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Abstract: Continuous urbanization and climate change degrade urban living conditions. Nature-
based solutions in architectural and urban design offer promising remedies but are often hindered by
time, cost, and early design phase challenges. To address this, we present a Generative Design System
framework utilizing Al-generated images and learning-to-rank algorithms. This system generates
numerous image solutions to inspire architects and urban planners, significantly accelerating early
design stages. To manage the overwhelming volume of images, we introduce a dilemma-based
learning approach that employs learning-to-rank and smart bubble sorting algorithms to prioritize
images based on user preference. A case study demonstrates the framework’s potential, providing
valuable insights into its application, benefits, and limitations in urban design.

Keywords: generative design system; artificial intelligence-generated images; architectural and urban
design; learning-to-rank algorithms; pairwise classification

1. Introduction

Urbanization over the past several centuries, combined with outdated design ap-
proaches, has led to overcrowded cities plagued by traffic and pollution, negatively affect-
ing public health and well-being [1]. To counter these issues, sustainable and resilient urban
regeneration solutions, including nature-based approaches [2], have emerged. However,
urban regeneration remains complex, involving multiple stakeholders [3] and requiring
substantial time and resources [4], which limits exploration of alternative solutions. Gener-
ative design tools have been introduced to address these constraints, leveraging artificial
intelligence and machine learning to produce rapid architectural alternatives tailored to
user input [5]. These tools can support architects and urban planners in quickly generating
a wide array of solutions [6], yet they face challenges in consistency and alignment with
user preferences, such as sustainability and cultural relevance.

The concept of generative design, introduced in the 1970s [7], has advanced sig-
nificantly. Recent studies, like those of Zhang et al. [8] and Gradivsar et al. [9], have
applied generative design algorithms to architectural problems, such as floor planning
and shading design, underscoring the need for further research. In particular, Artificial
Intelligence-Generated Imagery (AIGI) has introduced new possibilities for generating
diverse architectural interventions and is capable of enhancing traditional design [10,11]
approaches. Despite its potential, examples of AIGI in generative design for architecture
and urban design are limited. Studies by Junk et al. [12] and Quan et al. [13] explored
AIGI's applicability, with promising findings for urban regeneration, though challenges
remain regarding sustainability and optimization.
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The broader adoption of AIGI in architecture has led to promising applications in ur-
ban design and planning [14]. Baduge et al. [15] combined AIGI with building information
models and big data for enhanced construction visualization, while Phillips et al. [16] used
tools like DALL-E and stable diffusion to generate urban design ideas, suggesting their
value in early-stage brainstorming. Beyond architecture, much of the literature on AIGI
focuses on art and creativity [17], though intriguing applications in 3D image generation are
emerging. For example, Gao et al. [18] and Xian et al. [19] have used GAN-based models to
produce consistent high-resolution 3D images.

This study introduces a novel generative design framework leveraging AIGI- and
machine learning-based ranking to accelerate urban regeneration planning. Using a pre-
trained stable diffusion image-inpainting model [20] to generate multiple alternative nature-
based solutions, our approach ranks these solutions using a machine learning model
trained on user preferences, prioritizing the most suitable options [21]. This ranking system
addresses the evaluation challenge, offering a systematic way to streamline design choices
based on end-user needs, thus enhancing current Generative Design Systems (GDSs) and
making AIGI more accessible to architectural and urban design applications.

This work does not focus on comparing state-of-the-art (SotA) methods for content
generation, but rather introduces an innovative methodology aimed at enhancing current
Generative Design Systems (GDSs). It expands the application of AIGI technology to the
engineering domain, an area that has been under-explored, as much of the current literature
is centered on medical and artistic applications. In addition, our approach accelerates the
design process by quickly generating numerous alternative solutions, reducing costs and
time. The methodology also addresses the challenge of irrelevant solutions by applying
learning-to-rank algorithms, which efficiently sort solutions based on user preferences,
streamlining the decision-making process.

The contribution of this work can be summarized as follows:

*  Introducing an innovative methodology to enhance current Generative Design Systems.

e  Extending the application of Artificial Intelligence Generated Images technology to
the engineering domain.

¢ Investigating the acceleration of the Design Process and the reduction of costs by
quickly generating numerous alternative solutions.

*  Addressing the issue of irrelevant solutions by using learning-to-rank algorithms for
efficient preference-based sorting.

The remainder of the document is organized as follows: Section 2 presents in detail the
proposed GDS; Section 3 discusses the experimental setup and results; Section 4 provides
insight and analysis based on the findings; and Section 5 concludes the work.

