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ARTICLE INFO ABSTRACT

Keywords: The urban form is a foundational element in urban analytics, planning, and design. However, systematic and
Urban morphology consistent depiction of urban form is challenging due to the complexity of urban elements and the variety of
Scales

scales involved. This paper formalizes the concept of ‘urban pattern language’ as a multi-scalar analytical
approach to decode such complexity, drawing on Christopher Alexander’s idea that offers solutions for recurrent
design problems observed in historic and contemporary urban settings. This analytic approach is applied to two
case study cities to explore how urban forms can be decoded and communicated across scales and demonstrate
how urban morphological elements can be systematically organised into recognisable patterns that simplify
analysis and enhance understanding. The findings show that these patterns are not arbitrary but follow struc-
tured, rule-based relationships that vary across scales, revealing an underlying order within the urban form.
Finally, the study illustrates that these rules are unique to each city, potentially reflecting specific cultural,
historical, and spatial contexts. By identifying city-specific, multi-scalar patterns, this framework offers a
powerful framework for urban planning and design, allowing practitioners to develop adaptable and context-
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sensitive strategies.

1. Introduction

The urban form, is an enduring and fundamental element in urban
analytics, planning, and design (Fleischmann, Romice, & Porta, 2021;
Moudon, 1997; Stevens & Thai, 2024; Wang, Huang, & Biljecki, 2024).
It holds the key to understanding the mutual influence of the built
environment and human behaviours (Bielik et al., 2019; Crooks et al.,
2015; Elzeni, ELMokadem, & Badawy, 2022; Panerai, Castex, Depaule,
& Samuels, 2004; Venerandi, Zanella, Romice, Dibble, & Porta, 2017;
Xia, Yeh, & Zhang, 2020). However, depicting the urban form mean-
ingfully and systematically is always challenging, given the myriads of
urban elements, such as buildings and streets, and scales, from micro to
macro, involved in shaping the physical built environment (Batty,
2008). Hence, a common practice is to use urban patterns, the recurring
configurations or arrangements of urban elements (Marshall, 2004), to
reduce complexity and summarise the characters of the urban form. This
study integrates and extends existing urban morphology and spatial

analysis frameworks through a structured, multi-scalar “Urban Pattern
Language”. As Christopher Alexander coined in his seminal work “A
Pattern Language” (Alexander, Ishikawa, & Silverstein, 1977), a pattern
language represents a set of guidelines or solutions for reoccurring
design problems derived from historic and contemporary urban envi-
ronments. Original pattern language has brought clarity to architectural
and neighbourhood design by providing a replicable framework for
analysing spatial relationships and human-scale details (Salingaros,
2000). Our urban pattern language further extends this concept, viewing
the urban landscape as a series of patterns of different urban elements at
varying scales, which offers a lens to scrutinise the fabric of city life,
revealing advantages such as enhanced liveability, efficiency, and sus-
tainability. This approach facilitates pattern identification, comparison
across cities, and adaptability for diverse urban planning applications.
The urban pattern language conceptual framework is built upon two
fundamental hypotheses: firstly, that distinct patterns of different urban
elements exist at various scales are not arbitrary but follow specific
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rules, for example, the different street layouts will have different
preferred building designs; and secondly, the rule or relationship be-
tween the diverse patterns is unique with potential as a reflection to the
cities’ particular background and needs. Thus, understanding and
exploring these pattern relationships can explain historical urban
development and provide actionable guidelines for contemporary urban
planning and design.

2. The foundation of urban pattern language

Urban design and planning are intricate fields that constantly
grapple with the challenge of deciphering and applying enduring prin-
ciples amidst societal changes, technological advances, and de-
mographic shifts (Batty & Marshall, 2017; Healey, 2006; Young, 2017).
This quest for stability and resonance in urban spaces finds a kindred
spirit in Christopher Alexander’s seminal work, “The Timeless Way of
Building” (Alexander, 1979). Alexander posits that truly profound urban
spaces exude a “timeless” essence, a harmonious blend of form, function,
and human experience that remains steadfast amidst the whirlwind of
societal changes, technological advancements, and demographic shifts.
This is also echoed in Alexander’s “A Pattern Language,” which provides
a tangible roadmap for urban designers and planners. It suggests that
internalising and applying specific design patterns can infuse modern
urban settings with the same harmonious resonance that characterises
timeless spaces. Initially rooted in architectural principles, this pattern
language approach has burgeoned into one of the 20th century’s most
influential concepts (Dawes & Ostwald, 2017; Iwanczak & Lewicka,
2020). It offers a structured framework, encapsulating realised patterns
that address recurring design challenges, streamlining solutions, and
fostering effective communication among professionals (Namwanje,
Sanz, & Rocco, 2023).

In urban planning and design, the consistency and diversity of
physical patterns or forms of cities have been observed and studied at
different scales in specific urban contexts (Bobkova, Berghauser Pont, &
Marcus, 2021; Macdonald, 2016). For example, using form-based code
(Parolek, Parolek, & Crawford, 2008) to facilitate urban design and
planning suggests that functionality and consistency can be anchored by
strictly stipulated forms/patterns. The Form-based code seeks to use
regulated plans, buildings, landscapes, and street patterns to revitalise
old communities. Alternatively, the Typomorphology approach links
various architectural forms with the cultural and social heritage of the
city to inform future design (Leite & Justo, 2017). More examples
including Conzen’s multi-scale town-plan analysis (Conzen, 1960),
which emphasizes the interplay between street networks, building
forms, and land use and Stewart and Oke’s Local Climate Zones (Stewart
& Oke, 2012), which introduces a classification system for climate-
responsive urban design. Without intentionally using the pattern lan-
guage concept, these different patterns from various scales have been
combined to create a cohesive urban narrative. In dealing with the
planning and design challenges in an urban context, the traditional
pattern language concept also shows tremendous potential for an
upscaling expansion. It offers us three wise counsels: Patterns, Scales,
and Language, which provide a structure to decode the complex urban
landscape and apply this knowledge.

2.1. The patterns

The complex urban landscape can be understood through the lens of
urban morphology, which the International Seminar on Urban Form
(ISUF) (1997) defines as the study of the form of human settlements and
their formation and transformation process. This discipline scrutinises
the layered structure of urban patterns—quantifiable, discrete entities
that emerge from the form of cities. Urban patterns, introduced across
various disciplines, are a consistent framework for research, planning,
and communication (Gallion & Eisner, 1980; Lynch, 1960; Wentz et al.,
2018). They serve as a constant that ensures that the urban form is
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comprehensible and design intentions are transparently conveyed and
uniformly understood, fostering collaborative efforts among urban
scholars, planners, designers, and stakeholders.

Urban built environments, with their intricate tapestry of life,
memories, and aspirations, are more than just conglomerates of build-
ings and streets. To decode this complexity, scholars and urban planners
have first tried to break down the built environment into a few selectable
urban elements, such as Kevin Lynch’s “Image of the City” (Lynch,
1960), which dissects the city into five basic urban elements: Path, Edge,
Landmark, District, and Node. The second step is to turn these urban
elements into patterns, crystallised templates that distil urban forms into
discernible, replicable entities. Historically, these patterns captured
urban form various urban elements, ranging from street layouts and
building typologies to public space arrangements (Bolleter, Hooper,
Kleeman, Edwards, & Foster, 2024; Chen, Huang, Liao, Gao, & Biljecki,
2024; Marshall, 2004; Pont, 2010; Wu, Wang, Wang, Smith, & Kraak,
2024). The aim was to identify and replicate patterns fostering com-
munity, enhancing liveability, and facilitating urban mobility. For
instance, the grid pattern of streets, popularised in ancient civilisations
and cities like New York, simplified navigation and land division
(Boeing, 2021; Stanislawski, 1946). The pattern of a courtyard house,
prevalent in many cultures, emphasizes communal living and climate
responsiveness (Abass, 2016). These patterns, rooted in urban geometry
and spatial organisation, provided aesthetic appeal and practical tools to
decipher urban landscapes.

