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A B S T R A C T

The layout of commercial space is crucial for enhancing user experience and creating business value. However,
designing the layout of a mid-scale commercial space remains challenging due to the need to balance
rationality, functionality, and safety. In this paper, we propose a novel method that utilizes the Centroidal
Voronoi Tessellation (CVT) to generate commercial space layouts automatically. Our method is a multi-level
spatial division framework, where at each level, we create and optimize Voronoi diagrams to accommodate
complex multi-scale boundaries. We achieve spatial division at different levels by combining the standard
Voronoi diagrams with the rectangular Voronoi diagrams. Our method also leverages Voronoi diagrams’
generation controllability and division diversity, offering customized control and diversity generation that
previous methods struggled to provide. Extensive experiments and comparisons show that our method offers
an automated and efficient solution for generating high-quality commercial space layouts.
1. Introduction

Layout design is one of the most common tasks in the field of
immersive computer graphics, such as computer games, virtual reality,
and animated movies [1–5]. In mid-scale commercial architectural de-
sign, such as shopping malls, a well-designed commercial environment
can significantly enhance customers’ understanding of direction and
navigation capabilities, prevent the appearance of desolation in stores,
and assist customers in locating the products they need. This can greatly
improve the shopping experience and prolong the duration of shopping
visits. In addition, it is imperative to consider fire safety and evacuation
requirements to ensure the safety and efficient evacuation of people
in emergencies. Therefore, the computational layout design targeted at
commercial spaces has significant research value and importance.

We use the term ‘‘mid-scale’’ [6] to refer to scenarios such as shop-
ping malls, which are larger than small-scale environments
(e.g., homes) but smaller and more detailed than large-scale spaces
(e.g., cities). Significant efforts have been directed toward small-scale
layouts [7–9] and large-scale layouts [1,10,11]. Small-scale layouts typ-
ically focus on creating comfortable environments for families within a
limited number of rooms, particularly through furniture arrangement.
Large-scale layouts, on the other hand, prioritize broader structural
elements like zoning, with less emphasis on unit-level details. In con-
trast, mid-scale commercial spaces require a unique balance between
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global scale and local functionality, demanding detailed optimization of
subregions. The design of mid-scale commercial space layouts involves
several challenges. (1) Commercial spaces consist of numerous units
with specific configurations, and vary significantly due to differences in
business types, target audiences, and specific functional requirements.
This diversity presents challenges in defining a universal set of rules
or guidelines for automation. (2) Commercial spaces involve complex
design considerations, such as branding, space occupancy, and crowd
evacuation capability. These factors require a profound understanding
of the principles of commercial interior design and their incorpora-
tion into the automation process. (3) The lack of suitable datasets
specifically tailored for commercial spaces poses a significant barrier to
the application of deep learning methods. These methods rely heavily
on large-scale annotated training data to learn patterns and generate
accurate outputs, which limits the application of deep learning models
in this field.

Designing commercial space layouts through trial and error has
become inefficient and impractical, as it is time-consuming and difficult
to adapt to the rapidly changing needs of commercial spaces and con-
sumer behavior. Peng et al. [12] employ deformable templates-based
segmentation to divide regions in the layouts. However, the need for
predesigned templates leads to a relatively rigid layout. Wu et al. [13]
perform well when dealing with orthogonal boundaries, but when faced
https://doi.org/10.1016/j.cag.2025.104175
Received 28 August 2024; Received in revised form 15 January 2025; Accepted 22
vailable online 31 January 2025 
097-8493/© 2025 Elsevier Ltd. All rights are reserved, including those for text and 
 January 2025

data mining, AI training, and similar technologies. 
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Fig. 1. Overview of our framework. Based on the input boundary, the layout design is achieved through a hierarchical approach. Each dashed box represents a distinct level,
with the interior of each box outlining the specific processes associated with that level. The overall process can be summarized as follows: (1) Generate random sites within each
area. (2) Optimize sites and generate regions using centroidal optimization. (3) Post-process the generated layout. In the end, escalators and rest areas are added automatically to
appropriate locations.
with more complex boundaries, such as those involving slanted edges,
extensive additional constraint conditions must be designed in advance.
These methods often rely on the construction of the path to adjust the
units or require the design of complex constraints, lacking a simple
method to exert control by influencing a specific unit. Designers should
adhere to specific principles [14] when designing layouts of commercial
spaces: (1) Strive for a balanced space allocation and provide adequate
space visibility within the overall layout; (2) Provide consumers with
quick routes to their destinations; and (3) Increase the variety and
flexibility of the space to help customers orient themselves.

In this paper, we focus on the conceptual design of commercial
space layouts, introducing a cutting-edge approach leveraging Cen-
troidal Voronoi Tessellation (CVT) for the automated generation of
commercial space layouts. By dividing space into distinct regions as-
sociated with these sites, Voronoi diagrams help designers efficiently
configure buildings and functional areas. This method enables both
designers and users to intuitively grasp the attributes and service areas
of each region. Moreover, the use of Centroidal Voronoi Tessellation
(CVT) ensures a more balanced and equitable division of space. As
shown in Fig. 1, we employ a multi-level spatial division framework
that allows for a progressive exploration of more detailed designs. At
each level, we generate and optimize Voronoi diagrams to accommo-
date complex, multi-scale boundary constraints. Within this framework,
we combine standard Voronoi diagrams with rectangular Voronoi di-
agrams. The regions in the rectangular Voronoi diagrams align with
rectangular boundaries, making them ideal for the regular geometric
shapes commonly found in commercial space layouts. Furthermore, by
utilizing the boundary-aligned rectangular Voronoi diagram, we ensure
that the orientation of the divided areas aligns with the boundaries,
enhancing its suitability for layout generation.

Our framework capitalizes on the inherent controllability and di-
versity of Voronoi diagram generation, enabling users to perform cus-
tomizable control over the design process. Users can tailor the loca-
tion, shape, and characteristics of the emerging regions, ensuring that
the final layout aligns closely with predefined design objectives and
constraints. This level of customization and control distinguishes our
approach from previous methods, which often fell short in accommo-
dating the unique demands of commercial space planning. To validate
the effectiveness of our design, we employ various evaluations. The re-
sults from extensive experiments and comparative analyses underscore
the potential of our method to set a new benchmark for automated
commercial space layout design. We contribute the following:

• A hierarchical framework for the automated generation of com-
mercial space layouts, which utilizes various Voronoi diagrams
2 
and adopts a divide-and-conquer approach to treat different re-
gions independently, enabling more controllable space division.

• A boundary-aligned rectangular Voronoi diagram for generating
layouts within complex boundaries and a method to optimize
regions by applying centroidal Voronoi tessellation to rectangular
Voronoi diagrams enabling a more regular space division.

