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The physical appearance of the built urban landscape is the result of multiple, intertwined processes. The
relationship between the existing morphology and the diversity of planning processes, however, has been little
studied empirically at a global scale. In this study, we develop an ontology of planning intensity: conceptualizing
intemediate categories of whether an urban structure is planned single-handedly or constantly updated by
myriads of participants. Thus, we move away from the ’planned/unplanned’ dichotomy and develop a contin-
uum of Intensity of Plannedness (IoP). The focus of research is whether these conceptualized categories of IoP
show demonstrable differences in morphology. Hence, we operationalized the urban structure by three structural
elements: buildings, morphological units and streets. Curating geodata on 381 study sites across the globe, we
empirically investigate the relation of the IoP to the structural complexity of the urban fabric. Tests of signifi-
cance of difference and post hoc analyzes are performed on the statistical distribution of structural complexities
of the categories of IoP. This study proves empirically that the distinct IoP has significantly contrasting structural
complexities. From this, we conclude that there is indeed a relationship between both, the intensity of the process
of planning and the resulting urban morphology and that this relationship is non-linear.

1. Introduction Plannedness (IoP). The Intensity of Plannedness is a scale characterizing

how acutely and completely an urban space is designed. It follows the

How is the built city shaped? Sometimes, the form of the city emerges
from a totally unplanned process. Occasionally, on the opposite, its
design is subject to a completely planned operation. However, staying at
this simplistic dichotomy does not give its credit to the rich diversity of
urban processes, as a given city or settlement does not necessarily fall
easily into the categories fully “planned” or totally “unplanned”. In this
research, we investigate a concept that we coined the Intensity of

idea that there exists a conceptual continuum between two archetypical
extremes of city-making that we could call “total design” and “total self-
organization”.Fig. 1.

Prior to the works of C. Alexander and J. Jacobs, modern and pre-
modern approaches on urban making theory were attached to explain
the strive of cities and the collective qualities of urban life by focusing
almost exclusively on the planning of the materiality of the built-up

* Corresponding author at: Data Science in Earth Observation, Technical University Munich, Munich, Germany.
E-mail addresses: henri.debray@dlr.de (H. Debray), nicolas.kraff@dlr.de (N.J. Kraff), xiaoxiang.zhu@dlr.de (X.X. Zhu), hannes.taubenboeck@dlr.de

(H. Taubenbock).

https://doi.org/10.1016/j.landurbplan.2023.104711

Received 28 June 2022; Received in revised form 27 January 2023; Accepted 29 January 2023

Available online 14 February 2023

0169-2046/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:henri.debray@dlr.de
mailto:nicolas.kraff@dlr.de
mailto:xiaoxiang.zhu@dlr.de
mailto:hannes.taubenboeck@dlr.de
www.sciencedirect.com/science/journal/01692046
https://www.elsevier.com/locate/landurbplan
https://doi.org/10.1016/j.landurbplan.2023.104711
https://doi.org/10.1016/j.landurbplan.2023.104711
https://doi.org/10.1016/j.landurbplan.2023.104711
http://crossmark.crossref.org/dialog/?doi=10.1016/j.landurbplan.2023.104711&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

H. Debray et al.

Ontology of the
Intensity of Plannedness

Landscape and Urban Planning 233 (2023) 104711

~
Statistical
Results
analyses
J/
section Ill) D) Section IV)

(loP)
f N\
Assessment of
the loP
. J
Table 1 Section Ill) B)
section Il) C)
i A 4 a
Computation of Computation
the
. of structural
morphological .
complexity
parameters ) \_
Table 2 section Ill) C) 3)

section Ill) C) 2)

Fig. 1. Workflow of the study.

