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ABSTRACT
Spatial layout planning involves arranging spaces to meet functional and aesthetic require
ments, a process increasingly automated to save time and explore diverse design alternatives. 
This study aims to automate the spatial layout planning process using a procedural approach 
chosen for its flexibility, control, and reduced reliance on large, high quality data sets. The 
proposed methodology introduces three core algorithms based on hexagonal cellular auto
mata and graph theory, with its versatility showcased across mock examples of public spaces 
and a real-world case study. The generated layouts effectively satisfy the user-defined design 
objectives of area, adjacency, and design boundary. A post-processing step converts the 
hexagonal layouts into rectangular forms with orthogonal corners to align better with con
ventional architectural layouts while adhering to design constraints. This approach provides 
a potential foundation for developing automated, user-interactive tools, capable of addressing 
complex design objectives in architectural contexts. Future work includes the potential inte
gration of visibility and circulation metrics through space syntax analysis and agent-based 
modelling to enhance wayfinding, traffic flow, and user experience of spatial layouts.
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1. Introduction

Spatial layout planning is a fundamental phase in 
architectural design, involving the arrangement of 
space to satisfy different constraints and objectives 
(Lobos and Donath 2010; Okhoya et al. 2022). 
Designers must strike a balance between the geome
trical requirements, such as the area of rooms and their 
dimensions, with the topological requirements, such as 
adjacency between the rooms (Calixto and Celani  
2015; Jiang, Wang, and Ma 2023; Ko et al. 2023). This 
process can prove to be inherently complex and highly 
iterative, requiring significant time spent and relying 
heavily on the designer’s expertise and intuition to 
create design variations (Aalaei et al. 2023; Kim and 
Cho 2020; Liao et al. 2021; Nauata et al. 2020). This can 
hinder the design exploration and planning process as 
the design variations created are limited and can be 
inexhaustive. To address these challenges, researchers 
have explored the use of computational methods and 
approaches to automate the spatial layout planning 
process.

Machine learning (ML) techniques have shown pro
mise in recent years to generate diverse spatial layout 
variations, utilising models such as generative adver
sarial networks (GANs) and graph neural networks 
(GNNs) (Chaillou 2020; Hu et al. 2020; J. Li et al. 2019; 

Liu et al. 2024; Nauata et al. 2020, 2021). These meth
ods capitalise on large, high quality data sets of histor
ical data to learn spatial relationships, and thereby 
generate layouts that can mimic real-world design 
principles (Chaillou 2020; Ko et al. 2023; Nauata et al.  
2020, 2021). One such work is HouseGAN which 
employs a graph-constrained GAN trained on the 
LIFULL data set to generate residential layouts based 
on a given bubble diagram representing relational and 
functional requirements (Nauata et al. 2020). Another 
prominent example is Graph2Plan, which combines 
a graphical approach with a deep learning framework 
(Hu et al. 2020). Users are allowed to specify design 
objectives and constraints which guide the retrieval of 
layout graphs from the RPLAN data set (Hu et al. 2020). 
Using convolutional processing on the input of the 
building boundary and layout graphs, the retrieved 
layout graphs contain information to be learned on 
the desired number of rooms, together with their adja
cencies to guide the generation process for generating 
layouts (Hu et al. 2020). However, a significant chal
lenge faced by such ML approaches is the high depen
dency on the quality and quantity of training data 
(Aalaei et al. 2023; Bayraktar Sari and Jabi 2024; C.-W. 
Zhao, Yang, and Li 2021). This limitation is made more 
apparent as properly annotated data and large data 
sets are still scarce in the field of architecture, 
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engineering, and construction (Chaillou 2020; Okhoya 
et al. 2022; C.-W. Zhao, Yang, and Li 2021). Additionally, 
ML models are widely perceived as “black boxes” 
(Bayraktar Sari and Jabi 2024; Chen et al. 2022; Lipton  
2018) with little transparency or user control, which 
can limit their application in creative fields like 
architecture.

Another class of approaches is procedural model
ling, a rule-based method that does not rely on exten
sive training data sets (Smelik et al. 2014). Procedural 
modelling leverages algorithms to provide designers 
with more transparency and agency to influence the 
generation process (Chen et al. 2022; Kim and Cho  
2020; Lipton 2018). This is particularly advantageous 
in contexts where data is limited, or where the design 
process can benefit from flexibility and iterative control 
while maintaining a degree of automation (Kim and 
Cho 2020). In addition, procedural modelling avoids 
any biases that are inherent in ML models trained on 
historical data, hence enabling the exploration of more 
novel and diverse solutions (Aalaei et al. 2023; C.-W. 
Zhao, Yang, and Li 2021).

Shape grammars, for instance, are a rule-based pro
cedural approach that generates designs through 
application of predefined transformation rules 
(Jowers, Earl, and Stiny 2019; Stiny and Gips 1972; 
J. Wang, Zhou, and Zhang 2025). Paulino et al. applied 
shape grammars to redesign Sobrado buildings into 
affordable housing while accounting for factors such 
as daylight, circulation, and structural stability (Paulino, 
Ligler, and Napolitano 2023). Similarly, graph grammar 
formalism, as demonstrated by Wang and Zhang, 
applies rule-driven transformations to adjacency 
graphs, translating initial graph representations into 
spatial layouts (X.-Y. Wang and Zhang 2020). Another 
procedural approach is the use of evolutionary algo
rithms which are particularly well-suited for solving 
complex problems with multiple objectives. For 
instance, Bahrehmand et al. developed an interactive 
layout recommender where users input dimensional 
and topological constraints (Bahrehmand et al. 2017). 
The algorithm evaluates layouts based on spatial qua
lities like circulation, privacy, and compactness itera
tively improving designs over successive generations 
(Bahrehmand et al. 2017).

Procedural generation is also widely implemented 
in virtual environments, particularly in game design 
(Amato 2017; Cogo et al. 2023; Smelik et al. 2014), 
showcasing its ability for data amplification. From rela
tively small sets of input data, procedural algorithms 
dictate how game elements are created and placed, 
creating a variety of unique configurations (Amato  
2017; Smelik et al. 2014). A notable example is 
Minecraft (Persson and Bergensten 2011), where infi
nitely large 3D virtual worlds are procedurally gener
ated based on a set of rules governing the spawning of 
terrain features, biomes, structures, and mobs. Players 

can use the same seeds to generate identical worlds, 
making procedural generation reproducible while 
maintaining its ability to generate varied virtual envir
onments. Rogue-like games further highlight the 
potential of procedural generation by creating rando
mized dungeons and levels for each playthrough, 
offering players endless replay-ability and ensuring 
each experience feels fresh and engaging.

