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Abstract—Given the great success that diffusion models
have achieved in generating various types of continuous data,
including image, video and audio, there has been a growing
interest in the application of these models to text generation.
However, the discrete nature of text presents a challenge
for diffusion models initially designed for application in a
continuous feature space. The two main lines of work that
aim to bring together diffusion models and natural language
processing are focused on either defining the diffusion process
in continuous space by converting discrete tokens to em-
beddings or defining the diffusion process in discrete space.
These recent works attempt to combine diffusion models
with leading sequence-to-sequence generation Transformer
architecture as well as with existing pre-trained language
models. In this work, we give a detailed overview of the
approaches developed to date. We present and analyze the
benefits and limitations that each model introduces, along
with how they compare to the autoregressive models that
dominate this field.

Keywords—diffusion models, denoising diffusion models,
text generation, deep generative modeling, natural language
processing

I. INTRODUCTION

Latest text-conditional image generators such as DALL-
E 2 [1] and Imagen [2] have introduced unprecedented
improvements in the field of image generation. They en-
able production of high-resolution outputs for any possible
textual prompt. These modern frameworks are mostly
based on diffusion models, a family of generative iterative
models that achieve state-of-the-art sample quality for
continuous data.

An immediate response to such successes was in-
evitable. Once the immense potential of diffusion models
in generating images was displayed, the interest shifted
further towards exploiting their benefits and extending
their application to other challenging generative tasks.
Naturally, this includes the common challenge of natural
language processing (NLP) - text generation. Text gen-
eration spans over a large portion of popular NLP tasks
including machine translation, building conversational sys-
tems, and abstractive text summarization. Text generation
is a type of language modeling problem that aims to
produce plausible and coherent natural language texts by
automatically learning from data.

Autoregressive models currently dominate the field of
language modeling. The biggest advance in their develop-
ment was the Transformer architecture, presented in [3].
Imposing results are later achieved with GPT-3 [4] on
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a wide range of text generation tasks. However, despite
their extensive capabilities, the fixed generation order
limits the autoregressive (AR) models’ flexibility in many
controllable settings, specifically those that require both
left and right context [5]. Instead of causal attention in AR
models, diffusion models can leverage bidirectionality by
predicting all tokens in a sequence at once and potentially
lead to more coherent samples [6].

The main challenge that emerges in applying diffusion
models to text generation is the discrete nature of textual
data. The existing solutions are built and specialized in
the continuous data domain which involves generating
images, audio, and video. Multiple design modifications
are required to make these models suitable for natural
language modeling. Previous work in this field was mainly
developed in one of the following two directions. The first
involves defining text diffusion models in the discrete state
space whereas the second focuses on continuous diffusion
models. Discrete diffusion models corrupt sentences and
refine them on the token level or switch from one discrete
value to another. Some of these models attain strong
results on several language modeling tasks, but they still
fall behind AR models in terms of coherence due to
the inability to model semantic correlation [6]. Diffusion
models for continuous domain were first introduced in
[5] where they explain the approach of embedding the
discrete text into a continuous latent space. By preserving
the continuity of the input, we keep important properties
such as classifier-free guidance and the ability to represent
uncertainty at individual token level. However, due to the
different nature of data, modifications are necessary to
apply existing diffusion models to textual data.

The paper is organized as follows. Sect. II introduces
related surveys in the diffusion domain. Sect. III includes
the formal and mathematical definition of diffusion mod-
els. The aforementioned two leading lines of work are
discussed in detail in Sect. IV and Sect. V by presenting
the development of diffusion models in discrete and con-
tinuous space, respectively. Conclusion and discussion of
possible future research directions are given in Sect. VI.

II. RELATED WORK

Given the rapid increase in interest and development
in the research of diffusion models, surveys have begun
to emerge that aim to give an overview of the latest
occurrences in the research field and state-of-the-art results
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as well as point out current dominant applications along
with the remaining challenges and limitations. The most
comprehensive and extensive surveys to date are given by
Cao et al. [7] and Yang et al. [8]. Both of these surveys
mention natural language processing as one of the key
areas for application and further work, but only briefly
discuss the current works in the field.

Following the successes achieved with diffusion models
in computer vision and the numerous papers focused on
the task, surveys such as [9] and [10] attempt to give
an overview and categorize the different approaches and
design choices as well as to identify their contributions
and limitations. More specialized surveys have begun to
appear such as [11] where the focus lies on the medical
domain by providing an extensive overview of diffusion
models used for medical image analysis.

We believe this to be the first survey that specifically
concentrates on diffusion models for text generation.

III. DIFFUSION MODELS

The idea of diffusion models as generative models was
first introduced in [12]. They present a novel perspective
derived from non-equilibrium statistical physics instead
of standard variational Bayesian methods. The proposed
algorithm consists of a forward inference diffusion process
and a reverse generative process. The forward trajectory
converts any complex data distribution g(x) into a simple,
tractable distribution by gradually adding Gaussian noise

to the data according to a variance schedule (i, ..., 8r
[13]:
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The reverse process predicts the noise of current time
step ¢ and denoises to previous state ;. It is defined as
a Markov chain with learned Gaussian transitions starting
at p(xr) = N(z;0,I) [13]:
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Sohl-Dickstein et al. [12] also show that we can rewrite
the training objective in terms of KL divergences and
entropies [5]:

L= E

q(zo

> w

i—p d(@i|T0)

| Prslaterlaniperi+
| Dicila(@e|er, @0)l[po(@e-1la0)]| — (©)
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q(z1]zo0)

However, Ho et al. [13] show that better results are
obtained by simplifying the training objective. To avoid
the potential instability, they suggest a simplified training
objective that expands and reweights each KL-divergence
term in Eq. 6 to obtain the sum of mean-squared errors
between the ground truth and its estimates [5]:

Z E

i—1 4(mt]zo)
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where [i(ax;,xy) is the mean of the posterior
q(xi—1|xo, ;) which is a closed form Gaussian,
and pg(x¢,t) is the predicted mean of pp(ai—1|x:t)
computed by a neural network.

IV. DIFFUSION MODELS IN DISCRETE SPACE

Discrete diffusion models build on categorical distri-
butions where each token has some probability to be
corrupted [14]. Diffusion models with discrete state spaces
were first considered in [12] and applied to binary "heart-
beat’ data. They train a probabilistic model on simple
binary sequences of length 20, where a 1 occurs in every
fifth bin, and the remainder of the bins are 0. The proposed
binary sequence learning via binomial diffusion process
was nearly perfect.

Hoogeboom et al. [15] go on to introduce multinomial
diffusion modeled directly on categorical random variables
with transition matrices characterized by uniform probabil-
ities [16]. The same form was described in [17] although
with no empirical evaluations. Furthermore, Austin et
al. [16] generalize the approach from [15] with a more
structured categorical corruption process. They shape data
generation and embed structure or domain knowledge into
transition matrices used by the forward process without re-
laxing or embedding discrete data into continuous spaces.
They explore several structured transition matrices in their
experiments. One of them is a transition matrix with an
absorbing state where each token either stays the same or
transitions to a special mask token with some probability
allowing for the corrupted tokens to be distinguished from
the original ones. They explore using similarity in an em-
bedding space to guide the forward process and construct a
transition matrix that transitions more frequently between
tokens that have similar embeddings while maintaining
a uniform stationary distribution. This work shows the
importance of transition matrix choice by outperforming
various non-autoregressive baselines for text generation on
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character-level text generation as well as scaling discrete
diffusion models to large vocabularies and long sequence
lengths. However, this D3PM class of models remains
inferior in comparison to leading autoregressive models
for text generation such as Transformer XL.

None of the aforementioned works have incorporated
pre-trained language models in their proposed work on
diffusion models for text generation. He et al. [18] bring to
attention that pre-trained language models such as BERT
[19] and BART [20] are pre-trained with denoising objec-
tives and explores discrete diffusion models to integrate
the pre-trained language model. They use the transition
matrix with an absorbing state for BERT introduced in
[16]. It is more challenging to control the degree of
noise added in the discrete domain than it is in the
continuous. It is important to take into consideration the
linguistic differences among tokens in addition to avoiding
generating the most frequently appearing tokens only to
achieve a higher likelihood. They introduce a spindle
schedule that generates noise for x; conditioned on both
x;—1 and xy. By experimenting with several methods
of incorporating the time step into pre-trained language
models, the time-agnostic decoding method examines the
best results. Experiments are conducted on unconditional
text generation where DiffusionBERT outperforms [5],
a nominal work described in Sect. V, and additionally
proves its incompatibility with BERT. Results prove the
efficiency of the spindle noise schedule that is independent
for each token and depends on the token’s frequency in the
dataset. DiffusionBERT achieves significant improvement
in perplexity results, but still falls behind competitive
autoregressive models.

Qian et al. [21] propose a non-Markovian diffu-
sion process where modalities are gradually added as
the diffusion step ¢ decreases. Additionally, to achieve
smoother modality learning, the generative process uses
a non-autoregressive process with residual glancing sam-
pling [22]. Experiments are conducted on tasks of ma-
chine translation, paraphrase generation and image cap-
tion where DiffGLAT, combined with Directed-Acyclic-
Transformer [23], manages to outperform the autoregres-
sive Transformer in both accuracy and efficiency on top
of several other high-performing works outlined in Sect.
V, including [14], [24], [25]. Their method significantly
reduces the decoding iterations when compared to a strong
prior discrete diffusion model known as SUNDAE [26].
In [26], Savinov et al. present an unrolled denoising
technique where they unroll the chain by sampling from
the transition distribution and feed samples back into the
input during training.

A different angle is taken in [27] by introducing an edit-
based generative model for text generation which is based
on the diffusion denoising method. Both corruption and
denoising processes are based on Levenshtein operations:
insert, delete, replace, and keep. Diffuser demonstrates
results comparable to AR models on machine translation,
summarization, and style transfer tasks. They also show
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that Diffuser is complementary with token-level autore-
gressive methods outperforming autoregressive baselines.

V. DIFFUSION MODELS IN CONTINUOUS SPACE

The development of diffusion models for text genera-
tion has gradually shifted from models in discrete space
presented in Sect. IV to continuous diffusion models
which induce continuous latent representations. The idea
is to preserve the advantages of high-quality continuous
diffusion models while adjusting to a new data domain
and thus get closer to AR models’ results.

The first to pursue this type of architecture were Li
et al. [5] by introducing multiple modifications to the
standard diffusion model. They start by defining an em-
bedding function that maps discrete text into a contin-
uous space to enable direct application of a continuous
diffusion model to discrete text. Embedding function
EM B(w;) maps each word in sequence w of length n to:
EMB(z) = [EMB(w,), ..., EM B(w,)] € R™, where
d is the number of dimensions. Furthermore, based on
conducted experiments, they propose a new design of the
training objective Eq. 5 that jointly learns the diffusion
model’s parameters and word embeddings. The novelties
to the original diffusion models include an additional
Markov transition between discrete words w and xq. In the
forward process, this transition marks the embedding pro-
cess, parametrized by gy(zo|lw) = N(EMB(w),o,I).
A proper method is required for the inverse process of
rounding a predicted continuous x( back to discrete text.
They accomplish rounding by choosing the most probable
word for each position following argmax pg(w|xg) =
[T, po(wilx;), where pg(w;|z;) is a softmax distribu-
tion. They reparametrize the training objective to ensure
that the model predicts o in every term with g lying
directly on a word embedding. Diffusion-LM performs
control by running iterative gradient updates with flu-
ency regularization and multiple gradient steps on the
continuous latent variables which improve performance
and fluency of the text along with speeding up decod-
ing. Diffusion-LM demonstrates successful control for six
control tasks, including text infilling where it achieves
results competitive with a fine-tuned autoregressive model
for this task [28]. However, the authors point out several
weaknesses of the model, namely high perplexity, slower
decoding and slower training convergence.

Following the same line of work that conducts dif-
fusion directly in a continuous token embedding space,
but focusing on a wider scope of application and more
diverse textual data, Strudel et al. [6] introduce their Self-
conditioned Embedding Diffusion (SED) model. Unlike Li
et al. [5], they do not learn the embedding matrix E due
to the discovered empirical instability, potential unigram
entropy drops and limited applicability. Thus, the train-
ing objective depends only on trainable readout weights.
Their model is based on the self-conditioning technique
introduced by Chen et al. [29] which adapts x( estimates
by passing the estimate obtained at the previous sampling
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step as the input to the denoising network instead of only
x;. Dieleman et al. [30] point out the resemblance of
the self-conditioning technique to the unrolled denoising
strategy [26]. SED also allows conditional text generation
by applying the span masking strategy for infilling tasks
and classifier-free guidance [31] on text data to alleviate
the need for a separately-trained guide model. Although
AR baselines of similar capacities outperform SED, the
model still performs strongly and comparably. Authors
point out limitations which include limited model tuning,
sampling efficiency, relying on another model for diffusion
in a pre-trained embedding space as well as the lack of
appropriate metrics and baselines for certain tasks.

Dieleman et al. [30] explore continuous diffusion for
categorical data by following the formalism from [32]
to describe the corruption and the reverse process using
differential equations. The proposed framework, Contin-
uous diffusion for categorical data (CDCD), is based on
the diffusion framework in [33]. Similarly to prior works
in this section, they embed the discrete input into a
continuous space and directly apply continuous diffusion
to the embeddings. The proposed CDCD framework re-
places the standard score matching function with score
interpolation for diffusion model training allowing the
use of familiar categorical cross-entropy loss function for
training. They go on to learn the embeddings and the
diffusion model jointly to embed the discrete input into
a continuous space, as seen in [5]. The final component
that makes up the CDCD framework is an active learning
strategy called time warping which automatically adapts
the distribution of noise levels sampled during training
to maximize efficiency. Experiments have shown that the
CDCD model can produce compelling samples for prompt
completion and infilling, but overall lower performance
on machine translation with autoregressive models of the
same size.

The focus in [14] lies in conducting a study of chal-
lenges connected to embedding discrete textual data and
utilizing continuous diffusion models to generate it. Unlike
images and audio that have a fixed data space during
training, the embedding space is learnable for discrete
textual data which may cause a collapse of the denoising
loss function and bring instability to the training of the
model. They find that the rounding loss used by Li et al.
[5] and Gong et al. [24] is not sufficient for alleviating
this issue. Secondly, because of the imbalanced frequency
of tokens in textual datasets, the learning of token em-
beddings diverges. Considering the diverse embedding
scale of different words, it is suboptimal to add the same
amount of noise to different embeddings. Lastly, when
denoising an embedding from noise sampled from the
normal Gaussian prior, the generation process may be dis-
tracted by other embeddings that are near the noise. Their
proposed model, named Difformer, solves the described
challenges by implementing the following methods. First,
they propose an anchor loss training objective that uses
the model prediction #; as input instead of the noisy
embedding x( and successfully regularizes embeddings
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and prevents loss collapse. The solution to the imbalanced
embedding scales is implemented in the form of a layer
normalization module on the top of the embedding layer
which guarantees the uniform scale of tokens. As for the
potential distraction in the diverse process, it is eliminated
by adding an increasing scale of noise at each step.
Experiments conducted on the tasks of machine translation
and text summarization show the Difformer outperforming
concurrent diffusion-based models including those pre-
sented in [5] and [30] as well as achieving comparable
results with the autoregressive Transformer model.

Gong et al. [24] go on to extend the framework from
[5] to a more generalized sequence-to-sequence setting,
a key NLP aspect that covers various downstream tasks.
The proposed DiffuSeq model introduces partial noising in
the forward process by imposing noise only on the target
sequence, but not on the source sequence. The reverse pro-
cess can therefore impose the input as the condition when
denoising. Since no additional classifiers are required to
control the denoising process, it is considered classifier-
free. Experiments are conducted on four sequence-to-
sequence tasks: open domain dialogue, question genera-
tion, text simplification and paraphrase. DiffuSeq achieves
comparable or higher quality results than competitive AR,
iterative non-autoregressive, and large-scale pre-trained
models, specifically demonstrating its ability to generate
diverse, and hence high-quality sequences.