environment and the services offered in the city (Batty & Marshall,
2012). The shift proposed in (Alexander, 1965; Jacobs, 1961) was to
consider these qualities of urban life in their relation to the subjective
and inter-subjective aspirations of individuals and groups (Cozzolino,
2018). These new paradigms are giving their due importance to the
social structure in the design and control of space (Cozzolino & Moroni,
2021; Cozzolino, 2020; Kostof, 1991b; Kropf, 2009; Lynch, 1984), the
relevance of the contribution of the ordinary inhabitants (Cozzolino,
2021; Jacobs, 1961; Noizet & Clémencon, 2020; Tonkiss, 2013), because
of their influence on the resulting diversity and complexity (Batty &
Marshall, 2012; Batty, 2005, 2009; Bettencourt, Lobo, Helbing, Kiihnert,
& West, 2007; Jacobs, 1961; Moroni & Cozzolino, 2019; Portugali &
Stolk, 2016; Salat, Bourdic, & Labbe, 2014), and in the ensuing enabling
of incremental adaptivity (Akbar, 1988; Cozzolino, 2020; Habraken,
1998; Hakim, 2014).

In this work, we draw from this theoretical background, especially
from the importance it attaches to the actions of individuals, the in-
teractions between them, and the social processes emerging from it
(Moroni & Cozzolino, 2019).More specifically, we see the IoP as both, an
emerging result of the social processes, but also as the social frame to
which the making of the built-up environment is conditioned to.

By acknowledging the contribution of the ordinary city dwellers to
their direct environment, this shift of paradigms enabled to look past a
too rigid dichotomy between “planned” and “unplanned”. In their book
“Collage City”, Rowe and Koetter (Rowe & Koetter, 1978) developed the
idea of “total design” or “total planning”. This can be understood, per
negative, as the acknowledgment of the existence of “non-total plan-
ning”: a state below “total planning” still pertaining to the notion of
“planning” thus, an in-between “planned” and “spontaneous”. Later, and
more conclusively, Habraken was among the first to propose to see it as a
combination of top-down and bottom-up processes in relation to hier-
archical overlapping of “fields of control” of different scales (Habraken,
2016, 1987, 1998); Kelso (Kelso, Portugali, & Stolk, 2016) described this
intermediary state as the synergetic combination of the complementary
pair “self-organization — design”.

Among the research fields conceptualizing the spectrum between
“spontaneous” and “planned”, it is interesting to mention the contribu-
tion of the study of informal settlement. Noticeably with Kuffer et al.
(Kuffer, Barros, & Sliuzas, 2014) proposing an “unplanned settlement
index” to describe morphologies of informal settlements and Dovey et al.
with their work (Dovey & Kamalipour, 2017; Dovey, 2020) on the
morphogenesis of informal settlements proposing to consider their

morphogenesis as indexed to a gradient of formality both, at the urban
design level but also at the architectural level.

Congenially, a few urban thinkers and historians employed them-
selves to unfold the multi-dimensionality of this spectrum: Ikeda (Ikeda,
2017) proposed to take in account the “scale of design” and the “passage
of time”; stepping on these spatial and temporal extent, Cozzolino
(Cozzolino, 2018) added that the “level of spontaneity” in urban context
is tributary to the initial physical dimension and, more critically to the
social dimension. More recently (Cozzolino, 2020) proposed a richly
multi-factorial set of attributes characterizing the spectrum between
“anti-adaptive neighborhoods” and “adaptive neighborhoods” including
the evolution in time of the attractiveness, the scale of design, the
amount of designers, the construction time, the types of planning rules,
the diversity and interrelations of functions, the amount of public open
spaces and the ownership system (further developed in (Cozzolino &
Moroni, 2021; Cozzolino & Moroni, 2022)). Focusing on the French
context, Noizet and Clémencon (Noizet & Clémencon, 2020) proposed to
conceptualize a typology of “lotissement” (allotment) ranging from “a
minima” to “a maxima” planning. This typology presents 6 levels based
on the inter-relation of buildings, parcels, streets, “morphological urban
islands”, showcasing, as in the works of Ikeda and Cozzolino et al.,
connections with the concepts of ownership and asynchrony.

Despite this acknowledgment of intermediary states between
“planned” and “spontaneous” in the literature, there exist, to the best of
our knowledge, no comprehensive operationalization pertaining to the
spectrum of these states fitting global scale analysis. Therefore, the first
aim of this study is to develop an ontology of the IoP.