With advanced tools and infrastructure such as geoinformation sys-
tems, artificial intelligence, and data analytics, urban patterns have
transitioned into the digital realm, facilitating quantitative analysis
(Batty, 2019; Cai, Demuzere, Tang, & Wan, 2022; De Sabbata et al.,
2023; Li, Li, Yang, Liu, & Huang, 2023). These digital tools enable the
measurement of urban form using morphological indicators and support
the identification of urban patterns with a level of accuracy and detail
previously unattainable (Biljecki & Ito, 2021; Clifton, Ewing, Knaap, &
Song, 2008; Kang, Zhang, Gao, Lin, & Liu, 2020; Wu & Biljecki, 2023;
Zhang, Ghosh, & Park, 2023). For example, Space Syntax methodologies
(Hillier, Leaman, Stansall, & Bedford, 1976; van Nes & Yamu, 2021; Ye
& Van Nes, 2014) offer analytical tools for understanding spatial con-
nectivity and movement patterns. Street patterns, space matrix, urban
block, and polycentricity (Anas, Arnott, & Small, 1998; Marshall, 2004;
Meijers, 2008; Pont, 2010) are just a few examples of patterns to
describe urban form; many more are introduced. This paper considers
these patterns as urban that policymakers, designers, and planners are
most familiar with and work with on a daily basis. Thus, by anchoring
our study in these enduring patterns, we could offer academically
rigorous, directly relevant insights and actionable insights for the
practitioners shaping our urban futures.

2.2. The scales

The research also acknowledges the importance of scale when
applying patterns in an urban context. The urban pattern may manifest
differently with various levels of detail when viewed at different scales
(Batty, 2008; Schmitt et al., 2023; Zhang et al., 2023). This diversity
coincides with the need for different professionals, policymakers, plan-
ners, or architects who work on different scales. Hence, it is important to
identify the scales of these patterns, whether the focus is on an over-
arching city blueprint or the intricate design of a specific neighbour-
hood, pattern with scales provides the tools to address these challenges.

Corresponding to the urban professionals this paper aims to address,
the scales can be summarised into three levels: Macro, Meso and Micro
(Boeing, 2018; Lim, Ignatius, Miguel, Wong, & Juang, 2017; Schirmer &
Axhausen, 2016). At a macro level, which usually means the entire
metropolis or a city agglomeration, policymakers, and urban planners
employ overarching strategies, using spatial/master plans to promote
development, mobility, sustainability, and resilience. At this scale, the
urban patterns generally describe the distribution of the urban elements
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across the city: density, compactness, sprawl, etc. (Batty, 2008). Con-
cepts and works on patterns at this scale are exemplified by urban spatial
structure, compact city, and transit-orientated development (Anas et al.,
1998; Malczewski, 2009; Meijers, 2008; Singh, Lukman, Flacke,
Zuidgeest, & Van Maarseveen, 2017; Taubenbock, Wurm, Geil, Dech, &
Siedentop, 2019; C. Wu, Smith, & Wang, 2021), etc.

Zooming into the meso scale, usually contoured by a district or
neighbourhoods (Mohamed, Ubareviciene, & van Ham, 2022; Sharifi,
2019b), urban planners and designers focus on street layout and land
parcel relationships (Liu, Shi, Peng, & He, 2023), capturing the essence
of vibrant street life and architectural rhythm using urban design
schemes. Urban patterns on this specific scale are characterised mainly
by the street patterns of general traffic or pedestrian networks, the
creation of the city skyline, and the landscape, which are both crucial
concepts in urban design practices.

At finer micro scales, represented by the block or land parcels, urban
designers, architects, and landscape architects craft human-centric
architectural experiences, emphasising functionality, aesthetics, and
economic considerations. This scale focuses on the shape of individual
buildings and their intricate relationship with the surrounding envi-
ronment. The patterns here typically focus on the shape of the buildings,
the design of public space or patterns integrating both aspects, such as
the Spacematrix (Pont, 2010).

Of course, patterns may exist on multiple scales and manifest
differently, even given the same urban element, such as buildings,
streets, and open spaces. They are approached differently by each pro-
fession, leading to varied patterns and levels of detail. The urban pat-
terns mentioned earlier more or less fit into the urban scales, forming a
multi-scalar expression of urban pattern language that aligns seamlessly
with the varied focus of urban professionals. For example, the street
pattern at the micro-scale may focus on the pedestrian and show more
organic character, while on the meso-scale, focus on the vehicle and
efficiency; the macro scale, in contrast, focusing on the arterial road,
may adopt a different pattern. As Batty suggests (Batty, 2008, 2020), the
scalability in urban studies is like a different lens of resolution through
which we view the city. In this light, this study articulates the patterns as
consistent urban elements that manifest themselves collectively at
different levels of detail in the various scales.

2.3. The language

The pattern language as a solution is not a mere collection of pat-
terns. It combines unique patterns involving different elements at
varying scales following certain rules. The language could be interpreted
as the rule or the relationship between the patterns coming together to
form the solution. It provides the urban pattern language with adapt-
ability and diversity: By tweaking and combining patterns, designers can
craft solutions that are attuned to local cultures, climates, and histories,
ensuring that urban interventions are both globally informed and locally
resonant. Hence, as we explore urban patterns, it is not enough to
identify and apply patterns in isolation. We must understand how they
interact, how the design of a city’s street network will impact the choice
of the shape of the building and public space, or reversely, how the
streets and buildings may facilitate the formation of a broader urban
spatial structure.

Understanding urban morphology through pattern language requires
not only identifying individual patterns but also understanding their
interactions within a multi-scalar framework. Patterns at different
scales, such as street networks, building typologies, and open space
configurations, dynamically interact to shape the city’s spatial structure.
For instance, the layout and connectivity of streets influence land use
and accessibility, which in turn affect building placement and public
space utilisation. Thus, each pattern serves a specific role while also
contributing to the larger urban system. This interrelationship is
essential, as patterns in isolation lack the contextual foundation needed
to influence broader urban structures effectively.
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The patterns and the scales provided the foundation to construct the
language or unveil the rules between the multi-scalar urban patterns.
Building upon Alexander’s foundational work, our study introduces a
novel approach to formalising and applying urban pattern language,
focusing on the dynamic interplay of patterns across different urban
scales. Our research has two-fold objectives: Firstly, we explore the
relationships between these patterns, unearthing the rules that shape
our urban landscape. Secondly, by employing urban pattern language
in different case study cities, we aspire to illuminate the unique di-
versities and vernacular nuances across cities, postulating its invaluable
utility in urban understanding and planning. It is important to distin-
guish our approach from Christopher Alexander’s generative urban
design framework. Our study does not investigate how cities evolve
through self-organizing generative processes but rather seeks to quantify
the spatial relationships inherent in urban morphology using empirical
methods.

By building a multi-scalar structure of urban patterns and exploring
its underlying rules of composition, our proposed urban pattern lan-
guage may unlock a novel approach to a comprehensive understanding
of the urban landscape. To prove our concept, we have designed a case
study identifying urban patterns and revealing their relationships in
different cities. As an illustration, we selected one pattern from each
scale and carried out the analysis in two cities.

3. Formalising the concept

Here, we introduce a framework to systematically formalize the
urban pattern language and elucidate its utility in demystifying cities’
layered and intricate structures. Fig. 1 delineates the categorisation of
patterns into three discernible scales: macro, meso, and micro, a classi-
fication resonant with the scholarly discourse and professional practice
we mentioned earlier. At the macro scale, we consider the city in its
entirety and analyse the city as an interconnected web of neighbour-
hoods, choosing patterns that exemplify these linkages, such as the
relative sizing of neighbourhoods as indicative of a Hierarchical struc-
ture. The meso-scale investigates the neighbourhood itself, focusing on
plot layouts and necessitating patterns that capture the essence of spatial
arrangements, such as the street network’s influence on the layout of
plots and connectivity (Pafka, 2022). On the micro-scale, we zoom into
plot-level details, selecting patterns like Spacematrix that detail building
shapes and the configuration of open spaces.

These patterns, namely urban spatial structure, street patterns, and
Spacematrix, are not arbitrarily chosen; they are rooted in established
urban studies literature, reflecting a consensus on their significance in
urban analysis (Anas et al., 1998; Liu & Wang, 2016; Malczewski, 2009;
Marshall, 2004; Pont, 2010). They inherently link together to provide a
cross-scale perspective on urban form. By focusing on buildings and
streets, we avoid unnecessary complexity, ensuring our study remains
accessible and actionable. The rationale behind this selection process,
aligned with our research objectives, will be expounded upon in the
subsequent sections, providing a robust framework for applying urban
pattern language in a multi-scalar context.