In view of the advantages of procedural methods, 
this study introduces a procedural model for spatial 
layout planning, with additional integration of con
cepts in cellular automata and graph theory. Cellular 
automata (CA) are chosen for their ability to dynami
cally adapt to user-defined design requirements to 
generate diverse layout options. Apart from being 
able to function without the need for extensive and 
well-annotated data sets, CA offers greater flexibility by 
allowing emergent patterns to form organically 
through iterative local interactions (von Neumann  
1966). Additionally, integrating CA with graph theory 
enhances the generation process as graphs effectively 
represent the topological relationships between 
spaces (Hu et al. 2020; Lobos and Donath 2010; 
Nauata et al. 2020; Shekhawat et al. 2023; X.-Y. Wang 
and Zhang 2020), ensuring that adjacency constraints 
are accounted for. The stepwise generation process 
when combining CA and graph theory can also poten
tially allow users to intervene and refine layouts in real 
time, providing both adaptability and interpretability. 
The proposed approach thus aims to satisfy user- 
defined geometrical and topological constraints while 
maintaining the user’s control over the design process. 
In addition to the core algorithms, here we also intro
duce a post-processing step to the generated layouts 
to create more regular and orthogonal room shapes in 
order to further enhance their practicality for real- 
world architectural applications.

2. Spatial layout generation with hexagonal 
cellular automata and graph theory

Cellular automata (CA) are powerful computational 
models that are used to simulate complex systems 
(von Neumann 1966). The foundational idea behind 
CA was first introduced by John von Neumann while 
developing a model for self-replicating systems in biol
ogy (Batty, Couclelis, and Eichen 1997; von Neumann  
1966). The model used mathematical properties of 
cellular structures and growth processes to demon
strate how complex, organized structures as seen in 
biological organisms could emerge from simple local 
interactions between individual units, such as cells 
(Ulam 1952). A typical cellular automaton is executed 
through the application of simple, local rules to cells in 
a grid (von Neumann 1966). Each cell is assigned 
a finite state which evolves based on rules that depend 
on its current state and the state of neighbouring cells 

2 C. S. X. NG ET AL.



over iterations (von Neumann 1966). These local inter
actions among cells thus gives rise to global patterns 
and emergent behaviours, a characteristic that has 
been leveraged across various domains from simula
tions of natural phenomena to game design. CA has 
been applied to model spread of diseases (Sirakoulis, 
Karafyllidis, and Thanailakis 2000), fire propagation 
(Hernández Encinas et al. 2007), and crowd dynamics 
(Li et al. 2019; Zhao et al. 2021; Zhong, Zhai, and Chen  
2023).

In game design, CA has been used to generate 
dynamic virtual environments and procedural con
tent (van der Linden, Lopes, and Bidarra 2014). CA- 
based systems can simulate physical interactions and 
environmental dynamics in games like Noita, (Purho 
et al. 2020) or generate procedural terrain and dun
geon structures like in Terraria (Omer, Spinks, and 
Bedna 2011), offering players a dynamic and ever- 
changing virtual world to explore. These applications 
of CA showcase its ability to create complex designs 
from simple rules, and thus make it an ideal 
approach to generate context-sensitive layouts to 
tackle spatial design problems. The challenge lies in 
satisfying both geometrical and topological con
straints, that is, attaining target room sizes and ful
filling planned adjacencies, respectively. CA can be 
used as a model of how rooms are allowed to grow 
to reach their target size, and also interact with 
surroundings and neighbouring spaces. For instance, 
the cells in a grid can represent part of a room or 
space, and its state can be used to represent whether 
the cell belongs to a specific room or not. The 
update rules will be used to dictate how each room 
expands based on specified adjacencies, and bound
ary constraints. Iterating the update rules over time 
evolves the layout while satisfying requirements and 
maintaining properties of geometry and topology.

A 2D design space can be discretised into a regular 
grid of cells which will serve as the basic units of the CA 
system. The choice of the grid type is crucial in deter
mining how the CA behaves and how efficiently it can 
model spatial relationships. There are three regular 
polygons that can tessellate a 2D plane without gaps 
or overlaps: an equilateral triangle, a square, or 
a regular hexagon. Among these, the most common 
grid type is that of a square grid. In a square grid, 
a given cell has four directly adjacent cells 
(Figure 1ai). These four cells are known as the von 
Neumann neighbourhood of the given, centre cell 
(Nugraha et al. 2021). In addition to these, there are 
four diagonal cells that share only a corner with the 
centre cell (Figure 1aii). These corner cells, together 
with the von Neumann neighbourhood, would form 
what is known as the Moore neighbourhood 
(Figure 1aii) (Nugraha et al. 2021). However, as the 
corner neighbouring cells share only a single point 

with the centre cell, their adjacencies are ambiguous. 
For instance, two rooms that are diagonally adjacent in 
a square grid system may not be perceived as directly 
adjacent in reality. This can potentially lead to difficul
ties when defining adjacency in the layout generation 
process.

The second polygon to tessellate a 2D plane is the 
triangle. By conducting a similar analysis, however, of 
the total twelve neighbouring cells, only three are 
directly adjacent to the centre cell (Figure 1aiii), while 
nine of them share a corner with the centre cell 
(Figure 1aiv). This can imply that the triangular grid 
system may be less effective for applications where 
maximising direct adjacencies is crucial. In contrast, 
a hexagonal grid system has the greatest number of 
directly adjacent neighbouring cells, and no cells that 
share a corner with the centre cell (Figure 1av). This 
removes ambiguity of defining adjacencies between 
the cells as all neighbours are directly adjacent to the 
centre cell. Maximizing the number of direct neigh
bours with a hexagonal grid system would also allow 
for a more efficient implementation of adjacency in the 
spatial allocation process. Using a hexagonal grid sys
tem also minimises diagonal bias, which is an issue 
with square grids where diagonal paths are longer 
than horizontal and vertical paths, creating unequal 
distances from a centre cell to its directly adjacent 
and corner cells. A hexagonal grid system ensures 
equal distance between all adjacent cells, resulting in 
isotropic movement across the grid. Therefore, in this 
work, a hexagonal grid system is used as the basis for 
developing and executing CA for spatial layout 
planning.

