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Abstract

Generative artificial intelligence is increasingly being applied in diverse areas such as archi-
tecture design, music composition, or character animation. Among the generative methods,
diffusion models are today the state of the art in the synthesis of high quality images with
inherent diversity and realism. This paper aims to evaluate the fidelity and realism of the syn-
thesis achieved by different architectural variations of a latent diffusion model, which is used
to generate aerial images conditioned to semantic maps. As shown in the results, the diffusion
model tends to correctly capture the overall semantic structure and generates realistic textures,
often with a lack of fine-grained detail. Among the conditioning variations, cross-attention lay-
ers were crucial to outline the semantic segments more accurately and exploit conditional data
more effectively.

Source Code

The source code and documentation for this algorithm are available from the web page of this
article’. Usage instructions are included in the README.md file of the archive.
This is an MLBriefs article. The source code has not been reviewed!

Keywords: generative artificial intelligence; diffusion models; latent diffusion; remote sensing.

1 Introduction

Deep generative models are a family of deep neural networks able to synthesize new samples by
learning complex probability distributions from real data. Capable of synthesizing data of almost
any nature, generative models are being applied for a wide variety of tasks (e.g., in creative industries),
but also to augment databases for downstream tasks and mitigate the lack of data in some areas,
such as medical imaging.
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Figure 1. Left to right: real aerial image, conditional map input to the diffusion model and 2 different synthetic output
samples.

Diffusion models represent today the state of the art in high-quality image synthesis. The diversity
and realism achieved by diffusion models surpasses earlier generative models, such as variational
autoencoders (VAEs) [11, 23, 16] or generative adversarial networks (GANs) [3, 12, 8, 9]. The
diffusion fundamentals were first introduced in 2015 by Sohl-Dickstein et al. [18], and were extended
for high-quality image synthesis in 2020 by Ho et al. [5]. Diffusion models became globally famous
in 2022, after OpenAl released DALL-E 2 [14] for high-resolution text-to-image generation.?

The success of diffusion models is undisputed, but in this rapidly evolving field there is little
consensus on how users should adapt these models to their own datasets. In this paper we explore
a common scenario: given a collection of about a thousand images, the objective is to generate
new samples conditioned to some additional information. Specifically, given a schematic map —as
in Google Maps® or OpenStreetMap®— the goal is to generate realistic aerial images following the
semantics of the map, as shown in Figure 1. The high cost of remote sensing images often limits the
availability of large datasets, making it a field where diffusion models can play a significant role in
synthesizing useful datasets.

2 Related Work

This section covers the fundamentals of diffusion models for image synthesis, followed by a focus on
advanced techniques aimed at enhancing efficiency and performance, particularly for high-resolution
image generation.

20penAl previously released in 2021 a first version of DALL-E [15] based on transformers instead of diffusion.
3https://www.google.es/maps
4https://www.openstreetmap.org
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2.1 Diffusion Fundamentals and DDPMs

Diffusion-based image generation was first addressed by Denoising Diffusion Probabilistic Models
(DDPMs) [5]. Denoising diffusion models consist of two processes: a forward diffusion process that
gradually adds noise to the input, and a reverse denoising process that generates new samples by
reversing the noise addition or denoising. As shown in Figure 2, both processes represent Markov
chains, where each state depends on the previous state only.

Forward diffusion process (fixed)

Data Noise

Reverse denoising process (generative)

Figure 2: Forward diffusion process and reverse denoising process.Reproduced from [21].

Forward diffusion process. The addition of Gaussian noise to an image Xo ~ ¢(Xg) can be
expressed as N (x; p, 0?), with mean p and variance o2. In the forward diffusion process, Gaussian
noise is added iteratively and often reparameterized as

q (Xt ’ Xt—l) =N (XtS V91— 5tXt—1,ﬂtI> ) (1)

where x; is the data at time step ¢, x;_1 is the previous state, and f; is a hyperparameter controlling
the noise variance at each step. New samples can be drawn from N as x = p + o€, where € is noise
from a standard normal distribution, i.e., € ~ N (0,1).