The urban patterns are identified using two primary units of analysis:
Street-based Local Areas (SLAs) and plots, each serving distinct yet
interconnected roles in understanding the multi-layered urban form.
SLAs are defined by the street network and are crucial for capturing the
unique characteristics of different city parts (Law, 2017). SLAs are
generated using a network clustering method that identifies neigh-
bourhoods based on the street network (Wu, Wang, Wang, & Kraak,
2024). At the macro scale, SLAs provide the basic analysis unit to gauge
the distribution and balance of urban mass and enable the assessment of
a city’s urban spatial structure. Moreover, SLAs play a critical role at the
meso-scale. Here, the detailed analysis of the street patterns within each
SLA provides insights into the character and layout of these neigh-
bourhoods, whether they adhere to grid, organic, or hybrid patterns.
Plots, the second unit of analysis, are generated using Momepy
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Case Study B

Fig. 1. Conceptual Framework of our approach.

(Fleischmann, 2019), a Python package that utilises building footprints
and the street network. These plots are fundamental in the micro-scale
analysis, focusing on the shape and arrangement of individual build-
ings and their relationship with the immediate environment. In sum-
mary, SLAs provide a macroscopic view, capturing the overarching
urban structure and street layout. In contrast, the plots allow for a
microscopic examination of the physical form and spatial composition at
a more localized level.

Our methodology involves systematically quantifying urban patterns
using digital tools such as machine learning and network analysis. The
quantitative methods allow for better consistency, reproducibility, and
transferability in today’s digital age. More detail on how we quantify
these patterns will be introduced in this section. To reveal the pattern
language, say the relationship between the patterns as our first objec-
tive, we analyse the compositional relationship between these patterns.
For example, is there a preferential block typology for a specific street
pattern? Alternatively, whether certain street patterns are linked to the
high concentration of urban mass in metropolitan areas. The second
research objective is achieved by comparing the pattern language in two
cities. Did they follow the same pattern language? If not, what are the
potential reasons and implications? We aim to demonstrate the versa-
tility and applicability of our multi-scalar urban pattern language
approach, offering insights into the unique complexities of urban
landscapes.

3.1. Macro scale

The macro scale is the crudest pattern in this study. Here, we are
interested in patterns that best represent the general distribution of
urban elements across the city: Where and how many are built.
Together, they provide an image of the urban spatial structure of the city
(Xu et al., 2022). Using the neighbourhood as the unit of analysis, we
measure the relationship of urban mass size between the neighbour-
hoods. This so-called urban spatial structure can be interpreted as the
hierarchy of neighbourhood. To determine the hierarchy of the neigh-
bourhoods, we must first determine the relative urban mass (C;) for each
neighbourhood, which is given by formula (1).

ci:0.5< F S > 1)

where:

C;: Relative urban mass of neighbourhood i.

F;: Total floor space in neighbourhood i, which is the aggregated
gross floor area of all the plots (Fig. 3).

Si: Total street length in neighbourhood i.

Fpax : Maximum floor space in the neighbourhoods across the city.

Smax : Maximum street length in the neighbourhoods across the city.

The choice of this formula is guided by the need to capture the urban
mass in a way that reflects both the building and the streets within each
neighbourhood. Equal weights are given to floor space and street length
to provide a balanced representation of the neighbourhood’s urban
mass. By standardizing floor space and street length relative to the city’s
maximum values, this approach normalizes variations across neigh-
bourhoods, enabling a meaningful comparison of their relative urban
mass. This formula helps reveal the hierarchical structure within the
urban spatial configuration, a crucial factor for understanding the dis-
tribution and balance of urban form across a city.

Neighbourhoods are assigned hierarchies as primary, secondary, and
tertiary centres. The three-class classification of neighbourhoods is
informed by principles from Zipf’'s law (Batty, 2006) and the central
place theory (Malczewski, 2009), which is widely applied in urban
studies to describe the hierarchical organisation of cities and urban
centres. Zipf’s law and the central place theory suggest that urban areas
naturally organize into a hierarchy, with one main centre (such as a
central business district or CBD) followed by regional centres and sub-
centres. The Jenks natural breaks method, a clustering algorithm that
minimizes intra-group variance while maximizing inter-group differ-
ences, is used to classify neighbourhood hierarchies based on urban
mass distribution, producing a clear and objective classification into
primary, secondary, and tertiary groups.

We further use the primary centres to calculate the polycentricity.
Polycentrcity refers to the balance of the distribution of the urban mass
in a city, which provides an indicator of the urban spatial structure.

Sm(n)
Smax(n)

Pyg(n) =1— (2
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where:
Pgq(n): Polycentricity measure for a system of n primary
neighbourhoods.

Sm(n) :The standard deviation of urban mass C; across all neigh-
bourhoods in the urban system.

Smax(n): Theoretical maximum standard deviation when one neigh-
bourhood holds all urban mass and the remaining n — 1 neighbourhood
has zero mass.

This formula provides a relative measure of polycentricity, capturing
the balance in urban mass distribution across neighbourhoods. Hence,
the macro-scale pattern in this case study is the identification of the
neighbourhoods’ hierarchy and the measurement of polycentricity.

3.2. Meso scale

At the mesoscale, which focuses on the morphology of each neigh-
bourhood/SLA, we use street patterns as the key pattern. Street patterns,
the planar layout of the street network. It shows how buildings (or plots)
are organised within neighbourhoods via the connecting street network.
Street patterns reveal essential information about the spatial arrange-
ment and neighbourhood layout, showing how buildings and plots
interact with the circulation network. Streets act as boundaries that
delineate and organize plots, shaping the meso-level spatial structure of
neighbourhoods (Marshall, 2004). This perspective is critical for un-
derstanding how spaces are interconnected, accessible, and functionally
cohesive. Street patterns, in this case, are determined using thirteen
street metrics and classified using a random forest classification algo-
rithm. The street metrics are listed in Appendix 1 and calculated using
NetworkX and OSMnx by representing streets as a graph. The street
patterns, training dataset, and random forest classifier are adopted from
Wu’s work (Wu, Wang, & Kraak, 2023; Wu, Wang, Wang and Kraak,
2024).

As shown in Fig. 2, four different types of street patterns are iden-
tified: Grid, Organic, Deformed and Cul-de-sac. Each street pattern has
unique characters, leading to different urban functions and activities.
The character of these patterns is reflected by the metrics we applied to
identify street patterns in the random forest classifier.

The Grid, also known as Gridiron, is a typical street pattern with
uniform directions, straight streets, and right-angled X-shaped cross-
roads. It is characterised by a more uniform orientation, leading to a
structured urban layout. The organic pattern contradicts the grid, with
curly streets in various directions and diverse street junction appear-
ances. It is usually more curvature, which means less straight, and the
direction of the street is also more diverse, reflecting its more natural
and less structured layout. The Deformed, or Hybrid, falls between the
Grid and Organic patterns, showing characteristics of both, with a
balanced character like a moderate X-shaped crossroads percentage and
Street length. The Cul-de-sac is most recognisable for its dead-ends,
having the highest Circuity and Street length, indicating its suburban
nature with fewer intersections and longer streets (Wu et al., 2023). This
classification provides a straightforward yet effective framework for

Organic
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capturing the diversity of street configurations relevant to our research
objectives. Each pattern class is distinguished using quantitative mea-
sures, such as circuity, junction type, and orientation entropy, applied to
the training data to ensure objective classification. While these four
classes sufficiently serve the current study, the typology can indeed be
expanded or modified depending on the focus of future studies.

3.3. Micro scale

The micro-scale represents the finest analysis in this research and
uses the SpaceMatrix model (Pont, 2010). The Spacematrix model is
especially suitable for micro-scale analysis in our research as it is diverse
enough to encompass most building forms in the urban landscape but
not too complicated, so it only requires relatively simple data. The
SpaceMatrix classifies the plots into nine types based on the Floor Space
Index (FSI), Ground Space Index (GSI), and Height (L) (Ye, Li, & Liu,
2018), which is shown in Fig. 3.

FSI, also known as the floor area ratio or plot ratio, illuminates the
building density of a block. It is deduced by comparing the gross floor
area to the building’s footprint. Where F, represents the gross floor area
(m"2) and A, indicates the gross area (m"2) of individual street blocks, as
illustrated in Fig. 3. Pertinent to a building typology, GSI signifies the
interrelation between built and unbuilt spaces within blocks. Mathe-
matically, it is expressed in Fig. 3. Here, B, represents the entire building
footprint. L is derived by dividing FSI by GSI. It is worth noting that L
does not just represent a straightforward average of the number of floors
in buildings but offers a more nuanced understanding, accounting for
individual building footprints.