2. Proposed Methodology

The problem at hand entails the handling of large amounts of generated content,
according to the needs/preferences of the user. As such, the proposed methodology
consists of four phases: (a) Input Data Formation, (b) the generation of multiple intervention
alternatives using GenAl image-inpainting methods (Generation Module), (c) modeling the
user’s preferences based pairwise image comparisons (Evaluation Module), and (d) ranking
all images using the trained machine learning models, developed in the second phase
(Visualization Module). Figure 1 illustrates the proposed GDS framework.

The first module of the GDS framework is the Input Data Formation. In this module,
the architect or urban planner collects the data (i.e., defines the text prompt, captures at
least one image from the area of interest, and creates the 2-bit mask). Depending on the
needs of the project and the data formation, the next module (Generation Module) provides
the necessary algorithms for generating the image solutions, e.g., image-inpainting. At this
point, it is necessary to clarify that the user decides the number of the generated images.
Figure 2 demonstrates this process. The user roughly indicates the regions of interest over
an image, which is necessary for the creation of a corresponding binary mask. The original
RGB image, the binary mask, and the text prompt are used as inputs to the image generator
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model. Such a set up allows for interventions over specific areas, which blend with the
existing environment.

The Evaluation Module is responsible for the dilemma-based problem formulation,
which is achieved in two steps. In the first step, the generated images are described through
various feature values depending on the design necessities. These values can be either
user-provided or automatically extracted, e.g., image processing techniques. During the
second step, the user is asked to sequentially select the best of two images in a relatively
small sub-sample of the generated output. These two steps create the necessary data
for training the pairwise classification algorithms as follows: (a) training-input: the sub-
sample’s labeled images; and (b) training-output: the selections of the users between all the
pairs that can be formulated from the sub-sample.
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Figure 1. The overall architecture of the proposed GDS.
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The output of the Evaluation Module is a classification model, which can be used for
image ranking through image pairwise comparisons and confidence score assessments.
In the final module of the system (Visualization Module), the previously trained classifica-
tion model sorts the generated images via the smart bubble sorting algorithm, from the best
to preferred to the least preferred solutions. Then, the user can observe the N-Best solutions,
where N is a user-defined number. If the results comply with the user’s requirements and

Text prompts

Figure 2. The creation of some suggestions for the intervention area.
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align with his/her preferences, the process is finished. The user may proceed with the final
designs based on the proposed solutions of the GDS. Otherwise, the user can re-execute the
algorithm and generate more images.

2.1. Input Data Formation and Generation Module

Generative Adversarial Networks (GANS) [22] and diffusion models [23] can both be
used for the generation of high-quality images. Diffusion models have been selected as
the core of this approach, as in [24], since they produce more realistic images. There are
different approaches, i.e., text-to-image, image-to-image, and image-inpainting.

Each method can provide a variety of solutions in a large number that address the
needs of the user. Although all methods can provide inspiring suggestions that encourage
brainstorming, the image-inpainting method (see Appendix A for more information) is
slightly advantageous compared to the others, because the output visualization considers
the area of interest. For this reason, the case study of this paper uses image-inpainting to
better demonstrate the efficiency of the proposed GDS.

Figure 3 illustrates a visual example of a possible intervention that could be applied in
the area of interest, using the image-inpainting method. Such an approach involves using a
mask to indicate the area where the generation process will occur. Thus, the output image
includes characteristics of the original image. The image-inpainting algorithm can be a
powerful tool in the hands of architects and urban planners because it provides not only
inspirational ideas that generate brainstorming, but also permits the visualization of these
ideas in the area of interest.

Text Prompt: NBS Park, Trees, Colorful
Flowers, Green Grass, Benches, Fountain,
Photo-Realistic, HD, 4K

RS EG e s

Input values Area of Interest Output

Figure 3. Overview of the AIGI image-inpainting algorithm.

2.2. Evaluation Module

The evaluation of the huge number of generated images, which the image-inpainting
algorithm is capable of generating, presents multiple challenges. The volume of generated
images makes it difficult to examine each one carefully, as reviewers (i.e., architects, urban
planners, policy makers, etc.) cannot evaluate the images perfectly. Additionally, comparing
image solutions that varies in scale, design style, and complexity requires a standardized
set of criteria to ensure fair evaluation. The development of such criteria increases the
complexity of the problem at hand and, even in the case of selecting the most critical criteria
(i.e., social, economic, architecturally accurate solutions, safety, harmony, vast numbers
of green spaces for improving human health and well-being, etc.), the reviewers can be
emotionally affected by their own criterion analysis. For these reasons, the creation of
machine learning models capable of “understanding” the preferences and opinions of both
a single individual and a group can lead to quick and accurate results.