In this work, we look towards graph theory to repre
sent the relationships between spaces in the spatial 
layout planning process (Keleş, Takva, and Çakıcı 2025). 
Traditional bubble diagrams, which are used to visually 
capture area and adjacency information for spatial 
layout planning, are graphs in essence. Each space is 
represented by a vertex, and the edges between the 
vertices represent the adjacencies between the spaces 
(Hu et al. 2020; Lobos and Donath 2010; Nauata et al.  
2020; Shekhawat et al. 2023; X.-Y. Wang and Zhang  
2020). These relationships can be formalised to 
develop algorithms that generate spatial layouts that 
adhere to adjacency requirements. In the spatial layout 
planner developed here, graph theory is used to deter
mine the order of generating spaces within the layout. 
The concept of rooting trees is extended to adjacency 
graphs, such that spaces can be sorted into different 
levels and classified according to their respective 
adjacencies.

A tree is a type of graph that does not contain any 
cycles (Figure 1bi) (Valiente 2021). This implies that 
there is exactly one path between any two vertices 
(Valiente 2021). By designating one vertex as a root, 
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a tree is converted into a rooted tree with all remaining 
vertices split into different levels according to their 
adjacencies and distance from the selected root vertex 
(Figure 1bii, iii) (Valiente 2021). The vertices that are 
connected to and below a particular parent vertex are 
known as its child nodes (Valiente 2021). Except for the 
designated root node which has no parents, each child 
node in a tree has exactly one parent (Figure 1bii, iii) 
(Valiente 2021). However, in some cases, a tree adja
cency graph may not be sufficient to represent more 
complex spatial layouts as sometimes, multiple spaces 
may need to be selected as starting points or anchors 
for the rest of the layout. For instance, the lobby, 
conference room, and main office can all serve as 
central key points around which the remaining spaces 
of an office building are organised. Apart from having 
to select multiple roots, layouts may often be designed 

to have cycles within its adjacency graph. Taking 
a residential layout, for example, the kitchen may be 
adjacent to the dining room, which is in turn adjacent 
to the living room. If the living room is also adjacent to 
the kitchen, it would form a cycle in the adjacency 
graph. While the idea of rooting trees does not con
ventionally include designating multiple roots nor 
rooting graphs with cycles (Valiente 2021), here we 
propose to do so to encompass the generation of 
more complex spatial layouts.

A tree can still be organised into levels with multiple 
roots selected according to their adjacencies and dis
tances from the selected root vertices (Figure 1biv). 
However, the edges or adjacencies no longer only 
exist to connect vertices between different levels, but 
also to connect vertices within the same level 
(Figure 1biv). With cycles introduced into an adjacency 
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graph (Figure 1ci), it can still be rooted in a similar way 
to a tree by also organising vertices into levels based 
on their adjacencies and distance from selected root(s) 
(Figure 1cii–iv). Both acts of designating multiple roots 
and introducing cycles in the adjacency graph mean 
that child nodes can now have multiple parents 
instead of having exactly one parent, as with single 
rooted trees (Figure 1cii–iv). Based on these modifica
tions, a general classification can be created for the 
non-root nodes of adjacency graphs with singular or 
multiple roots. In addition to being classified into dif
ferent levels, each non-root node can be generally 
classified into four types:

Type A: Has multiple parents and is adjacent to other 
nodes in the same level.

Type B: Has multiple parents and is not adjacent to 
other nodes in the same level.

Type C: Has a single parent and is adjacent to other 
nodes in the same level.

Type D: Has a single parent and is not adjacent to 
other nodes in the same level.

Using this method of organisation and classification 
when rooting adjacency graphs, with spaces being 
vertices and adjacencies being edges, the order of 
generating and completing spaces in a layout follows 
the levels of the graph. When designers want to fix the 
positions of certain spaces, it is likened to designating 
the roots within the adjacency graph. These user- 
defined positions and spaces in the layout will be 
assigned cells and completed first. A space is consid
ered to be completed when it has attained its target 
area or number of cells, and also when it has estab
lished its target adjacencies with other already created 
spaces. To fulfil the area requirement, rules based on 
hexagonal CA are used to allocate cells to the space. 
After the spaces sorted into level 0 (root spaces) are 
created and completed, subsequent spaces are created 
level by level. In each level, the starting point or start
ing cell is selected for each space in such a way that 
would meet the adjacency requirements of that space 
with other created spaces. Cells are then added to 
these starting cells to reach the target area of the 
space. To illustrate, we use an example of 
a residential layout with its adjacency graph shown in 
Figure 1d. Figure 1e shows how this adjacency graph 
can be converted into rooted graphs, and how the 
generation process of the layout follows the organisa
tion and classification of the rooted graphs. By select
ing a single root or multiple roots, the adjacency graph 
of this residential layout is organised into different 
levels, and each vertex can be classified with its respec
tive type (labelled in italics). For simplicity of illustra
tion, the target area of the space is not represented by 
the size of the vertex or bubble, but instead labelled 
within the vertex (Figure 1d, e). The first spaces to be 
positioned in the designed space are the user-selected 
root spaces (Figure 1fi, gi), with subsequent spaces 

added on level by level according to the organised 
adjacency graph (Figure 1fii, iii, gii-iv).

For the purpose of this illustration, the design space 
boundary is that of a simple rectangular shape consist
ing of 23 cells, and the positions and shapes of the root 
spaces and subsequent spaces are arbitrarily decided 
such that the area and adjacency requirements are 
satisfied (Figure 1f,g). Next, we describe the CA-based 
algorithms developed in this work that guide the cell 
selection process. The procedure includes identifying 
the starting cells and adding cells to the starting cells, 
all while maintaining area and adjacency requirements 
to achieve the desired spatial configuration.

3. Algorithms for spatial layout generation

The procedural model is developed in Houdini, 
a procedural modelling software. Geometry nodes 
with custom user interfaces are created on this plat
form to receive the necessary user inputs, and there
after execute custom functions written with VEX 
code. To begin, the user has to specify the geome
trical constraints of design boundary, which is auto
matically discretised into a hexagonal cells and 
pseudo randomly numbered using a geometry 
node. Thereafter, the user inputs the geometrical 
and topological objectives of area and adjacencies 
of each space. The user also has the option to modify 
a numerical seed which influences the pseudo- 
random processes within the procedure. The final 
user input will be to select the starting cells of the 
root spaces based on the numbered cells in the dis
cretised area. From these inputs, the procedure oper
ates with the hexagonal grid system and generates 
layouts using algorithms based on the earlier dis
cussed concepts of CA and graph theory. The desired 
final output is a floor plan showing allocated spaces 
and boundaries that adhere to the user-defined geo
metrical and topological objectives. The overview of 
the procedure is illustrated in Figure 2, which 
involves a combination of user inputs and automated 
algorithmic steps to arrive at the final output.