Considering Asia’s compact urban density (Chen, Chiu, & Lin, 2020;
Chen, Koch, & Reicher, 2023), we have adopted a different threshold of
L values to differentiate the urban blocks into low-rise, medium-rise, and
high-rise. In our classification, high-rise blocks typically encompass of-
fice structures and residential towers. At the same time, those at the
lower end of the L value spectrum often comprise single or dual-story
residences and educational institutions. On the typological front, GSI
values guide the categorisation of blocks as point, strip, or block struc-
tures. Blocks with GSI values below 0.2 are tagged as “point”, those
between 0.2 and 0.36 as “strip”, and the remainder as “block”. In sum,
the SpaceMatrix generates a 3 x 3 grid classification of street blocks,
resulting in nine distinct categories, as shown on the right of Fig. 3.

Given the urban patterns at the three scales defined explicitly, we can
utilise these patterns to test the core concept of this research, the exis-
tence of urban pattern language and its effectiveness in distinguishing a
city’s morphological urban spatial structure. The expected results of this
paper would be that there is a relationship between these three patterns,
and the relationship is unique to each case study city. While this study
does not explicitly analyse temporal change, it is important to recognize
that urban elements evolve at different rates. Some features, such as
street networks, tend to remain stable over long periods, while others,
like building configurations, may change more rapidly in response to
economic, social, and policy-driven factors.

Cul-de-sac

Fig. 2. Street patterns that are in the focus of our work.
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Fig. 3. SpaceMatrix and the Plot Typology.

4. Case study
4.1. Case study area

Beijing and Singapore were selected based on their size and
uniqueness to test the concept of the urban pattern language. Both
metropolitan cities serve regions beyond their administrative bound-
aries. Size-wise, the study area in Beijing is confined to the Fifth Ring
Road, encompassing approximately 670 km? and housing about 10
million people, accounting for half of the city’s population. In contrast,
the main island of Singapore, covering roughly 710 km? has a

5 Kilometers

population of about 5.6 million. Beijing is significantly more densely
populated, given similar urban areas. Their large, yet similar size
ensured that diverse urban patterns existed within the comparable study
area. In contrast, their unique urban contexts ensured that the difference
in the potential urban pattern language could be revealed.

The unique background for the two cities is shown in Fig. 4, with
major urban centres indicated in orange. For Singapore, the major urban
centres are clearly defined by the official master plan (Wu, Wang, Wang,
Smith, & Kraak, 2024). In the case of Beijing, major urban centres are
identified based on commonly recognized locations and general
knowledge of the city’s spatial organisation. As China’s capital, Beijing

Fig. 4. Case study area of Beijing (left) and Singapore (right). Orange highlights the major urban centres in public notion. Data: OpenStreetMap.



C. Wuetal

is a vital political, cultural, financial, and business hub in both the
regional and global context. Its historical core, located within the Sec-
ond Ring Road, showcases traditional architectural forms such as
courtyard houses and hutongs alongside landmarks like the Forbidden
City. Following rapid urban regeneration and expansion, particularly
post-2008 Beijing Olympics, the city’s landscape has manifested a ring
structure extending from the Second to the Sixth Ring Road. This
expansion has been marked by a focus on development in the outer ring
regions. A notable thoroughfare, Chang’an Avenue separates Beijing’s
Northern and Southern parts. The city’s main commercial and business
centres, as perceived by the public, are primarily situated in the
Northern part, including the Central Business District (CBD).

In contrast, Singapore, an island city-state located at the southern tip
of the Malay Peninsula, embodies a different urban landscape. Known
for its strategic geographical location, Singapore has evolved into a
global financial hub and a cosmopolitan city. Since its independence in
1965, the city-state has become renowned for its efficient and visionary
urban planning. Characterised by a modern skyline, the form of
Singapore is delineated by well-planned satellite towns, a central busi-
ness district in the South, and industrial estates. This layout reflects a
systematic approach to urban development, emphasising green spaces
and sustainability. The urban plan of modern Singapore features four
major frontiers strategically positioned at the South, North, East, and
West of the island. The Southern part houses the predominant historical
CBD, serving as the city’s business heart. Meanwhile, the other three
regions function as regional centres, each with unique strategic roles,
facilitating a more balanced development across the country. This
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decentralised urban planning approach aims to mitigate congestion in
the CBD and promote regional growth, ensuring harmonious and sus-
tainable urban development across the island (Wong, Yuen, & Gold-
blum, 2008; C. Wu et al., 2021; Yuen, 2009).

The two urban elements leveraged in our study are the buildings and
streets. We collect data on the street network from OpenStreetMap and
obtain building footprints and the floorspace area for each building.
With the help of the proposed framework, we expect to reveal the multi-
scalar structure of urban patterns for both cities through their unique
urban pattern language.

4.2. The multi-scalar relationship between morphological patterns

This section shows the statistical results of the three patterns
mentioned in Section 3 for our case study area. Fig. 5 shows the per-
centage of each type of urban centre, street pattern, and plot in Beijing
and Singapore, respectively. At the same time, Table 1 reveals the
compositional relationship between the patterns at different scales. By
showing the composition and its difference across cities, we hope to
reveal the potential existence of urban pattern language, i.e., the rela-
tionship between patterns, and demonstrate its ability to inform the
difference between cities.

Generally, Singapore and Beijing have distinct pattern compositions
across scales, with Singapore appearing to be more diverse, according to
Fig. 5. In terms of the hierarchy of urban centres, Beijing shows a greater
percentage in primary centres, while Singapore has a higher percentage
in secondary centres. With a polycentricity of 0.9832 and more

Beijing  Singapore
High-rise Block 1.06% 0.73%
Singapore I-|.-|I Medium-rise Block 4.79% 5.66%
Low-rise Block 7.16% 21.58%
High-rise Strip 6.03% 0.98%
Micro Medium-rise Strip 26.06% 12.24%
Low-rise Strip 15.33% 27.33%
Beijing |III--II High-rise Point 3.49% 0.94%
Medium-rise Point 6.30% 4.33%
29.79% 26.22%
0% 20% 40% 60% 80% 100% a. Plot Composition
Beijing  Singapore
6% 0%
Meso 0.00% 37.33%
88.65% 46.37%
b. Street Pattern Composition
0% 20% 40% 60% 80% 100%
37.77% 30.19%
M 42.12% 45.74%
acro 20.11%  24.07%

0% 20% 40% 60%

¢. Urban Centres Composition

80% 100%

Fig. 5. City-wide composition of multi-scalar patterns.
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Table 1
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Compositional relationship between different patterns and the percentage of difference from the city-wide composition.

a. Compositional relationship and its variation in Macro-Micro scale patterns.

Beijing Singapore

Primary Secondary Tertiary Primary Secondary Tertiary
High-rise block 1.07 % 0.94 % 0.91 % —14.15% 1.35% 27.36 % 1.65 % 126.03 % 0.48 % —34.25 % 0.07 % —90.41 %
Medium-rise block 4.83 % 0.84 % 4.85 % 1.25% 4.61 % —3.76 % 9.43 % 66.61 % 4.90 % —13.43 % 2.34 % —58.66 %
Low-rise block 6.34 % —-11.45% 6.67 % —6.84 % 9.74 % 36.03 % 22.97 % 6.44 % 19.04 % —-11.77 % 24.62 % 14.09 %
High-rise strip 6.10 % 1.16 % 5.71 % —5.31 % 6.55 % 8.62 % 1.20 % 22.45 % 1.22% 24.49 % 0.27 % —72.45 %
Medium-rise strip 23.90 % -829%  28.75% 10.32%  24.46 % —6.14 % 17.16 % 40.20 % 12.85 % 4.98 % 4.88 % —60.13 %
Low-rise strip 14.64 % —4.50 % 14.84 % -320% 17.64% 15.07 %  21.46 % —-21.48%  27.47 % 051%  34.43% 25.98 %
High-rise point 3.02% —13.47 % 4.25 % 21.78 % 2.77 % —20.63 % 0.69 % —26.60 % 1.34 % 42.55 % 0.50 % —46.81 %
Medium-rise point 7.32 % 16.19 % 5.64 % —10.48 % 5.75 % —8.73 % 4.77 % 10.16 % 5.38 % 24.25% 1.77 % —59.12 %
Low-rise point 32.76 % 9.97 %  28.40 % —4.67 %  27.13% —8.93%  20.66 % -21.21% 27.31% 416% 3111 % 18.65 %
b. Compositional relationship and its variation in Macro-Meso scale patterns.

