 8.5 6.4 3.2 14.5 7.0
MultiStep CM (ours 2 2.7 2.0 6.0 3.1 2.3 1.9 4.2 3.1
MultiStep CM (ours 4 1.8 1.7 4.0 24 1.6 1.6 2.7 2.3
MultiStep CM (ours 8 1.5 1.6 3.3 2.1 1.5 1.4 2.2 2.1
MultiStep CM (ours 16 1.5 1.5 34 2.0 1.6 1.4 2.3 2.0

Diffusion (aDDIM) 512 | 1. 2.2 14 2.2

NEPNSINEINS

ot

Table 2: Ablation of CD on Imagel28 with and without Table 3.: Comparison_between
: : PD (Salimans & Hol 2022) and

annealing the teacher steps on ImageNet128. Annealing the CT/CD I NotGd h

teacher stepsize improves the performance. / on ImageNet on the

- small model.
Steps (64 — 1280) (step = 128) (step = 256) (step = 1024) Steps CT (ours) CD (ours) PD
1 7.0 8.8 7.6 10.8

2 31 5.3 3.6 3.8 ; 02 oe T

1 23 5.0 3.5 2.6 : : :

s 21 1.9 3.2 2.2 : L8 L2
: : : : 8 1.5 16 18

Adversarial distillation Distillation to a few steps was very difficult to do using only
simple distance metrics. Therefore, many works resort to a form of adversarial training. For
example [Luo et al| (2023]) distill the knowledge from the diffusion model into a single-step
model and |Zheng et al. (2023) use specialized architectures to distill the ODE trajectory
from a pre-created noise-sample pair dataset. A very similar approach to ours is Consistency
Trajectory Models (CTMs) (Kim et al., |2023), which are trained to arbitrarily integrate to a
given timestep. This is implemented by modifying the inputs of the denoising network to
include an endpoint of the integration. Although CTMs produce very high quality image
samples in a few steps, their performance relies on adversarial training: Without it, CTMs
cannot produce great samples and have a considerable gap in FID score. In contrast, our
Multistep CMs can be trained with simple distance metrics and still achieve very good FID
scores under a few sampling steps. A possible explanation is that it is much easier to learn a
handful of fixed integration trajectories (Multistep CMs) instead of every possible integration
with arbitrary endpoints (CTMs). Another advantage of Multistep CMs is that the inputs
to the denoising network are not changed, making fine-tuning of existing diffusion models to
Multistep CMs very straightforward.

5 EXPERIMENTS

Our experiments focus on a quantitative comparison using the FID score on ImageNet as
well as a qualitative assessment on large scale Text-to-Image models. These experiments
should make our approach comparable to existing academic work while also giving insight in
how multi-step distillation works at scale.

5.1 EVALUATION ON IMAGENET

For our ImageNet experiments we trained diffusion

models on ImageNet64 and ImageNet128 in a base Table 4: Ablation of the aDDIM
and large variant. We initialize the consistency models teacher on ImageNet64.

from the pre-trained diffusion model weights which we  Student Steps DDIM aDDIM

found to greatly increase robustness and convergence. 7 3.91 4.35
Both consistency training and distillation are used. 2 1.99 2.02
Classifier Free Guidance (Ho & Salimans| 2022)) was 4 L7 1.68
used only on the base ImageNet128 experiments. For ? p };g igi

all other experiments we did not use guidance because
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it did not significantly improve the FID scores of the

diffusion model. All consistency models are trained for 200,000 steps with a batch size of
2048 and a teacher step schedule that anneals from 64 to 1280 in 100.000 train steps with an
exponential schedule.

In Table [1] the performance improves when the student step count increases. There are
generally two patterns we observe: As the student steps increase, performance improves.
This validates our hypothesis that more student steps are a useful trade-off between sample
quality and speed. Conveniently, this happens very early: even on a complicated dataset
such as ImageNet128, our base model variant is able to achieve 2.1 FID with just 8 student
steps.

To draw a direct comparison between Pro-
gressive Distillation (PD) (Salimans & Ho| Table 5: Literature Comparison on ImageNet.