A mock museum layout is created as an example of 
user input, with Figure 3 showing its bubble diagram 
and different design boundaries that are discretised 
into hexagonal cells. The area to be assigned to each 
space is labelled within the respective bubbles, and its 
units are m2. The boundary of the design space repre
sents the physical limits within which the layout is 
generated. In Houdini, it is drawn by the user as a 2D 
polygon using a geometry node. After discretisation, 
the cells can be identified and specified by the user 
using a pseudo randomly assigned number starting 
from 0. For simplicity of illustration, each cell is set to 
represent an actual area of 1 m2. This therefore implies 
that the target area labelled in Figure 3a is equal to the 
number of cells to be allocated to that space. The 
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resolution of the grid, however, can be modified by the 
user, consequently changing the area which each cell 
represents. For Figure 3 and subsequent figures repre
senting the mock museum, the names of spaces are 
abbreviated as follows: A-Atrium, C-Carpark, 
E-Entrance, G1-Gallery 1, G2-Gallery 2, L-Lobby, Lk- 
Lockers, S-Shop, T-Ticketing, W-Toilets.

In a separate geometry node, the user specifies the 
geometrical and topological objectives of the layout 
through a custom user interface. The user will have to 
enter the number of spaces to be generated and their 
corresponding name and area. The user can then enter 
the total number of adjacencies in the layout and list 

the pairs of spaces that are to be adjacent. To desig
nate cells to spaces, the user has to reference the 
discretised design boundary and specify the cell num
bers to be assigned to select spaces. Note that at least 
one space must have at least one cell assigned to it to 
start. The spaces with user-assigned cells will therefore 
form the roots of the adjacency graph. Based on the 
root spaces and adjacencies, the remaining spaces that 
have yet to be assigned with cells are automatically 
sorted into their respective levels to determine the 
generation sequence. Starting with the spaces in 
level 0 (root spaces), cells are added to each space 
until their target area is reached. For each subsequent 
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level, the generation process involves two main steps 
that are executed recursively: First, a starting cell (or 
cells) for a space is selected via Algorithm I which 
identifies neighbouring cells of completed parent 
spaces and/or created peer spaces. This step ensures 
that adjacencies of the space are established accord
ingly. Secondly, Algorithm II adds cells to the selected 
starting cell(s) until the space meets its area require
ments. These two algorithmic steps are executed in 
each level until all spaces have been generated and 
completed. Finally, Algorithm III is a supplementary to 
these first two algorithms, in the event that they are 
unable to be executed due to there being no available 
cells to select.

3.1. Algorithm I – cells of the minimum spanning 
distance

Algorithm I aims to identify the fewest number of cells 
that connect two or more cell clusters, where a cell 
cluster in this context can refer to a group of cells or 
a single cell. We term these as cells of the minimum 
spanning distance between cell clusters. To achieve 
this, we start by first examining Dijkstra maps or floor 
field models using CA (Adamatzky 1996; Khashoggi 
et al. 2018; Yang, Wang, and Qin 2015; Zhao et al.  
2021). Dijkstra maps are inspired by Dijkstra’s algo
rithm whose purpose is to find the shortest path 
between vertices in a weighted graph (Dijkstra 1959). 
By systematically updating and evaluating the shortest 
known distance between the source and each node, 
the shortest path from the source node can be found 
iteratively. The principles of Dijkstra’s algorithm can be 
applied to a grid system to find the shortest path 
between a source cell and all other cells within the 
grid. To obtain a Dijkstra map, integer values are 
assigned to each cell, beginning with all immediate 
neighbouring cells of the cell cluster assigned a value 
of “1”. Subsequent neighbouring cells are assigned 
values incrementally, increasing the value by 1 as the 
distance from the original cell cluster grows. 
Eventually, all cells will have a value that represents 
their distance from the cell cluster, and this is referred 
to as the Dijkstra mapping for that cell cluster. From 
any point in the grid, moving towards the next adja
cent cell with the lowest Dijkstra value will trace the 
shortest path back to the source cell.

The idea behind finding the minimum spanning 
cells is also similar to finding the minimum spanning 
tree between vertices of a given graph. The edge 
weights of the graph can be likened to the mini
mum number of cells between pairs of spaces or 
vertices, and the minimum spanning tree would be 
the minimum number of cells that connects all the 
spaces. While there are well established algorithms 
to find the minimum spanning tree in a weighted 
graph such as Prim’s algorithm (Ayegba et al. 2020; 

Prim 1957) or Kruskal’s algorithm (Ayegba et al.  
2020; Kruskal 1956), they are not applicable in 
a grid system as they treat the vertices as points 
rather than occupying a 2D space. These algorithms 
also treat edges as discrete rather than having the 
possibility of overlapping, such as when a cell can 
be a part of the minimum distance between a pair 
of vertices (or cell clusters). Therefore, such algo
rithms will not suffice to find the minimum spanning 
cells between cell clusters, leading to the develop
ment of Algorithm I using Dijkstra mappings for our 
procedural model.

When using a grid system, there may be multiple 
shortest paths between two cells or two clusters of 
cells (as shown in Figure 4a). As such, Algorithm I first 
identifies the group of candidate cells that contain the 
possible shortest paths, and thereafter reduces it to 
obtain one possible shortest path between cell clus
ters. To identify the group of candidate cells, the 
Dijkstra values from the respective maps of the 
involved cell clusters are summed to obtain Mapping 
1 (Figure 4b). From Mapping 1, the candidate cells are 
found from grouping cells starting from the lowest 
value, such that this group is adjacent to all involved 
cell clusters (Figure 4b, cells in yellow). If only two cell 
clusters are involved, the group of candidate cells will 
typically consist only of the lowest valued cells in 
Mapping 1 (Figure 4bi). If more than two cell clusters 
are involved, the group may need to include cells with 
the next lowest Dijkstra values such that the group is 
adjacent to all involved cell clusters (Figure 4bii). After 
obtaining the group of candidate cells in the shortest 
path, the second step of reducing the group addition
ally requires Mapping 2, a mapping of the lowest con
stituent Dijkstra value between the involved cell 
clusters (Figure 4c).

Among the highest-valued cells in Mapping 1 (cells 
outlined in blue in Figure 4c), the highest-valued cells 
in Mapping 2 are compared in a nested loop. In the 
inner loop, the cells with the highest values from 
Mapping 2 are removed as long as doing so does not 
separate the group of candidate cells itself nor does it 
separate the group from any of the involved cell clus
ters (Figure 4c). When no more cells can be removed, 
the cells with the next highest values from Mapping 2 
are considered for removal (Figure 4c). This is repeated 
until the cells valued “1” in Mapping 2 are considered 
and no more cells can be removed from the group. The 
outer loop then moves on to execute the inner loop for 
the cells of next highest values in Mapping 1 
(Figure 4cii). This nested loop is essential for reduction 
as opposed to randomly selecting cells to remove. 
A counterexample is shown in Figure 4d where ran
domly removing cells from the group (without separ
ating the group itself nor the group from either of the 
two cell clusters) can result in erroneous derivation of 
the shortest path.