Such algorithms include learning-to-rank models that receives feedback from the
user’s preferences by analyzing several selection examples. To achieve this, the Evaluation
Module formulates the dilemma problem, which describes the simple question: “Which
image is better in this specific pair of images?”. To answer this question, it is necessary to
define some criteria by quantifying the image contents that will be used for both the training
of the models and their appliance in the next steps. Furthermore, it is also necessary to
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have the reviewer (or group of reviewers) compare a representative number of image pairs
and pick the best/most preferred of the two images. It is not strictly necessary to use all
possible pairs, which can be a huge number, but only enough pairs to provide information
for training the algorithms. Finally, these data will be used for training and evaluating the
ranking models, which are used in the next steps for ordering the images.

2.2.1. Quantifying the Image Contents

This study employs a pre-trained stable diffusion image-inpainting model from the
Hugging Face repository [25], originally introduced by Rombach et al. [20]. Known for
generating realistic images, this model was utilized to create multiple alternative nature-
based solutions (NBSs) for the area of interest. Although this particular model was used in
our experiments, the proposed Generative Design System (GDS) framework is flexible and
can integrate any pre-trained image-inpainting model.

To quantify the image content for further analysis, we focus on extracting low-level
features, many of which are binary, from each image. These features capture key charac-
teristics that are used as input for the classification model, which helps to determine user
preferences. The image content is characterized by features such as the presence of greenery,
water areas, additional park elements, and more. These features allow for a meaningful
comparison of the generated solutions.

In the first step, an architect was asked to identify if any of the predetermined charac-
teristic categories appear in an image. Table 1 displays the proposed binary feature values
for the first 10 images of the first intervention area. Even with a small dataset, multiple
images shared the same binary code, which could hinder the performance of learning-
to-rank algorithms. To mitigate this, we calculated additional color-based ratios—red,
green, and blue—ranging from 0 to 1, to introduce more nuanced distinctions between
similar samples.

Table 1. Example of the binary-labeled series for the first ten image solutions of the test case sample 1.

Image ID Veget. Cov. Water El. Park Amen. Feasib. Spatial Align.
0 1 0 0 0 0
1 1 0 1 0 0
2 1 0 1 0 0
3 1 0 1 0 0
4 1 0 1 0 0
5 1 1 0 1 1
6 1 0 1 0 0
7 1 0 0 0 0
8 1 0 1 0 1
9 1 0 0 0 1

An alternative approach could involve using a group of architects, where each mem-
ber’s input would produce a binary-labeled series, and the average of these would represent
the group’s opinion. This would shift training from individual binary classification to us-
ing collective data. Another simplified group approach could be to train one model per
member, producing multiple sets of top images and determining the preferred solution by
counting an image’s frequency across the group (e.g., using a weighted average). However,
these methods would increase the complexity of the experiment and are beyond the scope
of this research. This study focuses on a novel methodology to reduce time and cost in
the early design phase using Al-generated images and learning-to-order algorithms. Thus,
to keep the experiments simple, in this case study, we considered that each architect in a
group could work as a distinct individual (the simplified alternative); thus, the opinion
of one architect is more than enough to execute the experiment and test the algorithm.
In addition, even in the group’s scenario, the team can vote for the best image between the
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pairs and use the outcome as the group’s selection, which would lead to the same data as
those of using only an architect.

Thus, the low-level features used for the demonstration of the GDS framework con-
sider the following cases:

Vegetation Coverage: Indicates the presence of trees, flowers, and other greenery.
Water Elements: Indicates the presence of water features, such us fountains, ponds, etc.
Park Amenities: Indicates the presence of features such as benches, paths, and structures.
Feasibility: Indicates the practicality and implementability of the solution.

Spatial Alignment: Indicates the correct positioning and harmonious arrangement
of features.

Red Intensity: Measures the proportion of red in the image.

Green Intensity: Measures the proportion of green in the image.

8. Blue Intensity: Measures the proportion of blue in the image.

G L

N

In the second step, the architect compared pairs of images from test sample 1 to select
the most preferred option. For N = 49 images, with a pairwise comparison k = 2, the max-
imum number of comparisons is given by Equation (1), resulting in 1176 comparisons.
This process was repeated, and the reverse order of images was also considered, doubling
the training-validation set to 2352 samples (Equation (2)). Importantly, the entire process,
i.e., both steps, takes less than 30 min.