Equation (1) shows how to add noise to each state one step at a time. However, given the initial
sample xg, it is possible to directly generate the noisy sample x; corresponding to any step t as

q (x| x0) =N (Xt; Vaixo, (1 — ay) I) 5 (2)

where, by reparameterization, oy = 1 — f; and a; = [['_, a;. Equation (2) is also known as the
diffusion kernel.

The set of noise variances used at each diffusion step, i.e., {1, Ba,..., 5, ..., Br}, are scheduled
so that @ — 0 and therefore ¢ (xr | X9) =~ N (x7;0,I) in (2). Thus, the data distribution follows a
standard normal distribution at the end of the diffusion process at time step 7.

Reverse denoising process. In this process a particular function of the form x;, 1 ~ q(x;_1|x;)
must be learned, which removes noise iteratively starting from the last sample of the forward process
x7 ~ N(xr;0,I) until converging to the source sample xg. Interestingly, ¢(x;_1|x;) can be approx-
imated as a normal distribution for small noise variances ; used in the diffusion steps (1). Thus,
each denoising step can be expressed as

po (Xe—1 | X)) =N (thl; o (X4,1) aUtQI) , (3)

also known as the parametric denoising distribution. Note that 6 represents the learnable parameters
of a neural network and ¢ is a hyperparameter controlling the variance at each step t.

At each denoising step, the network yields an estimation of the mean less-noisy image of the
previous iteration, denoted as py. In practice, instead of directly predicting p,, it is advantageous
to express p, in terms of a noise residual €y, which is easier to predict for the network [5].
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Time Representation

Fully-connected
Layers

Figure 3: Diffusion model basic architecture diagram. Reproduced from [21].

Loss function. DDPMs are trained using the variational upper bound condition originally used in
VAEs. As shown in [18, 5] this condition can be decomposed in different terms, where the driving
force penalizes the difference between the prediction €y and the actual noise € as follows

Li—1 = Eior(0,1) xo~a(xo) e~A0. M|l € — €0(vAx0 + VI = due, 1)[] + C, (4)

Xt

where C' is a constant and the time-dependent coefficient \; depends on ; and o, although in
practice \; = 1 is effective enough [5].

Network and hyperparameters (noise schedule). The loss function (4) implies that DDPMs
are fundamentally noise prediction networks. This offers great flexibility to select a particular neural
architecture, with the input and output being the same size as the only restriction. In the literature,
U-Net architectures with ResNet blocks and self-attention layers are commonly used.

The time step t is embedded by a sinusoidal positional encoding or random Fourier features. It
is accessible by all network layers by simple addition or other methods, as illustrated in Figure 3.

The noise schedule, i.e., hyperparamters 3; and o7, controls the variance of the forward diffusion
and reverse denoising processes. A linear scheduler 02 = f; is commonly used, although other
alternatives have been proposed [10, 13].

2.2 Scaling Up Diffusion Models

Score based generative models. Score-based models can be seen as an extension of DDPMs where
the forward diffusion process and the reverse denoising process are expressed in terms of stochastic
differential equations (SDEs), in which the time variable is continuous [20]. The key innovation in
score-based models is that the model learns the gradient of the log probability density, which is
easier to learn than the data distribution itself, as in DDPMs. Score-based frameworks have several
advantages, e.g., more flexible and efficient sampling or exact likelihood computation.

Accelerated sampling. Accelerated sampling techniques in diffusion models aim to reduce the
computational cost and time required to generate high-quality samples, which is a key challenge
due to the iterative nature of the diffusion process. In standard DDPMs, sampling often involves
hundreds or thousands of denoising steps. Accelerated methods, such as DDIM (Denoising Diffusion
Implicit Models) [19], focus on reducing the number of steps while maintaining sample quality.
These techniques leverage approximations or modified reverse processes to improve efficiency and
make diffusion models more practical for real-time applications.

High-resolution synthesis. Latent diffusion pipelines are one of the most popular diffusion models
for high-resolution image synthesis [17, 22]. Instead of working in the pixel domain, which would
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require an extremely large number of iterations, they operate in a latent space, which is a more
compact representation. Pre-trained autoencoders are often used to cover the conversion between
pixel and latent space.