JOURNAL OF ASIAN ARCHITECTURE AND BUILDING ENGINEERING 7



The starting cells are first selected for spaces with 
multiple parents, which are both type A and B spaces 
using Algorithm I to identify the cells of the minimum 
spanning distance between all their respective parent 
cell clusters (parent cell clusters are outlined in black, 
Figure 4ei, f). This will complete the selection of start
ing cells for type B spaces. Thereafter, the adjacencies 
within the level are created for type A and C spaces 
using cells of minimum distance between the spaces 
found with Algorithm I as the starting cells of the 

respective space (Figure 4eii, iii). These adjacencies 
within the level can be between two type A spaces 
(Figure 4eii), one type A and C space (Figure 4eiii), or 
two type C spaces (Figure 4g).

For adjacencies with a type A space, the cells of 
the minimum distance are found with their already 
assigned starting cells (Figure 4eii). For adjacencies 
with a type C space, the cells of minimum distance 
are found from their parent space cell clusters 
(Figure 4eiii, g). However, if a type C space has 

Figure 4. Algorithm I finds the starting cells for establishing adjacencies. a) Multiple shortest paths from any arbitrary cell to 
a group of cells (in yellow). b) Identifying the group of candidate cells with mapping 1. c) Reducing the group of candidate cells to 
the cells in the shortest path with mapping 2. d) Erroneous derivation of the cells in the shortest path without using mapping 2 for 
reduction. e) Use of algorithm I to Find starting cells for type a spaces and spaces adjacent to type a spaces in the same level. f) 
Finding the starting cells for type B spaces using algorithm I. g) Finding the candidate starting cells between the respective parents 
for two type C spaces using algorithm I. h) Pseudorandom assignment of starting cell for a type D space.
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already been assigned starting cells perhaps from 
creating its other adjacencies to other spaces in the 
same level, its starting cell cluster will be used 
instead of the parent space cell cluster to find the 
minimum distance with. This will complete the 
selection of starting cells for type A and C spaces. 
Finally, the most straightforward selection of start
ing cells would be for type D spaces; only one 
neighbouring cell of its parent space will be 
selected pseudo randomly to be the starting cell 
(Figure 4h). Selecting the starting cells in order of 
the types of space satisfies the topological require
ments of the parent spaces and child spaces 
between each level, and also that within the levels.

After all starting cells have been selected successfully, 
Algorithm II is executed next to add cells onto the starting 
cells of each space in the level to satisfy their geometrical 
requirements. However, Algorithm I fails when the num
ber of cells in the minimum spanning distance is greater 
than the number of cells that can be allocated to the 
spaces based on their target area. The user can be 
prompted to modify the input in such a case, for instance, 
to assign more area to the spaces involved or to fix the 
relative positions to be closer, in order to proceed. 
Another case where Algorithm I cannot be executed 
would be if a space has no available, unassigned neigh
bouring cells. In such cases, the supplementary Algorithm 
III is executed to rectify this issue.

3.2. Algorithm II – cell addition

Algorithm II concurrently adds neighbouring cells to 
the starting cells of each space in a level. It is executed 
iteratively until all spaces in the level have attained 
their target area, or no more cells can be selected to 
be added. From the starting cell(s), a space can expand 
in all directions into available, unassigned neighbour
ing cells in one iteration. The ability to expand will 
depend on two factors: Firstly, it depends on the 
remaining number of cells to be added to reach its 
target area (nR). Secondly, it depends on the number of 
available, unassigned neighbouring cells (nN). To deter
mine if a cell is assigned to a space in the current 
iteration, we evaluate bid values in a cell that are put 
out by spaces to their available, unassigned neigh
bouring cells. The bid value is defined as the difference 
between nR and nN: 

All cells are evaluated in one iteration, and a cell is 
assigned to the space with the highest bid value and if 
its bid value is ≥0. Figure 5a shows the bid values and 
addition of cells to the starting cell cluster of a single 
space. If the bid value of a space is <0, it implies that 
the space has more available neighbours than remain
ing number of cells to be added. Hence, if a cell has bid 
values that are all <0, the final step in the iteration will 
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Figure 5. Algorithms II and III add cells to fulfil area requirements. a) Cells are added to a single space using algorithm II based on 
bid values put out to neighbouring cells. b) Cells added to different spaces simultaneously using algorithm II. c) Algorithm II is also 
used to assign the minimum spanning cells identified with algorithm I to the respective type C spaces. The bids of the spaces 
shaded in yellow are indicated by a yellow dot marker, likewise for the spaces in blue, orange, and green. Their respective bid 
values are indicated below the corresponding figures. d) Selection of already assigned cells using algorithm III results in 
a displacement effect.
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be to pseudo randomly select the available neighbours 
of the space according to the nR (Figure 5a).

The usefulness of evaluating a bid value to assign 
cells is more apparent when there are more than one 
space in a level (multiple starting cell clusters). Some 
spaces may share neighbouring cells, implying that in 
any iteration, one cell can have more than one bid 
value (Figure 5b). Similarly, in one iteration, a cell is 
assigned to the space with the highest bid value that is 
≥0 in that cell (Figure 5b). This is iterated until all cells 
have bid values that are <0, implying that nR < nN for all 
spaces in the level. The final step will then be to 
pseudo randomly select available neighbours of each 
space based on the respective nR (Figure 5b). If a cell 
has been selected in the final step to be added to 
multiple spaces, it will be assigned to the space with 
the highest (least negative) bid, and other cells will be 
selected for the other spaces that were contending for 
that cell.

Apart from adding cells to selected starting cells, 
Algorithm II is also used in cases after Algorithm I has 
identified the minimum spanning cells between type 
C spaces that have not been assigned their starting 
cells. From the cells of the minimum spanning dis
tance, all other cells are temporarily marked as unavail
able (Figure 5c). The cell clusters of Algorithm I will 
then become the ‘starting cells’ to which cells will be 
added using Algorithm II (Figure 5c).

As cells are added to the spaces within the defined 
design boundary, some spaces may become trapped, 
i.e., when a bid value is ≥0 but nN < 0., implying that no 
suitable cells can be found using Algorithm II alone. 
Hence, Algorithm III is used to allow the selection of 
unavailable (already assigned) cells.

