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ABSTRACT
Two fundamental challenges face generative models in engineering
applications: the acquisition of high-performing, diverse datasets,
and the adherence to precise constraints in generated designs. We
propose a novel approach combining optimization, constraint satis-
faction, and language models to tackle these challenges in architec-
tural design. Our method uses Quality-Diversity (QD) to generate
a diverse, high-performing dataset. We then fine-tune a language
model with this dataset to generate high-level designs. These de-
signs are then refined into detailed, constraint-compliant layouts
using the Wave Function Collapse algorithm. Our system demon-
strates reliable adherence to textual guidance, enabling the genera-
tion of layouts with targeted architectural and performance features.
Crucially, our results indicate that data synthesized through the
evolutionary search of QD not only improves overall model perfor-
mance but is essential for the model’s ability to closely adhere to tex-
tual guidance. This improvement underscores the pivotal role evolu-
tionary computation can play in creating the datasets key to training
generative models for design. Web article at https://tilegpt.github.io
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1 INTRODUCTION
Generative Design (GD) in architecture represents a paradigm shift
in the way designs are conceptualized and realized. It draws inspira-
tion from natural evolution to explore vast design spaces to discover
high-performing, innovative solutions [34]. At its core, GD involves
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a geometry generator that delineates a broad solution space, cou-
pled with simulations and analytical methods for evaluating each
design against a set of metrics. Metaheuristic search algorithms,
such as genetic algorithms, navigate this space to identify optimal
solutions [32]. This approach is versatile and scale-agnostic, making
it applicable to a wide range of design problems and scales.

In Architecture, Engineering, and Construction (AEC), GD is
most commonly used in the early stages of design [3]. This is when
the potential to influence outcomes is highest, and the cost im-
plications of design changes are minimal [36, 40]. GD has been
successfully applied in numerous AEC projects, enabling practi-
tioners to tackle complex challenges, balance conflicting objectives,
and make informed decisions based on solid evidence [32, 33, 46].

But the development and deployment of GD methods requires
a high level of technical expertise, which limits their scalability
and accessibility. Not only that, the results of GD are large sets
of complex solutions, requiring designers to spend as much effort
on analysis as on creation. Worse still, typical GD workflows offer
limited scope for interaction – making changes often necessitates
rerunning the entire optimization process.

Large language models (LLMs), which have streamlined many
tasks, could also be applied to design. LLMs fine-tuned on labeled
segments of existing Mario Bros. levels are able to generate lev-
els which reflect descriptive prompts (e.g., "few enemies," "many
pipes") [42, 43]. Many tasks in architectural design, particularly in
the conceptual phase, can be modeled at a similar level of abstrac-
tion as video game levels. Experimentation has already begun in
AEC to take advantage of the same tile-based layouts and proce-
dural content generation (PCG) techniques used in games. [24, 47].

Crucially, to adapt an LLM-based approach to design in this
way it is necessary to have a large corpus of labeled data. Quality-
Diversity (QD) [6, 37] approaches are able to generate large col-
lection of solutions, ideal for use as training data. These high per-
forming collections of span user-defined features, allowing users to
define the design features to explore, and then generate a bespoke
dataset that spans those features.

Designs generated by language model are created only through
the learned statistical relationships, but in design it is necessary that
constraints are followed. Rather than forcing the LLM to learn every
constraint, we instead task it with creating a conceptual plan which
is then handed to theWave Function Collapse (WFC) algorithm [19],
a PCG approach based on constraint satisfaction [23].

https://tilegpt.github.io
https://doi.org/10.1145/3638529.3654138
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Figure 1: Algorithm flow of the proposed generative design approach, TileGPT. (1) A dataset of paired designs and attributes is
generated with the MAP-Elites algorithm, which is used to (2) fine-tune a GPT model to produce designs with given attributes.
(3) Given a natural language description a simplified design with the described attributes is generated by the GPT model, and
(4) given to a constraint satisfaction algorithm, which refines it into a detailed site plan.

The language model interprets the designers intent through nat-
ural language prompts, and generates designs at a high level, such
as the placement of buildings and green spaces. These designs are
then processed by WFC to generate the detailed layout of modules.
This method ensures that the final design not only resonates with
the input provided by the designer but also rigorously complies
with the constraints of construction.