2022) and our approaches, we reimplement  Method NFE FID non-adv

PD using aDDIM and we use same base ar-  [.ccnet 64 = 64

chitecture, as reported in Table[3] With our DDIM Song et al] B02Ta)

10 187 v
improvements, PD can attain better perfor- DFNO (LPIPS] (Zheng ot al.|[2023) 1 7.83 v
mance than previously reported in literature. TRACT (Berthelot et al.[[2023) L 743 v
However, compared to MultiStep CT and Z ;"g; 5
CD it starts to degrade in sample quality 8 241 v
at low step counts. For instance, a 4-step  Diff-Instruct L 557
PD model attains an FID of 2.4 whereas CD  ©P ((ri?iﬁm;iﬁlgggfiﬁ' % 12:; 5
achieves 1.7. 4 24 v
8 1.7 v
In Thl. |§| we ablate the effect of using ad- PD Stochastic (Meng et al.|[2022) 1 185 v
justed DDIM as a teacher. Empirically, we 2 b8l v
: Lo 4 224 v
observe that the adjusted sampler is impor- s 231 v
tant when more student steps are used. In €D (LPIPS) (Song et al.| 2023} 1 620 v
contrast, vanilla DDIM works better when ; igg j
few steps are taken and the student does not  pr, (LPIPS) (Song ot al.| 023} 1 788 v
get close to the teacher as measured in FID. 2 574 v
3 4.92 v
Further we ablate whether annealing the iCT-deep (Song & Dhariwal|[2023) 1 325 v
step schedule is important to attain good gTTNf‘(’%m — ? %ZJ v
performance. As can be seen in Tbl. [2] it is : 9 17
especially important for low multistep mod- DMD (Yin et al.|[2023) 1 26
els to anneal the schedule. In these experi- MultiStep-CT {ours) Z 2.3 ‘;
ments, annealing always achieves better per- ] 112 v
formance than tests with constant teacher MultiStep-CD (ours) 1 32 v
steps at 128,256,1024. As more student Z 11‘3 ‘;
steps are taken, the importance of the an- 8 1.4 v

nealing schedule decreases. Tmagenet 128 @ 128

VDM (Kingma & Gao|[2023)
PD (Salimans & Ho||2022)
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Literature Comparison Compared to
existing works in literature, we achieve
SOTA FID scores in both ImageNet64 and  MultiStep-CT (ours)
Imagenet128 with 4-step and 8-step gen-

eration. Interestingly, we achieve approx-  \ultiStep-CD (ours)
imately the same performance using single
step CD compared to iCT-deep (Song &

B
[\
N N N NN

Dhariwal, |2023)), which achieves this result

using direct consistency training. Since di-

rect training has been empirically shown to be a more difficult task, one could conclude that
some of our hyperparameter choices may still be suboptimal in the extreme low-step regime.
Conversely, this may also mean that multistep consistency is less sensitive to hyperparameter
choices.

In addition, we compare on ImageNet128 to our reimplementation of Progressive Distillation.
Unfortunately, ImageNet128 has not been widely adopted as a few-step benchmark, possibly
because a working deterministic sampler has been missing until this point. For reference we
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Table 6: Text to Image performance. Note that when 8/16-step Consistency is compared to a
teacher model that is only guidance distilled at 256 steps, there is practically no performance
loss.

Method NFE FID3pc FIDs, CLIP  non-adv
SDv1.5 (Rombach et al.|[2022) low g (from DMD) 512 8.8 - v
high g (from DMD) 512 13.5 0.322 v
DMD (low guidance) (Yin et al.|[2023) 1 11.5 -
(high guidance) 1 14.9 0.32
UFOGen (Xu et al.|[2023) 1 12.8 22.5 0.311
4 22.1  0.307
InstaFlow-1.7B (Liu et al.||2023b) 1 11.8 22.4  0.309 v
PeRFlow (Yan et al.[[2024) 4 11.3 v
Teacher Diffusion Model g=0.5 (ddpm) 256 7.9 13.6 0.305 v
guidance distilled (ddim) 256 8.2 13.8  0.300 v
Multistep-CD (teacher g=0.5) 4 8.7 14.4  0.298 v
8 8.1 13.8 0.300 v
16 7.9 13.9  0.300 v
Teacher Diffusion Model g=3 (ddpm) 256 12.7 18.1  0.315 v
guidance distilled (ddim) 256 13.9 19.0 0.312 v
Multistep-CD (teacher g=3) 4 12.4 18.1 0.311 v
8 13.9 19.6 0.311 v
16 14.4 20.0 0.312 v

also provide the recent result from (Kingma & Gao, [2023)). Further, with these results we
hope to put ImageNet128 on the map for few-step diffusion model evaluation.