3.3. Algorithm III – displacement of cells

The selection of starting cells with Algorithm I may fail 
if a space has no available, unassigned neighbouring 
cells. Algorithm II may also be unable to find suitable 
cells to be added to starting cells. Therefore, Algorithm 
III was developed as a supplement to Algorithms I and 
II to allow the selection of unavailable (already 
assigned) cells when necessary. The selection of una
vailable cells is done through displacing the cells of 
neighbouring spaces, while maintaining their already 
existing required adjacencies as well as the number of 
cells assigned to them. When a space has nR ≥0 but nN 

< 0, one already assigned neighbouring cell is pseudo 
randomly selected to be reassigned to the space. A cell 
can only be selected and reassigned if doing so does 
not result in disconnecting or splitting of any existing 
spaces, nor does it remove any existing adjacencies 
(Figure 5d). Note also that cells have been deliberately 
assigned by the user to a space cannot be considered 
for reassignment.

After reassignment, the space that the selected cell 
originally belonged to will have its number of cells 
decreased by one (Figure 5d, the remaining number 
of cells required for the space is labelled within the 
space). Therefore, the reassignment process is 
repeated for that space to replace the missing cell 
and maintain its area. The reassignment continues 
until an unassigned neighbouring cell can be selected 
instead of an already assigned neighbouring cell. The 
overall result is that cells can be reassigned added to 
trapped spaces by displacing the cells of neighbouring 
spaces while maintaining the areas and adjacencies of 
existing, completed spaces (Figure 5d).

To summarize, when creating spaces within a single 
level, Algorithm I is executed first to select the starting 
cells and satisfy adjacencies. When all spaces within 
the level have had their starting cells assigned, 
Algorithm II adds cells to the starting cells to satisfy 
area requirements of the spaces. Algorithm III is exe
cuted only when there are no available neighbouring 
cells to select for Algorithms I and II, allowing the 
selection of already assigned cells while maintaining 
the adjacencies and areas of spaces in all levels. When 
all spaces within the level have been completed, the 
generation proceeds to the next level, repeating until 
all spaces have been completed.

4. Results and discussion

Based on the cells assigned by the user, the root spaces 
are decided, transforming the respective adjacency 
graphs into rooted trees, with the remaining spaces 
sorted into their different levels, indicating the order of 
creating these spaces after the root space has been 
generated (Figure 6a). The generated layouts are con
sidered valid as long as they have met the defined 
objectives of area and adjacency, as well as fit within 
the user-specified design boundary.

By having the starting cell for the lobby specified, 
the adjacency graph is rooted as shown in Figure 6ai, 
two distinct layouts can be generated (Figure 6b, c) for 
each of the design boundaries shown in Figure 3b-c. 
The assigned cell number for the lobby can be chan
ged to indicate a different starting position (Figure 6d, 
using also the boundary in Figure 3b). In addition, 
more than one cell can be selected for the root space 
(Figure 6e), which may be desirable for dictating the 
shape of selected spaces. Besides the lobby, cells can 
be selected for other spaces to designate them as the 
new root of the adjacency graph (Figure 6aii). For 
instance, to anticipate the constraint of sewage and 
related piping on the location of the toilets, it is 
selected as a root space by assigning a starting cell to 
it, creating the rooted graph in Figure 6aii and its 
resultant generated layout (Figure 6f). Lastly, should 
the position of more than one space be fixed, it is also 
possible to select the starting cells for more than one 
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space, transforming the adjacency graph into a multi- 
rooted tree (Figure 6aiii). The corresponding generated 
layout is shown in Figure 6g.

Apart from the museum, mock layouts were also 
generated for other types of spaces such as 
a section of a medical centre, and also a public 
library, with completely different user inputs shown 
in Figure 7ai, bi, respectively. Each plan also has 

a different design boundary, and their discretisation 
is shown in Figure 7aii, bii. From their respective 
inputs, their adjacency graphs are organised into 
levels to dictate the order of generating spaces 
(Figure 7aiii, biii), successfully outputting their final 
layouts (Figure 7aiv, biv). For the figures represent
ing the mock medical centre, the names of spaces 
are abbreviated as follows: C1-Clinic 1, C2-Clinic 2, 
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C3-Clinic 3, L-Lobby, Lf-Lifts, S-Stairs, W-Toilets. For 
figures representing the mock public library, the 
names of spaces are abbreviated as follows: 
B-Borrowing Kiosks, D1-Desks 1, D2-Desks 2, 
E-Entrance, L-Lobby, Lk-Lockers, P-Printing Room, 
R-Reception, R1-Seminar Room, R2-Study Room, R3- 
Multifunction Room, R4-Media Room, S-Main 
Shelves, W-Toilets.

The generated layouts shown thus far are created from 
adjacency graphs that do not have cycles. In the proposed 
approach, the main difference between planning for 
a layout without cycles and one without is the classifica
tion of spaces. For single rooted trees, all non-root spaces 
are type D spaces, whereas multi-rooted trees will include 
the other types of spaces. We also show that layouts can 
be generated for layouts with adjacency graphs 
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containing cycles by modifying the three example layouts 
to include cycles (Figure 8ai, bi, ci for the mock museum, 
medical centre, and library, respectively). The additional 
adjacencies are indicated as bold solid lines (Figure 8ai, bi, 
ci). The spaces are organised into levels based on their 
respective cells selected for different spaces (Figure 8aii, 
bii, cii), which leads to their generated layouts (Figure 8aiii, 
biii, ciii).

4.1. Post-processing

As the floor plans are generated from hexagonal 
cells to facilitate the attainment of adjacencies, the 
spaces also tend to adopt hexagonal borders and 
shapes which may not be commonly seen in con
ventional architectural design. In real-world scenar
ios, rectangular room shapes with orthogonal 
corners remain standard, probably due to ease of 
construction and practicality for placement of 

furniture. Therefore, we have created a post- 
processing step to convert the hexagonal-based lay
outs into more rectangular and orthogonal room 
shapes, while preserving the area and adjacencies 
of the spaces.