The outlined system, dubbed TileGPT, demonstrates:

� The integration of QD with PCG techniques to synthesize
tailored labeled datasets of high performing solutions.
� The use of a fine-tuned LLM to interpret and implement
design directives in natural language and apply them to a
real-world generative design case.
� The application of constraint satisfaction to guarantee the
validity of designs generated by an LLM.

This novel approach integrates QD, LLMs, and constraint satis-
faction within the GD framework. This integration aims to enhance
the accessibility of GD methods, reduce the technical barriers to
their use, and provide more intuitive, interactive design manipula-
tion capabilities through natural language inputs.

2 BACKGROUND
2.1 Wave Function Collapse
Wave Function Collapse (WFC) is a procedural content generation
technique, popularized by Maxim Guman [19] for creating 2D and
3D content, in the form of a constraint satisfaction algorithm. It is
similar to the Example-Based Model Synthesis [30] method and is
adept at generating non-tiling, self-similar structured data based
on sparse input examples.

The algorithmworks through iterations of a single cell collapse —
assignment to a single fixed state — and neighborhood propagation
— where surrounding tiles are constrained to compatible patterns

with the collapsed cell. Cells are collapsed in order of minimum
entropy, measured as the certainty of a specific outcome from the
weightings of potential states, precisely defined as:

Shannon Entropy = log
(∑︁

F𝑖

)
�
∑„F𝑖 � log„F𝑖 ””∑

F𝑖
(1)

where F𝑖 represents the weight of each potential state for a cell.
The weight reflects the likelihood or frequency of a particular state
occurring based on the adjacency constraints and the neighbors.

The WFC methodology consists of a four-step process:

(1) Pattern extraction: Utilizing one or more self-similar input
examples, WFC identifies cell adjacencies, which are used to
form a domain of possible constrained states.

(2) Initialization and pre-constraint: The output is initializedwith
each cell represented as an array of potential states. Individ-
ual cells can be pre-constrained to a subset of these states.
This is commonly used to enforce boundary conditions or
enable controlled generation from an initial pattern.

(3) Cell collapse: The output cell with the lowest entropy value is
selected for collapse. From the selected cell’s possible states,
a single, final state is chosen using a weighted random se-
lection and all other potential states discarded. In the event
more than one cell has the same lowest entropy value, the
cell to collapse is chosen randomly from the candidates.

(4) Propagation: After a cell is collapsed, the solver iterates
through the adjacent cells and removes all pattern states
incompatible with collapsed cell.

The solver repeats steps 3 and 4 until the output is fully collapsed,
with each cell assigned to a single state, or until a contradiction
arises, indicating that the solver cannot satisfy all constraints.
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2.2 Quality-Diversity
Quality-Diversity (QD) approaches, like MAP-Elites [5, 31], search
for high-performing solutions which cover a range of user-de�ned
features. Generating diversity along features rather than only ob-
jectives makes QD well suited to the needs of GD, as designers
are often interested in other attributes beyond objectives [3]. QD
has been applied in various design domains including aerodynam-
ics [9, 20, 21], game design [1, 16, 17] and architecture [13, 14, 47].

QD produces a collection of solutions in a single run. The abil-
ity to produce numerous high-quality and varied solutions posi-
tions QD as an ideal tool for synthesizing datasets for machine
learning. Collections of solutions generated through QD have been
e�ectively used in creating surrogate models that predict perfor-
mance [10, 25, 50], building generative models to aid optimiza-
tion [12, 38] and exploration [11, 18, 35], creating conditioned rein-
forcement learning policies [8], and �ne-tuning language models to
produce virtual creature body plans [27]. In this work, we leverage
the designs produced by MAP-Elites to �ne-tune and condition a
language model to produce designs based on text prompts.

2.3 Language Models
Large Language models (LLMs) are powerful and versatile, able
to learn from massive datasets for sequence modelling tasks such
as generating text [4], code [15, 29], and multimodal outputs such
as images and robot states [7]. These models leverage attention
mechanisms [45] to capture patterns in long term sequences. Pre-
trained LLMs can be �ne-tuned for diverse downstream sequence
modelling tasks, reusing the models parameters as a starting point
and adding an additional layer trained from scratch. These tasks
are not limited to text, but can be generalized to other sequences,
such as tile based layouts. Several works have explored this in the
context of video games, including MarioGPT, a �ne tuned LLM for
Mario level generation [42, 43]. The authors showed that MarioGPT
was able to generate coherent and playable levels whose layout
could be guided by text � an approach we build upon in this work.

3 METHOD
The TileGPT system, described in detail below, proceeds as follows:

(1) Dataset Generation
(a) A dataset is generated by using MAP-Elites to search the

space of designs that can be generated by WFC.
(b) Each design in the dataset is paired with a text label such

as 'many units' or 'little carbon sequestration' based on
the features of the design.

(2) Model Training
(a) A GPT model is �ne-tuned using this dataset of designs,

adapting it to produce layouts one tile at a time.
(b) Attribute labels are converted into numerical vectors via a

text encoder and incorporated into the �ne-tuning process
through a cross attention layer.

(3) Layout Generation
(a) The GPT model is provided with a natural language prompt

corresponding to the desired attributes and generates a
design at a low level of detail.

(b) These rough layouts are re�ned by the WFC algorithm,
ensuring local constraint satisfaction and validity.

Figure 2: Mutation of a WFC genome. Fixed tiles are encoded
into the genome, and set at the start of a WFC rollout, in�u-
encing the development of the �nal design.

3.1 Dataset Generation
Synthesizing Data with MAP-Elites.WFC stands out for its ability
to generate a wide array of unique designs from minimal initial
examples, a potential we leverage for the generation of synthetic
datasets. By conducting numerous iterations or `rollouts' of the
WFC algorithm, a large volume of data can easily synthesized.

Despite its versatility, WFC-generated designs are not ideal sam-
ples, particularly when performance of the designs is a priority.
In a domain like site design, common issues with WFC include
ine�cient utilization of space, which could be better employed for
buildings or landscaping. Furthermore, there's a tendency for the
attributes of the designs to converge towards average values, lead-
ing to a dataset that lacks extremes and, as a result, limits the scope
of what models can generate. The sparsity of varied and compelling
examples in the dataset restricts the model's ability to produce
innovative designs or to respond appropriately to text prompts.

To overcome challenges related to the quality and uniformity
in design generation, we use MAP-Elites for data synthesis. By
adopting a diversity-based optimization strategy, we actively seek
out high-quality solutions that encompass a broad spectrum of
features. This method moves beyond simply sampling, ensuring
the creation of a dataset that is both diverse and of high quality.
The enriched dataset thus obtained is pivotal in training our model,
enabling it to produce designs that are not only varied but also
superior in quality. This re�ned approach signi�cantly boosts the
model's capability to generate diverse site layouts, enhancing the
overall e�ectiveness of the design process.

Optimization of Designs with WFC.To use WFC in the optimization
process, we must devise a way of e�ectively searching the space
of WFC produced designs. The core strength of WFC is that it
is capable of producing a large variety of solutions that follow a
consistent style and set of constraints. This constrained expressivity
makes it an appealing option for optimization, but searching the
space of solutions through WFC is challenging. The variety in WFC
comes from the chaotic elements of its generation process � small
changes in the initial conditions or early choices have dramatic
consequences for the �nal result.

The a common lever to guide WFC is to adjust the probability
of each tile being chosen when a cell is `collapsed'. Macro level
di�erences are possible to induce in this way, but it is impossible
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to replicate or preserve distinct tile patterns. Adjusting tile weights
alone does not produce a suitable encoding for optimization. An
encoding based on a tile weight genotype and fully collapsed tile
phenotype is highly non-local [39] � a small change in the genotype
produces a large and unexpected change in the phenotype, dooming
any search algorithm to be little better than random.

We can consider the mapping of genotype to phenotype through
the intermediary of WFC as aprobabilisticencoding, where each
genome maps to a distribution of phenotypes. To create an encoding
which is more local, and so more amenable to search, we must
narrow this distribution while also making it heritable.