The second aim of this work is to investigate the hypothesis that form
of the built-environment relates to the IoP. On one side, the assumed
main tool of urban planning is, in itself, carving, in a top-down manner,
a specific design in the intra-urban morphology (Batty & Marshall, 2009;
Kostof, 1991b). On the other side, the self-organization as well, has its
way of inscribing itself spatially in the urban morphology, this time in a
bottom-up manner that is often described as presenting “organic” or
“instinctually-grown” patterns (Batty & Marshall, 2009; Kostof, 1991b;
Larkham, 1992). In fact, if both paradigms shape morphology, the
resulting layouts cannot be more strikingly different (as exemplified in
Fig. 2). As such, our hypothesis is that the continuum between both will,
in turn, propose a wide range of morphological manifestations. There-
fore, we want to address in this study the question whether the here
conceptualized IoP is incrusted in the intra-urban morphology in a such
a way that it is reflected in a spatially measurable way?
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Fig. 2. (From left to right, from category Extremely spontaneous to Completely planned) Caracas, Kyoto, Paris, Chicago, Cairo).

To answer this question, we follow a qualitative and quantitative
approach to study intra-urban morphology. Following studies such as
(Boeing, 2019; Dibble et al., 2019; Rashid, 2017; Fleischmann et al.,
2021; Pont and Olsson, 2018; Taubenbock et al., 2018b), we evaluate
the statistical dependencies between quantitative morphological fea-
tures and our qualitative characteristic, the IoP. Our empirical investi-
gation is based on 381 study sites around the world.

Summarizing, the scientific contribution of this paper is twofold: 1)
Develop and propose an ontology of IoP that we use to 2) empirically
investigate at a cross-cultural, global scale to which extent the IoP in-
scribes itself into the urban physical form.

To do this, we first develop a conceptual basis to define the IoP of
settlements in section II). We ground this concept on a literature review
that allows to lay a theoretical foundation and to elaborate the practical
elements needed for an empirical investigation. We collect common
traits and differences of generic urban processes among cities and we
abstract them to specific levels of IoP. We operationalize this by three
structural elements: the buildings, the morphological units and the
streets (Table 1).

Second, in section II)A), we present how we select the largest
possible number of study sites across the globe where we find both,
reliable specific information on the undergone urban processes’ strata
and where appropriate geodata is available.

Third, in section III)B), we describe how, we assess qualitatively the
IoP of the structural elements for each settlement.

Fourth, we summarize in section III)C) how we estimate the struc-
tural complexity of the intra-urban morphology of our study sites on
vector geodata. We first give a summary of the vector geodata we use in
section II)C)1). Subsequently, in section II)C)2) we present the
computation of a set of morphological features indicative of urban
planning on the different structural elements. In section III)C)3), we
explain how we compute, the joint entropy of the value’s distribution for
sets of morphological features for a settlement as a proxy for the struc-
tural complexity of the morphological patterns of the settlement.

Finally, in section III)D), we describe how we statistically analyze the
obtained diversity measure across the categories of IoP in order to
investigate whether correlations between the conceptualized IoP and
physical appearance are significant.

With the concept of the IoP, we aim to contribute to the development
of a theoretical foundation of the notion of intermediate degrees of
plannedness of the urban form. By showing that the intra-urban
morphology is charged with social values generated by different types
of politic, economic and social structures, from the most monopolized to
the most dispersed, we aim to highlight the relevance of the IoP for

policy making. Although the concept of IoP may not have a direct impact
on local planning decisions, we believe that this conceptual tool could be
useful for studies and discussions on policy design.

2. Concept and ontology of the intensity of plannedness

A. Intensity of Plannedness and intra-urban morphology: Theoretical
background.

In this study we propose a conceptual framework in which we
consider the morphological configuration of a city as a result of the
liberty, or lack of it, with which inhabitants shape their living envi-
ronment over time.