The process begins by overlaying the hexagonal 
grid with a rectangular grid, where the corner points 
of the rectangular cells correspond to the midpoints of 
each of the four diagonal sides of a hexagonal cell. As 
such, the area contained within a rectangular cell can 
either be fully occupied by part of a hexagonal cell, or 
shared by parts of up to four different hexagonal cells 
positioned on its left, right, top, and bottom 
(Figure 9a). A rectangular cell whose area is fully occu
pied by part of a hexagonal cell will be assigned to the 
same space as that hexagonal cell. On the other hand, 
the space assigned to rectangular cells with area 
shared between different hexagonal cells will depend 
on the configuration of the hexagonal cells.
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Referring to Figure 9ai-iii, if three or more of the 
hexagonal cells sharing the area of the rectangular cell 
belong to the same space, the rectangular cell is 
assigned to that space. If two of the hexagonal cells 
belong to the same space, the rectangular cell is also 
assigned to that space (Figure 9aiv, v). However, if the 
two hexagonal cells at the top and side belong to the 
same space, and the two hexagonal cells at the bottom 
and the opposite side both belong to another space, 
the area of the rectangular cell is split diagonally and 
assigned to the respective spaces (Figure 9avi). Where 
all cells belong to different spaces, the rectangular cell 
is split horizontally between the space assigned to the 
top hexagonal cell and the bottom hexagonal cell, 
respectively (Figure 9avii). If the top hexagonal cell is 
not assigned to any space, the rectangular cell will be 
fully assigned to the space of the bottom hexagonal 
cell, and the converse also applies. This will also be true 
if the hexagonal cells on the left and right belong to 
the same space. Following these transformation rules, 
the rectangular cells are divided accordingly and 

assigned to their respective spaces, resulting in 
straighter borders between spaces and orthogonal 
corners. The results of the transformation are shown 
for all the generated layouts that have been presented 
(Figure 9c-m). It is important to note that the con
verted layouts still maintain their desired adjacencies 
while maintaining their relative areas.

5. Discussion

Through leveraging concepts from cellular automata 
(CA) and graph theory, our proposed methodology is 
a systematic approach to spatial layout planning. The 
generated results demonstrate the flexibility of the 
proposed procedural model in generating spatial lay
outs that satisfy the user-defined area and adjacency 
requirements. While the objectives of meeting area 
and adjacency requirements are foundational in spatial 
layout planning, there are other important objectives 
such as circulation and visibility considerations that are 
not yet explicitly addressed here.

W E R

R3

R1

B

L
Lk

D2

R4PD1

R2

S

C
G1

Lk

G2 L
A

T

S

W

E

CG1

Lk

G2

L
A

T
S

W
ECG1

Lk

G2 LA

T

S

W

E

C

G1

Lk
G2

L

A
T

S

W

E

C

G1

Lk
G2

L

A

T

S

W

E

a i

b c d

e f g

h i j

k l m

Generated Museum Layout 5Generated Museum Layout 3

Generated Museum Layout 6

Generated Museum Layout 4

Generated Museum Layout 2Generated Museum Layout 1

Generated Medical Centre Layout 1

Generated Library Layout 1 Generated Library Layout 2

Generated Museum Layout 7

Generated Medical Centre Layout 2

Generated Museum Layout 1

ii iii iv v vi vii

C1

C2

C3

S W
L

Lf

W E

R3

R1

B

L Lk

D2

P
D1

R2

S

R

R4

C1
C2

C3

S W
L
Lf

CG1Lk

G2

L
A

T

S

W

E

C

G2

Lk

G1

L

A
T

S W

E

Figure 9. Post-processing of generated layouts to create straight borders between spaces and create more regular room shapes 
and orthogonal corners.

14 C. S. X. NG ET AL.



In addition, the model can be further validated for 
application in real-world scenarios as the presented 
results are only based on mock layouts. To demon
strate the feasibility of the model in real-world scenar
ios, we applied it to the Bukit Panjang Public Library 
(BPPL), located in Bukit Panjang Plaza, a local shopping 
mall in Singapore. The library underwent a major reno
vation in 2017, expanding its floor space by 85% to 
accommodate a growing population (Ng 2017). Its 
renovated real-world layout has a complex spatial con
figuration that is ideal for demonstrating the adapt
ability and potential of the proposed procedural model 
in redesigning functional public spaces. Using the 
existing real-world layout as a reference (Figure 10a) 
(National Library Board, Singapore 2025), the design 
boundary (Figure 10b), area, and adjacencies have 
been adapted as user inputs to the model 

(Figure 10c). The names of the spaces in BPPL are 
abbreviated as follows: AV-Audio visual section, 
D-Desks, E-Entrance, E1-Exit 1, E2-Exit 2, E3-Exit 3, 
L-Lobby, M-Multimedia, P-Program room, S-Seats, S1- 
Shelf 1, S2-Shelf 2, S3-Shelf 3, S4-Shelf 4, S5-Magazine 
shelf.

As the library’s location is constrained to be within 
a shopping mall and has to comply with safety regula
tions and egress guidelines, the locations of the 
entrance and exits are fixed (to be the same as that 
in the actual layout of the library). This results in the 
multi-rooted adjacency graph shown in Figure 10d. 
Additionally, area for non-public spaces were included 
into the design boundary (grey areas in Figure 10a), 
resulting in a larger available area than the total 
planned space. The generated layout will therefore 
have redundant cells which can be used for private 
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staff offices and storage. Here we show a layout that 
has been successfully generated together with post- 
processing (Figure 10e), adhering to all the adapted 
input parameters. This exploratory case study demon
strates how the proposed procedural model can 
accommodate user-defined inputs such as specifying 
the positions of key spaces within a fixed boundary. It 
illustrates the potential of assisting designers with real- 
world spatial planning challenges by bridging the gap 
between algorithmic generation and practical 
usability.

To further validate the feasibility of this method in 
actual projects, it will be beneficial to collaborate with 
architects and designers in future to conduct usability 
studies to explore aspects such as design intuitiveness 
and aesthetic preferences. Through such evaluations, 
we can examine how well the generated layouts align 
with real-world design expectations and how the 
design process can be further streamlined in terms of 
user control and interfacing. User feedback can help 
identify potential areas for improvement, such as refin
ing the generation rules for greater flexibility and user 
control so as to ensure that the generated layouts do 
not only meet the user-defined spatial constraints but 
also qualitative or aesthetic design considerations.

While the current procedural model has limitations, 
it offers significant advantages over approaches based 
on machine learning (ML) for spatial layout planning. 
A key strength of procedural modelling lies in its ability 
to amplify data (Amato 2017; Cogo et al. 2023; Smelik 
et al. 2014). This is in contrast to ML models which 
require large, high-quality data sets for training and 
also often struggle to generate solutions that cater to 
scenarios outside the scope of their training data 
(Aalaei et al. 2023; Chaillou 2020; Ko et al. 2023; 
Nauata et al. 2020, 2021). Procedural modelling elim
inates the dependency on such data sets, hence mak
ing it advantageous in contexts where design data is 
limited. Another critical advantage of the proposed 
method is its strict adherence to user-defined con
straints, which are the adjacency, area, and design 
boundary in this work. The rule-based nature of the 
proposed procedural algorithms ensure that user 
inputs and requirements are reflected directly in the 
generated layouts. As the rules and algorithms driving 
the layout generation process are explicitly defined, 
a procedural approach is transparent and more inter
pretable compared to the “black box” nature of many 
ML models (Bayraktar Sari and Jabi 2024; Chen et al.  
2022; Lipton 2018). This flexibility has the potential to 
be especially valuable in architectural design processes 
where iterative feedback and adjustments can guide 
the fulfilment of various functional and aesthetic goals.