5.2 EVALUATION ON TEXT TO IMAGE MODELLING

In addition to the analysis on ImageNet, we study the effects on text-to-image models. We
distill a 16-step consistency model from a base teacher model. In Table [ one can see that
Multistep CD is able to distill its teacher almost perfectly in terms of FID. The loss of clip
score can be attributed to the guidance distillation, which a baseline 256-step student model
also has trouble distilling. Compared to the guidance-distilled baseline, the 16-CD model
has no loss in performance measured in CLIP and FID on the low guidance setting (and
for the high guidance setting only a minor degradation in FID). Even the 8-step CD model
attains an impressive FID score of 8.1, which is well below the existing literature.

In Figure [2] and [6] we compare samples from our 16-step CD aDDIM distilled model to the
original 100-step DDIM sampler. Because the random seed is shared we can easily compare
the samples between these models, and we can see that there are generally minor differences.
In our own experience, we often find certain details more precise, at a slight cost of overall
construction. Another comparison in Figure [ shows the difference between a DDIM distilled
model (equivalent to n = 0 in aDDIM) and the standard DDIM sampler. Again we see many
similarities when sharing the same initial random seed.

6 CONCLUSIONS

In conclusion, this paper presents Multistep Consistency Models, a simple unification between
Consistency Models (Song et al., 2023)) and TRACT (Berthelot et all 2023)) that closes the
performance gap between standard diffusion and few-step sampling. Multistep Consistency
gives a direct trade-off between sample quality and speed, achieving performance comparable
to standard diffusion in as little as eight steps. The main limitation of multistep consistency is
that one pays the price of several function evaluations to generate a sample. Here, adversarial
approaches generally perform better when only one or two evaluations are permitted, but
they come the cost of more difficult training dynamics.

Broader Impacts This paper proposes a method to speed up sampling from diffusion
models. Although generative models may be used for positive applications such as enhancing
human creativity or drug discovery, they may also be used to create deepfakes or misinfor-
mation. Hence, enabling faster sampling may amplify both the positive and the negative
impacts of generative modelling.

10



Under review as a conference paper at ICLR 2025

REFERENCES

David Berthelot, Arnaud Autef, Jierui Lin, Dian Ang Yap, Shuangfei Zhai, Siyuan Hu,
Daniel Zheng, Walter Talbott, and Eric Gu. TRACT: denoising diffusion models with
transitive closure time-distillation. CoRR, abs/2303.04248, 2023.

Jonathan Ho and Tim Salimans. Classifier-free diffusion guidance. CoRR, abs/2207.12598,
2022. doi: 10.48550/arXiv.2207.12598. URL https://doi.org/10.48550/arXiv.2207 .,
12598.

Jonathan Ho, Ajay Jain, and Pieter Abbeel. Denoising diffusion probabilistic models. In Hugo
Larochelle, Marc’ Aurelio Ranzato, Raia Hadsell, Maria-Florina Balcan, and Hsuan-Tien
Lin (eds.), Advances in Neural Information Processing Systems 33: Annual Conference on
Neural Information Processing Systems 2020, NeurIPS, 2020.

Emiel Hoogeboom, Jonathan Heek, and Tim Salimans. simple diffusion: End-to-end diffusion
for high resolution images. In International Conference on Machine Learning, ICML,
volume 202 of Proceedings of Machine Learning Research, pp. 13213-13232. PMLR, 2023.

Alexia Jolicoeur-Martineau, Ke Li, Rémi Piché-Taillefer, Tal Kachman, and Ioannis
Mitliagkas. Gotta go fast when generating data with score-based models. CoRR,
abs/2105.14080, 2021.

Tero Karras, Miika Aittala, Timo Aila, and Samuli Laine. Elucidating the design space of
diffusion-based generative models. In Advances in Neural Information Processing Systems
85: Annual Conference on Neural Information Processing Systems 2022, NeurIPS, 2022.

Dongjun Kim, Chieh-Hsin Lai, Wei-Hsiang Liao, Naoki Murata, Yuhta Takida, Toshimitsu
Uesaka, Yutong He, Yuki Mitsufuji, and Stefano Ermon. Consistency trajectory models:
Learning probability flow ODE trajectory of diffusion. CoRR, abs/2310.02279, 2023.

Diederik P. Kingma and Ruiqi Gao. Understanding the diffusion objective as a weighted
integral of elbos. CoRR, abs/2303.00848, 2023.

