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Abstract. This paper presents an innovative approach to using com-
putational methods in designing modular housing estates with the Wave
Function Collapse (WFC) algorithm. Currently, as a result of fast chang-
ing humanitarian situations in various parts of the world, like the one
caused by the war in Ukraine or climate changes, many people have
to leave their homes. It results in complex problem of providing large
groups of people with conditions that will allow them to function with
dignity for a long time. Therefore the adaptation of the WFC algorithm
to design modular settlements is proposed. The applied heuristics allow
the solutions to adapt to specific project requirements, generating var-
ious modular settlement designs that consider functionality and social
aspects. The proposed approach is illustrated by examples of generated
arrangements of housing modules for family-type floor plans.

Keywords: modular design - heuristics - WFC algorithm - constraint
programming.

1 Introduction

Nowadays the growing number of natural and human-made crisis situations re-
quires immediate and effective solutions to rebuild and improve the living condi-
tions of people affected by conflicts or other emergencies. Modular construction
is increasingly recognized as an effective, fast, and ecological method for building
homes and offers a promising approach to address these needs.

The current armed conflict on the territory of Ukraine has led to significant
damage to urban infrastructure, a housing crisis, and a massive refugee mi-
gration. Ukrainian architects from the Balbek studio have designed a modular
system of rooms with an area of 21m?, accommodating living rooms, kitchens,
bathrooms, and meeting rooms. These modules can be used to create both small
settlements for hundreds of people and larger towns for thousands [1]. This
innovative solution forms the basis for the proposed tool that should support ar-
chitects in designing process. The created WFC-Ukraine Housing software uses
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the Wave Function Collapse (WFC) algorithm [2] to generate solutions in accor-
dance with the above-mentioned project. The WFC algorithm has been modified
and enhanced with specific heuristics to meet the design requirements of func-
tionality, aesthetics, and social factors.

2 Related work

Recently great deal of research has been conducted in the field of computer-
aided architectural design particularly in the automatic generation of room ar-
rangements for floor plans [9,11]. In most existing approaches, the graph-based
representation of floor layouts, where nodes represent specific modules, is used
[10,17]. Many techniques also rely on artificial intelligence and machine learning
methods [14, 15]. However, most of these methods are not suitable for complex
layouts design, because of their high time complexity and a large amount of data
needed to attain good accuracy.

Generating plans of modular settlements can be considered as a problem of
the procedural content generation in architectural and urban design. Procedural
content generation techniques, like Cellular Automata, enable efficient content
generation, automating the process and reducing the need to manually create in-
dividual elements [3]. Another well-known approach is based on shape grammars
[12]. In [13] an agent system combined with shape grammars was used to support
floor layout designs. However, this approach does not give much possibility for
designer interaction.

The WFC algorithm can also be used to design architectural projects. It is
derived from an algorithm originally known as Model Synthesis [18]. However,
its limitations include considering only local dependencies between grid tiles,
poor scalability, and a lack of parameterization. As a result, many modifications
of the WFC algorithm have been proposed, enabling its effective use as a tool
for procedural content generation [8].

3 Generating modular housing estates using a modified
WFC algorithm

The modular housing system used as the basis of the research was proposed
by architects from the Ukrainian studio Balbek. The proposed system allows
for quick organization of space while minimizing costs and ensuring comfortable
conditions. The design concept emphasizes the importance of functionality and
social factors. Four types of modules (residential, public, kitchen and sanitary)
were proposed as the basic construction elements of the estate, from which the
final solution is assembled and six different variants of module layouts (Fig. 1).
The generated layouts of housing estates are easily modifiable, which allows them
to be quickly adapted to various environmental conditions.

The WFC algorithm operates on a grid of basic units, called cells, sequentially
determining cell values and propagating changes based on specified rules and
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Fig. 1. The RE:Ukraine Housing project: the family arrangement type and 1-3 identi-
fied types of standard layouts.

constraints. The algorithm fills the grid cells with the specified tiles. Initially,
each cell in the grid can potentially be any tile from the tile set, representing a
superposition of all possible states. The entropy measures the uncertainty of a
state of a cell (4, j) and is the number of possible tiles for this cell. The cell in the
grid is collapsed when its state has been determined, reducing its possible values
to a single tile. The neighborhood of a tile (4,j) defines its local surroundings
that may affect the evolution of a grid. Adjacency rules define how tiles can
be placed next to each other. The adjacency list for a tile specifies the allowed
neighboring tiles in the grid and their possible position.
The WFC algorithm generates housing layouts in the following steps:

1. Initialization:

— The tile set is established and augmented with rotated and mirrored
variants to increase diversity.

— The adjacency rules are defined based on tile compatibility.

— The grid size and initial cell states are defined.

2. Generation:

— Observation: identify the cell with the lowest entropy, collapse the cell
to a single tile based on heuristic selection methods; if the entropy value
is equal to zero a contradiction has been reached and there is no infor-
mation about available moves; if the maximum number of iterations is
reached, the algorithm will not be able to find a solution. This may mean
that the constraints are poorly defined or there are too many of them.

— Propagation: update the neighboring cells’ possible tile sets based on
the collapsed cell, ensuring all adjacency rules are maintained.
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— Iteration: continue the observation and propagation steps until all cells
are collapsed, resulting in a complete and coherent layout.
— Render Observations: generate the output image.

The modifications and enhancements introduced to WFC algorithm to ef-
fectively apply it to the design of modular housing estates are as follows: (1)
heuristic functions, (2) enhanced tile encoding, (3) establishing excluded areas,
(4) adjacency rules and constraints and (5) customizable parameters. These en-
hancements ensure that the algorithm not only generates functional and aesthet-
ically pleasing layouts but also adheres to the specific requirements of modular
construction and the unique needs of housing projects for displaced people.

Several heuristic functions were introduced, namely the bath placement, the
symmetry patterns, the door and window placement and the residential standard
one. They incorporate domain-specific knowledge and design principles to influ-
ence the selection and placement of tiles. The elaborated enhanced tile encoding
includes additional metadata to provide more detailed information about each
tile, such as: functional attributes (space type), structural attributes (doors and
windows) and service attributes. Thanks to the use of establishing excluded areas
enhancement, in which designated paths or areas remain free from any building
modules, the algorithm gains greater flexibility and adaptability to various user
requirements, existing infrastructure and local urban conditions.

The adjacency rules have been extended to incorporate complex relation-
ships between tiles, which respects functional and aesthetic criteria. For instance,
kitchens should be adjacent to dining areas, and bathrooms should not open di-
rectly into living rooms. Constraints related to the structural integrity and safety
of the modular units have been integrated, ensuring that generated layouts are
compliant with building codes and standards. Customizable parameters specify
the density of modules needed to accommodate different population sizes, and
set priorities for different functional areas (e.g., more space for communal areas
or more bedrooms) based on the specific needs of the project.

4 Modular Housing Generation System Implementation

The implementation of a modular housing generation system was carried out
using Visual Studio Code. Key libraries and languages used in the project include
JavaScript, p5.js and jQuery.

The Re:Ukraine Housing modular housing system assumes four types of mod-
ules: residential, public, kitchen, and sanitary marked on the design with different
colors (Fig. 1) [1]. It also includes six different variants of module layouts and
the first of them (Type I a family-type section) was taken as the starting point
in our project. Based on the different possible arrangement of modules, three
types of standard layouts were distinguished:

1. Standard 1: includes one double bedroom, a kitchen and a bathroom.
2. Standard 2: includes one double bedroom, one triple bedroom, a kitchen and
a bathroom.
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3. Standard 3: includes two double bedrooms, a kitchen and a bathroom.

Bitmaps representing the appropriate standards were divided into regular tiles
of square shape (Fig. 2) and subsequently, the set of tiles was extended by using
rotation and reflection transformations. Each tile represents a specific functional
or structural component of the housing units, such as living spaces, kitchens,
and bathrooms and is encoded with metadata that provides detailed information
about its attributes and relationships with other tiles. This metadata includes:

1. Functional attributes: descriptions of the tile’s purpose and usage, ensuring
that the generated layout meets the functional requirements.

2. Structural attributes: information about walls, doors, windows, and other
structural elements, ensuring the structural integrity of the housing units.

3. Service attributes: indications of the presence of plumbing, electrical wiring,
and other utilities, ensuring that the necessary infrastructure is in place.

Tile encoding should include information describing possible relations be-
tween them. Symbols of a set C' = {h, f,m, g,v,p,l,0,€,¢,8,q,t,n,j,u,r, z} rep-
resent connections of tiles, while four special symbols represent an outer wall
(a), door (x), window (w), and empty space (d). The primary relations de-
fined between tiles are: connector relation: {{i¢,ic} : ic € C'}, window relation:
{{w,d}}, door relation:{{x,d}}, outer wall relation:{{a,d},{a,a}} and empty
relation:{{d,is} : ig € S}. Having relations between tiles defined explicitly, the
algorithm can efficiently determine the compatibility of adjacent tiles. In Fig. 2
a set of tiles with the assigned codes for all three standard layouts is presented.

uu B X

Standard 1 Standard 2 Standard 3 a w

Fig. 2. Set of tiles with the assigned codes.

Heuristics are essential for guiding the WFC algorithm to produce coherent,
functional, and aesthetically pleasing layouts. Residential Standard Heuris-
tic ensures that the generated layouts meet the predefined residential standards
and functional requirements. It involves assigning weights to tiles based on the
desired number of occurrences of each standard. Bath Placement Heuristic
ensures that bathrooms are placed logically within the housing layout. It con-
siders grouping bathrooms with kitchens to optimize plumbing infrastructure,
and ensures that bathrooms are placed away from communal areas. Symmetry
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Patterns Heuristic is crucial for ensuring that the generated housing layouts
maintain a visually pleasing and structurally balanced design. Balanced layouts
can reduce the complexity of plumbing, electrical, and HVAC systems, as these
systems can be designed more efficiently in symmetrical spaces. Establishing
Excluded Areas Heuristic allows specific paths or regions within the layout to
be designated as non-buildable zones. This is particularly useful for maintaining
open spaces, pathways, or respecting existing urban infrastructure. The algo-
rithm accepts user-defined input for excluded areas. Accessibility Heuristic
ensures that the layout is free from illogical connections and maintains logical
flow. For example, the algorithm can generate layouts of modular housing es-
tates where doors lead to inaccessible or closed areas. In order to eliminate the
above anomalies, an additional step was introduced into the algorithm, which
analyzes the available doors and checks whether there is at least one coherent
path connecting them.

5 Experimental results

The experiments were conducted on a system running macOS Ventura 13.2.1,
equipped with 16 GB of RAM, a 12-core CPU, and a 19-core GPU, with a 512
GB SSD. Over 100 iterations were performed to ensure the stability and con-
sistency of the results. Different grid sizes (e.g., 9x9, 10x10, 11x11, 12x12) were
tested to evaluate the scalability of the algorithm. Various heuristic functions,
including Symmetry V, Symmetry H, Bath Placement, and their combinations,
were applied to assess their impact on the layout generation process. Four prede-
fined initial configurations of excluded areas were specified to simulate real-world
constraints and test the algorithm’s flexibility and adaptability.

The residential standard heuristic was verified by defining two levels of
comfort and generating layouts corresponding to the expected density of people
in a given area. The bath placement heuristic reduced the chaotic nature of
generated designs and minimized the distance between bathroom modules (Fig.
3.A). Two symmetry patterns heuristic, symmetry H and symmetry V, were
tested to maintain visual appeal and structural balance. Obtained symmetrical
designs were consistently rated higher in terms of aesthetic quality without com-
promising functionality (Fig. 3.B). The algorithm effectively handled excluded
areas by the excluded area heuristic without compromising the functionality
of the housing layouts. Also, this heuristics with the one taking into account
appropriate symmetry can improve the quality of the generated modular estate
layouts and increase the number of successful generations (Fig. 4).

The algorithm demonstrated efficiency in generating layouts across different
grid sizes and heuristic applications. The average generation time increased with
grid size, which was expected due to the larger search space and complexity.
The conducted experiments systematically compared various configurations by
modifying parametric variables. The results were analyzed both qualitatively
and quantitatively, providing a comprehensive understanding of the impact of
different variables on the efficiency of generating modular layouts. The modified
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Fig. 3. The bath placement (A) and symmetry (B) heuristics.
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Fig. 4. The excluded area heuristic along with the symmetry patterns heuristic.

WEFC algorithm offers a high degree of customizability, allowing users to define
specific standards, comfort levels, and environmental constraints.

6 Conclusion

This study explored the feasibility and effectiveness of using the WFC algorithm
in designing modular housing estates. The implementation of the generation tool
demonstrated the algorithm’s ability to generate modular housing layouts that
are functional, scalable, and aesthetically pleasing. The heuristic functions signif-
icantly enhanced the quality of the layouts, with the Bath Placement and Sym-
metry Patterns heuristics proving particularly effective. The algorithm main-
tained performance and quality across different grid sizes.
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Future research directions include exploring additional heuristic functions,

integrating real-world data, further developing hierarchical approaches, and ex-
tending the algorithm’s application to other domains such as urban planning
and emergency housing.
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