2. Related work

2.1. Architectural layout design

Automatic generation of interior architectural layouts is one of
the typical applications in the field of architectural layout generation.
A substantial amount of research has been conducted on small-scale
residential design [7–9]. Residential layouts typically aim to create
a few rooms, which are usually defined by horizontal or vertical
edges, resulting in a relatively simple structure. Additionally, furniture
placement plays a crucial role in the design of residential layouts. Liu
et al. [15] propose a method for generating floorplans of prefabricated
concrete houses by considering functional, design, and manufacturing
constraints. Fisher et al. [16] synthesize functional 3D scenes of various
sizes by inferring possible human activities. In Laignel et al. [17],
interior layouts are generated using grid-based spatial representation
and optimization algorithms that incorporate various constraints. Exist-
ing methods make significant contributions to the field of controllable
scene generation. Yu et al. [18] introduce Clutter Palette, which en-
hances user control in detailing indoor environments by providing
context-aware suggestions for object placement within a scene. Simi-
larly, Zhang et al. [19] improve efficiency in scene editing by enabling
users to adjust groups of objects simultaneously, facilitating rapid
exploration of various compositional possibilities. In addition, Zhang
et al. [20] present an interactive pipeline for manipulating elastic
boxes, allowing users to dynamically refine floorplans in real-time.
Zhang et al. [21] simplify traditional object selection and arrange-
ment tasks through a data–driven approach that offers intelligent ob-
ject placement suggestions based on user cursor movements. While
these methods highlight the diversity and potential of controllable
scene generation, their primary focus has been on small-scale indoor
environments, limiting their applicability to larger or more complex
scenes.

Various methods have been proposed for large-scale urban de-
sign [1,10,11]. Several broader factors, such as population distribution,
public transportation, and sunlight, are key considerations in urban
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design. In this context, the distribution of buildings tends to be more
sparse, with less emphasis placed on their individual shapes. Most of the
existing methods for urban layout design follow the paradigm of gen-
erating street networks first and then subdividing the street-bounded
blocks into parcels. Sun et al. [22] introduce a rule-based rewriting
method for generating road networks used in urban modeling, while
layered road networks are utilized in Galin et al. [23]. Moreover, Aliaga
et al. [24] propose a comprehensive algorithm for urban layout syn-
thesis that utilizes attribute intersections and aerial images. Nishida
et al. [25] synthesize road networks based on instances. Yang et al.
[26] introduce a streamline-based and template-based method to divide
the regions. Then, deforming templates are achieved in the method
proposed by Peng et al. [12]. Geometric generation is also a crucial
aspect of design, and Vanegas et al. [27] develop an interactive system
that utilizes geometric and behavioral modeling for urban space design,
including generating geometrically and functionally reasonable parcels.
Space Plan Generator (SPG) is introduced by Das et al. [28], which
automates architectural design through retrieval and decomposition
using K-d trees. Hua et al. [10] employ integer programming for urban
design, focusing on factors such as area and sunlight. However, their
reliance on regular grids and predefined templates limits flexibility in
architectural design. Reinforcement Learning is applied in aha et al.
[29] to address urban design problems. Chu et al. [30] utilize a gener-
ative model to generate city road layouts. Vanegas et al. [31] employ
an interactive approach to design 3D city models. Skeleton-based and
OBB-based methods are used for region division in Vanegas et al.
[32]. Chen et al. [33] propose a hierarchical approach for co-generating
parcels and streets.

In commercial space design, Fahmy et al. [34] complete the design
of shopping center by allocating facility locations. Feng et al. [6] gen-
erate commercial space layouts based on the pedestrian crowd. Zhang
et al. [35] further propose various outdoor commercial space design
modes by determining paths based on human movement and com-
pleting layout generation. In Zhang and Li [36], a method based on
geometric modeling and form encoding is proposed for commercial
space layout generation, following the design process of architects.

2.2. Voronoi-diagram-based layout design

Voronoi diagram is a spatial division method widely used in lay-
out. Architects use the Voronoi diagram to achieve different spatial
structures in urban planning, park design, and other areas of space
layout Nowak [37]. In Guo et al. [38], the Voronoi diagram is employed
to optimize the rural community layouts. Al-Dahhan and Schmidt
[39], Chi et al. [40], Huang et al. [41] utilize the Voronoi diagram
to divide regions for robot path planning in various environments,
while Tahilyani et al. [42] employ the method for division and assisting
in path planning for intelligent vehicles. Wang et al. [43] apply it
to bus stop distribution and road network optimization. Yao et al.
[44] propose a method using the approach to adjust the population
distribution in market areas based on density. Additionally, Lei et al.
[45] utilize the Voronoi diagram to generate lattice porous structures,
making the structure controllable through the distribution of sites.
Similarly, Vavilova et al. [46] study the spatial distribution of galaxies
using the Voronoi diagram in astronomical research. Additionally, the
Voronoi Adaptive Clustering method is applied in Ma et al. [47] to
optimize the position of nodes in wireless sensor networks.

Centroidal Voronoi Tessellation (CVT) is derived from the Voronoi
diagram and provides a uniform division of regions. Richter et al.
[48] use CVT to optimize waste management areas. A surface layout
can also be achieved by employing CVT in Larrea et al. [49]. Abedi
and Wichman [50,51] employ CVT to optimize the placement of base
stations in cellular networks. In Yadav et al. [52], a structural design
method is implemented by incorporating stress-weighted factors into
CVT. D’Acunto et al. [53] use CVT to monitor mobile sensors in marine
environments. CVT is also applicable in the field of data distribution.
3 
Fig. 2. Voronoi diagrams. Left: Voronoi diagram. Middle: CVT. Right: Rectangular
Voronoi diagram.

In the work of Wu et al. [54], multi-level Voronoi tessellation is used
to address visualization challenges in clustered graphs, particularly for
complex relational network graphs. However, the standard Voronoi
diagram employed in this study does not meet the specific shape
requirements essential for architectural layouts. The combination of
CVT with Conditional Generative Adversarial Networks is used in Chen
et al. [55] to obtain uniformly distributed samples for generating
virtual samples. In Wang et al. [56], the regular CVT method is used
to divide regions. Xin et al. [57] propose a computation method based
on capacity constraints.

Choi and Kyung [58] propose to calculate the rectangular Voronoi
diagram, which involves division within rectangular boundaries.
Chatzikonstantinou [59] apply the rectangular Voronoi diagram to
generate small-scale individual buildings and introduce dimension
constraint rectangular Voronoi diagram for the automatic generation
of 3D layouts. However, it still faces challenges in handling complex
boundaries, and its complex optimization process makes it difficult to
apply in large-scale layouts. A similar method called the orthogonal
Voronoi diagram is proposed in Wang et al. [60], which can generate
orthogonal regions, but it may result in the formation of narrow and
elongated shapes.

3. Preliminary

3.1. Centroidal Voronoi Tessellation

Voronoi diagram is a widely employed geometric structure that
divides space into multiple cells based on a given set of sites 𝑆 = {𝑠𝑖}.
As depicted in Fig. 2(a), Each cell 𝑉 = {𝑣𝑖}, represented as a polygon,
corresponds to a specific 𝑠𝑖 and encompasses it, ensuring that any point
within the cell is closer to its corresponding 𝑠𝑖 than to any other site in
the set. The definition of 𝑣𝑖 is as follows:

𝑣𝑖 = {𝑠| ‖𝑠 − 𝑠𝑖‖ ≤ ‖𝑠 − 𝑠𝑗‖,∀𝑗 ≠ 𝑖} (1)

In the equation, the symbol ‖.‖ represents the Euclidean distance. With
the Voronoi diagram, Centroidal Voronoi Tessellation (CVT) [61] refers
to a specific type of Voronoi tessellation where each site 𝑠𝑖 is positioned
at the mass centroid 𝑠∗𝑖 of the corresponding cell 𝑣𝑖, as follows:

𝑠𝑖 = 𝑠∗𝑖 =
∫𝑣𝑖 𝑠𝜌(𝑠)𝑑 𝑠
∫𝑣𝑖 𝜌(𝑠)𝑑 𝑠

(2)

𝜌(𝑠) denotes the density at 𝑠 within the given domain. Fig. 2(b) shows
an example of CVT. To obtain CVT, a common method is to iteratively
move each site to the center of the corresponding cell until convergence
is reached [62].