Classifier guidance is another popular strategy to improve the performance of diffusion models
for high-resolution synthesis. In this case, a classifier is trained in parallel to the diffusion model and
the gradients are mixed during sampling [2]. Another approach is to use implicit classifier guidance,
which avoids the need for additional classifiers by randomly discarding the class condition during
training [7]. Lastly, cascaded approaches involve using a sequence of diffusion models to improve the
output resolution [6]. The initial model in the sequence is unconditional and produces low-resolution
images, while the subsequent models enhance these images through super-resolution, conditioning
on the outputs of the preceding models.

Conditional generation. Conditional diffusion models are a powerful approach to guide the image
generation process towards specific features. Both the forward and reverse processes are influenced
by input information to generate images that match the characteristics of this input. These models
are frequently conditioned on data such as text prompts, class labels, or auxiliary images. The input
information is encoded, e.g., with CLIP embeddings [14] or image encoders [17], and combined with
noisy samples at each step. Additionally, complementary strategies such as the incorporation of
conditional data into intermediate layers or using cross-attention mechanisms can further enhance
the use of conditional data effectively.

3 Methodology

This work aims to experiment with different variations of conditional diffusion models in the genera-
tion of high-resolution aerial images by means of a small dataset made of around a thousand samples.
The conditional data consists of a schematic map containing the contours of buildings and roads, as
well as areas of water and vegetation.

3.1 Model Architecture

A latent diffusion model is used, consisting of two networks: a VQ-VAE and a U-Net, illustrated in
Figure 4.

VQ-VAE. A variational autoencoder that performs the conversion between pixel space and latent
space with a x4 spatial compression factor. Vector quantization (VQ) discretizes the latent samples
into a codebook, which represents data in a more compact way, easing learning and optimization [23].
Running the diffusion process in the latent domain instead of the pixel domain reduces the training
steps and achieves a high-resolution synthesis more efficiently [17].

U-Net. A convolutional neural network performing the forward and reverse processes in latent space.
The U-Net is commonly used in diffusion models for its efficiency, its capacity to capture long-range
dependencies, and its ability to maintain the resolution between input and output [1, 17]. Instead
of predicting a less noisy image at each step, the U-Net actually learns to predict the amount —and
shape— of noise present in the feedforward sample. Thus, in the reverse process, the predicted noise
is iteratively subtracted from the sample as many times as performed in the diffusion process.

3.2 Conditioning Configurations

In image-conditioned diffusion models, the conditional image is commonly concatenated with the
U-Net input, previously encoded or downsampled to fit the dimensionality of the latent space. Addi-
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VQ-VAE Latent space X7
Diffusion process .
(noise addition)

@ denoising step @ cross -attention < -- skip connection @ concatenation

Figure 4. Diagram of the conditional diffusion pipeline. The input satellite image is converted by the VQ-VAE encoder
into a latent space of lower dimensionality. The U-Net (green blocks) is trained to predict the noise in the latent samples
(denoising step). The conditional image c, is attached to the noisy latent vector x; at each denoising step ¢. In addition,
the condition ¢ can be injected into cross-attention layers (CA) to further exploit conditional data.

tionally, the conditional image can also be injected into Cross-Attention (CA) layers [2, 17] at different
resolution levels of the U-Net. Cross-attention layers focus on relevant and long-distance parts of
images and the associated activations, leveraging semantic information more effectively. This condi-
tioning mechanism encourages the model to focus on conditional data to generate synthetic samples
consistent with it.

Being the main objective of this work, different conditioning configurations of the latent diffusion
pipeline will be evaluated. In particular:

1. No conditioning: no areal semantic maps are fed into the model.

2. Downsampling condition: the model’s input is concatenated with a bilinear downsampled ver-
sion of the semantic map.

3. Encoding condition: the model’s input is concatenated with a VQ-VAE-encoded semantic map.

4. Downsampling condition + CA: the semantic map is additionally flattened and injected into
the cross-attention layers after being downsampled.

5. Encoding condition + CA: the semantic map is additionally flattened and injected into the
cross-attention layers after being encoded.

3.3 Model Optimization

The diffusion model is optimized to minimize the square of the L?-norm between the actual € and
predicted noise €y, formulated as ||€ — €y(x;, m, t)||3. Thus, at time ¢ the prediction of the diffusion
process relies on a noisy latent x; and the conditional map m. The larger the time step t is, the
noisier the input sample x;. A total of 1,000 time steps are used for both training and inference. A
pre-trained VQ-VAE [17] was used from the open-source Diffusers library.> The weights of the U-Net
are optimized during training, while the VQ-VAE weights are frozen.

Shttps://github.com/huggingface/diffusers
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For feasibility reasons, images are resized to 256 x 256 pixels, so latent samples are downscaled to
spatial size of 64 x 64. The batch size is fixed to 8 —or 4 when CA layers are employed to alleviate
memory cost— and the number of training epochs is fixed to 400.

3.4 Online Demo

This publication includes an online demo to test the proposed method on a set of predefined samples
or on the user’s own data. The method can be tested in inference, with pre-trained weights, and
generates multiple synthetic samples for each selected map. The demo also allows to modify the
number of time steps T in the generative process to regulate the amount of detail added to the
synthesized sample, as illustrated in Figure 5.

conditional map T=5 T =50 T = 500 T = 1000

Figure 5: Effect of the number of time steps 1" on the synthesis quality. A small number of denoising steps at inference
mostly produces low-frequency signals, while gradually increasing T' induces more detailed and contrasted images.

4 Experiments

This section presents the experimental data and assesses the performance of the latent diffusion
pipeline based on the conditioning approaches used to integrate information from the semantic map.
We use the publicly available Maps dataset [8]. It consists of 1,096 training samples and 1,098
validation samples taken from Google Maps. Each sample provides a base map of 600 x 600 pixels
and its corresponding aerial RGB image of the same size. Some examples are shown in Figure 6.

Figure 6: Some samples from the Maps dataset (train split).
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4.1 Quantitative Assessment

The Fréchet Inception Distance (FID) [4] is used to quantify the quality of synthetic images compared
to real samples. Lower FID score is generally associated with better image quality and diversity. The
FID is calculated against images of the training set and the validation set. Note that, to generate
the synthetic aerial images, only maps from the validation dataset are used as input condition.

Table 1 shows the FID scores obtained across the different conditioning configurations and reveals
several observations of interest. In the first place, the differences in terms of FID are remarkable
between training and validation real images (first row). This could be explained by the fact that the
Inception network, responsible for extracting latent features on which the FID is computed, was not
trained with aerial images. In the second place, FID is significantly lower on the validation set than
the training set in the conditional configurations (2)-(5). Considering that synthetic samples were
generated exclusively by using semantic maps from the validation set, such difference indicates that
the conditional information is being considered effectively by the diffusion model and encourages
similarity of the global image structure. In the third place, conditional configurations using the
encoder VQ-VAE-encoded conditional image outperform their counterparts using downsampling.
And lastly, the most substantial improvement on FID was achieved by the use of cross-attention,
which additionally inject conditional information throughout all the U-Net layers.

Conditioning configuration FIDJ vs. Train-Set FIDJ vs. Val-Set Average
Validation set (reference) 59.4069 - -

Unconditional synthesis (1) 108.4007 129.1611 118.7809
Downsampling condition (2) 126.3592 103.7375 115.0483
Encoding condition (3) 127.3213 101.3111 114.3162
Downsampling condition + CA (4) 116.1103 92.6007 104.3555
Encoding condition + CA (5) 104.4925 80.9066 92.6995

Table 1: Comparison of the synthesis quality, based on FID, across different configurations in conditioning the
latent diffusion model. Scores computed on 2,048 synthetic samples.