Diederik P. Kingma, Tim Salimans, Ben Poole, and Jonathan Ho. Variational diffusion
models. CoRR, abs/2107.00630, 2021.

Zhifeng Kong, Wei Ping, Jiaji Huang, Kexin Zhao, and Bryan Catanzaro. DiffWave: A
versatile diffusion model for audio synthesis. In 9th International Conference on Learning
Representations, ICLR, 2021.

Shanchuan Lin, Bingchen Liu, Jiashi Li, and Xiao Yang. Common diffusion noise schedules
and sample steps are flawed, 2024. URL https://arxiv.org/abs/2305.08891.

Yaron Lipman, Ricky T. Q. Chen, Heli Ben-Hamu, Maximilian Nickel, and Matthew Le.
Flow matching for generative modeling. In The Eleventh International Conference on
Learning Representations, ICLR 2023, Kigali, Rwanda. OpenReview.net, 2023.

Xingchao Liu, Chengyue Gong, and Qiang Liu. Flow straight and fast: Learning to generate
and transfer data with rectified flow. In The Eleventh International Conference on Learning
Representations, ICLR 2023, Kigali, Rwanda, May 1-5, 2023. OpenReview.net, 2023a.
URL https://openreview.net/pdf?id=XVjTT1lnw5z.

Xingchao Liu, Xiwen Zhang, Jianzhu Ma, Jian Peng, and Qiang Liu. Instaflow: One step is
enough for high-quality diffusion-based text-to-image generation. CoRR, abs/2309.06380,
2023b.

Alexandra Sasha Luccioni, Yacine Jernite, and Emma Strubell. Power hungry processing:
Watts driving the cost of ai deployment? arXiv preprint arXiv:2311.16863, 2023.

Weijian Luo, Tianyang Hu, Shifeng Zhang, Jiacheng Sun, Zhenguo Li, and Zhihua Zhang.
Diff-instruct: A universal approach for transferring knowledge from pre-trained diffusion
models. CoRR, abs/2305.18455, 2023.

11


https://doi.org/10.48550/arXiv.2207.12598
https://doi.org/10.48550/arXiv.2207.12598
https://arxiv.org/abs/2305.08891
https://openreview.net/pdf?id=XVjTT1nw5z

Under review as a conference paper at ICLR 2025

Chenlin Meng, Ruiqgi Gao, Diederik P. Kingma, Stefano Ermon, Jonathan Ho, and Tim
Salimans. On distillation of guided diffusion models. CoRR, abs/2210.03142, 2022.

Robin Rombach, Andreas Blattmann, Dominik Lorenz, Patrick Esser, and Bjorn Ommer.
High-resolution image synthesis with latent diffusion models. In IEEE/CVF Conference
on Computer Vision and Pattern Recognition, CVPR 2022, New Orleans, LA, USA, June
18-24, 2022, pp. 10674-10685. IEEE, 2022.

Olga Russakovsky, Jia Deng, Hao Su, Jonathan Krause, Sanjeev Satheesh, Sean Ma, Zhiheng
Huang, Andrej Karpathy, Aditya Khosla, Michael Bernstein, Alexander C. Berg, and
Li Fei-Fei. ImageNet Large Scale Visual Recognition Challenge. International Journal of
Computer Vision (IJCV), 115(3):211-252, 2015. doi: 10.1007/s11263-015-0816-y.

Chitwan Saharia, William Chan, Saurabh Saxena, Lala Li, Jay Whang, Emily Denton, Seyed
Kamyar Seyed Ghasemipour, Burcu Karagol Ayan, S. Sara Mahdavi, Rapha Gontijo Lopes,
Tim Salimans, Jonathan Ho, David J. Fleet, and Mohammad Norouzi. Photorealistic
text-to-image diffusion models with deep language understanding. CoRR, abs/2205.11487,
2022.

Tim Salimans and Jonathan Ho. Progressive distillation for fast sampling of diffusion
models. In The Tenth International Conference on Learning Representations, ICLR.
OpenReview.net, 2022.

Jascha Sohl-Dickstein, Eric A. Weiss, Niru Maheswaranathan, and Surya Ganguli. Deep
unsupervised learning using nonequilibrium thermodynamics. In Francis R. Bach and
David M. Blei (eds.), Proceedings of the 32nd International Conference on Machine
Learning, ICML, 2015.