3.2. Rectangular Voronoi diagram

The rectangular Voronoi diagram is a special type of Voronoi di-
agram, where cells are generated by constructing rectangular regions
corresponding to each site [58]. Fig. 2(c) shows an example of the rect-
angular Voronoi diagram. For a site 𝑠𝑖, the other sites are divided into
four sets (up, bottom, left, and right) according to relative direction, as
shown in Fig. 3(a). The rectangular region is obtained by calculating
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Fig. 3. Generation of Rectangular Voronoi diagram. (a) Sites are divided into four
sets (up, bottom, left, and right). (b) Generation of midlines between two sites in
the rectangular Voronoi diagram. (c) Generation of midlines between two sites in the
weighted rectangular Voronoi diagram.

Fig. 4. Layout representation. The commercial space layout can be represented as a
set of non-overlapping polygonal areas.

four midlines between the current site 𝑠𝑖 and the closest site 𝑠𝑗 in all
four sets. The distance between 𝑠𝑖 and 𝑠𝑗 is calculated using 𝑥𝛥𝑖𝑗 or 𝑦𝛥𝑖𝑗
according to the relative direction. Fig. 3(b) shows the generation of
the midline 𝑙𝑖𝑗 between 𝑠𝑖 and 𝑠𝑗 , and it is determined as follows:

𝑙𝑖𝑗 ∶

⎧

⎪

⎨

⎪

⎩

𝑥 = 𝑥𝑖+𝑥𝑗
2 , 𝑥𝛥𝑖𝑗 ≥ 𝑦𝛥𝑖𝑗

𝑦 = 𝑦𝑖+𝑦𝑗
2 , 𝑥𝛥𝑖𝑗 < 𝑦𝛥𝑖𝑗

(3)

Here 𝑠𝑖 = (𝑥𝑖, 𝑦𝑖), 𝑠𝑗 = (𝑥𝑗 , 𝑦𝑗 ), 𝑥𝛥𝑖𝑗 = |

|

|

𝑥𝑖 − 𝑥𝑗
|

|

|

, 𝑦𝛥𝑖𝑗 = |

|

|

𝑦𝑖 − 𝑦𝑗
|

|

|

. If a
boundary edge in the direction is closer to 𝑠𝑖 than the current 𝑙𝑖𝑗 , then
the edge will be considered as the new value of 𝑙𝑖𝑗 . Due to the strict
constraints on the direction of the edges, there may be gaps between
cells.

3.3. Weighted rectangular Voronoi diagram

Weight can be introduced when calculating the rectangular Voronoi
diagram. We combine weight into the rectangular Voronoi diagram for
a constrained generation. Each site 𝑠𝑖 has a weight 𝑤𝑖. The method for
calculating the midline 𝑙𝑖𝑗 with weight between adjacent sites 𝑠𝑖 and 𝑠𝑗
in each of the four sets is as follows:

𝑙𝑖𝑗 ∶

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝑥 = 𝑥𝑖 −
𝑤𝑖

𝑤𝑖+𝑤𝑗
𝑥𝛥𝑖𝑗 , 𝑥𝛥𝑖𝑗 ≥ 𝑦𝛥𝑖𝑗 , 𝑥𝑖 ≥ 𝑥𝑗

𝑥 = 𝑥𝑖 +
𝑤𝑖

𝑤𝑖+𝑤𝑗
𝑥𝛥𝑖𝑗 , 𝑥𝛥𝑖𝑗 ≥ 𝑦𝛥𝑖𝑗 , 𝑥𝑖 < 𝑥𝑗

𝑦 = 𝑦𝑖 −
𝑤𝑖

𝑤𝑖+𝑤𝑗
𝑦𝛥𝑖𝑗 , 𝑥𝛥𝑖𝑗 < 𝑦𝛥𝑖𝑗 , 𝑦𝑖 ≥ 𝑦𝑗

𝑦 = 𝑦𝑖 +
𝑤𝑖

𝑤𝑖+𝑤𝑗
𝑦𝛥𝑖𝑗 , 𝑥𝛥𝑖𝑗 < 𝑦𝛥𝑖𝑗 , 𝑦𝑖 < 𝑦𝑗

(4)

Here 𝑤𝑖 represents the weight of 𝑠𝑖. In general, the higher the weight,
the larger the cell for fixed sites.

4. Overview

An overview of our framework to generate commercial space lay-
outs is shown in Fig. 1.

Problem. Given an input layout boundary 𝐵, such as the boundary of
a shopping mall, our goal is to generate the layout 𝐺 within it and
allocate the space to each region.
4 
Fig. 5. The results generated by setting different 𝑎𝑠 at the final level. (a) 50 m2. (b)
64 m2. (c) 80 m2.

Layout representation. As shown in Fig. 4, we take the input of a
boundary 𝐵 represented as a polygon. The commercial space layout
can be represented as a set of areas 𝐺 = {𝑅𝑖}, where 𝑅𝑖 = {𝑃𝑖, 𝑡}
are non-overlapping areas. We use the polygon 𝑃𝑖 = {𝑣𝑖} to represent
the shape of the area, and 𝑡 indicates the function of the area, such
as electronics, fashion, and dining. The areas within the boundary 𝐵
that remain unoccupied are designated as paths, primarily used for
separating units. Entrances can be formed at the intersection of the
paths and the boundary 𝐵, allowing agents to enter and exit the layout.

Methodology. We propose a hierarchical layout generation framework
(Fig. 1). Specifically, we take a set of regions from the previous level as
input, generate their respective sub-regions, and use these sub-regions
as input for the next level. Each level can be divided into three steps:
(1) Generate random sites within each area. (2) Optimize the sites and
achieve a more suitable division through centroidal optimization. (3)
Post-process the generated layout based on specific requirements, such
as creating accessible paths or filling gaps between areas. Depending
on the specific level, we can choose to use a standard Voronoi diagram
or a rectangular Voronoi diagram for spatial division. In the initial
phase, when the space to be divided is relatively large, using the stan-
dard Voronoi diagram in the first level allows for increased flexibility
and unique arrangement. However, as the size of the region decreases,
excessive variations in path directions of standard Voronoi diagrams
can become confusing for visitors. Rectangular Voronoi diagrams offer
better control over the directionality and configuration of the regions,
ensuring a more intuitive and realistic layout.

5. Method

Our method divides the layout into multiple levels, achieving spa-
tial division through optimization at each level. Additionally, con-
straints can be added to meet specific layout requirements. Our layout
design framework consists of two kinds of Voronoi diagrams: the
standard Voronoi diagram and the rectangular Voronoi diagram. Cen-
troidal Voronoi Tessellation (CVT) can be used to optimize the standard
Voronoi diagram. To further optimize the rectangular Voronoi diagram,
we propose a centroidal Voronoi tessellation called RCVT.

For each level of layout design, given the area to be divided, we first
calculate the number of sites 𝑛 = 𝑎𝑟

𝑎𝑠
for the Voronoi diagram based on

the total area 𝑎𝑟 of the region to be divided and estimated area 𝑎𝑠 of the
sub-region. 𝑎𝑠 affects the number of sites and the area of sub-regions,
as shown in Fig. 5. Sites can also be randomly generated within the
area according to the user’s requirements, allowing for flexibility and
customization in the design process.