The physical layout of cities is the artifact of cumulative processes of
construction, destruction, renovation, replacement, and replenishment
(Conzen, 1960; Kostof, 1991a, 1992). Those transformative actions,
those modifications, in their great majority, are sought by agents. The
type of those agents and their intentions come in great diversity. It could
be a speculative investor transforming open lands into marketable plots
in Los Angeles (Kostof, 1991b); a centralized socialist state curating the
city of Moscow with large housing estates to propose a solution to an
accommodation crisis in compliance with its ideals during the Socialist
Realism movement (Kostof, 1991b); or a Peruvian farmer leaving his
village in the Selva, informally building a brick house in the foggy hills
of San Juan de Lurigancho in north of Lima (Inostroza, 2017; Riofrio,
2003; Turner, 1967). All those actions, exemplified here, leave a trace in
the morphology of a settlement with their diversity of processes, tech-
nical solutions and scales. In turn, the physical layout is the cumulative
result of a plethora of such processes. To unveil the specific variations of
the exact process that formed a settlement as a whole, to say who built
what, how and in which purpose, is a tedious task that one could claim to
achieve only with great care and abundant contextual knowledges (M.
R. G. Conzen, 1960; Kostof, 1982; Kostof, 1991b). This in-depth
morphogenetic analysis is a challenging goal for a single city, let alone
a consistent cross-cultural global investigation.

In our study, the goal is not to achieve such a detailed investigation,
rather, we propose a more abstract approach, suitable for a large-scale
global cross-cultural study. As developed by (Lefebvre, 1974), cities
are the projection of the sociological interactions on the ground, or in
other words by (M. P. Conzen, 1980), writing about the form of cities:
“Few social values and actions are so abstract that they fail to be reflected in
material forms”. Here, we aim to find in settlements the morphological
reflection of the two main relations to the space defined by (Lefebvre,
1974), i.e. the appropriation of space and the domination of space.
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Table 1

Ontology of the ‘intensity of plannedness’ using five structural categories and three defining structural element.
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Characteristic urban processes for the different categories of intensity of plannedness

Extremely spontaneous

Predominantly
spontaneous

Evenly spontaneous and
planned

Predominantly planned

Completely planned

Structural
elements

Buildings

Morphological
Units

Streets

Buildings are mostly self-
constructed individually
by its future user. As such,
there is no official general
or organized plan for the
building disposition and
no explicit concerted
decision to build in a
certain way. As work force
for building is limited,
circumstances mean that
the choices of structures
and building materials to
be used is limited.
Therefore, the buildings of
the overall settlement will
be rudimentary, often of
makeshift character, and
quite limited in their
diversity.

Morphological units
emerge haphazardly, by
conglomerating buildings
for practical reasons,
being mostly reducing
distances for rapid access
to outbuilding and
annexes. People develop
these units in free range,
over time and in a non- or
loosely concerted manner.
Therefore, the
morphological units exist,
in the settlement, in a
large variety of types of
conglomeration, each
specifically meant to fit
the need of its direct local
users.

The streets emerge from
frequently used non-built
trails and pathways that
people use to connect
buildings or places. In
dense situations they are
defined by the
surrounding private
spaces and thus are
tributary from their
shapes. They tend to
follow a logical path of
least energy or least
commutation time making
them prompt to follow the
topology and avoid
obstacles.

Buildings are either self-
constructed by the main
users with the help of
other members of the
local community or the
construction process can
be delegated to more
specialized people. Both
ways provide more work
force and provide more
elaborated structures
that are disposed in an,
at least implicitly,
accepted manner by the
community. As the
workforce is typically
drawn from a small pool
of local people, who
often share same skills,
hence producing some
norms of building in a
manner tributary to local
resources and culture.
This enhances only little
variety in the buildings’
type.

The community
implicitly, or explicitly,
designed or regulated
specific places as
commons over time.
Morphological units are
constrained to form
outside such areas. Those
common places, being
non-buildable or public
places (e.g. streets or
squares), define the
outermost extension the
private space can take in
the morphological units.
The inner part of the
morphological unit is not
constrained in the
exception of possible
inner streets -and
squares.