Jiaming Song, Chenlin Meng, and Stefano Ermon. Denoising diffusion implicit models. In
9th International Conference on Learning Representations, ICLR, 2021a.

Yang Song and Prafulla Dhariwal. Improved techniques for training consistency models.
CoRR, abs/2310.14189, 2023.

Yang Song, Jascha Sohl-Dickstein, Diederik P. Kingma, Abhishek Kumar, Stefano Ermon,
and Ben Poole. Score-based generative modeling through stochastic differential equations.
In 9th International Conference on Learning Representations, ICLR 2021, Virtual Event,
Austria, May 3-7, 2021. OpenReview.net, 2021b.

Yang Song, Prafulla Dhariwal, Mark Chen, and Ilya Sutskever. Consistency models. In
International Conference on Machine Learning, ICML, 2023.

Yanwu Xu, Yang Zhao, Zhisheng Xiao, and Tingbo Hou. Ufogen: You forward once large
scale text-to-image generation via diffusion gans. CoRR, abs/2311.09257, 2023.

Hanshu Yan, Xingchao Liu, Jiachun Pan, Jun Hao Liew, Qiang Liu, and Jiashi Feng.
Perflow: Piecewise rectified flow as universal plug-and-play accelerator. arXiv preprint
arXiw:2405.07510, 2024.

Tianwei Yin, Michaél Gharbi, Richard Zhang, Eli Shechtman, Frédo Durand, William T.
Freeman, and Taesung Park. One-step diffusion with distribution matching distillation.
CoRR, abs/2311.18828, 2023.

Hongkai Zheng, Weili Nie, Arash Vahdat, Kamyar Azizzadenesheli, and Anima Anandkumar.
Fast sampling of diffusion models via operator learning. In International Conference on
Machine Learning, ICML, 2023.

12



Under review as a conference paper at ICLR 2025

A EXPERIMENTAL DETAILS

A.1 SETUP

In this paper we follow the setup from simple diffusion (Hoogeboom et al., [2023). Following
their approach, we use a standard UViTs. These are UNets with MLP blocks instead of
convolutional layers when a block has self-attention, making the entire block a transformer
block. This contains the details for the architecture and how to define diffusion process.
There are some minor specifics which we share per experiment below. All runs are initialized
using the parameters of a pretrained diffusion models.

Multistep Consistency Hyperparameters For all ImageNet runs (small/large,
1 through 16 step) we use a log-linear interpolated schedule from 64 teacher
steps to 1280 teacher steps, annealed over 100000 training iterations which means
Nicacher () = exp(log 64 + clip(¢/100.000, 0, 1) - (log 1280 — log 64)). The batch size is 2048.
We use a xvar_frac of 0.75 for aDDIM. And we use a huber epsilon of 1le-4. The model is
trained for 200000 steps. The interpolation starts quite low and takes a long time, and these
settings are somewhat excessive for the larger student step models such as the 8- or 16-step
model. However, fixing these settings for the model allowed for clean comparisons. These
runs anneal the teacher steps using

For the text-to-image model, we ran consistency distillation where we kept the teacher steps
fixed at 256 and used an xvar_frac of 0.75. Note that the xvar_frac should always be
computed on the conditional output, not the guided output (so guidance zero). We used a
huber epsilon of 1, which is essentially a scalar-scaled 12 squared loss for the normalized [-1,
1] domain of interest. We train these models for 30000 steps at a batch size of 2048.

ImageNet64 For the ImageNet64 experiments, the levels of the UViT small are as follows.
Down: 3 ResNet blocks with 256 channels, 3 Transformer Blocks with 512 channels both
stages ending with an average pool. Middle: 16 transformer blocks with 1024 channels,
mlp expansion factor is 4. Up, matching the down blocks, starting a stage with a nearest
neighbour upsampling and obviously no pooling. Dropout is applied to the middle with a
factor of 0.2. For the large variant, all channels are multiplied by 2, and dropout is applied to
all transformers albeit with a lower factor of 0.1. The network is trained with an interpolated
cosine schedule from noise resolution 32 to 64 at a resolution of 64 (this is practically identical
to a normal cosine schedule). The small and large model have 394M and 1.23B parameters,
respectively.