Beijing Singapore
Primary Secondary Tertiary Primary Secondary Tertiary

Grid 3.43 % —40.35 % 8.40 % 46.09 % 4.57 % —20.52 % 0.00 % 0.00 % 0.00 % 0.00 % 0.00 % 0.00 %
Organic 0.00 % 0.00 % 0.00 % 0.00 % 0.00 % 0.00 % 32.71 % —12.38 % 50.86 % 36.24 % 17.41 % —53.36 %
Hybrid 96.57 % 8.93 % 85.81 % -3.20 % 79.73 % —10.06 % 52.61 % 13.46 % 32.97 % —28.90 % 64.01 % 38.04 %
Cul-de-sac 0.00 % —100.00 % 5.79 % 3.58 % 15.70 % 180.86 % 14.68 % —9.94 % 16.17 % —0.80 % 18.58 % 13.99 %
c. Compositional relationship and its variation in Meso-Micro scale patterns.

Beijing Singapore

Grid Hybrid Cul-de-sac Organic Hybrid Cul-de-sac
high-rise block 1.69 % 59.43 % 1.07 % 0.94 % 0.25 % —76.42 % 0.48 % —34.25 % 1.18% 61.64 % 0.05 % —93.15 %
medium-rise block 2.42 % —49.48 % 5.14 % 7.31 % 1.74 % —63.67 % 5.52 % —2.47 % 6.84 % 20.85 % 2.57 % —54.59 %
low-rise block 4.36 % —-39.11 % 7.18 % 0.28 % 9.71 % 35.61 % 12.50 % —42.08 % 28.42 % 31.70 % 22.77 % 5.51 %
high-rise strip 11.02 % 82.75 % 6.04 % 0.17 % 0.75 % —87.56 % 1.65 % 68.37 % 0.75 % —23.47 % 0.15 % —84.69 %
medium-rise strip 28.57 % 9.63 % 26.99 % 3.57 % 8.59 % —67.04 % 17.48 % 42.81 % 9.22 % —24.67 % 2.86 % —76.63 %
low-rise strip 15.01 % —2.09 % 15.03 % —1.96 % 20.42 % 33.20 % 25.06 % —8.31% 29.67 % 8.56 % 25.83 % —5.49 %
high-rise point 5.08 % 45.56 % 3.54 % 1.43 % 1.12% —67.91 % 1.30 % 38.30 % 0.85 % —9.57 % 0.40 % —57.45 %
medium-rise point 7.63 % 21.11 % 6.29 % —0.16 % 511 % —18.89 % 6.43 % 48.50 % 3.15% —27.25 % 8.89 % 105.31 %
low-rise point 24.21 % —18.73 % 28.73 % —3.56 % 52.30 % 75.56 % 29.57 % 12.78 % 19.93 % —23.99 % 36.49 % 39.17 %

significant primary centres present, Beijing appears more morphologi-
cally polycentric than Singapore’s 0.8571. When examining the total
street pattern, Beijing exhibits a significantly higher percentage of
hybrid street patterns than Singapore, which has a larger proportion of
organic patterns, indicating that Singapore’s urban layout is more var-
ied, with multiple street patterns, while Beijing’s is more unified. For the
plot typology, both cities have a majority of point-shaped plots, but
Singapore has a higher diversity with substantial percentages of block
and strip forms present. Moreover, Beijing has a higher percentage of
Highrise to Medium-rise plots compared to Singapore, suggesting a
higher development intensity.

We further summarised the compositional relationship of patterns
according to their hierarchy and displayed them in Table 1. This table
illustrates the cross-scale compositional relationship between the
Macro-Micro, Macro-Meso, and Meso-Micro patterns. A second column
is added on the right to show the percentage deviation from the overall
city-wide distribution of each pattern. Here, the ‘overall city-wide dis-
tribution’ refers to the aggregate distribution of urban elements across
the entire study area, serving as a baseline for comparison to identify
localized variations and deviations. The green colour marks an incre-
ment in the percentage, while the red colour marks a decrease in the
percentage. This compositional method allows us to visually and
quantitatively compare shifts in urban form and structure across scales,
making it particularly suited for identifying unique urban characteristics
within each city’s pattern language. While no control variables or sta-
tistical models were applied here, future research may involve advanced
models to explore these relationships further and to test for potential
causal patterns. This decision aligns with our study’s current focus on

pattern identification and cross-scale composition rather than in-depth
causative analysis.

Two general trends can be concluded from the results: First, a rela-
tion exists between the composition of the lower and higher-scale pat-
terns; this association can be reflected from the large cross-scale
composition changes across different patterns when examining an in-
dividual city which implies the existence of pattern language in a city.
Second, the relation exists in both case studies, but in a different manner;
the different relationship could be reflected by the distinct cross-scale
composition and its changes in the two cities. This indicates the
pattern language’s ability to reflect the unique urban morphology.

We start by comparing macro-scale patterns to micro-scale patterns
shown in Table 1a. The linkage is inherent because the neighbourhood
hierarchy is determined partially using the building floor space. Across
primary, secondary, and tertiary centres, the distribution of plot types
remains very distinct for both two cities, and this is evident by the
change in the percentage of the composition visualised in the right
column. The primary centres typically exhibit a higher proportion of
high-rise and medium-rise plots, indicative of denser urban mass.
Concurrently, there is a notable increase in low-rise plots within tertiary
centres. This pattern is particularly evident in Singapore, where there is
a consistent decline in high-rise and medium-rise plots from primary to
tertiary centres, from 1.65 % and 9.43 % to 0.07 % and 2.34 %. In
contrast, the prevalence of low-rise plots, especially strips and points,
escalates markedly from 21.46 % and 20.66 % to 34.43 % and 31.11 %.
The trend in Beijing presents a more complex scenario. Contrary to ex-
pectations, primary centres have the highest percentage of low-rise
point plots with 32,76 %, which diminishes the tertiary centre of
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27.13. Additionally, the proportion of high-rise blocks escalates to 1.35
% in tertiary centres. Notably, tertiary centres in Beijing exhibit more
high-rise plots than secondary centres, with figures approaching those of
primary centres. This suggests that Beijing’s tertiary centres are expe-
riencing intensive urban development characterised by high building
densities and a significant amount of undeveloped land.

Moving on to the relationship between macro-scale and meso-scale
urban patterns in Table 1b, the composition of street patterns within the
various neighbourhoods of Beijing and Singapore reveals distinct trends
that underscore the divergent approaches to urban planning and
development in the two cities. In general, Beijing, with a more poly-
centric urban spatial structure at the macro level, has a more monoto-
nous street pattern. In Beijing, the dominant street pattern in the
Primary centres is the Hybrid type, which accounts for a significant
majority of 96.57 %. This Hybrid preference decreases in Secondary
centres and further still in Tertiary centres to 79.73 %. Interestingly, the
Secondary centres exhibit a substantial proportion of Grid streets of 8.4
%, 46.09 % above the city-wide level, indicative of a structured and
perhaps newer urban planning approach in these less central areas.
Singapore’s neighbourhoods exhibit a distinct preference for Organic
and Hybrid Street patterns. In Primary centres, Hybrid streets are the
most dominant, with 52.61 %, which suggests a deliberate blend of
planning strategies combining elements of both grid-like and organic
layouts. This might reflect Singapore’s approach to creating functional
spaces that also preserve the natural and historical context of the city. In
Secondary centres, there is a significant presence of Organic streets with
50.86 %, indicating a preference for street layouts that evolve naturally,
possibly respecting the existing environmental features and cultural
heritage. In both cities, the rise in the proportion of Cul-de-sacs from
primary to tertiary centres could suggest a move towards creating more
secluded spaces, perhaps for residential developments, prioritising pri-
vacy and lower traffic flow in the lower development intensity part of
the city.