L N!
MaxCombinations = AN =0 (1)
Pair(Ix,ly) — 0 <= Pair(Iy,Ix) — 1 ()

2.2.2. User-Based Ranking Mechanisms

The AIGI technology enables the generation of a vast number of images with potential
interventions, offering architects and urban planners inspirational ideas. However, the large
volume of generated images poses a challenge for evaluation, as it is impractical for
architects to manually assess every image. To tackle this, we introduce a dilemma-based
learning approach, where the user selects the preferred image between pairs, helping to
model their preferences effectively.

This approach involves two key steps. First, all generated images are transformed
into feature vectors based on predefined parameters such as green spaces and realism,
as outlined in Section 2.2.1. Then, the user selects the best image from an indicative sub-
sample of pairs. These selections provide data to train pairwise classification algorithms
(learning-to-rank), which sort the entire dataset according to user preferences. Figure 4
outlines the workflow for this process.

For the mathematical representation of the dilemma-based learning, let us define as I
and I, the two comparative images, and =L, 1] the 2D-vector of images. In addition,
the method for selecting the best of the two images is defined as BEST (I, I;) = BEST(I).
Thus, the dilemma-based learning problem can be expressed in the form of Equation (3).
This formula is first introduced by Cohen et al. [26] in 1997 as the problem of “Learning
to Order Things” (i.e., rank ordering, sorting). The evolution in computation updated the
initial definition by the introduction of several pairwise classification [27] algorithms.

if I is better than I,
if I, is better than I 3)
otherwise

= BEST(T
r 2,

N= = O
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Figure 4. The dilemma-based learning problem formulation and workflow.

2.2.3. Performance Metrics

For evaluating the robustness of the learning-to-rank models, different metrics were
used. Recall that the specific problem is based on a binary classification problem setup.
Any two images, in the form of feature vectors, are fed to the classifier. The higher the
output value, the more likely that the first image is more appropriate compared to the
other, according to the user preferences. A short description of the evaluation metrics [28]
is provided in the next paragraph.

Following the model’s outcomes, we may have four possible scenarios:

*  True Positive (TP): An image was correctly denoted as preferable, compared to the
alternative, during the pairwise comparison, when fed to the classification model.

*  False Positive (FP): An image was wrongly denoted as preferable, compared to the
alternative, during the pairwise comparison, when fed to the classification model.

*  (c) True Negative (TN): An image was correctly denoted as non-preferable, compared
to the alternative, during the pairwise comparison, when fed to the classification model.

¢ (d) False Negative (FN): An image was wrongly denoted as non-preferable, compared
to the alternative, during the pairwise comparison, when fed to the classification model.

Using these values, the following evaluation metrics are calculated:

*  Accuracy (ACC): Indicates the number of correctly classified samples over the total
number of samples, defined as Acc = %

*  Precision (Pre): Refers to the proportion of true positives over the total predicted
positives, given by Pre = TPTifFP

*  Rec: Measures the model’s ability to predict all true positives, calculated as Rec = TI,Z;*I}N

*  Fl-score (F1): Combines precision and recall to evaluate overall model performance,

where a score closer to 1 indicates better performance. The formula is F1 = 2 X
Precision x Recall
Precision+Recall *

2.3. Visualization Module

The Visualization Module is responsible for showing to the experts the final results.
By leveraging the trained models, the experts can sort the images from the most preferred
solution to the least. This is achieved by using the bubble sort method to order the generated
images. Bubble sort is a straightforward algorithm that compares adjacent items and swaps
them if they are out of order, making it easy to implement and understand. In this point,
it is important to specify that it is not strictly necessary to use bubble sort for ordering;
other methods like quicksort or mergesort can be equally used. However, in this case study,
we deployed a smart bubble sorting algorithm as described below, mainly for keeping the
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experiment as simple as possible and to focus on the point, which is to examine the synergies
between the modules and their capability of being applied in architectural design applications.

Smart Bubble Sorting Based on Pairwise Classification

Let us denote a training set that contains representative images (sub-sample) as S and
the method that selects the best image between of two as g(-):

g(Iy, Iy) : SxS — [0 1] (4)

where Iy, I, € S are two selected images. In reality, the method g(Iy, I,;) defines the rank
order between the image pair (I, I;) with respect to the user’s preferences. To be more
precise, when g(Iy, I;) — 1 (or, respectively, g(Iy, I,) — 0), this is interpreted as a strong
recommendation of I, being more preferred (or less preferred) than [,,. Moreover, a value
of around 0.5 indicates an abstention of making any recommendations.

The low-level, mostly binary, features are considered as the input parameters for the pair-
wise classification algorithms, while the output targets are the user’s selections (preferences)
on the sub-sample S. By using this approach, it is possible to estimate the weights of the
pairwise classification method g(-). For this point, it is worth mentioning that for the case of
many users (i.e., groups of architects or urban planners), it is necessary to perform a weighted
average policy based on all users’ selections before estimating the weights of the g(-) [29].

Finally, the ¢(-) method can be used for ordering the images of the whole generated
dataset. Due to the fact that the algorithms’ output will be near 0 or 1 in most cases, due to
calculation accuracy, the bubble sort problem can be expressed by Equation (5). Thus, if the
output value is less than 0.5, then the order remains the same (i.e., the I, image is more
preferred than the Ly), or else, the images are reversed (i.e., the I, image is more preferred
than the I;). By applying this method on a loop, the whole generated dataset is sorted from
the most to least preferred order, and thus, it becomes possible for the user to use the first
N-Best solutions for inspiration and brainstorming.

- g() {§ 0.5 Keep the current ordering. 5)

I ==
> 0.5 Reverse the order.

3. Experimental Setup

In this section, we present the setup and methodology used to evaluate the proposed
generative design framework. The experiments are structured around three main compo-
nents: intervention areas, performance metrics, and experimental results. First, we selected
real-world locations as intervention areas to demonstrate the practical application of the
system. We then applied several performance metrics to measure the effectiveness of the
learning-to-rank models used in evaluating the generated designs. Finally, we present the
experimental results, showcasing both the generation of alternative design solutions and
the accuracy of the ranking algorithms. This comprehensive approach aims to validate the
framework’s feasibility while highlighting areas for potential improvement in future studies.

3.1. The Intervention Areas

For the demonstration of the proposed GDS, an area at Dilaveri Coast, in Piraeus,
Greece, was selected. Currently, the place is used as a parking space. Figure 5 highlights
this parking area, which is planned for renovation.

A defining feature of Dilaveri Coast is the presence of a water canal, with an adjacent
area containing trees. However, this space is not considered a formal park due to the lack
of amenities typically found in public green spaces. Beyond this area, the coastal zone lacks
accessible green spaces with dense vegetation and recreational facilities, contributing to the
overall urban design challenges. This real-world setting has been chosen as an ideal case
study to demonstrate the effectiveness of the proposed GDS framework.
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Figure 5. Visualization of Dilaveri Coast from Google Maps and the parking area, which needs
renovation.

To be able to successfully execute the proposed GDS framework under real condi-
tions, it is necessary to apply the image-inpainting generative algorithm. This necessity
resulted from the fact that implementing and visualizing the solutions in the real area are
needed. To achieve these results, we captured two images of the parking area from differ-
ent angles and formulated two test case samples for generating several solutions and to
visualize, evaluate, and compare the results. Thus, for implementing the image-inpainting
algorithm, the following were used for both test case samples: (a) the captured image;
(b) the masked image, indicating with black color the background and white the area that
will be changed; and (c) the descriptive text prompt for applying nature-based solutions,
with green spaces (i.e., trees, flowers, grass), and park features like benches and fountains.
Figure 6 illustrates the test case samples that are used for generating the solutions using
the image-inpainting algorithm.

Captured

Image Mask Text Prompt
Image

MNature Based Solutions
Park, Trees, Colorful » |npainting Image
Flowers, Green Grass,
Benches, Fountain, Photo-
Realistic, HD, 4K

TEST CASE 1

Captured

I Image Mask Text Prompt
mage

Generated Image
Solutions
(49 for each test case)

MNature Based Solutions
Park, Trees, Colorful —
Flowers, Green Grass,
Benches, Fountain, Photo-
Realistic, HD, 4K

TEST CASE 2

Figure 6. Data formulation for applying the image-inpainting algorithm and to generate alternative
NBS intervention ideas.
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3.2. Experimental Results

One of the innovations of the proposed GDS is the utilization of a AIGI-based model
for generating several solutions for urban design applications. The current literature review
is lacking such works, due to the fact that this technology was recently introduced to the
field of computer science and is mainly used for art and creative applications.

3.2.1. Generation Time Analysis

In this work, we used the image-inpainting method to generate a total of 98 possible
intervention solutions (49 per each test case sample). Figures 7 and 8 present the generated
images of the test case samples 1 and 2, respectively. The generation process of the 98 image
solutions did not exceed 2 h, indicating the capabilities of this approach to generate a huge
amount of image solutions in a short time period (i.e., in some hours).