FIDJ vs. Val-Set on Top N

Conditioning configuration Urban Vegetation Water

Downsampling condition (2) 161.7278 158.6988 174.5742
Encoding condition (3 161.1109 154.9866 169.1432
Downsampling condition + CA  (4)  154.9340 148.7444  161.7717
Encoding condition + CA (5) 137.7760 139.5490 144.6613

~— — — —

Table 2: Comparison of synthesis quality, based on FID, corresponding to the N synthetic images where the input
conditional map has the majority of pixels for each class (urban surface, vegetation and water), with N = 200.

To further analyze the performance of the conditioning configurations, FID on different target
landscapes is reported on Table 2. For this purpose, the conditional maps were simplified into 3
possible classes: urban (buildings, roads), vegetation (parks) and water (sea, rivers, lakes). For each
class, the 200 images with the majority pixels in a given category were used to compute the FID.
As in Table 1, the best performance corresponds to the configuration using the encoded conditional
map injected into the cross-attention layers. It is important to note that this configuration achieves
the best FID in all three categories. Therefore, it is not a case of a single predominant landscape
being very well represented. The FID scores for urban areas and vegetation are lower in comparison
to those for water, which turns out to be the least common class in the validation set.
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Figure 7 shows some samples from the Maps dataset and their segmentation masks with the
urban, vegetation and water categories. It also shows the histogram of these categories across the
training and validation splits.

Training data distribution Validation data distribution
1000 urban 1000 urban
I water N water
800 - BN vegetation 2800 - BN vegetation
k| 2
[ = c
= =
5 600 S 6001
[F] @
g g
E 400 ~ E 400 ~
200 A 200 A
0 - - ma TS wwes h_ 0-
0 20 40 60 80 0 20 40 60 80

Percentage value Percentage value

Figure 7: (Top row) Landscape distribution in the Maps dataset with images having a particular percentage of
their pixels from urban, vegetation or water categories. Most images contain large urban areas, above 80%, and
water or vegetation are substantially less present, below 20%. (Bottom row) Two examples of aerial images and
their respective original maps (middle) and simplified maps (right), in which black pixels stand for none of the
three main categories —mostly highways or other specific structures.

4.2 Qualitative Assessment

Figure 8 shows some results of the conditional synthesis along with the input conditional map and
the corresponding real image. Note that the conditional maps are taken from the validation set, so
their corresponding real images were not seen during training. Visual inspection of synthetic images
helps to better understand the strengths and weaknesses of the diffusion model and the conditioning
approaches listed in Table 1.

In general, the model captures the structure of the input conditional map correctly. Vegetation
segments correspond to vegetation zones in the synthetic aerial images. Likewise for urban and water
areas.

However, the quality of fine-grained textures is very variable. Roofs on large buildings, as shown
in Figure 8 (b), lack homogeneity, probably because they are rare in the dataset. Instead, small
buildings look more realistic, as shown in Figure 8 (a) and (d). It can also be observed that the
model using cross-attention (third column) generates sharper results. This is especially noticeable
along the contours of the input map, as shown in the roads in Figure 8 (c¢). Overall, the cross-attention
layers successfully contribute to better capture contextual information and contours.

Another interesting fact is that the model seems to be prone to generate unnecessary artifacts.
For example, navigation lines in large water areas lead to artifacts that replicate their shape, see
Figure 8 (e). This is not surprising because there are few water images of this type in the dataset,
and the model may mistake navigation lines for roads.
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Figure 8: Comparison of synthetic examples with and without cross-attention, both using the encoded conditional map.

29



ROGER MARI, RAFAEL REDONDO

5 Conclusion

This paper reviews the fundamentals of diffusion models and applies a latent diffusion pipeline to gen-
erate synthetic samples of aerial images with different conditioning configurations. The results show
that the model captures the overall structure of the map correctly and generates realistic textures.
However, it lacks quality in the details, especially in rare structures. Cross-attention layers are crucial
to fully exploit the conditional information and improve the appearance of boundaries. Encoding
the conditional map in latent space using a pre-trained encoder, instead of directly downsampling,
also helps improve the quality of synthetic samples.

Future research will experiment with lower compression ratios of the latent space to better preserve
spatial resolution and encourage fine-grained details in the synthetic samples.
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