The relationship between the meso and micro-scale pattern, shown
in Table 1c, street pattern and plot types, is also significant. Firstly, the
cul-de-sacs street pattern favours low-intensity development with a
significant composition of low-rise point, strip, and block types in both
cities. This trend is especially evident in Beijing, with a 35.61 %, 33.2 %
and 75.56 % increment for city-wide value for low-rise Block, Strip, and
Point plots. The favour for low and medium rise point plots in Singapore
is more significant, with a 105.31 % and 39.17 % increment, respec-
tively. The Hybrid Street pattern is also observed in both cities, and we
observe a stark contrast between Beijing and Singapore. In Beijing, the
hybrid street pattern has the most balanced distribution with minimum
change in the percentage of the city-wide composition. It is slightly more
Medium-rise Block and Strip and less Low-rise point plots. In Singapore,
the hybrid street patterns have a much higher percentage of block plots
and fewer point forms than in Beijing. The Grid and Organic Street
patterns have the largest high-rise block and point plots in Beijing and
Singapore, respectively, indicating they handled an immense develop-
ment intensity.

To conclude, the statistical analysis presented in this section, refer-
encing the patterns detailed in Section 3, clearly depicts urban form and
structure within our case study cities. Fig. 5 delineates the distribution of
urban centres, street patterns, and plot types in Beijing and Singapore,
revealing fundamental differences in their urban compositions. In par-
allel, Table 1 uncovers the intricate compositional relationship between
these patterns at varying urban scales. First, the contrasting composition
and changes in percentage of difference from the city-wide composition
to cross-scale composition suggest the presence of an identifiable urban
pattern language. Second, the urban pattern language is very distinct
between cities, marked by the offering insights into the multi-scalar
urban structure of each city.
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4.3. The urban pattern language for Beijing and Singapore

The pattern identification and multi-scalar urban structure are
mapped in Fig. 6, from the bottom macro scale polycentricity to the
micro-scale Spacematrix on the top. Analysing urban patterns at various
scales systematically revealed the structural differences between Beijing
and Singapore.

Macro scale distribution reveals a distinct hierarchy of neighbour-
hoods based on street density and building mass. Major centres in red
are characterised by larger building mass and street length, while sec-
ondary and tertiary centres are in yellow and green and might have less
density and mass, respectively. The primary centres in Singapore align
precisely with the defined business and commercial centres located in
the South, West, and East parts of the island, corresponding to the plans
illustrated in Fig. 4. In Beijing, the situation is more complicated. More
neighbourhoods are categorised as the primary centres, and their dis-
tribution does not have a clear pattern. Traditionally, the major business
centres are primarily located in Northern Beijing and are clearly defined.
However, we also observed several primary centres in Southern Beijing
that are less perceived by the public than in Fig. 4.

The meso-scale analysis reveals the distribution of street patterns
within Beijing and Singapore, as classified by the random forest classi-
fication algorithm. It presents a clear urban design and planning dif-
ferentiation between the two cities. Beijing’s urban form predominantly
features a Hybrid pattern and segments of Grid and Cul-de-sac patterns.
The Hybrid streets, with their blend of structured and organic charac-
teristics, likely accommodate a variety of urban functions, suggesting a
city in transition, possibly integrating modern grid-like development
while retaining elements of traditional urban form. Grid patterns may be
attributed to the city’s historical periods of rapid development, aiming
for efficient urban layouts (Boeing, 2021; Rowe, van den Berg, & Wang,
2019). Although less frequent, cul-de-sacs are primarily present in the
urban fringe and indicate limited accessibility by planned or undevel-
oped areas. In contrast, Singapore’s layout is notably absent of Grid
patterns. The dominance of Hybrid and Organic patterns in Singapore
may point to a city that has developed with a strong consideration for
existing landscapes.

The distribution of urban plot types within Beijing and Singapore
also displays distinct morphological patterns in the two cities land-
scapes. Beijing, shown at the top of the image, is rich in blue tones,
representing strip-shaped plots. The varying brightness of blue indicates
a mix of high-rise, medium-rise, and low-rise strip-shaped buildings.
Other than the urban fringe, the low-rise strip plots are mostly observed
in the core of Beijing which may indicate its strong association with the
historical building form in the preserved area. The darker blue areas
signal a higher density of high-rise structures within these strip forma-
tions, potentially indicating major avenues or boulevards lined with tall
buildings, like the Second Ring Road and Chang’an Avenue. In contrast
to the abundant blue, the red and orange hues representing block and
point-shaped buildings are less prominent which could imply that
Beijing’s urban design and planning have favoured strip-shaped de-
velopments over the block or point-shaped ones. In particular, the High-
rise point plots, mostly indicating skyscrapers, are clustered in several
areas in Beijing, Including the Southwest and Northeast. They are
indicating multiple commercial centres present. Moving to the
Singapore plot at the bottom, the urban landscape is diverse, with all
nine types represented. In general, the composition of the different plot
types is more balanced in Singapore compared to Beijing. The red and
orange areas, representing block and point-shaped buildings, appear
more frequently than in the Beijing plot. This would suggest a more
balanced mix of building forms in Singapore, with a notable presence of
high-rise blocks and point-shaped buildings alongside the strip-shaped
ones. The presence of lighter shades in the Singapore plot, particularly
in the blue strip, possibly reflects a lower urban development intensity.
Considering that Singapore island only hosts about half of the popula-
tion of the study area in Beijing, these might correspond to residential
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Beijing

a. Historical Core (Near Forbidden City):
Primary Centre, Hybrid Street,
Medium Strip Block, Low Strip and Point Plots

b. New Town (Shijingshan):
Primary Centre, Hybrid Street,
High to Medium Strip and Block Plots

¢. Historical Core (Zhongnanhai):
Secondary Centre, Hybrid Street,
Medium Strip, Low-rise Strip and Point Plots

d. Typical Housing Estate (Fengtai)
Tertiary Centre, Hybrid Street,
Medium to Low-rise Strip Plots
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Singapore N

e. Typical Housing Estate (Bukit Panjang):
Secondary Centre, Organic Street,
Medium to Low-rise Strip Plots

f. Industrial & Logistic Park (Tuas):
Primary Centre, Hybrid Street,
Low-rise Block and Strip Plots

g. Historical District (Kallang-Geylang):
Tertiary Centre, Hybrid Street,
Low-rise Strip and Block Plots

Macro:
Urban Spatial Structure

h. Near Natural Terrain (Southern Ridge):
Tertiary Centre, Organic Street,
Low-rise Strip and Point Plots

Fig. 6. Patterns identified at different scales and their typical combination presented in satellite images (Source: Google Earth).

neighbourhoods or commercial areas less densely built up. Another
point of note is that the highrise plots are mostly concentrated in the
southern part of Singapore, where the central building district is located,
indicating that Singapore has a prominent urban centre. Lastly, although
point plots have a large presence in numbers in both cities, they are not
visually significant in the mapping due to their relatively smaller size.

With the help of the multi-scalar urban patterns identified, we can
now begin to construct the urban pattern language in our case study
cities. In this study, the three types of urban centres identified by their
hierarchy of urban mass, the four street patterns, and the nine Space-
matrix block typologies give us 108 unique combinations. These com-
binations’ frequency and spatial distribution defined the cites’
morphological character and summarised the urban pattern language. In
Beijing and Singapore, the top ten combinations account for approxi-
mately 65.63 % and 50.35 % of the morphological patterns refer to
Appendix 2a & 2b. To uncover the urban pattern language for Beijing
and Singapore, we displayed a few areas in Beijing and Singapore where
the most frequent combinations are clustered, as shown in Figs. 6a to 6h.
These combinations, when viewing their spatial distribution in
conjunction with the satellite imagery, provide a more vivid description
of the morphological aspect of the cities’ urban landscape.

The difference in urban pattern language between Beijing and
Singapore is compelling. The most common combinations for both cities
are observed in historical districts and housing estates. The typical
housing estate for Beijing is illustrated in Fig. 6b and d. They are either
Primary centres with Hybrid Street patterns, High to Medium-rise Strip
and Block plots featuring high development intensity or Tertiary centres
with Hybrid Street patterns, Medium to low-rise Strip plots focusing on
housing needs. In Singapore, the housing estates are largely dominated
by the HDB (Housing and Development Board) developments shown in
Fig. 6e, featuring a secondary centre with an organic street pattern and
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Medium to low-rise trip plots. The historical district is also very different
for both cities, where Beijing shows a primary or secondary centre with a
hybrid street pattern and higher density in Fig. 6a and c. Singapore’s
historical district features a Tertiary Hybrid Low-rise strip and block
combination in Fig. 6g. More distinctions could be informed using the
urban pattern language; for example, the Industrial & Logistic Park
shown in Fig. 6f, is also an important part of the case study area in
Singapore, while this type of urban layout did not make a significant
presence in the case study area of Beijing. In both cities, the point-type
plots, although marked a significant presence by count, are mostly ser-
vice buildings in housing estates and parks, which only occupy a smaller
land. Thus, they are not apparent in the satellite image.