In order to better understand the time perspective during the image creation, three
different devices were employed for running the generative models. The devices were
as follows:

. Device 1: NVIDIA GeForce GTX 1060 6 GB and 32 GB RAM.
. Device 2: NVIDIA GeForce RTX 4060 8 GB and 16 GB RAM.
e Device 3:NVIDIA GeForce RTX 3070 Ti 8 GB and 64 GB RAM

M — =
[Ere—— ]

Figure 7. The 49 generated images of the test case sample 1.
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Figure 8. The 49 generated images of the test case sample 2.

In addition, a discussion with experts, i.e., architects, was conducted to estimate how
much time it takes to generate a similar image using traditional approaches, e.g., image
editors. Table 2 summarizes the time duration, which is needed for generating photo-
realistic images of 256 x 256 resolution.

For the visual evaluation of the generated images, we used the five labels, which
were applied by the architect to the generated images to address the dilemma-based
learning problem.

Table 2. Time duration for generating a photo-realistic image of resolution 256 x 256.

Generating Platform Time per Image Images per Hour
Architect 1-4h max 1
Device 1 ~20.75 min ~3
Device 2 ~11.50 min ~5
Device 3 ~3.25 min ~18

3.2.2. Generated Content Analysis

Table 3 illustrates the statistical analysis based on the low-level features of the images
per test case sample. Notice that the greenery label is applied to almost all the generated
images, indicating that the generative image-inpainting algorithm “understands” the
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main characteristic of the nature-based solution (i.e., need for vegetation). In terms of the
water elements (i.e., fountains, ponds), the generative design provided a small number
of solutions (less than one-third per test case). For the park amenities (i.e., benches, park
features), the generative design proposed the addition of some benches in a significant
number of images (a little more than half of the images). Finally, in terms of the feasibility
and spatial alignment criteria, the architect’s opinion is close enough, which means that for
most cases, the solution provided either both characteristics or none.

Table 3. Visual analysis of the data based on the architectural criteria.

Test Case Veget. Cov. Water EL Park Amen. Feasib. Spatial Align.
1 47/49 (96%) 9/49 (18%) 34/49 (69%)  16/49 (33%) 17/49 (35%)
2 46/49 (94%)  16/49 (33%)  24/49 (49%)  23/49 (47%) 29/49 (59%)

Comparing the results of the case study’s samples, it is also observed that the second
test case sample achieved close and higher scores than the first case sample in most of the
labels. This indicates that the architect liked the solutions of the second test case sample more.
Moreover, by visually comparing the images in Figures 7 and 8, the generated solution of the
second image is closer to the description of the text prompt than the generated images of the
first case study. This observation indicates that the angle of the captured image can affect
the generated results. However, one case study cannot be enough to completely prove this
observation; thus, the experimentation of this hypothesis can be tested in future works.

3.2.3. Image Ranking Analysis

The learning-to-rank algorithm was applied to evaluate the AIGI-generated images by
solving the dilemma-based learning problem. For this case study, we used RankingSVM,
SVC, NuSVC, and XGBoost models to assess performance. The dataset for training and
validation was created by asking an architect to choose the best image from all possible
pairwise combinations of the generated images from the first test case. By considering the
selection in reverse order as identical, the final dataset for training the semi-supervised
learning-to-rank algorithms consisted of 2352 image pairs.

The test accuracy scores for each model at different training set ratios are shown in
Figure 9. RankingSVM had the lowest performance, with an average accuracy of 0.63 £ 0.02,
achieving its maximum accuracy at a 60% train set ratio. The SVC model performed slightly
better with an average accuracy of 0.67 + 0.01, with its highest accuracy at a 70% train set
ratio. NuSVC outperformed the other SVM-based models with an average accuracy of
0.71 £ 0.02, peaking at a 50% train set ratio. XGBoost achieved the best results, with an
average accuracy of 0.75 £ 0.05, reaching its highest accuracy at an 80% train set ratio.

Table 4 presents the precision scores for each method across different training set ratios
for the test sample. Comparing the average scores, RankingSVM showed the weakest per-
formance, while XGBoost achieved the best results. Specifically, RankingSVM recorded its
highest precision at the 60% training set ratio, and SVC performed best at the 70% ratio. Both
NuSVC and XGBoost attained their highest precision scores at the 80% training set ratio.