The streets of the
settlements are subject to
common rules of habits
aiming at facilitating
their overall use by
granting access to the
buildings and to improve
the basic freedom of
movement. The street
network is usually
renovated in this sense
but it still inherits from
the shapes of former
patterns or is impacted
by the topology.

Buildings are constructed
in the frame of explicit
rules such as implemented
cadastral parcels division
of the land and norms of
constructions. The owners
acquire the parcels and
have the buildings
renovated or built anew to
their idea. As such, the
owners rely on significant
enough financial funds and
are likely to rent the
edifices for at least
recovering the investment.
Therefore, the users of the
buildings are unlikely to be
the owners. The variety of
buildings can be high to the
measure of the diversity of
funds of each agent and of
the diversity of dates of
building, but is nuanced by
the constraints related to
the norms, already pre-
existing parcels, and the
homogeneous skills of
different local building
companies.

The relation of the limits of
the morphological units to
the public places in the
district or the city is
explicitly regulated to ease
the design of streets, for
rights of way, for the access
to the sunlight or for
esthetic reasons. This
regulation implies
definitions of how the
frontage of the lots of land
sets back from the public
place. This control of the
buffer between the outer
built -or owned -perimeter
of the morphological units
and the public places, in
turn, means that the outer
perimeter of the unit is
defined by the lots.

The street network is
planned according to a
system. This system is
thought to improve the
quality of the network in
regard of specific aspects
through regulations (e.g.
street geometry
standardization). The
system can concern the
entire network or focus on
a specific level of
hierarchy.

Buildings are constructed
typically in planned zones
where cadastral parcels
are already
systematically structured
in their layout by the
local planning
authorities. Parcels are of
middle size or composed
of small sized ones that
can be combined easily
into single ones. This
allows private individuals
or real estate companies
to construct buildings ata
larger scale. This is
reflected — by either large
and/or high structures
built by a single
company, large low-rise
residential areas
commissioned to multiple
building companies, or
medium-scaled medium-
rise residential areas built
by a single company. As
such, there is a tendency
for standardization of
building types.

Rules are implemented
that seek to respect
theorized optimal
densities for the
morphological unit as a
block. The rules can
concern the width, the
spacing of the parcels or
the depth by which they
can be built. Those
policies concerning the
density can range from
taxation system to
enforcement of specific
buildable space in the
lots. This process often
benefits from an already
laid out street network
hosting surveyed plots
ready to be bought
rendering the policies
easier to apply.

The street network is
designed to accommodate
an area as large as a
district. It is often
planned prior to the
existence of the
settlement or else, in a
massive renovation
project. The planning
follows systematically
norms and a goal of
optimization (most of the
time to ease the
circulation of vehicles).

Buildings often originate
from large-planning
policies and legally-
binding land use plans.
The cadastral system is
generally designed at a
coarse scale and the
parcels are designed to
host big estates. Thus,
only local governances,
big real estate companies
or rich private individuals
can afford to own them
and to build on them. Asa
result of the dimension of
the programs, a small
pool of companies has the
technical capacities to
develop these buildings.
This can lead to either
single or few monumental
buildings int the case of
limited scale programs.
Alternatively, in large
programs, the economy of
scale in the design, in
making, in logistic, etc.
tailors a masterplan based
on replication, and tends
to enhance a strong
standardization of the
buildings.

The morphological unit
and its constitutive
buildings are the result of
a single design. Due to the
monetary costs of such
projects, agents planning
such unit might be ones
having enough fund to
design multiple units on
larger area. The
morphological units
follow strictly local norms
and rules such as the
density and the height-
distance to road ratios. As
consequence of those
rules, the streets are not
necessarily anymore an
element constraining the
extent and the
morphology of the
morphological unit.

The street network is
completely designed. It
originates from a single
entity being in charge of
deciding the layout of a
new district, or a
complete city with the
street network being its
structuring backbone. To
comply with accepted
theories (on the ‘ideal
city’ or on circulation for
examples), a strong
hierarchy will be
implemented between the
different streets. This will
often support the
argumentation for
specific designed
patterns.
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What Lefebvre defines as ