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Abstract

Diffusion Models have achieved remarkable success in generative tasks; however, their
generated results can still deviate from people’s expectations, impacting the user experience.
These issues may stem from two unresolved problems encountered during the training and
application stages. During the training stage, there is a discrepancy between training and
inference generation process, known as the exposure bias issue. This issue may affects
the quality of the expected generation. During the application stage, the current use of
Diffusion Models typically relies on textual prompt guidance; however, manually designing
these prompts is complex and time-consuming. Users often struggle to accurately describe
their ideas with prompts, leading to results that do not meet expectations. In this thesis,
we primarily focus on the task of image generation, aiming to enable Diffusion Models to
generate more expected results by 1) alleviating exposure bias problem and 2) decoding
textual prompts from existing reference images to help people design better prompts. Our
research significantly improves the quality of expected image generation in Diffusion Models

and provides new insights for future research.
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CHAPTER 1

Introduction

Diffusion Models (DMs) [22] are novel generative models that initially degrade data by
progressively adding noise and then learn how to reverse this process for generation. Com-
pared with likelihood-based models (e.g. Normalizing Flow model [30, 47] and Variational
Auto-Encoder model [27]) which require stringent constraints on the model to guarantee
that the normalizing constant for likelihood computation is tractable and implicit generative
models (e.g., Generative Adversarial Networks [20]) which need adversarial training that
is unstable and difficult to train, Diffusion Models are unrestricted and stable in training
which have swiftly gained substantial attention and become the state-of-the-art approach in

generative tasks [42].

Diffusion Models have achieved great success in various domains, including image generation
[17,45, 52, 56], video generation [24, 61], audio generation [43], and 3D generation [33], etc.
Over the past three years, research on DMs has primarily focused on developing more powerful
network architectures [17, 8], designing faster and more efficient sampling process [63, 31,
41, 58], improving likelihood estimation accuracy [44, 2, 28], and enhancing applications in

different modalities [45, 43] and scenarios [13, 55].

Despite extensive research and significant success, Diffusion Models can still generate images
that do not align with user’s expectations. Taking image generation task as example, this
unexpected outcomes can manifest in two ways: 1) generating images that are noisy and
distorted, and 2) generating images that do not align with the user’s design goal. The
generation of unexpected noisy images might be due to the challenge of the exposure bias
problem in Diffusion Models. The exposure bias problem is a prevalent issue in the domain of
recurrent processes, such as autoregressive text generation, leading to suboptimal performance

1



2 1 INTRODUCTION

[53]. This problem arises from the disparity between the training and inference processes. In
the training process, the input to the model is based on the deterministic calculation of the
forward process. In the contrast, the input to the model is derived from the output of previous
steps during the inference process, which may include errors from model predictions. This
discrepancy between training and inference leads to noise continuously accumulating and

amplifying during the inference process, which affects the quality of the image generation.

Alleviating the exposure bias issue can significantly reduce unexpected noise in generated
images, but it does not guarantee that images are generated according to the user’s design.
Diffusion models also face the challenge of designing prompts in application. Text-driven
generation is a common application paradigm for DMs, such as text-to-image generation
[54, 49, 56, 5, 8], text-to-video generation [24, 6, 61], and text-to-3D generation [33, 11].
Users guide DMs to generate desired outcomes through textual prompts. However, manually
designing prompts heavily depends on the designer’s experience and expertise, which raises
the usage threshold for DMs. Survey results have found that among users without special
training, less than 30% of the prompts they designed could generate results that met their
expectations. The difficulty in designing prompts results in users being unable to describe

their design objectives accurately, leading to images that do not align with their ideas.

Only a few studies have focused on these challenges and attempted to address them, but these

methods still have shortcomings:

(1) Alleviating exposure bias problem. Only a few works have recently attempted to
address the exposure bias problem in the training of Diffusion Models. The Input
Perturbation (IP) method [46] introduces perturbations to the model input to simulate
the prediction errors during inference; however, the Gaussian noise perturbation
is predefined and does not accurately reflect the actual noise in model predictions.
The Scheduled Sampling (SS) method [16] introduces model noise through a step
of inference. Nevertheless, the ground truth of SS method also contain the model
noise. Moreover, both of these methods only calculate prediction errors in one step,

whereas Diffusion Models is a multi-steps generative models.
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(2) Image Reverse Prompt Engineering. To the best of our knowledge, we are the
first to explore the problem of image reverse prompt engineering (IRPE) in literature.
However, there are some previous methods can be used to generate prompts from
images. CLIP-Interrogator [72] is the only method based on a prior dataset. It
first collects a prompts dataset and then use CLIP similarity between image and
text to select the prompt. However, the prompts it generates are inflexible and
restricted to the dataset. Another method involves using the capabilities of Vision-
Language Models (VLMs) for image captioning. Nevertheless, outputs from VLMs
are often lengthy and complex, which is not well-suited to guiding image generation

as prompts.

In this thesis, we first conduct research on the exposure bias issue to reduce noise in diffusion
models. Then, we introduce new tasks and methods to lower the design threshold for prompts,
aiming to generate images that meet user expectations. The main contributions of this thesis

can be summarized as follow:

(1) Proposing a novel training strategy to alleviate the exposure bias problem. We
detailed analyze the discrepancy between training and inference in DMs and propose
an effective Multistep Denosing Scheduled Sampling (MDSS) training strategy to
alleviate the exposure bias. The MDSS method comprehensively considers the
discrepancy influence of prediction errors on both the output of the model and the
output of the calculated input signal per step and efficiently models the accumulated
prediction error by using multiple iterations of mathematical formulation initialized
from the one-step prediction error of the model. The experiments results demonstrate
that our MDSS performs best in alleviating exposure bias for DMs.

(2) Proposing task and method for image reverse prompt engineering. We explore
the problem of IRPE, which involves crating a prompt that can be used to generate the
given reference image, thereby enabling normal users to generate new images using
prompts decoded from beautiful images as reference. We introduce an automatic
reverse prompt optimization (ARPO) method to solve the IRPE problem. The

ARPO method begins with an initial reverse prompt from BLIP2 and optimizes
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it iteratively. This process involves generating a recreated image from the current
reverse prompt, comparing this image with the reference image to draft candidate
prompts for improvements, and finally selecting the best candidate prompt to update
the reverse prompt. The qualitative and quantitative experiments shows the efficacy

of ARPO for IRPE.

The remainder of this thesis is organized into four chapters. Chapter 2 presents an overview of
the relevant literature pertaining to this thesis, Chapter 3 introduces the research on alleviating
the exposure bias problem and Chapter 4 provides a details description the research on image
reverse prompt engineering. Finally, Chapter 5 concludes the thesis by summarizing the

contributions of the research, and outlining the future directions.



CHAPTER 2

Literature Review

This chapter briefly reviews several topics that are related to this thesis, including the back-
ground of Diffusion Models, exposure bias, reverse prompt engineering, and automatic prompt

optimization.

2.1 Preliminary Knowledge of Diffusion Models

Diffusion Models are the topic of this thesis.The preliminary knowledge of Diffusion Models
will be first introduced in this section. Diffusion Models consist of two processes: the forward
process corrupts the data through the addition of Gaussian noise, and the reverse process

reverts the forward process and generates data from standard Gaussian noise [22, 44].

Given data distribution g(x() and the noise schedule (i, fs, ..., fr, the forward process

corrupts the data as a Markov chain:

q (Xt | Xt—l) =N (Xt§ v1-= 5tXt—175t]) 2.1)

T

q (Xl:T ‘ Xo) = Hq (Xt ’ thl) (2.2)

t=1
When T is large enough, we can achieve x7 ~ A/(0,I). As mentioned in [22], we can sample

to any time step directly using input xo ~ ¢(Xo):

q (x| x0) = N (x5 vVauxo, (1 — ay) I) (2.3)

5



6 2 LITERATURE REVIEW

Algorithm 1 DMs Standard Training Process

1: repeat

2 @~ q(x0);

32 t~U{L,---T});

4 e~ N(0,I);

5 Take gradient descent step on

Vo He — € (\/d_txo + 41— dte,t) H2 :

6: until converged

where oy, = 1 — 3, and oy = Hﬁzl «;. Utilizing the reparameter skill, we are able to sample

any step x; with e ~ N (0, 1):

Xt = \/O_d_tXO + Y 1 — O_dtﬁ (24)

Using Bayes theorem, we can obtain the posterior reverse process distribution ¢ (x;_1 | X¢, Xo):

0 (i1 | x0%0) = N (%015 o (0, 20) , AT) 2.5
i ) = YT VOO0, 26)
- Oét 1-— (673
. 1
fi= =L, @7
&

In the inference process, xq is not available and ¢(x;_; | x;) depends on the entire data

distribution. Consequently, the reverse process is defined as a parameterized process:

Do (Xt—l | Xt) =N (Xt—l; e (Xt7 t) , 20 (Xt7 t)) (2.8)
T

Po (XO:T) =Pp (XT) Hpe (Xt—l | Xt) 2.9
t=1

Instead of learning the mean of reverse process, Ho et al. find that predicting the noise € is a

better option. Empirically, they propose simplifying the loss function as follows:

Lsimple = EXO,t,eNN(O,I) [“6 — €9 (Xta t) H2} (210)

The training and inference algorithms are described in Alg. 1 and Alg. 2, respectively.
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Algorithm 2 DMs Standard Inference Process
XT ~ N(07 I)9
fort=1T,---,1do

z~N(0,1)ift > 1,else z = 0;

1 1— .
Xi_1 = \/_OTt (Xt — \/1—7,69 (Xt, )) + 02,
end for
return xg

AN i

Many methods demonstrate improvement in the outcomes of fewer steps inference, with
Denosing Diffusion Implicit Models (DDIM) and DPM-Solver being the most prevalent.
DDIMs substitute the Markov forward process utilized in DDPMs with a non-Markovian one:

T
Q(Xlw--axT|X0):HQ(Xt | X¢-1,Xo0) (2.11)

t=1

o (X¢—1 | X¢,%0) = N (X1 | fie (x4, %0) , 07 1) (2.12)

at
(Xt,X()) \/Oét 1X0 + vV 1-— Oét 1 — Jt \/1_Latx0 (213)

Both DDPM and DDIM are special cases of the above equation, where DDPM corresponds

E tﬁfl f3; and DDIM corresponds to o7 = 0. The generative process of DDIM

to setting 02 =
changes such that the model first predicts the normal sample, and then, uses the normal sample
to estimate the next step in the chain. The change leads to a faster sampling procedure with a

small impact on the quality of the generated samples:

— VT <xt>)

Ja

+vV1—-a;,_,—o?- e((f) (x¢) + o€

Xi—1 =V 01 (Xt
(2.14)

The algorithm is described in Alg. 3.

DPM-Solver reformulates the diffusion ODEs process into a format that can be solved by an

exponential integrator. To approximate the integral term, the ODE solver utilizes a Taylor
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Algorithm 3 DDIM Inference Process
: XT ~ N (0, I),

—_—

2: fort=1T,---,1do
3 z~N(0,])ift > 1,else z = 0;
Xt—v1—a e<t)x —
4 Xy =0y (%ﬁg(t)) + V1T =1 - g (x4, t);
5: end for

6: return xg

Algorithm 4 DPM-Solver-1
1: jto <— TT
2: fori < 1to M do

&Zﬁl jti—l — Oy, (ehi — 1) €y (iti_l, ti—l)

3: jti =

4: end for
5: return T,

Algorithm 5 DPM-Solver-2
1: :i:to — XT
2: fori < 1to M do
Ati—l—"—)\ti
SN e
4: w4 \/_Vjsi:%ti_l — 0, <e
ti—1

Qg

ol

- ]-) €p (i'ti_la ti—l)

(ehi — 1) €y (’U,i, Si)

i

5: jti —

Ty, — Oy,

k3

i

6: end for
7: return T,

expansion:
_ k—1
O[tz‘ ~ — A(n) N
Lt oty = — = R VA E :69 Lxi,_1» /\tz‘—1
Vs n=0 2.15)

Moo (A=)
/)\t‘ € /\TldA + @ (hf+1)

i—1

where \; = log(y/a;/v/1 — @) (one half of the log-SNR) and h; = \;, — A;,_,. k is the order
of Taylor expansion. The algorithms of DPM-Solver in 1,2,3 order are shown in Alg. 4, Alg. 5,
and Alg. 6, respectively.



2.2 EXPOSURE BIAS 9

Algorithm 6 DPM-Solver-3
I: &y, < T, 71— %,Tl %%
2: for¢ < 1to M do
3: Soi_1 < t)\ ()\ti—l + Tlhi)
4. S9; < by ()\ti—l + 7”2}7,1‘)
Oy 4
Ui—1 <—#thi,l
5: \V4 Oétl',l
— Osyi 1 (67“1/11' - 1) €9 (fiti,l;tifl)
6: Doy« € (Ugi1,52i-1) — €9 (&4,_,,ti—1)
V sy, . roh; 1
— L,y Osy; (6 )
vV A,y

Uo; <

7 Tsoiry er2hi — 1
€ (.  tiq) — =2 — 1) Do,;_
9( ti—1y U1 1) " ( T’th ) 2i—1
8: Dy + €9 (Ui, 52) — €9 (&4, ti1)
- Q. .
:L‘ti <— — b mti—l — O-ti (6h1 — 1)
A,y
9: he_q
- Ot. e —
€ (xy ,,ti_1) — — — 1) Dy
0 ( ti—1s Y2 1) T ( h ) 2
10: end for

11: return x;,,

2.2 Exposure Bias

To better understand the motivation about alleviating exposure bias for DMs, the background
of exposure bias is introduced in this section. Exposure bias is a prevalent issue in recurrent
processes, arising due to the teacher-forcing training method [4, 53, 70, 59]. Throughout
the entire training process, the model is not exposed to its own predictions but given ground
truth. However, during the sampling phase, the word predicted at a previous moment is used
to predict the subsequent word. This discrepancy between training and sampling leads to
inaccurate sampling. The Data As Demonstrator (DAD) [64] approach tackles this issue by
feeding both ground truth words and predicted words during the training process. Scheduled
sampling [4], on the other hand, replaces the teacher-forcing training method with a biased

sampling approach that emulates the sampling process based on its own predictions.

A few works have recently attempted to address the exposure bias problem for DMs. The Input

Perturbation [46] method introduces perturbation in the samples to simulate the inference
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prediction errors. However, the perturbation is predefined and not equal to the true distribution
of noise obtained from the model. [16] directly employ the scheduled sampling method [4]

proposed for autoregressive text generation task, but cannot fully depict the discrepancy.

2.3 Reverse Prompt Engineering

Previous reverse prompt engineering methods can be divided into two categories: 1) selecting
prompts from a prior dataset and 2) generating prompts through VLMs. Specifically, CLIP-
Interrogator [72] is the only method based on a prior dataset. It first collects a dataset of over
100k image descriptions in tag format, then uses cosine similarity between image and text
CLIP embeddings to filter this dataset and compose prompts. The primary limitation of CLIP-
Interrogator is that the prompts it generates are restricted to the dataset. On the other hand,
Vision-Language Models exhibit capabilities for image captioning. A notable instance is
BLIP [35], which is a multimodal mixture of encoder-decoder pre-training on vision-language
tasks. With the advancement of recent VLMs such as LLaVA [40, 38, 39], ShareGPT-4V [9],
VILA [37], and GPT-4V [1] tokenize visual inputs and integrate them into Large Language
Models (LLMs) alongside text tokens, demonstrating powerful capabilities in image and
text reasoning. While VLMs can provide more comprehensive image descriptions, their
outputs are often lengthy and complex, which is not well-suited to guiding image generation

in text-to-image (T2I) models as prompts.

2.4 Automatic Prompt Optimization

As our ARPO method in Chapter 4 is inspired by automatic prompt optimization, the related
works are introduced in this section. Designing high-quality prompts manually is time-
consuming and labor-intensive, relying heavily on the designer’s experience and knowledge.
Consequently, there has been a growing need for automatically generating and optimizing
prompts. Methods for automatic prompt optimization can be categorized into two types:
real-gradient methods and imitated-gradient methods. Gradient-based methods generate

optimized prompts by calculating numerical gradients for search or fine-tuning. For instance,
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AutoPrompt [60] utilizes gradient-guided search to identify trigger tokens and integrate them
with the original task input to create prompts. Imitated-gradient-based methods replace
numerical gradients with other formats. APE [71] proposes selecting the optimal prompt by
employing LLM in the roles of Inference, Scoring, and Resampling. Meanwhile APO [50]

replaces numerical gradients by employing natural language gradients.



CHAPTER 3

Alleviating Exposure Bias for Diffusion Models

This chapter investigates the exposure bias issue for Diffusion Models (DMs), also known as
Denoising Diffusion Probabilistic Models (DDPMs). The exposure bias issue is the natural
discrepancy between the training (the output of each step is calculated individually by a
given input) and inference (the output of each step is calculated based on the input iteratively
obtained based on the model), harms the performance of DDPMs. To our knowledge, few
works have tried to tackle this issue by modifying the training process for DDPMs, but they
still perform unsatisfactorily due to 1) partially modeling the discrepancy and 2) ignoring
the prediction error accumulation. To address the above issues, in this chapter, we propose
a multi-step denoising scheduled sampling (MDSS) strategy to alleviate the exposure bias
for DDPMs. Analyzing the formulations of the training and inference of DDPMs, MDSS
1) comprehensively considers the discrepancy influence of prediction errors on the output
of the model (the Gaussian noise) and the output of the step (the calculated input signal of
the next step), and 2) efficiently models the prediction error accumulation by using multiple
iterations of a mathematical formulation initialized from one-step prediction error obtained
from the model. The experimental results, compared with previous works, demonstrate that
our approach is more effective in mitigating exposure bias in DDPM, DDIM, and DPM-solver.
In particular, MDSS achieves an FID score of 3.86 in 100 sample steps of DDIM on the
CIFAR-10 dataset, whereas the second best obtains 4.78.

12
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q(x: | xo)

Training UNet > €9 UNet H>>€g ---

Inference UNet —»€9 UNet €9 ---

Po(xs | Xg41)

FIGURE 3.1. The discrepancy between training and inference process.
In the training process, the input at time step ¢ is derived from the forward
diffusion process of xy. Contrarily, in the inference process, the input at time
step ¢ is obtained from the output of the previous step.

3.1 Introduction

Denoising Diffusion Probabilistic Models (DDPMs) [62, 22] are generative models, which
first destruct data by progressively adding noise and then learn the reverse process for sample
generation [68]. Due to the advantage of unrestricted model structure and stable training,
DDPMs have swiftly gained substantial attention and become state-of-the-art approaches
in generative tasks, including image generation [17], text-to-image generation [45, 52, 56],
text-to-video generation [61], and audio generation [43]. Recent researches on DDPMs have
been primarily focused on augmenting the classical method [22] in three key areas: efficient
sampling [63, 31, 41, 58], improved likelihood estimation [44, 2, 28], and handling multi-
modal tasks [45, 43]. Nevertheless, the exposure bias issue of DDPMs has been generally

overlooked.

The exposure bias problem is a prevalent issue, leading to suboptimal performance, in
the domain of recurrent processes, such as autoregressive text generation [53], arising
from the disparity between the training and inference processes [4, 70, 59]. As shown
in Fig. 3.1, in the training process of DDPMs, a real sample x is corrupted by introdu-

cing Gaussian noise as a Markov chain. The input to the model at step ¢ during training
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is obtained based on the real sample x,, noise schedule «;, and a random standard Gaus-
sian noise €: ¢ (x; | Xo) = N (x¢;/@Xo, (1 —a;) I). In contrast, in the inference pro-
cess, the input to the model comes from the output of the previous steps py (X; | X;11) =
N (x¢; ptg (X¢x1,t + 1), 3¢ (X441, + 1)). The training process sources its input directly from
the ground truth, while the inference process derives its input from model predictions with
potential errors. The discrepancy between the training and inference, i.e., the exposure bias

issue, harms the performance of DDPMs [16, 46, 36].

A few works [46, 16] have recently attempted to address the exposure bias in the training of
DDPMs, but they still suffer from two problems. First, they partially model the discrepancy
between training and inference of DDPMs. Specifically, the Input Perturbation (IP) method
[46] introduces perturbation in the ground truth samples to simulate the inference prediction
errors. Nevertheless, IP’s perturbation, e.g., Gaussian noise, is predefined and not equal to the
true distribution of noise obtained from the model. Deng et al. directly employ the Scheduled
Sampling method [4], originally proposed for autoregressive text generation tasks. However,
the scheduled sampling method cannot fully depict the discrepancy since the input of the next
step of DDPMs is calculated based on the input and output of the model (Gaussian Noise).
The input of the next step of SS still contains noise from previous prediction errors. Second,
IP and SS only calculate prediction errors in one step for efficiency, and they ignore that
the prediction errors would be accumulated through the interaction process and further side

influence the performance [46, 36].

In light of the above issues, in this chapter, we propose a multi-step denoising scheduled
sampling (MDSS) strategy to alleviate exposure bias for DDPMs. To comprehensively
alleviate the influence of prediction errors, MDSS considers the exposure bias from two
aspects, requiring the output of the model in the current step, e.g., the Gaussian noise, to be
accurately predicted, and the noise influence on the input of the next step to be reduced. To
mitigate the prediction error accumulation influence, we model the accumulated prediction
errors time-efficiently by using multiple iterations of a mathematical formulation initialized
from the one-step prediction error obtained from the model. The process starts with a one-step

model prediction to introduce the model noise and uses multiple iterations of the mathematical
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formulation to model the prediction error accumulation as similarly as possible. In addition,
to further reduce the implementation complexity, we validate that our MDSS could improve
the performance by finetuning a well-trained DDPM with small retraining steps. We conduct
extensive experiments on CIFAR-10 [32], ImageNet 64x64 [15], and LSUN 64 x64 [69]
datasets. Compared to previous methods: IP and SS, our MDSS exhibits better generation

quality improvements in DDPM, DDIM, and DPM-Solver.

Our contributions are summarised as follows:

e We detailed analyze the discrepancy between training and inference of DDPMs and
propose an effective multi-step denoising scheduled sampling (MDSS) strategy to
alleviate the exposure bias for DDPMs.

e MDSS comprehensively considers the discrepancy influence of prediction errors on
both the output of the model and the output of the calculated input signal per step
and efficiently models accumulated prediction error by using multiple iterations of
mathematical formulation initialized from the one-step prediction error of the model.

e Extensive experiments were conducted to compare the performance of current works
for solving exposure bias in DDPMs. The experimental results demonstrate that our

MDSS performs the best.

3.2 Multi-step Denosing Scheduled Sampling

This section presents our multi-step denosing scheduled sampling (MDSS). As shown in
line 5 in Alg. 1 and line 4 in Alg. 2, the inputs of the training and inference are different.
Specifically, the input of the training process originates from the forward process. When xg,
noise schedule, time step ¢, and Gaussian noise € ~ N (0,1) are deterministic, x; is obtained
by Eq. 2.4 and is thus also deterministic. However, the input of the inference process comes
from the sampling results of previous steps, containing non-negligible errors, and is not
exposed to the model during training. Besides, the subsequent multiple-step inference process

will continuously amplify errors, further impacting the final sampling outcomes. Therefore,
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we design MDSS to alleviate the exposure bias issue in training by exposing and denoising

the accumulated prediction errors of the inference process.

In the remaining part, we first elaborate on the scheduled sampling with denoising for DDPMs
and then present the modeling of prediction errors with accumulation. Next, we introduce our
algorithm, and last, we compare our MDSS with current methods towards exposure bias for

DDPMs, i.e., IP and SS.

3.2.1 Scheduled Sampling with Denoising

We first formulate and analyze the influence of prediction errors in one step. For simplicity,

we suppose the input with prediction errors is represented as:
X=X+ 3.1

where X; is the input of the current step with noise, x; is the ground-truth input without
noises, and ¢ is the prediction errors modeling from the inference process. Here, we only
consider additive noise following IP and SS. The discussion of other types of noises remains

a challenge for future work.

According to the equation of inference process in line 4 of Alg. 2, we can obtain subsequent
inference step with noise:

1 1—
1= = (X~ ey (X0, 1)
\/ O \/1—0(t

(3.2)
e )
= — X ——— €y (X s
/vy \t,_/ 1— Qi \Q‘t,_/
Input Signal Model Prediction

where we ignore the variance item for simplicity since it is given directly and devoid of model

prediction noise in most of works [22].

It can be observed from Eq. 3.2 that there are two types of influence for the output of current
step: the model prediction and the input signal. Previous methods only consider model

prediction. In contrast, we comprehensively mitigate both influences in the sampling process.
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For influence within the model prediction, we mitigate it by training with noise-free training
objective. We utilize x;, which contains no noise, to obtain the training objective. x; can be
derived by sampling from the posterior distribution ¢ (x;_1 | X;,Xo). By replacing x, using

ground truth €;4, in Eq. 2.6, we can obtain:

Xt = flg41 (Xt-‘rlv XO)

VASTES (1 - @t) \/@_tﬁtﬂ
+1 1+ ——Xo

= X
l—ars = (3.3)

1 . Brt1 e
= —— 1~ T /=611
o] t+ 0—any) t+

The meaning of posterior distribution is sampling to next step, when the model prediction €y
equals the ground truth €. Hence, x; derived from the posterior distribution represents the
noise-free sampling result. Utilizing the variant of Eq. 2.4, we obtain the noise-free training

object with x; and x:
X — /X
V1—ay

For influence within the input signal, we incorporate an extra denoising channel into the

3.4)

€t

model’s output to achieve the denoising task. During the training process, the additional
channel is trained to predict the noise from the input containing noise. The training objective

is the different between input from model prediction and posterior distribution calculation:
S =X — Xy (3.5

During the inference process, the input signal is denoised by subtracting the output of the

denoising channel.
In summary, the loss function for the entire training process is given as:
lee — €0 (Xe t)* + 16 — &0 (%o 1) (3.6)

More details of scheduled sampling with denoising can be found in Appendix Al.
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3.2.2 Prediction Errors with Multi-step Accumulation

Previous methods [46, 16] generally ignore the accumulation of prediction errors: IP uses
Gaussian noise, and SS only considers one-step prediction error for time efficiency. Our
proposed MDSS tries to model the prediction errors with multi-step accumulations. One
possible solution is to obtain the signal of time ¢ based on the iteration process of Alg. 2.
However, such an intuitive manner requires much calculation and is ineffectively applied to
the training process. Therefore, MDSS models the accumulated prediction errors as similarly
as possible by using multiple iterations of mathematical formulation initialized from one-step
prediction error obtained from the model. Here, the one-step prediction error from the model
is used to introduce model noises, and the multiple iterations of the mathematical formulation

are used to model the accumulation quickly.

Specifically, we first obtain the one-step prediction error from the model by using:

Xetkt1 = V@ikr1Xo + /1 — Qpypga€ (3.7)

1 l1—«
Xiph = ———— (Xt+k:+1 - g, (Xeqhg1, t+k+ 1)) (3.8)

VOt V91—

Then, we simulate the error accumulation by using the posterior distribution, which conducts
the reverse process without model prediction. For further simulating of one step, we can

sample by posterior directly. In order to calculate multi-step sample of posterior, we can

sample as:
Xt = VX T WiXo + I/_gtﬂ (3.9)
— Q41
k
tJi—[l \/Oéz+1 ) (3.10)
1- az+1 .
tiQ ¢ V1 (1 = an) ] /a1 8542 G.11)
o T2, (- an) '
Jj=t m=t+1 m

Through above process, step ¢t + k£ with model errors is quickly simulated for k steps errors

accumulation to obtain, step ¢, the inputs for training. The disparity between the input
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Algorithm 7 Multi-step Denoising Scheduled Sampling

1:
2
3:
4.
5
6

10:
11:
12:

13:
14:

repeat

To ~ q(z0);
t~U{1,---T—k—1});

€ ~N(0,I);

Xitkt1 = VQikr1Xo V1 — Qpipi1€;

s _ 1 _ l-ogypys
Xtk = Jarmes (Xetkta V=l (Xpsrr1,t+E+1)

1 l—oyqpt .
Xpp = —— [ x — Lt e
t+k arr | Xttkl ot )’
if £ > 0 then

S S Vo Bt
Xt = ViXerk + WiXo + =577 X0
_ Vo Bt
Xt = ViXe+k + WiXo + =5 X0
end if
Et =Xt — Xi,
€ — Xt—+v/QtXp
t = T

Take gradient descent step on
Vo(ller — €0 (Xe, ) [I* + 116 — &0 (Re, 1) [1%)

15: until converged

with noise and the ground truth expends, mimicking the noise accumulation observed in the

sampling process.

3.2.3 Algorithm

The training process by introducing the prediction errors with multi-step accumulation in
the scheduled sampling with denoising, the algorithm of MDSS is described in Alg. 7. The

training process still follows scheduled sampling, which introduces prediction errors by the

scheduled ratio. For brevity, the algorithm only outlines the steps of introducing errors. &

represents the number of accumulation using mathmatical formulation. When k£ = 0, it

defaults to a Single-step denoising scheduled sampling (SDSS).

Furthermore, we validate our MDSS could be applied to a well-trained model. In such a man-
ner, only requiring a small number of retraining steps, MDSS can improve the performance

of a given DDPM, saving a lot of time and computational resources when compared with

training from scratch.
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TABLE 3.1. The comparison of MDSS with IP and SS. The symbol
v'denotes that the process is analytically accurate and involved, while X
indicates that the process is either analytically incorrect or not covered.

Input Denoise model prediction Denoise input signal
1P X = Varxo + V1 — a: (e + ye) (X) Given € (v) X
A 1 11—« _ kg —\/arx
SS Xt = \/Tﬁ (Xt+1 - ﬁeg (Xt+1, t)) (\/) € = ﬁ (X) X
MDSS R = Repr + wxo + YL (V) e= XG0 () £ =% —x

(‘f*ﬁ,r\v\
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(a) Input without errors (b) Input with one-step errors (c) Input with previous accumu-
lated errors

FIGURE 3.2. The Mean Squared Errors between the model prediction and
the ground truth for different methods.

3.2.4 Discussion

In this subsection, we compare our proposed approach with IP and SS, two state-of-the-
art methods for addressing exposure bias for DDPMs, highlighting the reasons behind the

superior sampling outcomes achieved by our method.

Table. 3.1 presents the comparison. For the training input, IP uses Gaussian noise to emulate
model prediction noise, which may be different from the actual noise in the inference process.
For the model prediction, SS ignores the influence of the input signal, as shown in Eq. 3.2, and
only such a model prediction cannot fully address the exposure bias and may introduce new

noises. Only MDSS considers the influence of input signal and prediction error accumulation.

We conduct three experiments with well-trained models to demonstrate the efficacy of our
method further. In our experiments, we employ various inputs and measure the Mean Squared
Error (MSE) between the model prediction and ground truth at every step. Firstly, the model’s

input is calculated by ground truth and does not include errors. Fig. 3.2(a) shows that all
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methods perform nearly the same when the model inputs are free of noise. Secondly, the
input of the model comes from one step of sampling of the previous step through the model.
Fig. 3.2(b) reveals that when the input incorporates one step of model prediction noise, MDSS
yields the most accurate results. Last, the input of the model comes from the sample of
previous steps, which contains the accumulation errors. Fig. 3.2(c) shows that the error is
prominent in the initial stages, likely due to the data distribution being close to standard. As
the sampling process progresses, the model error diminishes rapidly. After hundreds of steps,
the errors of prediction increase due to the exposure bias problem. However, using MDSS,
the model prediction error did not show a trend of increasing during the sampling process,

which reflects that we have well-alleviated exposure bias.

3.3 Experiment

3.3.1 Experimental Setup

We evaluate our method across unconditional image generation tasks on three datasets:
CIFAR-10 [32], ImageNet 64 x64 [15], and LSUN tower 64 x64 [69]. For the CIFAR-10
and ImageNet 64 x 64 datasets, we fine-tune on the well-trained iDDPM [44] models, and
for LSUN tower 64 x 64, we keep training on the ADM [23] model. We employ the Frechet
Inception Distance (FID) [21] to evaluate the quality of the generated images. We also
conducted experiments on Stable Diffusion V1.5 [54] to validate the performance of our
methods on text-to-image models. In order to visually show the effect of MDSS on image
synthesis, we set the same random seed in the sampling phase to ensure a similar trajectory
for all methods. More details regarding training hyperparameters, network architecture, FID

evaluating settings, and qualitative comparison can be found in Appendix A2.

3.3.2 Main Comparison

In this section, we compare MDSS with IP and SS on DDPM, DDIM, and DPM-Solver.
For DDPM and DDIM, we sample 30, 100, and 250 steps. For DPM-Solver, we sample
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10, 20, and 50 steps. In the following results, we highlight the best result and underline the

second-best result.

The results of DDPM are shown in Table. 3.2. We can draw the following conclusions: 1)
Exposure bias drops the generation performance of DDPMs, and MDSS outperforms SS and
yields competitive results with IP. 2) We find that SDSS outperforms MDSS when sampling
steps are larger, while MDSS performs exceptionally well with fewer sampling steps. This
may be because the noise accumulation in multi-step is more effective at mitigating the

fewer-step sampling process, which is prone to more significant errors.

The results of DDIM are shown in Table. 3.3. We can draw conclusions that: 1) Our method
significantly enhances the sampling results and achieves a greater FID improvement than
DDPM sampling. It is important to note that the IP method yielded subpar results in DDIM.
This validates that a predefined noise, such as the Gaussian Noise of IP, may contain a gap
when compared with prediction errors of the inference process. MDSS and SDSS perform
better than SS, partly because MDSS and SDSS model more accurately the prediction errors.
2) MDSS achieves better sampling results than SDSS partly because the non-markov process

of DDIM might make it more susceptible to error accumulation.

We conducted experiments using DPM-Solver-1, 2, and 3 for the DPM-Solver sampling
method. The CIFAR-10 results are shown in Table. 3.4, while results for ImageNet and LSUN
are available in Appendix A4. We can draw the following observations: 1) DPM-Solver-1 is
fundamentally similar to DDIM; therefore, our method can achieve superior sampling results
compared to other approaches. 2) In DPM-Solver-2 and 3, while our approach outperforms
IP and SS, there is minimal or no improvement compared to the DDPM baseline. One reason
could be that DDPM and DDIM require a single model prediction during sampling, whereas
DPM Solver undergoes two or three model predictions. The modeling of prediction errors

should be adjusted based on DPM Solver inference, which is one of our future works.

To validate that our MDSS method can be applied to text-to-image models, we conducted
experiments on Stable Diffusion V1.5. We employed MDSS to fine-tune Stable Diffusion
V1.5 on a subset of 50k images from ImageNet 256 x 256 with 7k iterations. The FID score
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TABLE 3.2. DDPM results on CIFAR-10, ImageNet, and LSUN tower with
varying inference steps.

Dataset Steps DDPM  IP SS  SDSS MDSS
30 781 640 795 792 5.54
CIFAR-10 100 3.72 325 3.62 347 3.49
250 323  3.02 3.17 3.08 3.62
30 3435 3452 3260 3232 31.76
ImageNet 100 25.32 24.88 23.86 23.22 24.28
250 2488 2424 22.82 2248 23.69
30 598 552 576 572 557
LSUN 100 232 227 225 224 226
250 222 195 193 190 192

TABLE 3.3. DDIM results on CIFAR-10, ImageNet, and LSUN tower with
varying inference steps.

Dataset Steps DDPM P SS  SDSS MDSS
30 747 535 7.02 692 5.25
CIFAR-10 100 499 695 478 4.53 3.86
250 448 860 4.11 394 392
30 28.11 4374 27.82 27.47 2718
ImageNet 100 25.33 49.73 24.81 24.75 24.96
250 2429 5522 23.69 23.44 23.86
30 426 3738 401 394 3.84
LSUN 100 296 2720 279 261 2.67
250 448 3292 438 456 413

improved, decreasing from 10.29 to 9.58. The experiment result illustrates that our MDSS
method imposes no constraints on the model details, and it can be used to various diffusion

models.

3.3.3 Ablation Study

In this subsection, we conduct extensive ablation studies on the CIFAR-10 dataset to elucidate

the impact of methodological components within our method.

The effect of denosing. We first assess the impact of denoise the input signal. We compare the
performance of SDSS and SDSS without denoising the input signal (SDSS w/0). The results
of DDPM and DDIM are shown in Table. 3.5. We can conclude that using an additional
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TABLE 3.4. DPM-Solver-1,2,3 results on CIFAR-10 with varying inference
processes.

Methods Steps DDPM 1P SS SDSS MDSS
10 26.08 4196 2539 2496 12.11
DPM-Solver-1 20 11.46 20.79 11.17 11.04 541
50 6.03 1443 599 589 4.84
10 1043 4203 13.04 1198 12.149
DPM-Solver-2 20 355 743 465 448 5319
50 328 1139 4.04 4.02 4.845
10 599 3322 643 634 7.80
DPM-Solver-3 20 4.07 1332 423 4.01 551
50 401 1236 4.00 394 533

TABLE 3.5. Comparison of denoising input signal on DDPM and DDIM.

DDPM DDPM DDIM DDIM

SDSS w/o  SDSS SDSS w/o SDSS
30 steps 7.93 7.92 6.93 6.92
100 steps 3.55 3.47 4.60 4.53
250 steps 3.09 3.08 4.05 3.94

model channel to remove noise from the input signal can further mitigate exposure bias
and enhance generated results. Nevertheless, the improvement is slight compared with the
model prediction denoising effect. This might be because exposure bias predominantly stems
from the noise introduced by model prediction. The input containing noise can lead to large
deviations in model predictions. However, the noise itself has little effect on the sampled

results directly.

The effect of multi-step training. We discuss the effection of prediction error accumulation
by conducting experiments with varying steps, k: 4, 10, 20, and 50. The DDPM and
DDIM inference results are presented in Table. 3.7 and Table. 3.6. In DDPM, the multi-step
training approach only offers improvements at fewer inference steps. This might be due to
the accumulation of errors in fewer inferences is more significant and can be mitigated by
MDSS. Incorporating more steps in MDSS also leads to worse DDPM results. For DDIM,
performance is enhanced using multi-step training. Significant results can also be obtained at
certain sampling steps using longer multi-steps. This indicates that there is more significant

noise in DDIM, and therefore MDSS can be used for more sampling steps and longer error
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TABLE 3.6. Comparison of multi-step training using different steps on
DDPM.

single-step 4 steps 10 steps 20 steps 50 steps
30 steps 7.92 5.54 5.92 6.70 8.31
100 steps 3.47 3.49 4.20 3.64 4.12
250 steps 3.08 3.62 3.75 3.58 3.32
TABLE 3.7. Comparison of multi-step training using different steps on
DDIM.

single-step 4 steps 10 steps 20 steps 50 steps
30 steps 6.92 5.25 4.45 4.52 6.98
100 steps 4.53 3.86 4.04 4.05 4.61
250 steps 3.94 3.92 3.96 3.79 4.09

accumulation. Choosing the number of multi-step training steps requires careful consideration
to prevent exacerbating exposure bias. We advise beginning with a conservative number of

steps, such as four steps, and incrementally increasing it.

Number of iterations in continue training. In our experiments, we fine-tune a well-trained
DDPM using MDSS. In this section, we conduct experiments on the CIFAR-10 dataset,
assessing the result of different training iterations. We calculate the FID of 250 sampling steps
on every 5,000 iterations, and the result is shown in Fig. 3.3. The FID experiences a sharp
decline in the initial phases of training and begins to converge after approximately 20,000
iterations, but we do not notice a decline if MDSS is not used. This demonstrates that our
method can achieve convergence results with fewer training iterations. Compared to training
from scratch, which requires around 200,000 iterations, our method reduces the training time

by approximately a factor of 10.

3.3.4 Discussion of Modifying MSDD Based on DDIM

Many methods modify the inference process to achieve improved results when utilizing fewer
sampling steps. For example, while DDIM and DDPM undergo identical training process,
their inference methods are a little distinct. Analytically, by utilizing DDIM in Eq. 2.14

instead of DDPM in scheduled sampling, we can achieve a noise distribution that more closely
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FIGURE 3.3. FID scores with respect to the number of training iterations.
Each FID result is computed with 250 inference steps.

TABLE 3.8. Comparison of SDSS/MDSS with/without modification based

on DDIM sampling.
SDSS DDIM SDSS MDSS DDIM MDSS
30 steps  6.92 5.42 5.25 4.82
100 steps  4.53 4.21 3.86 3.94
250 steps  3.94 4.51 3.92 4.63

mirrors the actual DDIM inference process. We compare the effect of SDSS and MDSS with
the DDIM revised version, and the results are shown in Table. 3.8. It can be observed that
with a modification, the performance of SDSS/MDSS is further improved when sampling
steps are few. We suggest that When leveraging DDIM for quick sampling with minimal
steps, we can employ the DDIM scheduled sampling to boost the quality of the results. We

can adopt a similar approach with the DPM-Solver and we leave this as our feature work.
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3.3.5 Qualitative Comparison

In order to visually show the effect of MDSS on image synthesis, we set the same random
seed in the sampling phase to ensure a similar trajectory for all methods. Fig. 3.4 displays
the generated samples using 30 steps DDIM on CIFAR10 dataset. We provide additional
qualitative comparisons in Appendix. The images produced by MDSS showcase more com-
prehensive image details, further affirming the effectiveness of MDSS in reducing exposure

bias and creating images of higher quality.

FIGURE 3.4. Qualitative comparison of DDPM, IP, SS, SDSS and MDSS on
CIFAR10.

3.4 Summary

In this chapter, we propose a novel training method called multi-step denoising scheduled
sampling (MDSS) to mitigate the exposure bias issue. Specifically, MDSS 1) comprehensively
denoises the errors in model prediction and input signal and 2) efficiently models the prediction
error accumulation by mathematical formulation. Our method can be plugged into any existing
DDPMEs, requiring merely a few additional training iterations on the well-trained model. The
experiments showcase that MDSS achieves better results in alleviating exposure bias problems

compared with state-of-the-art works: IP and SS.

Even though our method achieves excellent results in both DDPM and DDIM inference, it

is not well-compatible with the DPM-Solver method. Besides, we assume that the noise
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of model prediction is additive. We leave the discussion of DPM-Solver and other types of

noises as our future work.



CHAPTER 4

Reversing Prompts from Images

Generating images from textual prompts has become very popular, though it often requires
significant effort in prompt engineering to create the desired images. In this chapter, we
explore the problem of decoding textual prompts from existing reference images, which we
call image reverse prompt engineering. This technique allows us to gain insights from
reference images, uncover the creative processes of great artists, and facilitate novel image
generation. We propose an automatic reverse prompt engineering method (ARPO) to solve
this problem. Specifically, our method begins with an initial reverse prompt and optimizes it
iteratively by: 1) generating a recreated image from the current reverse prompt; 2) comparing
the recreated image with the reference image to draft candidate prompts for improvements;
and 3) selecting the best candidate prompts to update the reverse prompt. This iterative process
converges quickly, demonstrating effectiveness in real-world applications. We evaluate our
method by comparing it with various baseline methods, including hand-crafted methods,
image caption methods, data-driven methods, and commercial services. Both quantitative and
qualitative results highlight the effectiveness of our method in generating high-quality reverse

prompts.

4.1 Introduction

In recent years, the concept of Artificial Intelligence Generated Content (AIGC) has gained
significant popularity, especially due to the great success of text-driven generation applications
such as text-to-image [54, 49, 56, 5, 8], text-to-video [24, 6, 61], and text-to-3D [33, 11].

Meanwhile, there has been a significant increase in demand for production-ready text prompts,
29
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known as prompt engineering, which require meticulous crafting and iteration to ensure
precision, concreteness, and optimization for the intended use case. For example, many
popular AIGC communities such as Lexica, CivitAl, and Stable Diffusion Online' have
offered meticulously crafted text prompts to assist users in generating their desired images.
The effectiveness of those production-ready text prompts has motivated us to further explore
cracking the recipe inside text-driven generation, specifically in terms of text prompts. That
is, for image generation, this will enable us normal people to generate new images using text
prompts decoded from those beautiful reference images, whether they are natural photos taken

by a camera, artworks crafted by humans, or images produced by unknown AIGC models.

(c) GPT-4V (d) ARPO (ours)

FIGURE 4.1. Illustration of images generated by Stable-Diffusion-V1.5
with different reverse prompts. (a) Reference image for reverse prompt en-
gineering. (b) Image generated with a hand-crafted reverse prompt. (c) Image
generated with the reverse prompt of GPT-4V model. (d) Image generated
with the reverse prompt by our ARPO model.

Crafting a prompt likely responsible for generating the desired output is typically referred to
as reverse prompt engineering (RPE). A main difference between prompt engineering and
reverse prompt engineering is whether the desired output is available before constructing
prompts. Basically, many recent prompt generators use large language models (LLMs) to
generate prompts based on task descriptions or examples [71, 26], which somewhat can also
be seen as forms of reverse prompt engineering, though they rely on alternatives to the desired
output rather than the specific output. In this chapter, we consider reverse prompt engineering

for text-to-image generation, i.e., crafting a prompt that can be used to generate

1https://lexica.art; https://civitai.com; https://stablediffusionweb.com
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Method Prompt
Human Design | fantastical landscape, digital painting style, huge landscape, people in the middle of the road, green trees
This image depicts a fantastical landscape painting with a strong sense of otherworldly atmosphere.
In the foreground, a solitary figure is seen from behind, ... landscape dotted with classical ruins and statues.
The figure appears contemplative or on a journey ... suggesting a cosmic event or a sky from another world.
The colors are rich and warm, with a palette dominated by golds, oranges ... science fiction feel of the scene.
This structure, along with the ruins ... contemplate the narrative and the world in which this scene takes place.
The painting blends elements of classical art with speculative fiction ... bridge the past and the imagination.
Content: imaginative landscape, exploration, figures placed centrally
IPRE (ours) | Style: surreal quality, exaggerated proportions, blend of realism and fantasy, dramatic sky, digital painting
style with high level of detail and sense of depth

GPT4-V

TABLE 4.1. The results of various methods for reverse-engineering image
prompts. The images in Figure 4.1 are generated by the corresponding
prompts.

the given reference image. We refer to this problem as image reverse prompt engineering
(IRPE). This process not only allows us to unravel the complex relationships between prompts
and the generated image, but also enables us to generate high-quality and new images similar
to reference images. Similar to those aforementioned LLM-based prompt generators, a
simple and straightforward IRPE model can be achieved by exploring large multimodal
models, especially those popular vision-language models (VLMs) like BLIP series [35, 34,
14], VILA [37], and GPT-4V [1]. Figure 4.1 and Table 4.1 illustrate images generated using
prompts directly constructed by the above mentioned VLMs, demonstrating a clear gap

between reference and generated images.

Currently, crafting successful production-level prompts is usually a time-consuming iterative
process involving both humans and AIGC models: humans refine prompts by comparing
reference and generated images, while AIGC models generate new images with refined
prompts. Additionally, some prompt generators mainly rely on collecting large-scale dataset
for specific characteristics [72], and commercial reverse prompt engineering services/models
also lack exposure of technical details®. To address these issues, we propose an automatic
prompt optimization framework for image reverse prompt engineering, referred to as ARPO.
Specifically, when given a reference image, we initially set the reverse prompt using VLMs
like BLIP2 or a hand-crafted one. Subsequently, we iteratively optimize this prompt with
three main steps: 1) Image Generation: a text-to-image model creates a new image from the

current reverse prompt; 2) Prompt Generation: a LLM/VLM-empowered prompt generator

*https:www.phot.ai; https://animegenius.live3d.io/; https://imagetopromptai.com
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generates candidate prompts by comparing generated and reference images; and 3) Prompt
Selection: an optimal prompt updates the reverse prompt. Inspired by automatic prompts
in language models [60, 71, 67, 50], particularly the imitated-gradient methods that use text
instead of numerical gradients for guiding optimization in LLM [50], our ARPO employs
similar approach using imitated-gradient generated by VLMs and LLMs. This iterative
process utilized imitated-gradient guided search, continuing until the generated image aligns
closely with the reference or the maximum steps are reached. Last but not least, the goal of
image reverse prompt engineering is not just to recreate the reference image, but also generate
novel images with desired elements like content and style. This novel image generation can

be easily achieved by editing the obtained reverse prompt, as detailed in Section 4.2.3.

To evaluate our approach, we extensively compare images generated using our method’s
reverse prompts with those from several baseline methods and black-box commercial services.
Additionally, we introduce a new dataset of 100 images, including 50 Al-generated [65] and
50 human-created [57, 25] images, for further quantitative analysis. Our evaluation employs
four metrics—CLIP-T, CLIP-I, ViT, and DINO—to assess prompt and image fidelity in
detail [51, 7, 19]. We also conduct a user study to evaluate image fidelity. The comprehensive
experimental results demonstrate the effectiveness of our ARPO method. Furthermore, we
perform ablation studies to explore the impact of individual design choices within our method.
We hope this work can inspire further exploration of reverse prompt engineering in image as

well as other domains such as 3D and video.

Our main contributions can be summarised as follows:

e We explore the problem of reverse prompt engineering for text-to-image generation,
to the best of our knowledge, which has not been investigated in previous literature.

e We introduce an automatic reverse prompt optimization method, ARPO, designed to
generate high-quality reverse prompts. These prompts can facilitate the creation of
new images with content and/or style similar to the reference image.

e We conduct comprehensive experiments, illustrating the efficacy of our proposed

method for image reverse prompt engineering.
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__Initialize » Reverse Image Generation
Prompt (Text-to-Image)

A
Optimal Prompt Selection Candidate
Prompt (CLIP) Prompts

FIGURE 4.2. The main ARPO framework consists of three main compon-
ents: image generation, prompt generation, and prompt selection.

Prompt Generation
(VLMs, LLMs)

Update

4.2 Method

In this section, we first describe the problem of image reverse prompt engineering (IRPE).
We then introduce the automatic reverse prompt optimization framework, and refer to it as
ARPO. Lastly, we discuss the application of IRPE in novel image generation by editing the

reverse prompt.

4.2.1 Image Reverse Prompt Engineering

For text-to-image generation, we start by creating a textual prompt P to describe the desired
image. We then utilize a standard text-to-image generation model, denoted as f, to produce
the resulting image I, = f(P). An important question arises: does the inverse function f~*
exist, allowing us to understand the image generation process, i.e., P = f~1(I,)? However,
directly learning such invertible generative models is typically complex, as evidenced by prior
research [18, 29, 10, 30, 3]. Moreover, exploring flow-based generative models or invertible
networks falls beyond the scope of this chapter. Given that recent state-of-the-art text-driven
generation models lack invertibility, we do not make assumptions about the underlying
generative models. Instead, our aim is to offer a practical and accessible solution through
prompt engineering. Specifically, we decode a reference image I, to derive a reverse prompt
P that best preserves crucial image information such as content and style. This process can
be formulated as P* € argminp L(/,, f(P)), where L represents the criterion for assessing

image discrepancy.
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4.2.2 Automatic Reverse Prompt Optimization

The main ARPO framework, illustrated in Figure 4.2, iteratively optimizes an initialized
reverse prompt through three key steps: image generation, prompt generation, and prompt

selection. Below, we elaborate on these crucial steps employed by the ARPO framework.

Prompt Initialization Recently, creating a simple reverse prompt has become very easy for
us using either image caption models, visual-language models, or hand-crafted approaches.
We thus begin automatic prompt optimization with an initial reverse prompt to significantly
reduce the required iterations. In this chapter, we utilize the image caption interface of the
popular BLIP2 [34] model for prompt initialization. For instance, the initialized simple
reverse prompt for the reference image in Figure 4.2 is “a black and white cat with blue eyes
wearing a bow tie”. That is, the initialized reverse prompt P for a given reference image I,
can be obtained as follows:

P° =BLIP2(I,). 4.1)

Image Generation Since various text-to-image models often exhibit distinct instruction
tuning preferences, we do not aim for a generalized reverse prompt process across all models.
Instead, we optimize the reverse prompt based on feedback from each specific text-to-image
model. Specifically, at the ¢-th iteration, we employ current reverse prompt P* to generate a
new image I as follows:

t_ t
I, = TextToImage(P"), (4.2)

where Text ToImage indicates a given text-to-image model for image generation. Unless

stated otherwise, we utilize the popular Stable-Diffusion-V1.5 [54].

Prompt Generation The motivation for image generation mentioned above is to identify
the difference between the generated image Ig and the reference image I,.. This difference
provides crucial information to propose candidate reverse prompts aimed at minimizing
the difference between the next iteration’s generated image ];H and the reference image.
The main prompt generation frameworks are illustrated in Figure 4.3. Specifically, the
vanilla prompt generation framework employs VLMs to compare the difference between

reference and generated images. Subsequently, this difference prompt is utilized to generate
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FIGURE 4.3. The main prompt generation frameworks used in ARPO.
(a) The vanilla prompt generation framework. (b) The enhanced prompt
generation framework.

candidate reverse prompts via LLMs. However, we observed a significant performance gap
between GPT-4V and open-source VLMs like VILA. To address this, we enhance the prompt
generation framework by first generating descriptions of image content and style, building
on the chain-of-thought (CoT) prompting strategies [66]. Since GPT-4V performs well in
directly comparing image differences, we use the vanilla prompt generation framework for
GPT-4V and the enhanced framework for other open-source VLMs. This decision is mainly
based on cost-effectiveness: using GPT-4V as the VLM, the vanilla framework costs less than
one dollar per case, while the enhanced framework costs around four dollars per case, with

minimal observed improvements.

We detail the vanilla framework in Figure 4.3(a) as follows. At the ¢-th iteration, we utilize
the VLM model to compare the difference between the generated image [; and the reference
image [,

Plo={Pi Pbi .} = VLM(I}, I, template), (4.3)

where template indicates the template or instruction used by the VLM model to compare
image difference (see details and examples in Appendix B2.1). The descriptions compre-
hensively analyze differences between the two images from multiple perspectives, including
content, style, color, and composition. An intuitive example of the difference description Pji’flf

is “ Image 1 depicts a cat with a more stylized and artistic rendering, showcasing a softer
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texture and a more whimsical feel with its exaggerated large blue eyes and a light blue bow
tie that has a silky texture". Next, we employ a LLM model to generate a candidate prompt

for minimizing each difference, i.e.,

P ={PY Phl .} = LLM(PLy, P! template), (4.4)

cand — and’ * cand’

where template indicates the template or instruction used by the LLM model to generate
candidate prompts (see details and examples in Appendix B2.1). These generate candidate
prompts are actually suggestions for minimizing each of the above-mentioned differences.
An example of generated candidate prompts P!, can be “{ stylized artistic rendering of
a cat; exaggerated large blue eyes, light blue silky bow tie; smooth fur texture; cool tone
background; serene mood; whimsical feel; illustrative and fantastical style; soft texture visual;
monochromatic color scheme}". For the enhanced framework, it primarily enhances image
difference descriptions, while the overall framework remains similar to the vanilla version.

See additional details about the enhanced framework in Appendix B2.2.

Prompt Selection Directly using all candidate prompts leads to saturation in the optimization
process, similar to the motivation of controlling training dynamics with learning rate and batch
size in deep learning. Motivated by [72], we use a similar greedy prompt selection algorithm,
as shown in Algorithm 8, to identify useful candidate prompts for obtaining the optimal
reverse prompt and updating the current one. The similarity between a reverse prompt and the
reference image, i.e., ClipSimilarity, is calculated by the cosine similarity between text
and image embeddings from the CLIP model [51]. At the ¢-th iteration, through the prompt
selection process, we obtain a subset of candidate prompts AP C P, that improves current

reverse prompt F;. We thus update the reverse prompt for the next iteration as
Pl =Pt + AP. (4.5)

This iterative optimization process stops when AP = & or the maximum steps are reached.
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Algorithm 8 The Greedy Prompt Selection Algorithm.

1: Current prompt P’, Candidate prompts P! .. Reference image I, Similarity metric
ClipSimilarity.
AP = @; S$pax = ClipSimilarity(I,, P?)
while P! | # @ do
Popts 8 = prélgtx ClipSimilarity(l., Pt + AP +p)
if s > saz tclal;jen
AP = AP + popt
end if
Pctand = Pgand — Popt
Smax — maX(SmaXa 3)
10: end while
11: return AP

2N

Lo

4.2.3 Novel Image Generation

Image reverse prompt engineering helps us understand the intricate connections between
prompts and generated images, facilitating the research on text-to-image generation. From the
view of practical applications, this technique also goes beyond recreating reference images
with text-to-image generation models. For example, as depicted in Figure 4.4, it enables
straightforward novel image generation through prompt editing. It is worth noting that the
reference image does not necessarily have to be Al-generated; it can be any available image.
Therefore, this technology holds promising potential for collaboration between Al and human

content generators.

Al d 4

(a) Reference Image (b) Recreated Image  (c) Novel Image (Content) (d) Novel Image (Style)

FIGURE 4.4. Illustration of novel image generation. (a) Reference image.
(b) Image generated with the reverse prompt. (c) Image generated by editing
the content-related description in the reverse prompt. (d) Image generated by
editing the style-related description in the reverse prompt.
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4.3 Experiments

In this section, we evaluate the proposed method with both quantitative and qualitative
experiments. We also conduct ablation studies to understand the impact of individual design

choices.

4.3.1 Dataset and Evaluation Metrics

To evaluate our ARPO method, we constructed a benchmark dataset of 100 images: 50
human-created (artistic paintings from WikiArt [57] and photographs from [25]) and 50
Al-generated from DiffusionDB [65]. This dataset ensures a diverse set of test images with
different styles, including artistic paintings and photographs. We employ two main evaluation
metrics: 1) prompt fidelity measures the cosine similarity between the CLIP [51] embeddings
of the reverse prompt and the reference image. This metric is referred to as CLIP-T; 2)
image fidelity calculates the cosine similarity between the embeddings of the reference image
and the recreated image using the reverse prompt. Specifically, we consider three embedding
extractors, CLIP (image encoder) [51], DINO [7], and ViT [19], and the metrics are referred to
as CLIP-I, DINO, and ViT, respectively. CLIP—I measures the cosine similarity between
the CLIP embeddings of the generated and reference images, providing a comparison of the
semantic differences. DINO calculates the cosine similarity between the ViT-S/16 DINO
embeddings of the generated and reference images, focusing primarily on comparing the style
and detail differences. ViT measures the cosine similarity between the ViT-L/16 embeddings
of the generated and reference images, primarily responsible for extracting and comparing

more complex features of the images.

4.3.2 Quantitative Comparisons

We compare the following methods for image reverse prompt engineering: 1) VLM-based
methods (BLIP2 [34], ShareCaptioner [9], VILA [37], GPT-4V [1]); 2) data-driven methods
(CLIP-Interrogator [72]); and 3) our ARPO variants. As demonstrated in Table 4.2, advanced

VLMs typically excel in generating better reverse prompts. However, attempting to directly
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TABLE 4.2. Results of the image and prompt fidelity comparisons. The
image fidelity metrics are assessed by running each experiment three times
with different random seeds to calculate mean and variance. For our ARPO
variants, ARPO (VILA, LLaMAZ2) indicates that we use VILA as VLM and

LLaMAZ2 as LLM in prompt generation.

39

Method CLIP-T CLIP-I DINO ViT

BLIP2 [34] 2642  75.8140.22 46.06+0.24 44.744+0.16
ShareCaptioner [9] 26.72  76.284+0.05 48.11+0.27 44.974+0.71
VILA [37] 2776  76.27+0.26 48.53+0.22 45.83+0.05
GPT-4V [1] 28.39  78.14+0.07 50.40+0.18 45.86+0.14
CLIP-Interrogator [72] 30.56  80.62+0.13 50.43+0.14 46.30+0.34
ARPO (VILA, Mistral) 35.03 81.554+0.04 52.37+0.51 49.224+0.43
ARPO (VILA, LLaMA?2) 35.14  81.38+0.01 53.37+0.24 49.35+0.14

ARPO (LLaVA-Next, Mistral) 35.27
ARPO (LLaVA-Next, LLaMA2)  35.58

81.50+0.12 53.69+0.23 50.26£0.14
83.01+0.02 54.00+£0.45 51.40+0.27

TABLE 4.3. Results of using SDXL.

Method CLIP-TCLIP-IDINO ViT
BLIP2 [34] 26.42  75.57 48.9544.80
ShareCaptioner [9] 30.56 79.99 51.2147.31
VILA [37] 26.72  76.04 52.88 48.33
GPT-4V [1] 2776  77.53 53.27 49.00
CLIP-Interrogator [72] 28.39  77.92 54.83 50.35
ARPO (ours) 3540 81.96 55.7852.37

TABLE 4.4. Results of using PixArt-a.

Method CLIP-TCLIP-IDINO ViT
BLIP2 [34] 2642 7449 46.6143.77
ShareCaptioner [9] 26.72 7698 50.6547.68
VILA [37] 2776 7690 51.0147.84
GPT-4V [1] 28.39  78.13 53.79 49.09
CLIP-Interrogator [72] 30.56  77.94 49.28 45.02
ARPO (ours) 3546 79.38 52.99 49.48

utilize general VLMs for this purpose does not yield competitive results, even with the consid-
erable capabilities of GPT-4V. This limitation may arise from their preference for lengthy and
complex descriptions, which pose challenges for adaptation by text encoders in Text-to-Image
(T2I) models. It is noteworthy that the CLIP-Interrogator outperforms GPT-4V, primarily due

to the utilization of a high-quality dataset tailored for specific purposes. Nevertheless, the
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limited scope of such a specific dataset hinders achieving significantly better results, as reverse
prompts generated by CLIP-Interrogator are constrained to the existing entries in the dataset.
Compared to baseline methods, the proposed ARPO consistently achieves significantly better
results across various choices of VLM/LLM components. This highlights the effectiveness

and robustness of our method for image reverse prompt engineering.

To showcase the adaptability of our ARPO method to different text-to-image models, we
explore two additional popular models, SDXL [49] and PixArt-« [8], for comparison with
baseline methods. Here, we utilize the combination of LLaVA-Next and LLaMA?2 for prompt
generation in our ARPO framework. As illustrated in Table 4.3, when using SDXL for text-
to-image generation, our ARPO consistently outperforms baseline methods by a significant
margin, similar to the observations made with Stable-Diffusion-V1.5 cases in Table 4.2.
Furthermore, Table 4.4 presents the results obtained using PixArt-« as the text-to-image
model. Specifically, we observe comparable results between GPT-4V and our method. This
could be because PixArt-a uses Google-T5 [12] as the text encoder, which is better suited
to handle the detailed and complex descriptions generated by GPT-4V. In summary, these
experimental results highlight the strong performance and adaptability of our method across

various text-to-image models.

4.3.3 User Study

We also conduct a user study to compare images generated by six methods: hand-crafted,
GPT-4V, CLIP-Interrogator, a commercial service, and two variants of our ARPO method.
The study involved 40 cases, with 50 users ranking the methods based on similarity to the
reference image, considering content, style, and overall preference. The first rank received
a score of 6, and the sixth rank received a score of 1. As shown in Figure 4.5, both ARPO
variants achieved comparable performances, clearly surpassing the hand-crafted method,

GPT-4V, CLIP-Interrogator, and the commercial service.
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FIGURE 4.5. The results of our user study. ARPO-1 uses the combination of
LLaVA-Next and LLaMA?2, while ARPO-2 uses the combination of GPT-4V
and GPT-4 for candidate prompt generation.
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eference . Share-
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CLIP- Commercial
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FIGURE 4.6. Illustration of recreated images using the reverse prompts
from different methods.

4.3.4 Qualitative Comparisons

We compare recreated images using reverse prompts from our ARPO method and several
baseline methods, including the hand-crafted method, BLIP2, Share-Captioner, VILA, GPT-

4V, CLIP-Interrogator, and commercial services like Phot . AT . In Figure 4.6, the reference

3https://www.phot.ai
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TABLE 4.5. Ablation studies on Prompt Generator and CLIP Filter.

Method CLIP-T CLIP-T DINO ViT

ARPO 35.58 83.01+0.02 54.00+£0.45 51.40+0.27
w/o Enhanced Prompt Generation  33.04  78.54+0.18 50.96+0.25 47.98+0.11
w/o Prompt Selection 27.09  78.65+£0.26 49.76£0.05 47.82£0.16

images in different rows are a natural image, an art painting, an Al-generated image, and
an Al-generated painting, respectively. Notably, the hand-crafted reverse prompts were
designed by an experienced AIGC researcher, yet the recreated images still show significant
discrepancies from the reference images. Furthermore, images recreated with reverse prompts
from general VLMs such as BLIP2, Share-Captioner, VILA, and GPT-4V often struggle with
art paintings or Al-generated paintings in terms of both content and style. Methods specifically
designed for reverse prompt engineering, such as CLIP-Interrogator and commercial services,
usually perform better in capturing details (e.g., the fourth row) but may also show significant
discrepancies from the reference image in some cases (e.g., the second row). Compared
to these baseline methods, our ARPO method better preserves the various elements of the
reference image. For example, for artistic paintings that require more detailed prompts to

guide image generation, our ARPO method excels in imitating style, layout, and color.

4.3.5 Ablation Studies

Prompt Generation To generate candidate prompts, we have introduced an enhanced frame-
work to fully utilize open-source VLMs/LLMs, as described in Section 4.2.2. As shown
in Table 4.5, the describe-then-compare strategy in the enhanced framework significantly
mitigates the performance degradation caused by some weaker VLMs/LLMs. This also
suggests the importance of the chain-of-thought method, which enables complex reasoning

through intermediate steps.

Prompt Selection As shown in Table 4.5, using all generated candidate prompts to update the
reverse prompt leads to significant performance degradation. This highlights the importance

of the prompt selection process, likely because: 1) prompt generation models often provide
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incorrect or unhelpful suggestions for reducing differences between reference and generated

images, and 2) handling these moderate suggestions slows the optimization process.

Optimization Steps In Figure 4.7, we illustrate performances across different numbers
of optimization steps. Specifically, a maximum of 10 steps is typically sufficient in most
cases. When running more iterations, there may be some performance fluctuations, but
differences in the generated images are typically imperceptible to the human eye until many
more optimization steps are taken. Therefore, employing an early stop strategy would be
useful, otherwise it is also easy for us to empirically determine the proper number of steps in
practice. Notably, even with two optimization steps, it already consistently outperforms all

other methods.
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FIGURE 4.7. The influence of optimization steps.

4.4 Summary

In this chapter, we addressed the challenge of image reverse prompt engineering and intro-
duced an automatic reverse prompt optimization method. Using the obtained reverse prompts,
we can easily generate novel images with content or style similar to the reference image. Our
method consistently outperforms many baseline approaches, including hand-crafted methods,
image caption methods, data-driven methods, and commercial services, as demonstrated by
both quantitative and qualitative results. This research underscores the promising potential of
reverse prompt engineering for text-to-image generation. We hope that this research can not
only advance the study of image reverse prompt engineering but also extend to text-to-3D and

text-to-video generation.
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4.5 Limitation

A major limitation of the ARPO method is that it requires a multi-step optimization process to
generate reverse prompts, resulting in a higher time cost compared to other methods. It would
be beneficial to further improve the efficiency of the proposed ARPO method or explore a

novel efficient image reverse prompt engineering solution.



CHAPTER 5

Conclusions

This chapter delivers an extensive summary of the contributions discussed in the preceding

chapters and suggests possible avenues for future research.

5.1 Summary of Contributions

In this thesis, we explore how to further enhance Diffusion Models for generate expected
results from both theoretical and application perspectives. On the theoretical level, we
investigate the exposure bias problem inherent in Diffusion Models, while on the application
level, we address the challenges associated with designing textual prompts for Diffusion

Models. The detailed contributions can be summarized as follow:

(1) Exposure bias can cause noise generated by model predictions in the inference
process of Diffusion Models being continuously accumulated and amplified, ulti-
mately resulting in generated outcomes that do not meet expectations. To alleviate
exposure bias problem, we first analyze the causes. Upon analyzing the formula for
the inference process, we discovered that noise from the model prediction influences
both the model’s subsequent prediction and the input signal in the following step. To
reduce this noise and bridge the gap between the training and inference processes,
we first propose a single-step denoising scheduled sampling (SDSS). Within this
framework, We propose a new training object to reduce the noise in model prediction
and an additional denoiser to reduce the noise in the input signal. To account for
error accumulation across multiple steps, we introduce the multi-step denoising

scheduled sampling (MDSS), designed to mathematically emulate this accumulation.
45
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5 CONCLUSIONS

The MDSS method can be plugged into any existing DMs, requiring merely a few
additional training iterations on the well-trained model. Our method can effectively
alleviate the exposure bias issue, reducing noise in the generate results of DMs,

improving the generation quality, and ensuring that the results meet expectations.

(2) Designing prompts for Diffusion Models requires experience and skill. An inappro-

priate prompt will not effectively reflect the creator’s intent, resulting in outcomes
that do not meet expectations. To address the challenge of designing difficult textual
prompts, we introduce the image reverse prompt engineering (IRPE) task, which
generates reverse prompts from existing images to serve as design references. We
propose an automatic prompt optimization framework for IRPE, called ARPO. The
ARPO method first generate an initially reverse prompt through BLIP2 and then
optimize this prompt with three main steps: 1) Image Generation: generating a new
image from the current reverse prompt; 2) Prompt Generation: Comparing candidate
prompts by comparing generated and reference images; 3) Prompt Selection: updat-
ing the reverse prompt. This research underscores the promising potential of reverse
prompt engineering for text-to-image generation and provides a novel and effective
auxiliary method for designing prompts. Our method provides users with prompt
references from images, enabling them to design prompts that are more suitable for

DMs, effectively aligning the generated images with user expectations.

5.2 Future Research

The research in this thesis is in its early stages and has yet to reach saturation. In the end of

this thesis, we list some potential directions for future research:

(1) Other methods to address these two challenges. For the challenges of exposure

bias and prompt designing, there are still other methods worth exploring. Our
MDSS method mitigates exposure bias by modifying the model’s training strategy.

Exploring how to alleviate exposure bias by modifying the inference strategy presents
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a valuable research direction. Additionally, our proposed ARPO method is a multi-
round optimization and training-free approach. Investigating how to generate reverse
prompts through a single round of optimization by training VLMs and LLMs could
also be worthwhile.

(2) Other methods to better generate expected results. Besides the two challenges
highlighted in this thesis, we believe there are other challenges within Diffusion
Models that await resolution, which could lead to outcomes more in line with
expectations. These additional challenges might involve building more robust models,
automatically refining user-designed prompts, or improving the interaction between
users and Diffusion Models.

(3) Exploring different tasks. This paper primarily focuses on the image generation
tasks. However, the challenges of exposure bias and designing prompts also exist
in other generative tasks, such as video and audio generation. Investigating how to
apply our proposed MDSS and ARPO methods to these different generation tasks is

a direction worth exploring.
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APPENDIX A

Additional Details in Chapter 3

A1 More Details of MDSS

Al.1 Derivation of Equation 3.9

In Equation 3.9, we compute a multi-step posterior inverse process. Given that the posterior
inverse process is a Markov chain, it can be computed using a For loop as demonstrated in

Alg. 9.

Algorithm 9 Multi-step posterior inverse process

1: foriekto(}do : ’
_ Voarti(l—ar4i—1 VOti—10t+i
2 Y= 1=y X+ 1-aiqg X0
3: r=1vy
4: end for
5: return x

The algorithm demonstrates that the intermediate time step can be omitted. For instance,
when k£ = 2, the result of the multi-step posterior process can be expressed as follow:

Varrr(l — au)y/auga(l — 1)
Xt = X¢42+

(I —ap1)(1 — aryo)

Vari1(1 — at)\/arr1Pe+2 X0 + Vo By o0

(1= auq1)(1 — dug2) 1—au

(A.D

It can be observed that all variants are derived from the noise schedule except x; ;. and xg.
We summarize the variants related to the step k as v and w. These variants are contingent
upon the time step ¢. In light of your valuable correction, we will amend them to ~; and w;
in Algorithm 3. By specifying the step k before training, it becomes feasible to calculate
variants for each time step in advance. Therefore, we can remove the For loop in training

algorithm and speed up the training process.
54



A1l MORE DETAILS OF MDSS 55

Al.2 Scheduled Sampling

In the scheduled sampling method, a random decision determines whether the training adheres
to the original DDPM method or transitions to our MDSS method. We use y to represent
the probability of using MDSS in a mini-batch of training. When v = 0, the model training
process is just as DDPMs, while when v = 1 the training process only uses MDSS. We
incorporate MDSS at the beginning of training, while retaining a slight portion of the original
DDPM during the final training phase. Therefore, the minimum + is 0.1 and the maximum -y
1s 0.9. We utilize the linear increase strategy:

t
v =min(0.9,0.1+ =) (A2)

where ¢ is the current training step and 7’ is the maximum training iterations.

A1.3 Model Structure of Denoising Input Signal

In MDSS, in order to mitigate the errors present in the input signal, we propose a new denoiser.
This denoiser shares the same UNet with the original output and adds an additional output
channel in the last layer to predict the noise in the input signal. The additional channel has

the same shape as the original one. The model structure is shown in Fig. A.1.

X D D D % —>eg(xt,t)
_)gﬂ(xt:t)

FIGURE A.1. The schematic diagram of the model structure. The blue
layer keeps the structure of the original UNet unchanged and adds a new
channel in red in the last layer for predicting noise in the input signal.
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A2 More Details of Experimental Setup

For the CIFAR-10 and ImageNet 64 x 64 datasets, we fine-tune on the well-trained iDDPM
models, and for LSUN tower 64 x 64, we keep training on the ADM model. We use Pytorch
2.0 and all experiments on NVIDIA V100s (32G memory). We use 2 GPUs to train CIFAR-10,
8 GPUs to train ImageNet 64 x 64, and 4 GPUs to train LSUN tower 64 x 64. We train all
models with the AdamW optimizer. We utilize Frechet Inception Distance (FID) to evaluate
the quality of the generated images. To evaluate the FID metric, we generate 50,000 images as
a sample batch, except for ImageNet 64 x 64 where we produce 10K images. The reference
batch for CIFAR-10 consists of the entire training set, while the reference batch for ImageNet
64 x 64 and LSUN tower 64 x 64 are randomly chosen images from the training set. The

hyperparameters are reported in Table. A.1.

TABLE A.1. Hyperparameters in CIFAR-10, ImageNet and LSUN experi-
ments.

CIFAR-10 ImageNet LSUN

Image size 32 64 64
Diffusion steps 4000 4000 1000
Noise schedule cosine cosine cosine

Channels 128 128 192
Residual blocks 3 3 3
Channels multipe 1,2,2,2 1,2,3,4 1,2,3,4
Attention resolution 16,8 16,8 32,16,8
Iterations 50k 10k 50k
Batch size 128 128 256
Dropout 0.3 0 0
EMA rate 0.9999 0.9999  0.9999
Learning rate le-4 le-5 le-4
Sample batch 50k 10k 50k

A3 More Discussion of Training based on well-trained

Models

In this section, we compare the results of DDPM and MDSS fine-tuning on the well-trained

model. We conduct our experiments on CIFAR-10 and calculate the FID of 250 sampling
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TABLE A.2. DPM-Solver-1,2,3 results on ImageNet 64 x 64.

Methods Steps DDPM P SS SDSS MDSS
10steps 64.31 127.18 6348 6345 63.29

DPM-Solver-1 20 steps 39.30 82.59 40.18 39.87 38.67
50 steps  29.97 66.71 2991 29.88 29.45

10steps 42.19 66.58 40.33 3990 41.49

DPM-Solver-2 20 steps 27.92 41.17 28.69 28.34 28.81
50steps 25.72 56.67 26.10 26.33 26.53

10 steps 103.12 189.25 180.20 169.97 112.58

DPM-Solver-3 20 steps 26.83 85.74 2891 28.11 28.46
S50steps 25.42 5929 2571 2535 25.94

steps on every 10,000 iterations. The results are shown in Fig. A.2. We can find out that,
using MDSS, the FID experiences a sharp decline in the initial phases of training and begins
to converge after approximately 20,000 iterations in MDSS training. In contrast, using the
original optimization of DDPMs, the FID remains stable without showing any noticeable

decrease.

4.6 A

4.4

4.2 1

4.0 1 DDIM-MDSS
DDIM
3.8 4 —— DDPM-MDSS
--- DDPM

FID

3.6 A

3.4 A

3.2 1

3.0 1

0 10 20 30 40 50
training iterations (thousand)

FIGURE A.2. FID scores with respect to the number of training iterations.
Each FID result is computed with 250 inference steps.

A4 DPM-Solver Results on ImageNet and LSUN

The results of DPM-Solver on ImageNet 64 x 64 and LSUN are shown in Table. A.2 and
Table. A.3. We can draw a conclusion that in DPM-Solver-1, our method can achieve superior

sampling results compared to other approaches, and in DPM-Solver-2 and 3, while our
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TABLE A.3. DPM-Solver-1,2,3 results on LUSN tower 64 x 64.

Methods Steps DDPM P SS  SDSS MDSS

10 steps 21.32  97.53 21.37 21.85 20.83

DPM-Solver-1 20steps 9.71 57.46 9.84 1095 947
50steps  6.70 4493 6.85 6.77 6.15
10steps 893  56.69 877 9.82 8.64

DPM-Solver-2 20 steps 4.95 18.10 5.17 5.74 5.15
50steps 477 3630 543 558 522

10 steps  71.46 41992 69.45 82.50 59.05
DPM-Solver-3 20 steps 5.34 69.54 638 632  6.17
50steps 490 40.68 588 572 5.16

approach outperforms IP and SS, there is minimal or no improvement compared to the DDPM

baseline.

AS CLIP-FID Results

We can use CLIP-FID [48] to evaluate the quality of the generated images. In this section, we

use CLIP-FID to evaluate images generated using DDPM and DDIM sampling methods on

CIFAR-10. We sample the images for 30, 100, and 250 steps. The experimental results are

shown in Fig. A.4. As shown in the experiments, our method still achieves the state-of-the-art

results in most cases.

Steps DDPM IP SS SDSS MDSS
DDPM 30 443 336 423 397 3.26
DDPM 100 1.63 130 153 146 2.17
DDPM 250 1.05 099 1.02 1.01 2.02
DDIM 30 328 211 293 279  2.02
DDIM 100 1.69 272 142 134 1.06
DDIM 250 126 3.12 1.15 1.02 1.05

TABLE A.4. CLIP-based FID results on DDPM and DDIM inference method

on CIFAR-10.

A6 Qualitative Results

In this section, we present the example images generated using DDPM and DDIM of MDSS.

We sample the images for 30, 100, and 250 steps, respectively. The generated images of
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FIGURE A.5. ImageNet 64 x 64 DDPM sample results for varying time

steps of MDSS
CIFAR-10, ImageNet 64 x 64 and LSUN tower 64 x 64 on DDPM can be found in Fig. A.3,
Fig. A.5 and Fig. A.7, while the DDIM generated images is shown in Fig. A.4, Fig. A.6 and
Fig. A.8. We compared the generated images of MDSS and DDPM baseline with DDPM
and DDIM generated method in Fig. A.9 and Fig. A.10. It can be seen that we can generated
images with competitive quality for both CIFAR-10, ImageNet 64 x 64, and LSUN tower
64 x 64. By comparing with the generated results of DDPM baseline, MDSS can achieve
better results with fewer steps, especially in DDIM 30-step and 100-step sampling.
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FIGURE A.6. ImageNet 64 x 64 DDIM sample results for varying time
steps of MDSS
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FIGURE A.7. LSUN tower 64 x 64 DDPM sample results for varying time
steps of MDSS
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FIGURE A.9. Compared the DDPM sample results between DDPM
baseline and MDSS.
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APPENDIX B

Additional Details in Chapter 4

B1 Computational Resource

For the ARPO method with closed-source models and vanilla prompt generation framework,
we utilize GPT4-V (gpt-4-vision-preview) and GPT4 (gpt-4-1106-preview) as the VLM and
LLM. For the ARPO with open-source models and enhanced prompt generation process,
we try to utilize VILA (VILA-13b, CC-BY-NC-4.0) or LLaVA-Next (Ilava-v1.6-vicuna-13b,
LLAMA 2 Community License) as our VLM and LLaMA?2 (Llama-2-13b-chat-hf, Llama
2 Community License) or Mistral (Mistral-7B-Instruct-v0.2, APACHE-2.0) as our LLM.
We employ Stable-Diffusion-V1.5 (stable-diffusion-v1-5, creativeml-openrail-m), SDXL
(stable-diffusion-xI-base-1.0, openrail++), and PixArt-a (PixArt-XL-2-512x512,0penrail++)
as our Text-to-Image model to test our method can handle different image generators. In the
prompt initialization step, we use BLIP2 (blip2-opt-2.7b, MIT License) to get a concise image
caption. In the step of prompt selection, we use CLIP-ViT-L-14 (MIT License) to calculate

the cosine similarity between text and image CLIP embeddings.

We deploy our closed-source models version on a single NVIDIA 4090 24G GPU and our
open-source models version on two NVIDIA A100 40G GPUs. The closed-source version
takes about 20 seconds and costs approximately 0.07 USD per iteration. In contrast, due to
the additional image description process in the enhanced prompt generation framework, the

open-source version takes around 90 seconds per iteration but is completely free.
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B2 More details about Prompt Generation

B2.1 Vanilla Framework

In the framework of the vanilla prompt generation process, we first utilize the VLM model to
compare the difference between the generated image and the reference image. The template
used by VLM model to compare image differences is shown in Figure B.1. An example of
difference description generated by GPT4-V is shown in Figure B.2. Then we employ LLM
to generate candidate prompts for minimizing each of the identified differences. The template
used by LLM is shown in Figure B.3 and a candidate prompts example generated by GPT-4 is

shown in Figure B.4.

Template used by the VLLM to compare image difference.

The first image is Image 1 and the second image is Image 2. You need to describe the
difference between Image 1 and Image 2. Let’s think step by step.

FIGURE B.1. Template used by the VLLM to compare image difference
between the reference image and the generated image.

An example of difference description

Image 1 and Image 2 both feature a cat wearing a bow tie, but there are notable differ-
ences. Image 1 depicts a cat with a more stylized and artistic rendering, showcasing a
softer texture and a more whimsical feel with its exaggerated large blue eyes and a light
blue bow tie that has a silky texture. The cat’s fur appears smooth and the overall image
has a cool tone, contributing to a serene mood. In contrast, Image 2 presents a cat
with a realistic photograph quality, with sharper textures seen in the fur, a solid black
and white color pattern on the fur, and more natural but still vivid blue eyes. The bow
tie here is darker and less reflective, suggesting a different material. The background
of Image 2 is a neutral brown, which contrasts with the cooler, more monochromatic
background of Image 1. The mood in Image 2 feels more straightforward and less
fanciful than in Image 1. The layout and scale of the subjects are similar, with both cats
positioned centrally and occupying a comparable amount of space within the frame, but
the style of Image 1 is more illustrative and fantastical, while Image 2 is more realistic
and lifelike.

FIGURE B.2. An example of difference description generated by GPT4-V
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Template used by the LLM to generate prompt candidates.

Generate image promts that incorporate the following difference between Image 1 and
Image 2: {difference}.

For the specific contrasts identified in the differences between Image 1 and Image 2,
the image prompts should guide the creation of images that align more closely with
Image 1.

The prompts should be structured as a series of keywords or short phrases, separated by
commas. Please list all possible prompts in a python list format. Your answer should
only contain a python list. Let’s think step by step.

FIGURE B.3. Template used by the LLM to generate prompt candidates
based on the difference between two image.

An example of candidate prompts

[stylized artistic rendering of a cat, exaggerated large blue eyes, light blue silky bow
tie, smooth fur texture, cool tone background, serene mood, whimsical feel, illustrative
and fantastical style, soft texture visual, monochromatic color scheme]

FIGURE B.4. An example of candidate prompts generated by GPT4

B2.2 Enhanced Framework

Using open-source models like VILA and LLaVA-Next with relatively lower performing
compared to GPT4-V to generate image differences has two significant challenges: 1) Some
VLMs are trained solely on single image-text pairs and lack the capability for multi-image
inference. 2) Their comparative results are often not comprehensive, capturing only partial
differences. To address this shortcoming, we propose an enhanced prompt generation frame-
work for open-source models. The enhanced framework is primarily used to improve the
descriptions of image differences, while the overall framework remains similar to the vanilla

version.

In this framework, we propose only using VLM to generate description for one image at a
time. In order to provide a comprehensive description of the image, we divide the description
of the image into two parts: content and style. Content focuses on capturing information

such as the objects, characters, events, backgrounds, and actions, etc. depicted the image,
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while style concentrates on aspects such as artistic style, colour, media, and lighting, etc. The
description process is

D =11LM(/,template) (B.1)

where template indicates the template or instruction used by the VLM to descibe image.
VLM uses different templates to generate descriptions for content and style. The templates
for content descriptions and style descriptions are shown in Figure B.5 and Figure B.6.
An example of content descriptions and style descriptions generated by VILA is shown in

Figure B.7.

The VLM will generate separate descriptions for content and style for both the reference
image and the generated image respectively. Following this, a LLM uses these descriptions to
generate difference descriptions. It compares the content description of the reference image

D, with that of the generated image D!, and similarly for the style descriptions,
Pig = LLM(DZ, D,,template) (B.2)

where template indicates the template or instruction used by LLM to generate image
differences. The details of this template is shown in Figure B.8. An example of content
differences generated by LLaMA?2 is shown in Figure B.9. Subsequent steps are the same as

for the vanilla framework, utilizing LLM to generate candidate prompts.

Template used by the VLM to generate content description.

You are an expert in describing image, please describe the content of the image. This
includes indentifying objects, environments, events, background, actions, etc. in the
image.

FIGURE B.5. Template used by the VLM to generate content description.

B2.3 Trade-offs between Vanilla and Enhanced Framework

Compared to the vanilla framework, the enhanced framework can more effectively harness
the potential of VLLMs, yielding better candidate prompts. However, we apply the enhanced

framework exclusively to open-source models, while continuing to use the vanilla framework
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Template used by the VLM to generate style description.

You are an expert in image analysis, please describe the style of the image. This
includes identifying the medium of the image, the art style, the artist’s style, the
creative technique, the lighting, the colours and the resolution, etc.

FIGURE B.6. Template used by the VLM to generate style description.

An example of content and style descriptions.

Content Descriptions

The image portrays a black cat, adorned with a blue bow tie, standing against a gray
background. The cat’s eyes are a striking shade of blue, adding a touch of whimsy to
the scene. The bow tie, a symbol of elegance and formality, contrasts beautifully with
the cat’s black fur. The gray background serves to highlight the cat and its accessory,
making them the focal point of the image. The cat’s position and the direction of its
gaze suggest it is looking directly at the viewer, creating a sense of connection between
the viewer and the subject of the image. The overall composition of the image is
balanced and harmonious, with each element - the cat, the bow tie, and the background
- contributing to a visually pleasing scene.

Style Descriptions

The image portrays a black cat with striking blue eyes, adorned with a blue bow tie. The
cat is positioned in the center of the image, facing the viewer directly. The background
is a uniform gray, which serves to highlight the cat and its vibrant attire. The medium
of the image is digital art, as evidenced by the crisp lines and smooth gradients. The
art style is realistic, with attention to detail in the cat’s features and the intricate design
of the bow tie. The creative technique used is digital painting, which allows for precise
control over the color palette and the overall composition of the image. The lighting is
even, with no shadows or highlights, further emphasizing the cat as the focal point of
the image. The colors are vivid and saturated, particularly the blue of the cat’s eyes
and the bow tie, which stand out against the gray background. The resolution of the
image is high, allowing for a clear and detailed view of the cat and its surroundings.
Overall, the image is a beautiful representation of a black cat, captured in a striking
and unique pose

FIGURE B.7. An example of content and style descriptions generated by
VILA.

for GPT4-V and GPT-4. This decision is based on some disadvantages associated with

the enhanced framework. Specifically, the enhanced framework not only adds an image
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Template used by the LLM to generate image differences.

I have descriptions of Image 1 and Image 2.

The descriptions of Image 1: {imagel}

The descriptions of Image 2: {image?2}

Please identify the differences between Image 1 and Image 2 based on their descriptions.
Let’s think step by step.

FIGURE B.8. Template used by the LLM to generate image differences
based on the image description.

An example of content difference.

1. Color scheme: Image 1 features a predominantly gray and blue color scheme, while
Image 2 has a more muted color scheme with a focus on black, white, and green.

2. Subject: Image 1 features a black cat with a blue bow tie, while Image 2 features a
black and white cat with striking green eyes.

3. Accessories: Image 1 features a blue bow tie, while Image 2 does not have any
discernible accessories.

4. Background: Image 1 has a gray background, while Image 2 has a plain gray
background.

5. Composition: Image 1 has a more balanced composition, with the cat, bow tie,
and background all contributing to a visually pleasing scene. Image 2 has a more
centralized composition, with the cat positioned in the center of the frame and the
background fading into the distance.

6. Focal point: Image 1 features the blue bow tie as a focal point, while Image 2
features the cat’s green eyes as the focal point.

7. Mood: Image 1 has a more playful and whimsical mood, while Image 2 has a more
curious and inquisitive mood.

8. Context: Image 1 provides more context, with the background and accessories
giving a sense of setting and purpose. Image 2 does not provide any additional context
or information about the cat’s surroundings or actions.

FIGURE B.9. An example of content difference generated by LLaMA2.

description process but also divides the tasks into content and style categories. This design

significantly increases the number of tokens input and output to VLMs and LLMs. For the

OPENALI API, which charges based on the number of input and output tokens, using the

enhanced framework increases the cost to 4 USD, approximately four times the expense
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of using the vanilla framework. Additionally, the inference time is substantially extended,

requiring more than four times the duration compared to the vanilla framework.

Considering the excellent performance of GPT4-V, the benefits of using the enhanced frame-
work are not as significant as with open-source models. Thus, we balanced performance
against costs. We introduce two ARPO version: a closed-source version based on closed-
source models using the vanilla framework, which offers faster processing speed but incurs
API costs, and a open-source version using the enhanced framework with open-source models,
which requires more processing time but is completely free. The performance of these two
versions is similar, allowing users to trade-off time and cost to choose the suitable method for

their needs.
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B3 Experiments

B3.1 Experiments of Hand-crafted, Commercial Services and

Closed-source ARPO

We conduct quantitative experiments of human hand-crafted prompts and commercial services
( ImageToPromptAl and Phot.Al) and closed-source (GPT4-V and GPT4) ARPO method.
Considering the extensive manpower required of human hand-crafted prompts and the ex-
pensive cost of the commercial services and OPENAI API, we randomly select a subset of
40 images for experiments. For a fair comparison, we recalculate the results for the two
best performing baseline methods, GPT4-V and CLIP-Interrogator, and the best performing
open-source IPRE with LLaVA-Next and LLaMA2, on this subset. The experimental results

are presented in Table B.1.

Experimental results show that hand-created reverse prompts struggle to accurately reproduce
the reference image. This highlights the challenges of manually designing reverse prompts
and further emphasizes the importance of our method. The experimental results of commercial
services shows that our ARPO method can achieve better performance than these commercial
services, even though these commercial services are expensive. For the experimental results
indicate that using closed-source models with vanilla prompt generation can achieve results
similar to those using open-source models with enhanced prompt generation. Closed-source
ARPO offers faster generation speeds, while open-source ARPO is completely free. Users are

able to trade-off time and cost to choose the suitable method for their needs.

B3.2 The Results of Each Iteration

We present an example showcasing the reverse prompts and corresponding generated image
during the ARPO iterative process. Figure B.10 illustrates the reverse prompt generated at
each step of all iterations, alongside the images produced using these prompts. We highlight
the newly added prompts in each iteration by bolding them. We observe that the new reverse

prompts added during each iteration accurately address the discrepancies observed in the
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TABLE B.1. Results of the image and prompt fidelity comparison on a
subset. Considering manpower resources and cost expenditures, we validate
the performance of hand-crafted reverse prompt, commercial services, and
closed-source ARPO methods on a 40 images subset.

Method CLIP-T CLIP-I DINO ViT
Hand-crafted 25.07 72.884+0.04  40.694+0.84  37.1040.06
GPT4-V 28.83 78.51+0.19  50.33+0.07  47.2040.26
CLIP-Interrogator 30.49 79.97+0.03  49.344+0.96  46.474+0.79
ImageToPromptAl 29.20 78.34+0.16  48.924+0.15  45.54+0.17
Phot.Al 30.68 80.04+0.23  50.71+£0.36  46.89+0.27
Open-source ARPO 35.72 83.454+0.04 56.36+0.65 52.64+0.82
Closed-source ARPO 36.01 83.04+0.08  55.79+£0.41  52.70+0.04

previously generated image. For example, in Iteration 3, the generated image features a smile
dog, which does not match the atmosphere of the reference image. To rectify this, "serious
expression" is added to the reverse prompt in Iteration 4, which helps align the image more
closely with the intended mood of the reference image. Furthermore, the generated image in
Iteration 4 appears too static, "sense of speed" is added in the subsequent iteration to infuse

dynamism into the image, thereby moving it closer to the aesthetics of the reference image.
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B dog riding a motorcycle in a city at night

Initialize

@& a dog riding a motorcycle in a city at night, energetic and fantastical mood, wearing sunglasses,
digital art, high saturation, warm headlight glow, vibrant colors, dynamic lighting

a dog riding a motorcycle in a city at night, digital painting style, wearing sunglasses, energetic
and fantastical mood, motorcycle headlight on, detailed fur and jacket, high saturation, rough
 textures, older breed dog with grizzled face, high detail

a dog riding a motorcycle in a city at night, digital painting style, wearing sunglasses, energetic and
fantastical mood, motorcycle headlight on, detailed fur and jacket, high saturation, anthropomorphic
dog riding a motorcycle, rough textures

a dog riding a motorcycle in a city at night, digital painting style, wearing sunglasses, energetic
and fantastical mood, motorcycle headlight on, detailed fur and jacket, high saturation, colorful
reflections on chrome, rough textures, serious expression

a dog riding a motorcycle in a city at night, digital painting style, wearing sunglasses, energetic
and fantastical mood, motorcycle headlight on, detailed fur and jacket, high saturation, colorful
reflections on chrome, rough textures, serious expression, sense of speed

a dog riding a motorcycle in a city at night, digital painting style, wearing sunglasses, energetic
and fantastical mood, motorcycle headlight on, detailed fur and jacket, high saturation, colorful
reflections on chrome, rough textures, serious expression, sense of speed

a dog riding a motorcycle in a city at night, detailed and textured look, wearing sunglasses, digital
painting style, energetic and fantastical mood, frontal view of dog, remove second character,
high saturation, rough textures, sense of speed

a dog riding a motorcycle in a city at night, detailed and textured look, wearing sunglasses, digital
5 painting style, energetic and fantastical mood, frontal view of dog, remove second character,
d Chihuahua, high saturation, rough textures, sense of speed

a dog riding a motorcycle in a city at night, detailed and textured look, wearing sunglasses, digital
painting style, energetic and fantastical mood, frontal view of dog, remove second character,
Chihuahua, high saturation, rough textures, sense of speed, neon lights

a dog riding a motorcycle in a city at night, detailed and textured look, wearing sunglasses, digital
painting style, energetic and fantastical mood, frontal view of dog, remove second character,

g Chihuahua, high saturation, rough textures, featuring a dimly lit ambiance, side lighting, neon
lights, sense of speed

FIGURE B.10. The reverse prompt and generated image during the ARPO
iterative process. We highlight the newly added prompts in each iteration by
bolding them.
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B3.3 More Results of ARPO

We present additional examples demonstrating the capabilities of our ARPO method in reverse-
engineering image prompts. Figure B.11 displays the reference image used for prompt reverse
engineering, the reverse prompt generated by out ARPO method, and the image generated by

the reverse prompt.

. , a sunset over the ocean with rocks and waves, natural

‘ atmosphere, and sand, vibrant look, naturalistic style with focus
on interplay between natural elements and human-made
structures, white foam, more disturbed water, digital image,
earlier time of day

Reference Image  Generated Imaﬁe

a painting of a field with red and yellow grass, blurred horizon
line, oil paint texture, gestural, use of color and light to create a
sense of depth and dimensionality, layered, thick textur

Reference Image

~* a watercolor painting of a field with snow falling, starry sky,
field of tall grass or plants, horizon that meets the sky, shades of
. blue and dark tones, black, and white, a dee, expressive

Reference Im: Generated Ima

; a tree with a spiral shape and a glowing orb, blend of realism
and fantasy elements, surrealistic art style, combination of
digital painting and digital sculpting techniques, emphasis on
the glowing sphere and the roots, twisted tree, flat horizon,
glowing droplets, rock formations, blue luminescent substance,
masking, central focus on the tree and the moon, twisted tree

trunk
Reference Im

a black and white photo of a tree in the middle of a foggy
forest, digital artwork with a strong sense of composition,
painting or digitally altered photograph style, surreal, soft
and diffused lighting, and gray, realistic art style, gray and
black color palette, mysterious and ethereal quality, surreal
art style

Reference Image Generated Image

a black and white photo of a burned out house, inviting viewer
to imagine history and context, overgrown yard, outdoor
setting with no people or moving objects, limited colors,
atmosphere of abandonment, realistic art style,
straightforward creative technique, documentary

enceImage o Generated Image

FIGURE B.11. More results of ARPO.
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B3.4 More Results of Qualitative Comparisons

We provide more qualitative comparison results in Figure B.12. The reference images in the
first four rows are nature images and art paintings and the reference images in the last four

rows come from Al-generated images and paintings.

Reference Hand-Crafted BLIP2 Share- VILA GPT4-V CLIP-  Commercial ARPO (ours)
Image Captioner Interrogator  Service

FIGURE B.12. Qualitative comparisons of recreated images using the re-
verse prompts from different methods.
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B3.5 More Results of Novel Image Generation

We provide additional examples of new images generated by editing reverse prompts produced
through the ARPO method. To facilitate user editing, our method additionally provides
categorization of reverse prompts into content and style. We edit the italicized reverse prompt

with the bolded words under the images to generated novel images.

7 Prompt: post-apocalyptic, industrial setting, dense forest with autumn leaves, creative
technique combining realism and surrealism, yellowish hue, with a sense of other-
worldliness, high-resolution detail, digital artwork or edited photograph, industrial
building with multiple levels and a flat roof, diffused lighting with a greenish hue,
surreal landscape

Content: industrial setting, dense forest with autumn leaves, with a sense of otherworldliness,
industrial building with multiple levels and a flat roof

Style: post-apocalyptic, creative technique combining realism and surrealism, yellowish

hue, with a sense of otherworldliness, high-resolution detail, digital artwork or edited
photograph, diffused lighting with a greenish hue, surreal landscape

"\i'
%

Forest Mountain Amusement Park

Prompt: a painting of a dog with flames coming out of its mouth, music and fire,
realistic elements, use of warm tones and vivid colors to create a sense of
intensity, high contrast, polished appearance, mixed color scheme of black, cool
colors

Content: a painting of a dog with flames coming out of its mouth, mixed color scheme
of black

Style: music and fire, realistic elements, use of warm tones and vivid colors to create
a sense of intensity, high contrast, polished appearance, cool colors

Leopard

Prompt: a black and white photo of a burned out house, inviting viewer to
imagine history and context, overgrown yard, outdoor setting with no people or
moving objects, limited colors, atmosphere of abandonment, realistic art style,
straightforward creative technique, documentary

Content: a black and white photo of a burned out souse, overgrown yard, outdoor

¢ setting with no people or moving objects

Style: inviting viewer to imagine history and context, limited colors, atmosphere of
abandonment, realistic art style, straightforward creative technique, documentary

e

City Hall Park School Shopping Center

FIGURE B.13. More results of Novel Image Generation. We replace the
italicized reverse prompt with the bolded words under the images to generated
novel images.
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B3.6 Comparison of Utilizing Reverse Prompts for Novel Creations

We compare the novel images generated using edited reverse prompts from our ARPO method
and several baseline methods, including the hand-crafted method, GPT4-V, CLIP-Interrogator,
and commercial service (Phot.Al). The same edits are applied to reverse prompts generated
by these different methods, and the edited reverse prompts are then used to generate novel
images. The comparison results are shown in Figure B.14. The results show that due to
our ARPO mehtod generates superior reverse prompt compared to other methods, the novel
images generated by editing reverse prompt can more accurately retain significant elements

of content and style from the reference image.

- Nuclear
+ School

- Landscape 7
+ Mountain §

- Building
+ Forest

CLIP- Commerical
Interrogator Service

Reference
Image

Modification Hand-Crafted GPT4-V ARPO (ours)

FIGURE B.14. Comparison of editing reverse prompts for novel creations.
For modification, "- Dog + Cat" indicates that we replace all instances of the
word "dog" in reverse prompt with the word "cat".

B3.7 The Setting of User Study

We conduct a user study to compare the image fidelity of our open-source and closed-

source ARPO methods with hand-crafted reverse prompts, GPT4-V, CLIP-Interrogator, and
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commercial service (Phot.AI). We choose 40 cases for comparison. We ask users to rank the
similarity between the generated image and the reference image based on content preservation,
style approximation, and overall preference. Content Preference focuses on comparing the
similarity of the image in aspects such as objects, characters, events, background, and actions.
Style Preference focuses on comparing the similarity of the image in aspects such as artistic

style, color, medium, and lighting. Overall Preference is a comprehensive comparison.

We collect feedback from 50 users. Considering portability and labor costs, we conduct this
user study in China. We offer 4 CNY (about 0.55 USD) to each participant. Screenshot of the

questionnaire and its English translation are shown in Figure B.15 and Figure B.16.



B3 EXPERIMENTS

AIGCE R FEERE

FEEWLEEER, BB T=ANHEEmS B THIS: HERMSEE,

1) REFSEE, BREERRE, PR, A1, BSSAHE, WERAFISEERHELISHTHE
]%n

2) MASIEIEE, RIBEATNE, GRIZANE, HE (R, HE, BFZ1%) , 8%, wEA
A-FFIB=E R ARICHES THERF,

3) 2aTE, 2L EMTHEERA-FISZEREUER, #HiTHF,

TR ZXEENELIAERE—H, RHEEEERELIL,

RQ.@HF’\JEFF? (] -3 BRRIEHER [HiFE] - 4. SEvHbHF [His

=RA E A EHA
=HB EHB =HB
EHC ERC EHC
=D BEED = HD
HRE ERE EHE
BRF ERF =HF

FIGURE B.15. The screenshot of the questionnaire for user study
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AIGC Image Restoration Survey

You need to compare the reference image and rank according to the following three evaluation
criteria: the higher the rank, the more similar it is.

1) Content Preservation. Based on the content of the images, such as subjects, characters, and
background, rank the similarity of images A-F to the reference image.

2) Style Approximation. Based on the style of the images, such as artistic style, medium (photo, oil
painting, digital art, etc.), and color, rank the similarity of images A-F to the reference image.

3) Overall Preference. Conduct a comprehensive evaluation of the similarity between images A-F
and the reference image, and rank them.

MNote: Similarity here does not mean identical; you only need to compare the relative similarity.

1. Reference Image: §

= 2. Content Preservation Ranking  * 3. Style Approximation Ranking = 4. Overall Preference Ranking

Image A Image A Image A
Image B Image B Image B
Image C Image C Image C
Image D Image D Image D
Image E Image E Image E
Image F Image F Image F

FIGURE B.16. Translation of the screenshot of the questionnaire for user
study
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