The different choice of urban patterns and their distinct combination
preference suggest a deep-rooted connection between cities’ context and
the resulting urban pattern language. This context could be about the
urban planning strategies tailored to the unique socioeconomic char-
acteristics of each city, or it could be about the cultural and aesthetic
preferences of the residents that collectively shaped the unique pattern
languages. Given this paper’s research scope and focus on introducing a
new concept, we do not further investigate the reason behind all the
discoveries depicted in this case study but hint at it as an opportunity for
future work and follow-up studies. Nevertheless, this case study reveals
the intricate interplay between various urban patterns. Moreover,
distinct urban pattern languages represented by the different composi-
tional relationships between the multi-scalar patterns of Beijing and
Singapore are also uncovered. Our case study fulfilled our research ob-
jectives by aligning closely with its initial objective: to develop a
comprehensive understanding of urban morphology through a multi-
scalar lens. The results illustrate how the chosen patterns of poly-
centricity, street pattern, and spacematrix are effective tools for
decoding the complexities of the urban environment.
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5. Discussion

The preliminary case study confirmed the premises of our proposed
urban pattern language approach in urban analytics, design, and plan-
ning: the relationship exists between various patterns. It is distinct
enough to reflect the different urban contexts. Here, we define the
relationship between the patterns and the language. Hence, as urban
researchers and planners, we must consider the interplay between urban
elements and patterns at different scales. It also provides new research
directions to investigate the relationship in detail. Some of these re-
lationships could be top-down, where the street pattern defines the plot
size and building form, or bottom-up, where the block typology collec-
tively defines a city centre. Given the current information and research
scope, this paper cannot conclude the causal relationship. Furthermore,
differences in the compositional relationships between urban patterns
are revealed, highlighting variations in how multi-scale spatial struc-
tures interact across different cities. Thus reflecting each city’s unique
historical, cultural, and socioeconomic context. They are theoretical and
practical, guiding urban analysis, planning, and design. Identifying and
understanding urban pattern language also offers several potential
benefits for policy. By systematically decoding the structure of urban
form, policymakers can gain insights into the functional and cultural
rationale behind city layouts. This understanding could inform targeted
urban interventions that align with a city’s unique morphological
characteristics, promoting policies that respect existing spatial patterns
and enhance their functionality. Additionally, a well-defined urban
pattern language could support data-driven decision-making, enabling
cities to tailor zoning laws, transportation networks, and public space
planning to better suit their specific spatial configurations. Building on
this rationale, we discuss further completing this urban pattern language
framework and what it could mean for urban professionals.

5.1. Function and performance of urban pattern language

First, the urban pattern language is still far from complete, given the
current premise that relationships between patterns exist. Tracing back
to the very definition of a pattern language, which inherently in-
corporates the consideration of function and performance by definition:
a set of patterns to solve reoccurring design problems. The design
problem is missing in our current framework: what is the function
behind the urban patterns and their combination? How do we assess
their performance in fulfilling their functions? These are crucial appli-
cation aspects that directly address urban professionals’ needs. It is
crucial to understand the function behind each pattern, why it exists,
and its purpose.

Other than the Form-Based Code mentioned earlier, the Sponge City
Initiative is a significant example of the function of formulating the
urban pattern language across different urban elements and scales.
Sponge City uses ecological design to slow down rainwater drainage
through urban infrastructures to prevent flooding and promote sus-
tainability (Chan et al., 2018). The Sponge City design exemplifies how
urban pattern language can extend beyond morphological descriptions
to encompass performance-driven urban design strategies. By inte-
grating multi-scalar patterns, such as permeable surfaces, green infra-
structure networks, and hydrological corridors, Sponge City
interventions can be systematically decoded into a pattern language.
This framework can potentially be applied to more urban policy, plan-
ning, and design topics that contribute to sustainability (Dastjerdi & Lak,
2023).

Incorporating performance metrics into the pattern language
framework offers a way to evaluate the effectiveness of urban designs.
Performance can be measured regarding urban vitality, bikeability, ac-
cess to amenities, environmental sustainability, and social inclusiveness
(Ghavampour & Vale, 2019; Sharifi, 2019a; Talen, 2012; Wang, 2021;
Ye et al., 2018). By integrating these aspects, the pattern language
approach can evolve from a purely morphological analysis to one that
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considers the lived experience of city inhabitants. Urban scholars and
planners are no strangers to the myriad studies on how urban forms
interplay with various emergent urban performance indicators in to-
day’s dynamic landscape. The quest to correlate urban form with
emergent dynamic data has taken centre stage over the past decade. Be it
environmental indicators such as energy consumption (Bielik et al.,
2019), urban heat island effects (Liu et al., 2021), pollution (McCarty &
Kaza, 2015), and disease transmission (Venerandi, Aiello, & Porta,
2023); economic patterns examining facets like income distribution (Liu
et al., 2021) and property values (Webster, 2010); or sociocultural
patterns exploring crime rates(Mao, Yin, Zeng, Ding, & Song, 2021),
urban vitality (Wang & Vermeulen, 2021), and social segregation
(Salazar Miranda, 2020) - there has been a burgeoning interest in
deciphering these interrelationships. The rationale behind this surge is
clear: understanding these associations can provide invaluable insights
that guide urban development strategies, ensuring cities are sustainable
but also equitable and vibrant (Alves, van Opstal, Keijzer, Sutton, &
Chen, 2024). While scholars are trying to establish such relationships, in
this expanded framework, pattern language becomes a tool for
describing the urban form and predicting and optimising urban function
and performance. By a comprehensive understanding of function, form,
and performance, urban pattern language can guide future urban plan-
ning and design decisions towards creating cities that are not only
aesthetically pleasing and culturally resonant but also efficient, sus-
tainable, and conducive to the well-being of their residents.

5.2. An extendable framework

We must emphasise that pattern language is an adaptive framework
capable of incorporating a wide array of patterns that extend far beyond
those examined in our case study. This study represents merely an initial
foray into the potential applications of pattern language in urban
landscapes. The flexibility of this approach allows for the inclusion of
additional critical patterns in urban planning that may emerge from
future technological and societal developments. Incorporating such
patterns is not merely an academic exercise; it holds practical impor-
tance in addressing the growing challenges of urban environments. As
cities become more dynamic and their demography changes, the range
of relevant urban patterns will undoubtedly expand. Such as the digital
infrastructure layouts and new urban mobility networks in the smart city
initiatives (Fakhimi, Khani, & Sardroud, 2021; Richter, Hagenmaier,
Bandte, Parida, & Wincent, 2022). These elements are vital to a city’s
functionality, sustainability, and resilience. Future research could also
explore how urban pattern language accounts for the temporal evolution
of different urban elements. This would involve analysing historical
datasets to assess how spatial patterns change over time, potentially
enhancing the framework’s applicability in dynamic urban environ-
ments. As societal change and technological advancement pose new
requirements, the urban pattern language framework is structured to
evolve by incorporating the latest research findings and emerging urban
trends. It has the potential to integrate interdisciplinary studies,
encompassing sociological, environmental, and technological perspec-
tives. This integration ensures that urban planning and design are
responsive to current and future needs, facilitating the development of
efficient and adaptable cities that are liveable and responsive to their
inhabitants’ needs.

In short, as we advance this framework with more relevant patterns,
functions, and performance evaluations, we envision an urban pattern
language that is not static but grows with the city it describes. It will be
capable of accommodating the complexities of urban ecosystems,
reflecting changes over time, and providing a living document of urban
evolution. This extendable nature empowers urban professionals to plan
for the present and lay a foundation for future generations to build upon,
adapt, and improve. It can guide the development of smart cities where
the interconnectivity of systems can be planned with precision (Lv, Hu,
& Lv, 2020). It can also inform the preservation of historical urban forms
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(Gong, Li, Tong, Que, & Peng, 2023; Wang & Gu, 2020; Whitehand &
Gu, 2007), ensuring that new developments respect and enhance the
city’s existing character. In essence, the urban pattern language is a tool
for continuity and change, providing a structured yet flexible approach
to urban development that is sensitive to the needs of both the city and
its residents.