The recall scores are shown in Table 5. Consistent with accuracy and precision, Rank-
ingSVM vyielded the lowest average recall score of 0.65, with its highest recall reaching 0.70
at the 60% training set ratio. Both SVC and NuSVC achieved similar average recall scores
of 0.72. However, SVC performed better at lower training set ratios, with its highest score
occurring at the 20% ratio, while NuSVC excelled at higher training set ratios, reaching its
peak recall at 80%. XGBoost achieved the best performance overall, with an average recall
score of 0.78, and its highest score at the 80% training set ratio.

Finally, the F1-scores are summarized in Table 6. RankingSVM had an average F1-score
of 0.63, with its highest score at the 6% training set ratio. SVC achieved an average F1-score
of 0.69, peaking at the 70% training set ratio. Both NuSVC and XGBoost recorded their
highest F1-scores at the 80% training set ratio, with averages of 0.71 and 0.77, respectively.
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Figure 9. The test accuracy scores per train set ratio.
Table 4. Precision scores per train set ratio for each rank model in the test sample.
Precision
Train Set Ratio
Model 20% 30% 40% 50% 60% 70% 80% Average
RankingSVM 0.64 0.63 0.63 0.61 0.65 0.64 0.60 0.63
SvC 0.66 0.66 0.68 0.66 0.69 0.72 0.66 0.68
NuSVC 0.66 0.69 0.72 0.70 0.72 0.74 0.75 0.71
XGBoost 0.73 0.76 0.74 0.77 0.78 0.80 0.82 0.77
Table 5. Recall scores per train set ratio for each rank model in the test sample.
Recall
Train Set Ratio
Model 20% 30% 40% 50% 60% 70% 80% Average
RankingSVM 0.60 0.66 0.60 0.65 0.70 0.68 0.64 0.65
SvC 0.78 0.76 0.66 0.77 0.63 0.76 0.67 0.72
NuSVC 0.68 0.67 0.71 0.72 0.73 0.74 0.77 0.72
XGBoost 0.69 0.74 0.74 0.79 0.82 0.83 0.84 0.78

Given the nature of the data and the task of applying these algorithms to rank the
dataset, the evaluation metrics demonstrate that all the selected learning-to-rank algorithms
can be effectively used for sorting the image solutions. It is also important to note that
achieving a perfect ranking is not necessarily critical. The evaluation of the best image
solution is subjective, with multiple images potentially being rated as equally optimal for
different reasons. The proposed ranking system aimed to assist the architect by accelerating
the manual evaluation process, highlighting the N-Best images based on their selections
during the dilemma-based learning phase.

Figure 10 illustrates the five best images per method for each data sample. It is worth
noting that most of the five best images appear in all algorithms either in the same or
different ordering positions. Other images appear only on some algorithms, like the first
image in the XGBoost method for both samples. In terms of efficiency, the smart bubble
sorting algorithm is a quick and easy way to order the images. For each method, it took



Algorithms 2024, 17, 538 14 of 18

less than 5 s to order the images. However, the whole framework is far from perfect, and
more investigation is needed to improve the final results. For instance, the first image of
NuSVC for the test case sample 2 is not preferred by the architect.

Table 6. F1-scores per train set ratio for each rank model in the test sample.

F1-Score
Train Set Ratio
Model 20% 30% 40% 50% 60% 70% 80% Average
RankingSVM 0.63 0.64 0.62 0.62 0.65 0.64 0.61 0.63
SvC 0.70 0.69 0.67 0.69 0.67 0.73 0.67 0.69
NuSVC 0.67 0.68 0.71 0.71 0.72 0.74 0.76 0.71
XGBoost 0.72 0.76 0.75 0.78 0.79 0.80 0.81 0.77
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Figure 10. The 5 best images per method for each generated sample.
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4. Discussion

The proposed Generative Design System (GDS) framework streamlines the urban
regeneration design process by leveraging Al-generated images and ranking algorithms.
This approach enables the rapid exploration of diverse nature-based solutions, which can
reduce both time and costs in the early design stages. Additionally, the framework is
user-friendly, making it accessible to design professionals without extensive expertise in
machine learning. The flexibility of our system allows for the potential future integration
of advanced deep learning methods to further enhance feature extraction and improve
solution quality.

While this work provides a novel methodology to enhance current GDSs, it does not
seek to benchmark against existing state-of-the-art generative models, as the application of
AIGI in architectural and urban design is still in an emerging phase, particularly concerning
nature-based solutions. Instead, the study aims to extend AIGI’s application to the urban
design domain, which remains underrepresented in current research focused on medical
and artistic uses. The framework’s ability to generate numerous alternative solutions
quickly and address irrelevant outputs through learning-to-rank algorithms makes it a
valuable tool for preference-based sorting in design.