We first introduce the method for division within a single level,
while more information about hierarchical spatial division can be found
in Appendix A.

5.1. RCVT-based spatial division

5.1.1. Boundary-aligned RVD
We make specific adjustments to the computation method of the

Rectangular Voronoi Diagram (RVD) to ensure that the orientations
of the divided regions align with the boundaries and paths, even
when dealing with complexities such as sloped or skewed edges in
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Fig. 6. The Computation of Boundary-aligned RVD. (a) Input boundary. (b) Generate sites. (c) Calculate the primary direction and rotate the coordinate system. The green
segments in (b) and (c) represent the primary direction of the region. (d) Approximate the boundary using orthogonal continuous segments. (e) Compute the cells constrained by
the approximated boundary. (f) Clip the portions that extend beyond the boundary. (g) Restore the original coordinate system.
Fig. 7. The Computation of RCVT. The figure illustrates the iterative process of centroid optimization for sites. (a) represents the input boundary, while (b-l) depicts a portion of
a continuous optimization process. During stages (b–f), random sites are generated, and CVT is used for optimization. In stages (g-l), the previously optimized sites in (f) are used
as the initial configuration, and RCVT is employed for further optimization.
Fig. 8. Layout refinement. To address gaps among cells, (b) and (c) illustrate the
process of forming accessible paths by shrinking the boundaries of the sub-regions, with
gaps serving as pedestrian-accessible spaces. (d) demonstrates the process of subdividing
the gaps and merging them into the surrounding sub-regions. (e) illustrates the process
of connecting inaccessible units to accessible paths..

commercial settings. Our method is shown in Fig. 6, beginning with
a polygonal boundary as the input. Initially, before performing spatial
division, we identify the primary direction by selecting the longest edge
of the boundary. We then rotate the boundary to align with this primary
direction, as shown in Fig. 6(b–c), which ensures the orientations of the
generated paths and input boundaries remain consistent.

For boundaries with sloped sides, a series of connected horizontal
and vertical lines approximate the slope, completely enclosing the
boundary within a fitted polyline to form a rectangular representation.
This approach of replacing the original boundary with a fitted polyline
composed of orthogonal segments adapts better to shapes (Fig. 6(e)).
Algorithm 1 outlines the computational process, offering a refined
solution that better accommodates the complexities of commercial
space layouts by ensuring alignment with architectural boundaries and
facilitating more navigable and visually coherent spaces.

5.1.2. RCVT
Once the initialization of specific regions within a level is complete,

we obtain a set of sites and their corresponding region divisions, which
5 
Algorithm 1 Boundary-aligned RVD Computation
Input: Sites 𝑆 = {𝑠𝑖}𝑛1 Boundary 𝐵 = {𝑣𝑖}
Output: Cells 𝐶 = {𝑐𝑖}𝑛1
1: 𝑑 𝑖𝑟𝑒𝑐 𝑡𝑖𝑜𝑛 ← calc primary direction (𝐵)
2: rotate coordinate (𝑑 𝑖𝑟𝑒𝑐 𝑡𝑖𝑜𝑛)
3: 𝐴 ← approximate boundary (𝐵)
4: for 𝑖 = 1,… , 𝑛 do
5: 𝑛_𝑠𝑖𝑡𝑒𝑠 ← find neighbor sites (𝑠𝑖, 𝑆);
6: 𝑛_𝑒𝑑 𝑔 𝑒𝑠 ← find neighbor edges (𝑠𝑖, 𝐴);
7: 𝑢𝑝 ← calc up edge (𝑠𝑖, 𝑛_𝑠𝑖𝑡𝑒𝑠𝑢, 𝑛_𝑒𝑑 𝑔 𝑒𝑠𝑢)
8: 𝑏𝑜𝑡𝑡𝑜𝑚 ← calc bottom edge (𝑠𝑖, 𝑛_𝑠𝑖𝑡𝑒𝑠𝑏, 𝑛_𝑒𝑑 𝑔 𝑒𝑠𝑏)
9: 𝑙 𝑒𝑓 𝑡 ← calc left edge (𝑠𝑖, 𝑛_𝑠𝑖𝑡𝑒𝑠𝑙, 𝑛_𝑒𝑑 𝑔 𝑒𝑠𝑙)

10: 𝑟𝑖𝑔 ℎ𝑡 ← calc right edge (𝑠𝑖, 𝑛_𝑠𝑖𝑡𝑒𝑠𝑟, 𝑛_𝑒𝑑 𝑔 𝑒𝑠𝑟)
11: 𝑐𝑖 = build rect (𝑢𝑝, 𝑏𝑜𝑡𝑡𝑜𝑚, 𝑙 𝑒𝑓 𝑡, 𝑟𝑖𝑔 ℎ𝑡)
12: 𝑐𝑖 = clip (𝑐𝑖, 𝐵)
13: end for
14: restore coordinate (𝑑 𝑖𝑟𝑒𝑐 𝑡𝑖𝑜𝑛)

Algorithm 2 RCVT Computation
Input: Sites 𝑆 = {𝑠𝑖}𝑛1 Boundary 𝐵 = {𝑣𝑖}
Output: Sites 𝑆 = {𝑠𝑖}𝑛1 Cells 𝐶 = {𝑐𝑖}𝑛1
1: 𝑆 ← CVT (𝑆, 𝐵)
2: 𝐷 = {𝑑𝑖}𝑛1
3: while max𝐷 > 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙 𝑑 do
4: 𝐶 ← boundary-aligned RVD (𝑆, 𝐵)
5: for 𝑖 = 1,… , 𝑛 do
6: 𝑝𝑖 = centroid (𝑐𝑖)
7: 𝑑𝑖 = ‖ 𝑝𝑖 - 𝑠𝑖 ‖ ⊳ Euclidean distance
8: 𝑠𝑖 = 𝑝𝑖
9: end for

10: end while

may exhibit substantial variations in area. To address this issue, we em-

ploy Rectangular Centroidal Voronoi Tessellation (RCVT) to refine the
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Fig. 9. Layout optimization with simulated annealing. (a) Optimization of space utilization, (b) Optimization of accessibility, and (c) Mixed optimization. For each subplot, the
left displays the initial division obtained through RCVT, while the right shows the refined layout after optimization.
Fig. 10. Site-constrained division. We highlight areas of interest with red frames. (a) illustrates our initial layout, showcasing the sites for Region, Subregion, and Unit from top to
bottom. (b–d) display the results obtained through location constraints, achieved by moving, adding, and removing sites in (a) at different levels. (e) demonstrates the generation
of four, five, and six Subregions within the same Region based on the specified quantity. (f) provides constraints on the total number of functions, specified Subregion functions,
and specified Unit functions. (g) demonstrates the process of adjusting the capacity by modifying the weights of specified Subregion.
Fig. 11. Path-constrained division: Green segments represent accessible paths, while red segments indicate inaccessible paths. Each group of results in (a–d) is presented in three
stages: the left shows the spatial division of a region achieved through RCVT, the middle displays the accessible paths with their actual widths, finalizing the sub-region division
and indicating which edges of each sub-region are accessible or inaccessible, and the right presents the spatial division of the Subregions, ultimately leading to the formation of the
final Units. his process ensures that each unit is connected to at least one accessible path, enabling functional and user-friendly layouts. The gray circles in (e) and (f) highlight
areas where kinks exist in the accessible paths, which we aligned to create straight paths.
layout. Since boundary-aligned Rectangular Voronoi Diagrams (RVDs)
impose strict constraints on each cell’s boundaries, directly optimizing
the cell centroids could lead to the excessive elongation of neighboring
regions. To prevent this, we first perform a set number of iterations
using Centroidal Voronoi Tessellation (CVT). Subsequently, we utilize
the boundary and sites as input for boundary-aligned RVD and conduct
iterative optimization. In each iteration, we calculate the centroid of
each cell and reposition the corresponding site to that centroid. The
updated sites are then used in the boundary-aligned RVD to compute a
new subregion division. The calculation process of RCVT is outlined in
the algorithm 2. By optimizing the sites, the entire space will be divided
into multiple relatively evenly distributed sub-regions. Fig. 7 illustrates
the optimization process.