Yuan et al. [25] continue the research on diffusion
models for sequence-to-sequence text generation. Unlike
the encoder-only Transformers with partial denoising used
in [24], their SeqDiffuSeq model is based on an encoder-
decoder Transformers architecture with self-conditioning
[29] and a token-level adaptive noise schedule. The
encoder-decoder architecture has computational advan-
tages during inference because the input sequences require
only one forward computation through the encoder during
the whole reverse process. They improve sequence-to-
sequence text generation by introducing a heuristic that the
difficulty of predicting the sample should increase linearly
with respect to time steps. Their suggested noise schedule
is different from the previous proposals including those
in DiffusionBERT [18] and CDCD [30]. SegDiffuSeq
achieves significant acceleration in inference speed com-
pared to DiffuSeq. Seq2Seq proves its generation quality
by surpassing both DiffuSeq and several autoregressive
baseline models on text simplification and paraphrase.
On question generation, it is comparable with DiffuSeq
whereas for open domain dialogue and machine translation
it demonstrates poorer results than the AR baseline.

GENIE [34] can be considered a semi-non-
autoregressive model and the first large-scale pre-trained
language model based on diffusion. A new approach
is proposed that combines the diffusion model and
Transformers. They present a pre-training task named
continuous paragraph denoise which predicts the noise
added to continuous paragraphs in the current time
step based on the paragraph context information and
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the noisy paragraph information. Experiments show the
effectiveness of the large scale pre-training by achieving
comparable results to a pre-trained AR model on task of
text summarization.

Another line of work includes employing the continuous
process on surrogate representations of discrete data such
as analog bits [29] and simplex [35]. Chen et al. [29]
design a simple and generic approach to enable continuous
state diffusion models to generate discrete data. The idea
lies in representing the discrete data as binary bits which
are then modeled into analog bits by continuous diffusion
models. Analog bits are real numbers that share the same
bimodal values as binary bits that represent discrete data.
This process requires no discrete space or re-formulation
of the continuous diffusion process. For sampling, the
process is the same as in continuous diffusion models with
the additional step of applying a thresholding operation
which decodes the generated analog bits that are then
converted into original discrete variables. They introduce
the self-conditioning technique previously described in
this section and often used in the following work. Their
model achieves comparable results to an autoregressive
Transformer baseline on the task of image captioning.

The SSD-LM presented in [35] introduces a different
approach that aims to bring together the advantages of
autoregressive and diffusion models by proposing a semi-
autoregressive solution. It maintains the ability to train and
generate variable-length sequences in addition to allowing
refinement within the token block, thus maintaining the
advantages of both autoregressive and diffusion models.
Unlike the representation in [29] which can lead to
extremely long sequences, they keep a subword based
vocabulary with each token represented as a sequence
of manually defined logits. SSD-LM is comparable to
or outperforms competitive autoregressive baselines such
as GPT-2 both in quality and diversity on unconstrained
text generation. Still, several limitations of the model
in comparison to autoregressive models are pointed out
including lower sample efficiency, slower decoding speed
and inflexibility of the decoding schedule.

VI. CONCLUSION

This paper gives a comprehensive overview of research
conducted in the field of text generation using diffusion
models. Following the impressive achievements of diffu-
sion models in image generation, the desire to extend their
application to other domains has grown rapidly. However,
language modeling itself represents a challenging task due
to the complexity and diversity of the natural language.
Furthermore, the high-performing image generation mod-
els were designed for continuous data space, requiring
significant modification to generate discrete textual data.
We presented the most notable advancements in their
development and how they compare to the current state-
of-the-art autoregressive models.

We considered works developed in both discrete and
continuous data domains, ranging from those focused on
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controllable text generation to unconditional and condi-
tional text generation as well as sequence-to-sequence
tasks. Although many of them examine respectable results,
they are still mostly limited to either a specific task domain
or language structure in order to perform comparably to
autoregressive models.

Diffusion models offer a more flexible approach by
abandoning the sequential generation of autoregressive
models and generating simultaneous outputs through it-
erative refinement. However, they struggle to catch up
with AR models’ inference speed and efficiency. There
are still multiple open questions addressed in many of the
considered works, such as defining the noise schedule and
the embedding space.

Finally, this is an active area of research aspiring to
reach the breakthrough seen in the field of image gen-
eration. It is yet to be seen whether such performance
is feasible, especially considering the existing state-of-
the-art autoregressive models that are already capable of
generating high-quality diverse texts. Another issue in
this field is the lack of appropriate metrics and baselines
for certain tasks, such as infilling. The discussed works
show promising directions for diffusion models in text
generation that are yet to be extended to their full potential.
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