5.3. The vernacular pattern language

The case study vividly illustrates that Beijing and Singapore possess
distinct urban pattern languages, potentially reflecting their unique
historical, cultural, and socioeconomic contexts. This distinctiveness is
not merely an academic observation but holds profound implications for
vernacular and contextual urban analysis, planning, and design. In
Beijing, the pattern language is associated with the city where tradi-
tional and modern elements are interwoven, reflecting its long history
and rapid contemporary development. The city’s morphology, charac-
terised by a mix of street patterns and a preference for strip-shaped
developments, mirrors its complex socio-political landscape and urban
growth strategies. Conversely, Singapore’s pattern language speaks to
its strategic urban planning tradition (Yuen, 2009), which prioritises
adaptability, environmental consciousness, and community-centric
development (Cho & Kriznik, 2017; Ooi, 1992; Wong et al., 2008).
The prevalence of hybrid and organic street patterns and a balanced mix
of building forms in Singapore underscores a deliberate effort to
harmonise urban growth with quality of life and sustainability. The
distinctive pattern language is a potent indicator of a city’s underlying
socio-political, economic, and cultural fabric. The observation that the
same street pattern prompts a diverse composition of block typologies in
Singapore and Beijing is telling. It reflects not merely the higher popu-
lation density of Beijing but also hints at differing urban planning
strategies.

The divergent pattern languages potentially shed light on broader
societal structures and values. While the patterns themselves might be
universal, like the types of street networks and the shape of the building,
the choice of pattern and their multi-scale combination will be deeply
local, rooted in the specificities of a particular urban environment
(Wang & Gu, 2020). Thus, the vernacular pattern language is enabled in
two ways. First, it results from the different combinations of universal
patterns from the various scales. Second, it lies in the different choices of
patterns and their combination by different cities. Each city’s unique
history, culture, and geography will have its own preferential set of
patterns. Just as in architecture, the vernacular is reflected in the multi-
scale patterns from the arrangement of space to finer patterns about the
roof structure (Habibi, 2019; Rapoport, 2003); the vernacular in a larger
urban context could be potentially reflected in the multi-scalar urban
patterns. Together, they provide enough diversity of urban morphology
within and between cities to create a dynamic and vibrant built envi-
ronment. Applying a pattern language approach strongly resonates with
the typo morphology mentioned earlier (Samuels, 2008). Evgeniya and
her colleague have exemplified some groundwork, where she uses a
combination of patterns from various urban elements to reveal the
different plot systems in five European cities (2021). They offer
invaluable insights for urban planners and designers, emphasising the
need for context-sensitive approaches that respect and leverage each
city’s inherent character and needs. The distinct urban pattern lan-
guages of Beijing and Singapore underscore the importance of recog-
nising and preserving the vernacular identity of cities in the face of
global urbanisation trends.

Nevertheless, it is imperative to acknowledge the study’s limitations
and the need for a critical self-appraisal. While the Urban Pattern Lan-
guage has shown potential, its application is in its nascent stages, and its
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adaptability across a broader spectrum of global urban settings remains
to be thoroughly tested. Furthermore, this preliminary study establishes
the foundational relationships between different urban patterns but does
not exhaustively account for the socio-political and economic variables
that also shape urban landscapes. Looking ahead, there exists an op-
portunity for future research to extend the Urban Pattern Language,
incorporating a wider array of urban elements and patterns. This
expansion would enable a more holistic urban planning and design
strategy that seamlessly blends functionality with sustainability. For
urban professionals, the insights gleaned from this study are a step to-
wards a deeper understanding of urban morphology. Yet, continuous
refinement and critical examination of the Urban Pattern Language will
be essential for its evolution into a robust tool for creating vibrant,
sustainable, and resilient urban spaces.

6. Conclusion

This work formalizes Urban Pattern Language, an extendable
framework for understanding urban form through pattern language,
offering a structured approach that integrates existing methodologies
and enables future refinements for diverse urban applications. It pre-
sents a comprehensive methodological framework that can adapt to
diverse urban contexts, as demonstrated through our comparative case
study of Beijing and Singapore. Through the analysis of macro, meso, and
micro scales, the research demonstrates how urban patterns serve as a
lens through which the intricate tapestry of urban form can be under-
stood and navigated. Our current study is an initial attempt to discover
and quantify these urban patterns as they manifest in diverse scales,
aligning with Alexander’s framework but focusing primarily on identi-
fying patterns and exploring their spatial arrangements. This founda-
tional analysis is the first step in applying Alexander’s theory in urban
studies and planning.

The preliminary study reveals that urban patterns follow consistent,
hierarchical relationships within each city yet vary significantly be-
tween cities, highlighting distinctive urban identities shaped by local
context. This confirms the existence of a structured relationship among
patterns at different scales and underscores the value of the Urban
Pattern Language in capturing and interpreting the specific urban
morphology of each city. These findings offer a replicable framework for
urban planners and researchers, enabling them to navigate and apply
multi-scalar spatial insights in diverse urban settings.
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Definition

Value remark

Calculate the graph’s average edge length.
It is the shortest distance between the two most distant nodes in the network.

Circuity is the sum of edge lengths divided by the sum of straight-line distances between edge
endpoints.

Orientation entropy is the entropy of its edges’ bidirectional bearings across evenly spaced bins.

graph’s average node degree (in-degree and out-degree)

Calculate the percentage of edges that are self-loops in a graph.
The proportion of nodes with two streets connected

The proportion of nodes with three streets connected

The proportion of nodes with four streets connected

Appendix
Appendix 1
List of Street Metrics to identify street pattern.
Metric
Composition Street Length
Diameter
Circuity
Orientation
Entropy
Configuration  k avg
Self-loop
L-junction
T-junction
X-junction
Explanatory Degree Pearson

Transitivity

Global reaching
centrality

Global Efficiency

Compute the degree assortativity, which is the similarity of connections in the graph concerning
the node degree, which means the number of streets connected to a street junction.

The ratio between the observed number of triangles and the number of closed triplets in the
graph

The global reaching centrality of a weighted directed graph is the average over all nodes of the
difference between the local reaching centrality of the node and the greatest local reaching
centrality of any node in the graph.

The average efficiency of all pairs of nodes in a graph is the average multiplicative inverse of the
shortest path distance between the nodes.

In meters

In meters

higher value implies slower movement
through the network.

1to %m

higher value implies the street is more
circular

1.386 to 3.584

higher value implies the streets are more
ordered.

higher value implies better connectivity
with more route choices.

Oto1l

Oto1l

Oto1l

Oto1l

-1to1l

higher value implies the streets are more
ordered.

Oto1l

Higher value implies the network
contains internal communities.

Oto1l

A higher value means the network shows
a more hierarchical structure.

Oto1l

A higher value means the network shows
better accessibility.

Data availability

Data will be available at the university’s open data platform.

Appendix 2a
Top 10 pattern combinations by count in Beijing.

1 Secondary Hybrid Low-rise Point 13.44 %

2 Secondary Hybrid Medium-rise Strip 12.73 %

3 Primary Hybrid Low-rise Point 7.20 %

4 Secondary Hybrid Low-rise Strip 6.82 %

5 Primary Hybrid Medium-rise Strip 5.89 %

6 Tertiary Hybrid Medium-rise Strip 5.22 %

7 Tertiary Hybrid Low-rise Point 4.73 %

8 Primary Hybrid Low-rise Strip 3.40 %

9 Secondary Hybrid Low-rise Block 3.15%

10 Tertiary Hybrid Low-rise Strip 3.05 %

Appendix 2b
Top 10 pattern combinations by count in Singapore.

1 Tertiary Hybrid Low-rise Strip 6.79 %
2 Secondary Hybrid Low-rise Strip 6.07 %
3 Tertiary Hybrid Low-rise Block 6.06 %
4 Tertiary Organic Low-rise Point 6.01 %
5 Secondary Hybrid Low-rise Block 5.02 %
6 Secondary Hybrid Low-rise Point 4.33 %
7 Tertiary Organic Low-rise Strip 4.18 %
8 Secondary Organic Low-rise Strip 4.01 %
9 Tertiary Cul-de-sac Low-rise Point 3.95 %
10 Secondary Organic Low-rise Point 3.94 %
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