5.2. Post-processing

We propose two kinds of post-processing: layout refinement and
layout optimization.

Layout refinement. After applying RCVT for space division, gaps may
appear between cells due to the imposed shape constraints. To address
6 
these gaps, we employ two strategies, as illustrated in Fig. 8. For
non-final levels, the resulting empty spaces are designated as public
areas accessible to pedestrians, as shown in Fig. 8(a–b–c). We treat the
boundaries of each unit as accessible paths and shrink them by a fixed
width to create walkable pathways. This approach ensures efficient
space utilization and maintains pedestrian accessibility throughout the
layout. At the final level, gaps are subdivided into smaller rectangles.
Subsequently, we traverse these subdivided rectangles and integrate
them into adjacent units to minimize the difference between the convex
hull area of the merged unit and its actual area, as depicted in Fig. 8(d).
For inaccessible units, we create new pathways that connect to existing
accessible paths, as depicted in Fig. 8(e).

Layout optimization. We introduce a method based on the simulated
annealing algorithm to optimize the divisions obtained from RCVT. This
approach aims to minimize gaps and effectively manage the creation of
accessible paths, thereby providing better control. Divisions are closely
associated with sites. We achieve optimized divisions by adjusting the
locations of the sites, thereby affecting the positions, polygon shapes,
and topological structures of the corresponding units to meet the op-
timization objectives. As shown in Fig. 9, we provide approaches for
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optimizing space utilization, accessibility, and their combination. More
etailed information about the simulated annealing algorithm can be
ound in Appendix B.

5.3. Constrained division

To provide flexibility and customization, ensuring the system meets
diverse design requirements, we offer two methods for controlling
the division: site-constrained division, which allows users to influence
layout division by controlling the location, size, function, and capacity
of specific sites; and path-constrained division, which enables users to
manage the generation of accessible paths to affect the overall layout
structure.

Site-constrained division. The unique property of Voronoi diagrams,
here each site is associated with a distinct region, enables intuitive

ayout control through site manipulation. By applying constraints on
ocation, size, function, and capacity to the sites, we can effectively

generate the corresponding layouts, as illustrated in Fig. 10. A com-
rehensive description of our site-based division method is provided
n Appendix C.

Path-constrained division. In addition to site constraints, path man-
gement plays a crucial role in shaping the layout. By customizing

path configurations, we can control the division of regions, which
subsequently influences the spatial division at deeper levels. To achieve
this, we employ a path-constrained division process using the simulated
annealing algorithm for post-processing. Fig. 11 illustrates the impact
f path-based constraints on a specific region. By default, the inter-
al edges of all sub-regions are designated as accessible paths, with
heir widths adjusted to practical dimensions, as shown in Fig. 11(a).

Additionally, alternative path configurations can be applied, as demon-
strated in Fig. 11(b–f), where the units resulting from sub-region divi-
ion are guaranteed to be adjacent to at least one accessible path. If the
ccessible paths contain short segments that create kinks, as indicated
y the gray circles in Fig. 11(e–f), we remove these short segments and
lign adjacent segments, thereby creating straight paths. This approach
rovides greater flexibility and adaptability in layout design, enabling
he creation of functional, accessible, and user-friendly spaces that align
ith specific design goals and user needs.

6. Experiment

6.1. Implementation

We use C++ and CGAL [63] to implement our method on a CPU of
AMD Ryzen 7 3700X 8-core (3.60 GHz). On average, without consid-
ering concurrency, it takes about 20 s to generate each layout. In the
generated layout, we use 1 pixel to represent 0.2 m, and in practical
applications, paths at different levels can be set with different pixel
widths: 7, 5, and 2.5 m. The estimated area 𝑎𝑠 used for calculating the
number of sub-regions at different levels is 2000 m2, 400 m2, 50 m2.
We use a distance of 2 meters as the termination condition in centroid
optimization. We test our method to generate layouts on the 11 input
boundaries from real-world commercial spaces. To evaluate the gener-
ated layouts using space syntax analysis, we employ the open-source
space syntax software DepthmapX-0.80 [64], which is commonly used
y architects.

6.2. Evaluation

We design the indicators of Crowd Evacuation and Allocation Unifor-
mity to evaluate the generated layouts, then evaluate the visibility of
he layout through the spatial syntax analysis, which is utilized for mea-

suring spatial structures and relationships [65]. It is commonly applied
in analyzing large and medium-scale layouts, especially for layouts
involving complex spatial elements, such as commercial architecture,
7 
urban planning, and exhibition design [66,67]. Visual Graphic Analysis
(VGA) is a widely employed method for space syntax analysis. It
nvolves the grid-based representation of a layout, where each grid cell

corresponds to a spatial unit. By analyzing the relationships between
these grid cells, VGA enables the assessment of spatial structure. We
employ VGA to assess the generated layout, resulting in three metrics:
Visual Connectivity, Visual Integration, and Intelligence. These metrics
help us assess the spatial characteristics and qualities of the layout.

Crowd evacuation. It is a crucial metric of visitor safety in commer-
cial environments. Given the significant influx of people drawn to
commercial establishments, it is crucial to prioritize effective crowd
evacuation design and planning. The assessment of layout effectiveness
in crowd evacuation is a fundamental indicator for evaluating the
efficacy of such designs. We use a grid to represent the layout, and
a set of entrances 𝐸 = {𝑒𝑖}𝑚1 is randomly generated to ensure equal
distribution throughout the design. Due to the divergent outcomes in
entrance placement resulting from different methods, we opt to readjust
he entrances to the closest branch paths that connect to the external
reas to ensure the similarity of the entrance. Then, we generate 5000
oints 𝑉 = {𝑣𝑖}𝑛1 randomly along the layout paths to represent visitors
n the grid. These points emulate the movement of visitors, allowing
hem to transition from their current grid cell to adjacent grid cells,
ignifying one step. The minimum number of steps required for each
isitor to reach any entrance from their initial position is calculated,
nd the average value of the minimum step counts across all visitors is
sed as an evaluation metric for the overall layout. A lower step count
ndicates smoother and faster evacuation, indicative of a higher level of
ffectiveness in the evacuation design. We calculate the average value
f all crowd simulation points as the final metric. The following formula
s used to calculate Crowd Evacuation:

𝐶 𝑟𝑜𝑤𝑑 𝐸 𝑣𝑎𝑐 𝑎𝑡𝑖𝑜𝑛 =
∑𝑛

𝑖=1 min ‖𝑣𝑖, 𝑒𝑗‖, 𝑒𝑗 ∈ 𝐸
𝑛

(5)

Here‖.‖ calculates the shortest steps from the point 𝑣𝑖 to the entrance
𝑗 .

Allocation uniformity. It represents the uniformity of Units distribution
in the layout, indicating the allocation balance of space. Using the area
of all Units 𝐴 = {𝑎𝑖}𝑛1 in the layout, we first obtain the mean value
𝜇 of 𝐴, and then calculate the degree of difference of Units occupying
the space using the coefficient of variation. A smaller value indicates
a more balanced division. The following formula is used to calculate
Allocation Uniformity :

𝐴𝑙 𝑙 𝑜𝑐 𝑎𝑡𝑖𝑜𝑛𝑈 𝑛𝑖𝑓 𝑜𝑟𝑚𝑖𝑡𝑦 =

√

1
𝑛
∑𝑛

𝑖=1(𝑎𝑖 − 𝜇)2

𝜇
(6)

Space utilization. Using the area of all Units 𝐴 = {𝑎𝑖}𝑛1 in the layout,
we obtain Space Utilization by calculating the ratio of their sum to the
total area of the layout 𝑎𝑙. The following formula is used to calculate
Space Utilization:

𝑆 𝑝𝑎𝑐 𝑒𝑈 𝑡𝑖𝑙 𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =
∑𝑛

𝑖=1 𝑎𝑖
𝑎𝑙

(7)

Visual connectivity. It refers to the count of grid cells that are directly
visible from a specific space in grid-based spatial analysis [68]. It
quantifies the number of visually adjacent spaces within the line of
sight, thereby indicating a space’s local visibility characteristics. A
higher value of Visual Connectivity indicates better visibility for the
given space. We select the average value as a metric to measure the
verall layout. We take a layout as an example to demonstrate the
isualization of this metric, as shown in Fig. 12(b).

Visual integration. It is calculated based on the number of visual turns
equired to see a specific space from any other space in the layout [69].

It reflects a space’s global visibility characteristics. In essence, a higher
value of Visual Integration indicates that the element is more likely to
capture visual attention, meaning that people are more likely to see
this space. We employ the average value as a quantitative measure to
evaluate the overall layout. Fig. 12(c) shows the visualization.
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Table 1
Comparison with baseline methods, including Random Orthogonal Partition (ROP), Public-Business Space Generation (PBS), and MIQP Method for Layout Design (MIQP). The bold
font means the best results.

Method Crowd Evacuation ↓ Allocation Uniformity ↓ Space Utilization ↑ Visual Connectivity ↑ Visual Integration ↑ Intelligibility ↑

ROP 15.834 0.332 0.522 299.761 5.267 0.676
PBS [36] 14.852 0.797 0.460 262.163 5.819 0.608
MIQP [13] 15.292 0.479 0.558 272.555 5.424 0.719
Ours 14.702 0.246 0.557 304.767 6.133 0.767
Fig. 12. Visualizaiton of Visual Connectivity, Visual Integration and Intelligibility. Colors
from blue to red indicate values from low to high.

Intelligibility. It represents the comprehensibility or understandability
of a layout, specifically regarding the ability of visitors to perceive the
global layout from a local space within the design [70]. A higher value
of Intelligibility indicates that the overall layout structure is easier to
understand, which improves navigation and movement convenience.
Intelligibility is calculated by measuring the correlation coefficient
between Visual Connectivity and Visual Integration. Fig. 12(d) shows
the visualization, and the set of points will concentrate on a straight
line as the correlation increases.

6.3. Comparison

We compare our method with existing related techniques. To stan-
dardize the generated layouts, we uniformly set a fixed width of 9
meters for the main paths. In Table 1, we present the average eval-
uation metrics calculated across 11 building boundaries that closely
resemble real-world scenarios. These metrics provide a comprehensive
assessment of the layout’s performance under realistic conditions. Our
method achieves the best results on metrics of Crowd Evacuation, Alloca-
tion Uniformity, Visual Connectivity, Visual Integration, and Intelligibility,
and achieves the second-best in terms of Space Utilization. Fig. 13
compares the results generated by these baseline methods and our
method.

Random orthogonal partition (ROP). This method generates layouts
using simple orthogonal division. For the given layout boundary, the
bounding box of each region is obtained, and the box is randomly
divided into two parts iteratively until the region’s area is below the
specified threshold. ROP can only divide regions by generating horizon-
tal or vertical paths randomly. The limited path directions and random
division resulted in suboptimal performance for ROP in terms of Crowd
Evaluation in Table 1. Furthermore, this may yield some irrational
8 
areas. For example, the second and fourth of Fig. 13(a) contain several
narrow units. In comparison, our approach uses centroid optimiza-
tion to achieve more uniform space allocation and unit division and
achieves high visibility in the overall layout. In contrast to orthogonal
paths, the inclusion of slanted paths and balanced regions allows users
to reach their destinations quickly. Furthermore, the characteristics of
the rectangular Voronoi diagram lead to the generation of open spaces
between regions, thereby further enhancing the visibility of the layout
as well.

Public-business space generation (PBS). Zhang and Li [36] divides the
layout into public spaces and business spaces by refining architectural
design rules. It consists of two parts: the generation of public spaces
dominated by geometric prototype strategies and the generation of
business spaces dominated by morphological coding strategies. Firstly,
skeleton lines are obtained from the boundary polygons, and the longest
skeleton line is extended. Multiple atriums are manually designed and
expanded as public spaces. Multiple entrances are manually designed
and connected to the nearest atrium section. The remaining parts serve
as business spaces, and if any area becomes too large, it is iteratively
divided. Finally, the units are divided by a fixed column grid. This
method is more suitable for addressing certain elongated boundaries,
as shown in the third of Fig. 13(b). However, for inputs akin to those
depicted in the second and fourth results of Fig. 13(b), there exists a
pronounced disparity in the division surrounding the atrium relative to
other areas, culminating in a diminished Intelligence value in Table 1.
The expansion from the atrium results in a wider main pathway, which
leads to a decrease in Space Utilization in Table 1. The imprecise column
grid division leads to suboptimal performance for PBS regarding Allo-
cation Uniformity, as shown in Table 1. The layouts generated by the
PBS exhibit a strong dependence on the specific atrium design, and the
final stage requires manual merging of the column grid. Consequently,
the quality of the ultimate results remains reliant on the professional
knowledge and expertise of the designers.

Mixed integer quadratic programming (MIQP). Wu et al. [13] employs
polygon parameterization to decompose polygons into smaller poly-
gons. Constraints are established in a manner compatible with MIQP
and parameterization. The generation of complex layouts proceeds
through iterative computations. We design specific parameters to com-
plete the layout design. Orthogonal paths result in longer evacuation
distances, and MIQP generates some uneven unit combinations and
dispersed paths. MIQP achieves suboptimal results in Crowd Evaluation
in Table 1. In the fifth example of Fig. 13(c), a winding path is gener-
ated, which slows the crowd’s movement to their intended destination
and reduces the visibility of the layout. While confronting complex
boundaries, the application of simplistic constraints may engender
discordance with boundaries, as shown in the first of Fig. 13(c). In
such cases, more complex constraints tailored to the specific boundary
conditions are necessitated. The spaces occupied by different regions in
the layout vary significantly in size.

6.4. Ablation study

We incorporate boundary direction for the rectangular Voronoi dia-
gram and employ centroidal optimization to achieve more appropriate
region division. To illustrate the influence of different components on
the overall layout, we design relevant ablation experiments. Firstly,
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Fig. 13. Comparison with baseline methods. (a) Random Orthogonal Partition (ROP). (b) Public-Business Space Generation (PBS). (c) Mixed Integer Quadratic Programming (MIQP).
(d) Our Method.
Fig. 14. Ablation. (a–c) show the results obtained by modifying specific aspects of the method. (d) shows the results generated by RCVT.
we generate a layout of sites at random positions, without considering
centroid optimization or the alignment of divided areas with boundary
orientations, referred to as Origin, as illustrated in Fig. 14(a). The
region division is highly uneven, with the possibility of some regions
having tiny areas and uneven distribution of paths. Additionally, due
to the absence of boundary guidance, the directions of the Units are
unidirectional. Secondly, as shown in Fig. 14(b), we generate lay-
outs without employing centroid optimization, referred to as Non-Opt.
9 
The distribution of regions in the result is still not ideal, but the
directions of the Units show a correlation with the boundaries and
path directions. Then, we perform region division without aligning the
divided areas with boundary orientations, referred to as Non-BA, as
illustrated in Fig. 14(c). The layout exhibits uniform region division,
but the orientations of the units still remain limited to horizontal
and vertical directions. As a result, numerous Units are not aligned
with the direction of external boundaries, and the direction of Units
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Table 2
Ablation study. 𝐴𝑅 refers to the Aspect Ratio, where 𝐴𝑅𝑚 denotes the mean aspect
ratio of all Units, and 𝐴𝑅𝑠 represents the standard deviation of the aspect ratio. 𝐴𝑅>4
indicates the number of Units with an aspect ratio greater than 4, highlighting the
presence of elongated units. 𝐴𝑈 stands for Allocation Uniformity, with 𝐴𝑈𝑅, 𝐴𝑈𝑆 , and
𝐴𝑈𝑈 representing the uniformity at the Region, Subregion, and Unit levels, respectively.
This metric evaluates how evenly space is distributed at different hierarchical levels.
𝑆 𝑈 refers to Space Utilization, which measures the proportion of utilized space
within the layout relative to the total available space. Non-Opt refers to the method
without centroidal optimization, while Non-BA refers to the method without boundary
alignment. The bold font highlights the best results for each metric, indicating the most
effective method for each aspect of layout design.

Method 𝐴𝑅𝑚 𝑥→1 𝐴𝑅𝑠 ↓ 𝐴𝑅>4 ↓ 𝐴𝑈𝑅 ↓ 𝐴𝑈𝑆 ↓ 𝐴𝑈𝑈 ↓ 𝑆 𝑈 ↑

Origin 2.415 1.794 11 0.433 0.587 0.518 0.570
Non-Opt 2.340 1.518 10 0.447 0.597 0.514 0.583
Non-BA 1.380 0.344 0 0.157 0.242 0.240 0.607
RCVT 1.371 0.342 0 0.155 0.226 0.231 0.612

Fig. 15. Design of atrium. Here shows the commercial space layouts generated with
an atrium, which is incorporated as a constraint in the generation.

is single and fixed. Finally, we show the results generated by RCVT in
Fig. 14(d), which ensures a more balanced region division and adjusts
the orientation of areas.

Table 2 presents the quantitative results of ablation studies. We use
11 building boundaries that simulate real-world scenarios as input and
compute the average across all layouts to evaluate performance. To
evaluate the layout Units, we calculate their oriented bounding boxes
and determine their aspect ratios (𝐴𝑅). An aspect ratio closer to 1
indicates a more square-like spatial configuration. The Origin and Non-
Opt methods in Table 2 exhibit higher 𝐴𝑅𝑚 and greater 𝐴𝑅𝑠, indicating
the presence of several elongated units within the layout. The allo-
cation uniformity metrics 𝐴𝑈𝑅, 𝐴𝑈𝑆 , and 𝐴𝑈𝑈 measure the balance
of space allocation across different hierarchical levels. Both the Non-
BA and RCVT methods demonstrate superior performance at all levels,
indicating more uniform and balanced space division. Furthermore, the
ablation results reveal that our proposed method significantly enhances
Space Utilization, achieving better efficiency in space usage. This im-
provement highlights the effectiveness of our approach in optimizing
layout design and ensuring efficient use of available space.

6.5. Application

Design of atrium. Atriums are common architectural features in com-
mercial space layouts, providing spaces for exhibitions, social gath-
erings, and entertainment activities. In this method, atriums are con-
sidered strict constraints that influence the overall layout design. By
strategically placing atriums within the layout, different types of sites
can be synthesized around them, resulting in sub-regions. To ensure
flexibility and customization, users can specify the location, number,
and shape of atriums within the layout. This empowers them to add
atriums of fixed shapes and sizes that align with their preferences and
design goals. The layout generation process considers the specified
atriums and generates a layout that seamlessly integrates them with
the surrounding units, as shown in Fig. 15.

Extreme test. In real-world situations, the conditions tend to be more
complex, and the boundaries may present a wide variety of cases.
Fig. 16 showcases the results generated by our method in some special
cases. These extreme scenarios highlight the adaptability of the layout
generation process in handling complex and irregular boundary shapes.
10 
Fig. 16. Extreme test. Here show the commercial space layouts generated with special
boundary conditions, which are used to test the performance and robustness of our
method.

Diversity of generation. The position of sites plays a pivotal role in de-
termining the distribution of elements within the layout, consequently
yielding varied layout outcomes. If we allow for broader threshold
values and generate various sites, the division of regions will also vary
accordingly. With the exact input and constraints, our method can
generate multiple distinct outcomes, offering users a range of choices.
Fig. 17 illustrates the diverse results produced by our method. This
demonstrates the method’s ability to produce diverse and varied layouts
while satisfying the given design requirements.

Synthetic dataset. We extracted boundaries from the RPLAN dataset [7].
These boundaries are represented by polygons, from which we se-
lectively removed certain points to create boundaries that include
slanted edges. This process was used to simulate the boundaries of a
commercial area, which then served as the input for our dataset gen-
eration. Using our method, we created a synthetic dataset containing
approximately 3000 vector-based layouts, as shown in Fig. 18. The
synthetic dataset plays a crucial role in our study by providing a diverse
range of layout configurations that help in testing and refining our
algorithms. Additionally, the dataset aids in training machine learning
models to recognize and optimize various layout patterns, contributing
to the field of architectural design.

7. Conclusion

We propose a method for automatically generating commercial
space layouts hierarchically. Real commercial areas often face complex
situations, and our method can provide a novel generation framework
for the conceptual design of commercial space layouts that architects
can refine into a practical layout. In our approach, we use various
Voronoi diagrams to divide the areas and utilize the capabilities of
centroidal optimization to optimize the distribution of the regions,
resulting in more appropriate layouts. By incorporating constraints
on the regions, we can generate layouts that meet specific design
requirements. To evaluate the quality of the generated layouts, we
employ various parameter metrics, which allow us to quantitatively
assess the layouts based on factors such as visual appeal and crowd
evacuation. The hierarchical approach for generating layouts provides
architects and designers with a powerful tool to assist them in creating
well-designed commercial space layouts by effectively exploring and
applying various constraint options.