The proposed procedural model introduces algo
rithms based on CA and graph theory, allowing it to 
address the basic objectives of spatial layout planning. 
By utilizing a hexagonal grid system and ordered 

generation of spaces, the model handles adjacencies 
well, ensuring that the layouts generated fit within 
given design boundaries while achieving their desired 
allocation of area. The incorporation of the post- 
processing step for transforming the hexagonal lay
outs into more rectangular forms also aligns better 
with conventional architectural designs while preser
ving the integrity of the given initial constraints. This 
combination of flexibility, precision, and adaptability 
therefore bridges automation and user agency, allow
ing designers to influence the generation process 
while benefitting from algorithmic efficiency. 
Therefore, we believe that the proposed approach is 
an ideal tool for exploring diverse layout possibilities 
for spatial layout planning.

A future direction will be to expand the model’s 
capabilities to address more objectives of spatial lay
out planning. This could involve enhancing the CA 
algorithms with space syntax metrics such as visibility 
and circulation which have been recognised for opti
mising layouts for traffic flow and wayfinding (Keleş, 
Takva, and Çakıcı 2025; Natapov et al. 2015; Okhoya 
et al. 2022; Pilechiha et al. 2020; Pouyan, Ghanbaran, 
and Shakibamanesh 2021; Weber, Mueller, and 
Reinhart 2022). Proper circulation will ensure that 
spaces are accessible and movement within the 
space is logical and efficient to reduce unnecessary 
detours or congestion (Natapov et al. 2020; Penn and 
Turner 2002; Shekhawat et al. 2023). For instance, 
proper circulation in a museum would involve creating 
logical pathways between and within galleries for 
more intuitive flow. On the other hand, an analysis of 
the visibility of a space can be performed using isovists 
or what is defined as fields of vision from a specific 
point in space (Benedikt 1979). Visibility graph analyses 
make use of isovists to assess how much of a space is 
visually accessible from key points (R. Li and Klippel  
2010; Turner et al. 2001). Optimised visibility helps 
people to orient themselves and locate important 
landmarks, improving wayfinding within the space 
would thereby also enhance the overall user experi
ence as they navigate the space (Jamshidi and Pati  
2021; Lynch 2008; Turner et al. 2001; van Nes and 
Yamu 2021). Currently, the algorithms have been 
developed to govern the layout formation based on 
adjacency constraints. Future modifications could inte
grate rules that account for pedestrian flow needs or 
visibility values to improve navigation and spatial per
ception within the generated layouts. Accounting for 
both circulation and visibility in the spatial layout plan
ning process has the potential to significantly enhance 
user experience in public spaces, such as museums, 
transport hubs, or airports where smooth traffic flow 
and clear navigation are critical. For example, effective 
circulation in a museum can help to ensure seamless 
pathways between galleries, and optimised visibility 
can aid visitor navigation or highlight key exhibits.
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The grid-based system of the proposed procedural 
model offers a natural platform for integrating these 
space syntax metrics. Visibility graphs can be con
structed by counting the number of intervisible cells 
and calculating visibility values for each cell in the 
space. Using these visibility values, doorways and 
walls can then be strategically positioned to create or 
obstruct sightlines as specified by the designer. Hence, 
a potential improvement to the current algorithms 
would be to adapt the rule set to account for inter
visible cells, allowing layouts to evolve based on sight
line requirements and constraints. Circulation can 
potentially be optimised as another extension of the 
model through integration of agent-based modelling 
(ABM) and CA. ABM is a method that simulates the 
movement and behaviour of individual agents within 
a given space (Feng et al. 2016; Song and Whitehead  
2019) and can provide insights into pedestrian flow, 
making it a valuable tool for improving circulation in 
spatial layout planning. Simulating movement pat
terns can aid in refining the arrangement of spaces 
within the spatial layout to alleviate any identified 
potential bottlenecks and improve traffic flow. In addi
tion, CA, which is used as the foundation of the pro
posed spatial layout planning model, has been shown 
in the literature as floor field models to simulate pedes
trian dynamics and evacuation (Khashoggi et al. 2018; 
Yang, Wang, and Qin 2015). These models study move
ment patterns, congestion, and evacuation efficiency 
(Khashoggi et al. 2018; Yang, Wang, and Qin 2015), 
demonstrating their potential to enhance circulation 
and wayfinding for spatial layouts. This therefore sug
gests that rules can be expanded to simulate and plan 
layouts with more regulated movement patterns in 
future. Perhaps a hybrid approach of ABM and CA, 
utilising simulated movement to adjust layout genera
tion in real time, may be explored to tackle challenges 
in planning for good circulation. Such enhancements 
can further broaden the capabilities of the current 
procedural model to tackle more complex design 
challenges.

5. Conclusion

This study introduces a procedural generative design 
model as a robust alternative to machine learning 
(ML)-based methods for spatial layout planning. In 
contrast to ML approaches which often require large, 
high-quality datasets, the proposed model amplifies 
data and operates independently of extensive training 
data, while still generating layout variations that satisfy 
user-defined constraints. Through integrating cellular 
automata (CA) and graph theory, the model employs 
three algorithms developed here to ensure that lay
outs meet key requirements of area, adjacency, and 
design boundary. The use of a hexagonal grid system 
enhances adjacency fulfilment, and an additional post- 

processing step refines the layouts into more rectan
gular and orthogonal forms. The model’s versatility is 
demonstrated through three mock layouts of public 
spaces and a real-world case study. Each case presents 
layouts generated with distinct user inputs. While the 
current approach effectively addresses primary spatial 
layout objectives, future enhancements to the CA algo
rithms could broaden the model’s applicability by 
incorporating visibility and circulation analyses using 
space syntax theory and agent-based modelling.

In summary, this work advances computational 
design for spatial layout planning by offering 
a flexible, transparent, and data-independent alterna
tive. We believe that its adaptability and flexibility will 
be especially valuable in context-sensitive design pro
cesses in engineering, architecture, and urban 
planning.
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