At the start of the WFC algorithm we can �x a set of tiles, pre-
serving a few existing parts of the parent design and allow the
algorithm to generate the remainder. These �xed tiles can be in-
cluded as part of the genome and passed on to child solutions. A
genome composed of �xed tiles and tile weights is a more local
encoding � children resemble parents, and small changes in geno-
type typically produce small changes in phenotype. The more tiles
which are �xed the narrow the distribution of possible mappings
from genotype to phenotype.

We can further instantiate individuals by including a random
seed, ensuring that a given genome always produces the same phe-
notype. The resulting genotype is represented as a tuple comprising
tile weights, �xed tiles, and a seed. It takes the form:

Genotype= ¹) weight•)�xed •Seedº

Where,) weight is a vector of tile weights,) �xed is a list of tuples
with each tuple representing a tile type and its position in the grid.

To search this space, we apply a mutation operator, which in-
volves the following steps:

(1) The) weight vector is modi�ed by the addition of Gaussian
noise, adjusting the weights either upward or downward.

(2) Tiles are added or removed from the) �xed list.
(3) Seed is reset to a new random integer.

At each generation an equal number of individuals are chosen
to have tiles removed and added. Tiles are chosen to be added or
removed randomly, and the number added or removed drawn from
a uniform distribution between 1 and 4 tiles.

Fixed tiles are added from the phenotype of the parent solution.
Adding tiles in this way not only allows children to inherit the
same structures, it ensures that the constellation of �xed tiles is a
valid one � we know there must be at least one valid phenotype
to be found by WFC with that set of tiles. The process of �xed tile
mutation is illustrated in Figure 2.

The iterative adding and removing of tiles allows a search algo-
rithm to purposefully search through the space of designs generated
by WFC � designs which are guaranteed to follow the guidelines
and requirements of the designer.

Dataset Preprocessing.The number of potential tiles, considering
their rotations and re�ections, can easily reach into the hundreds
� and each tile comes with its own unique set of adjacency rules1.
Training a GPT model to predict tokens at this level of granularity
distracts from its central objective: facilitating global-level opti-
mization and exploration.

1see Appendix C for the full set of 216 tiles in our application

Figure 3: Possible WFC cell states and their simpli�cations
for tokenization. Designs are evaluated using the WFC cell
states, but generated using the reduced set of LLM cell states.

Our approach positions the GPT model as a strategic director
in the design process. Its role is not to micromanage the minu-
tiae of tile adjacencies but to guide overarching design decisions.
This perspective aligns the model's strengths with the demands of
high-level conceptual design, and steers clear of the intricacies of
individual tile relationships. To streamline this process, we catego-
rize the full tile set into a smaller set of distinct functional groups,
as illustrated in Figure 3. This categorization substantially reduces
the complexity the GPT model has to manage.

Designs are represented as a grid of tiles, but to convert these
designs into tokens we transform each into one of these functional
categories. Subsequently, each category is represented by a unique
character (e.g., 'A', 'B', 'C'). We then �atten this grid of characters
into a vector format to �t the standard sequence completion training
paradigm of GPT models. Each site's features � de�ned by their
coordinates in the MAP-Elites grid � are paired with their respective
design. These are then translated into high-level natural language
descriptions during training (e.g., "few/some/many parks").

3.2 Language Model Training
A causal language model is �netuned to learns "next tile predic-
tion", analogous to the "next token prediction" objective which most
causal language models are optimized for � the model learns to gen-
erate a design by predicting a single tile based on a sequence of previ-
ous tiles. Previous work has shown that by �netuning LLMs for tile
generation they can generate new playable levels in Sokoban[44]
and Mario Bros[42]. Similar to [42], we choose a distilled version of
GPT2 (DistilGPT2) [41] as our base LLM to �netune, with additional
cross attention weights used for prompt conditioning. To incorpo-
rate these prompts, we utilize a frozen text encoder (BART) [28] to
embed the prompts as a vector of �oats. These vectors are averaged
and used in the cross attention weights in combination with the
encoded tile sequence. All previous tiles are used as context for
predicting the next tile. The architecture is illustrated in Figure 5.
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