Our work could be improved for future exploration. There is still
potential for improvement in the speed of our layout generation pro-
cess. We can explore various approaches, such as utilizing concurrent
computation with different regions, to further enhance the speed and
efficiency of our method. Moreover, we can investigate the applicability
of our method in diverse domains, including urban layout planning
and park design. By adapting and extending our approach, we can
address specific challenges and requirements unique to these contexts,
contributing to more effective and optimized layouts. Additionally, our
method can potentially serve as a tool for generating datasets. By uti-
lizing the layouts generated through our approach, we can explore the
possibilities of employing deep learning techniques for layout design.
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Fig. 17. Diversity of generation. Here shows multiple commercial space layouts generated by our method under the same boundary and constraints.
Fig. 18. Synthetic dataset. Here showcases a portion of the synthetic dataset generated using our method.
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Appendix A. Hierarchical spatial division

We divide the layout into different levels and perform region divi-
sion within each level. In the experiment, we use a three-level hierar-
chy: Region-Subregion-Unit, as shown in Fig. A.19. The region division
11 
is closely tied to the sites, allowing users to assign different levels to
the sites to determine their grouping. For instance, at the Region level,
areas can be divided into various regions based on type, such as fashion,
electronics, and dining. At the Subregion level, further subdivision can
categorize these regions into specific types, such as home appliances
or digital products. At the Unit level, we can break them down into
individual shops, ensuring that related units are adjacent and maintain
their relevance.

Region generation. Region represents a large area within the layout.
During the Region generation stage, the CVT is used for division, and
paths are added. The distances from the edges of two adjacent cells to
their corresponding sites are equal in the Voronoi diagram. Therefore,
we consider the edges adjacent to Regions as accessible paths, providing
suitable paths for the layout. We set a specific width for the paths based
on the current level and contract the surrounding Regions to form actual
paths. The intersections of paths at this level are highly likely to be focal
points where pedestrian traffic converges. These areas present ideal
opportunities for installing automatic escalators to enhance mobility
and optimize the flow of individuals.

Subregion generation. Subregion represents the secondary subdivision
area within the commercial space, indicating the specific subcategory
of goods in a particular area. During this stage, we choose the RCVT for
optimization and region division. The adjacent edges between Subregion
are added to the layout as paths. In some cases, such as in a narrow
region, a Subregion may block the connectivity of the paths. To ensure
the connectivity of the paths, we treat the edges of this Subregion
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Fig. A.19. Hierarchical spatial division. (a) Region. (b) Subregion. (c) Unit. Different
widths can be set to paths according to the level.

adjacent to the boundary as accessible paths. We consider the gaps
formed by the calculation to be accessible areas, and gaps that may
occur between Subregions at this level can serve as shared areas at path
intersections.

Unit generation. Unit represents the smallest unit within the commer-
cial space. During the Unit generation stage, the RCVT is selected for
division. As it is the final level, adding region boundary paths is unnec-
essary. After the region generation is complete, adjustments are made
to the Unit polygons. We divide the gaps into smaller shapes based
on their boundaries and merge smaller shapes into the surrounding
regions. The Units along the overall layout boundary or internal paths
are considered accessible. For Units within a Subregion that are not
accessible, we use the shortest path algorithm to find its connection to
the accessible paths along the edges of Units and construct an inward
concave path to make the Units accessible.

Appendix B. Layout optimization

After dividing a region using Rectangular Centroidal Voronoi Tes-
sellation (RCVT), we obtain a set of sub-regions 𝑅 = {𝑟𝑖}𝑛𝑖=1 and their
corresponding sites 𝑆 = {𝑠𝑖}𝑛𝑖=1. However, this initial division may
result in polygonal gaps 𝐺 = {𝑔𝑖}𝑚𝑖=1 between the sub-regions, and
some sub-regions may become inaccessible due to their configuration.
To address these issues, we input the sites into a simulated annealing
optimization algorithm. This algorithm iteratively adjusts the positions
of the sites, aiming to achieve a spatial division that satisfies specific
objectives, such as minimizing gaps and ensuring the accessibility of all
sub-regions.

Space utilization optimization. In certain scenarios, achieving higher
space utilization is a priority. To this end, we aim to minimize the area
of the gaps between the sub-regions. The objective function is defined
as the total area of the gaps:

𝐸uti =
𝑚
∑

𝑖=1
Area(𝑔𝑖) (B.1)

Here 𝑔𝑖 is the polygonal gap among sub-regions. 𝐴𝑟𝑒𝑎(⋅) is the operator
for area calculation.

Accessibility optimization. Accessibility refers to whether each sub-
region can be accessed via a connected path. Given a set of accessible
paths 𝑃 = {𝑝𝑖} and a set of sub-regions 𝑆 = {𝑠𝑖}, a sub-region
is considered accessible if it is adjacent to any accessible path. The
objective function for accessibility is defined as follows:

𝐸acc = 𝑁inacc +
∑

𝑖
‖𝑠𝑖 − 𝑝𝑖‖ (B.2)

Here 𝑁inacc represents the number of inaccessible sub-regions, and
 is a large constant used to penalize inaccessibility. 𝑠𝑖 refers to
the site corresponding to an inaccessible sub-region, while 𝑝𝑖 denotes
the nearest accessible path to 𝑠𝑖. The term ‖𝑠𝑖 − 𝑝𝑖‖ represents the
distance from the site 𝑠𝑖 to its nearest accessible path. The optimization
continues until all sub-regions are adjacent to accessible paths.
12 
Mixed optimization. By combining the objectives of maximizing space
utilization and accessibility, we achieve a more comprehensive and
desirable layout refinement. The mixed optimization considers both the
minimization of gaps (to enhance space utilization) and the accessibil-
ity of all sub-regions. The combined objective function is formulated as
follows:

𝐸 = 𝜔1𝐸uti + 𝜔2𝐸acc (B.3)

Here, 𝜔1 and 𝜔2 are weights that balance the influence of the space
utilization and accessibility objectives, respectively.

Appendix C. Site-constrained division

Location constraint. Altering the positions of sites causes the corre-
sponding regions to adjust accordingly. By adding, removing, or relo-
cating sites, we can dynamically control the layout of the regions. This
flexibility allows for fine-tuning of the division process, enabling the
layout to better accommodate specific design requirements and spatial
constraints.

Size constraint. The number of regions at each level is determined by
the user-specified number of sites, ensuring that the resulting regions
are consistent with the size, distribution, and arrangement of the sites.
Additionally, by imposing quantity constraints at various levels, we can
rigorously ensure that the total number of Units matches the specified
target, providing precise control over the final layout and enabling
greater flexibility in design customization.

Function constraint. Users can specify the number of different functions
and apply function constraints to specific regions. This includes the
ability to assign distinct functions to individual regions or set broader
functional requirements for entire sections of the layout. By controlling
the arrangement of functions, users can tailor the spatial organiza-
tion to meet specific design goals, ensuring that functional areas are
appropriately distributed and aligned with the intended use of the
space.

Capacity constraint. The capacity of a space is often directly related
to its area. During the computation process, the area of a region
can be adjusted by manipulating the weight of its corresponding site.
Increasing the weight of a site results in a larger capacity for its
corresponding region. In commercial space layouts, each unit may have
distinct attributes, such as function, size, or usage priority, which can
influence the weight assigned to its site. Users can set site weights
based on factors like estimated profitability, operational importance,
or required floor space. This approach provides precise control over
the layout, allowing for customized spatial allocation that aligns with
design objectives and business goals.

Data availability

Data will be made available on request.
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