Despite these advantages, several limitations of the proposed approach should be ad-
dressed in future research. First, while the framework demonstrated feasibility with a small
group of professionals, its scalability and adaptability to larger, more diverse user groups
remain to be evaluated. Furthermore, although the current implementation effectively
utilizes basic features and ranking mechanisms, incorporating deep learning techniques
for richer feature extraction [30] and more sophisticated user preference modeling could
enhance performance. However, such enhancements were beyond the scope of this study.

Finally, the limited sample size and the basic feature set underscore the need for more
extensive, large-scale validation. Future studies should focus on more comprehensive eval-
uations across various case studies to fully assess the system’s effectiveness and potential
for real-world application in urban regeneration.

5. Conclusions

This work introduces a novel Generative Design System (GDS) framework that inte-
grates Al-generated images and learning-to-rank algorithms to accelerate the urban and
architectural design process. By enabling the rapid generation of multiple design alterna-
tives, the framework effectively supports architects and urban planners in the early stages
of their projects, significantly reducing both time and cost. The successful application of
traditional machine learning methods for ranking user preferences highlights the system’s
adaptability and usability in real-world scenarios.

One of the key strengths of this approach is its ability to handle large volumes of
generated images, which are prioritized based on user input, thus facilitating a more
efficient decision-making process. The integration of learning-to-rank algorithms not only
enhances the system’s performance but also allows for personalized, user-driven evaluation,
ensuring that the most relevant design solutions are identified. The case study presented
demonstrates the framework’s robustness and practicality, confirming its potential to
transform early-stage urban regeneration projects.

Overall, the framework showcases a powerful, adaptable solution for generative
design, offering a valuable tool for practitioners seeking to explore a wide array of design
options while maintaining user-centric evaluation criteria.
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Appendix A. The Image-Inpainting Algorithm

Let us denote as x; the image at a given moment ¢, where xj is the initial image,
without any noise applied in it. Then, the forward trajectory can be mathematically
represented as an equation that takes an image x;_; at a given moment (¢ — 1) as an input
and return an image x; with additional noise at moment t; thus, q(x:|x(;_)). Moreover,
the noise addition is based on a statistical distribution, for simplicity, we will use the
Normal Distribution represented as N, which needs two parameters: the mean (/1 — )
and variance (B;). Equation (A1) presents this equation.

q(xelx(-1)) = N(xe /1= Bex_1y; Bel) = /1 — Bex(p_q) + Pre (A1)
The parameters a; (Equation (A2)) and a; (Equation (A3)) are defined as

ar = 1-— ﬁt (A2)

t
s=1

These two terms can be used for simplifying Equation (A1) by replacing the related
notations with Equation (A2). This derives the following equation (Equation (A4)):

q(xelx1)) = N(xs Varx1); (1 —a)l) = Varx_q) + (1 —ar)e (Ad)

Equation (A4) can be used sequentially in a defined number of ¢ steps, increasing the
noise in the masked area each time. Usually, noise addition follows a statistical distribution
method, like Linear Distribution [31] or Cosine Distribution [32]. Considering the repetition
of this process, the forward trajectory can be applied in one step for increasing the efficiency
of the algorithm in terms of time processing. This is achieved by replacing the parameter of
a; in Equation (A4) by the total amount of noise addition 4;, as defined in Equation (A3).
As a result, the forward trajectory is applied in one step using Equation (A5).

g(xt|xo) = N(xt; Varxo; (1 —ar)I) = Varxo + (1 —ar)e (A5)

The reverse trajectory process cannot be simplified like forward trajectory; instead, the
execution of this process is applied step by step until the process is terminated after a total
of t steps’ execution [33]. Equation (A6) mathematically describes the reverse trajectory.
The input parameter x;_q corresponds to the last noisy image, which is calculated in
the previous step (for the first iteration, the x;_; is the output of the forward trajectory).
The parameter x; corresponds to the output of the reverse trajectory (in the final step, this
output corresponds to the generated solution). The quantity ) 4(x;, t) is a fixed parameter,
which can be calculated at the start of this process. Finally, the parameter 4 (x¢, t) needs
to be estimated using a neural network model. As a general practice, this neural network
is a U-Net [31]; however, other methods have also been investigated [34], indicating
acceptable results.

p(xi_alxe) = N(xp—1; po(xe, 1); Y (xe, 1)) (A6)
9
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