ImageNet128 For the ImageNet128 experiments, the UViT is the same as the UViT for
ImageNet64, but with an extra 3 ResNet Blocks at the resolution 128x128 with 128 channels
at both the start and the end of the UViT. For completeness, down: 3 ResNet blocks with
128 channels, 3 ResNet blocks with 256 channels, 3 Transformer Blocks with 512 channels
both stages ending with an average pool. Middle: 16 transformer blocks with 1024 channels,
mlp expansion factor is 4. Up, matching the down blocks, starting a stage with a nearest
neighbour upsampling and no pooling. The small and large model have 397M and 1.25B
parameters, respectively.

Different from before, dropout is applied to the middle with only a factor of 0.1. For the
large variant, all channels are multiplied by 2, and dropout is applied to all blocks (both
convolutional and transformer) except for the ones at the resolution of 128, also at a factor
of 0.1. The network is trained with an interpolated cosine schedule from noise resolution
32 to 128 at a resolution of 128, with a multiscale loss (Hoogeboom et al., [2023)) that 2 x 2
average pools once.

Text-to-Image The text-to-image model is directly trained on 512 x 512, with a multiscale
loss and an interpolated cosine schedule starting at noise resolution 32 and ending at 512.
The UViT has the following stages, down: 3 ResNet blocks at 128 channels, 3 ResNet blocks
at 256 channels, 3 ResNet blocks at 1024 channels, 3 transformer blocks at 2048 channels,
average pool at the end of each stage. Mid: 16 transformer blocks with 4096 channels and
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dropout ratio 0.1. Up: identical to reversed down with nearest neighbour instead of average
pooling.

A.2 COMPUTE RESOURCES

All small model variants are run on 64 TPUvbe chips. For ImageNet64 CT takes 2.7 training
steps per second and CD takes 2.5 steps per sec. For ImageNet128 CT takes 2.2 training
steps per second and CD takes 1.7 steps per sec.

The large variants are trained on 256 TPUvbe chips. For ImageNet64 CT takes 2.9 training
steps per second and CD takes 2.5 steps per sec. For ImageNet128 CT it takes 2.2 training
steps per second and CD takes 1.8 steps per second. The text to image experiment is also
run on 256 TPUve chips and takes 0.71 steps per second to train, and is only trained for
30000 iterations.

All models use a batch size of 2048 during training.

A.3 DATASETS

The models in this paper are trained on ImageNet dataset (Russakovsky et al., 2015). The
text to image model is trained on a privately licensed text-to-image dataset, comparable
with public text-to-image datasets but filtered for content.

A.4 TEACHER SAMPLING

3.04 ‘\ —e— DDIM DDIM
\ —e-- noisy DDIM - noisy DDIM
a 2.5 =»=- heun a - heun
[ —e-- adjustedDDIM [ - adjustedDDIM
2.0 A ~
& ===
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function evaluations function evaluations

Figure 5: Comparison of different sampling methods for the cosine schedule (left) and the
sigma schedule used by Karras et al. (2022) (right) on Imagenet64. Note that aDDIM with
a (shifted) cosine schedule is the best performing model overall except for the 64 function
evaluation.

Fig. [5| compares various samplers including the 2nd order Heun sampler. Additionally, a
stochastic version of DDIM is included (noise DDIM) where we add random Guassian noise
directly to the model prediction. This direct noise injection breaks the determinism of
DDIM and is therefore not a useful sampler for consistent distillation. However, it behaves
very similarly to the aDDIM which seems to indicate that our heuristic noise correction is
accurately simulating the positive effects of noise injection in the sampler.

Interestingly, we observe a significant difference in the relative quality of various sampling
methods depending on the noise schedule used at evaluation. The Heun sampler favors the
schedule introduced by Karras (Karras et al., 2022) while the noisy methods seem to work
better with a standard cosine schedule. One possible explanation is that the asymptotic
behavior of the cosine schedule favours the noise injection methods. Previous work has
indicated that the asymptotic behavior a noise schedule is important to fully capture the data
distribution . We consider investigating the interaction between schedules
and samplers and interesting opportunity for future work.
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A.5 ADDITIONAL RESULTS

In Figure [6] some additional results are shown for the same prompt. Again, the distilled
model is very similar to the original teacher model with minor variations.

- o

-

F Py
P PN

Figure 6: Another qualititative comparison between a multistep consistency and diffusion
model. Top: ours, samples from aDDIM distilled 16-step concistency model (3.2 secs).
Bottom: generated samples using a 100-step DDIM diffusion model (39 secs). Both models
use the same initial noise.
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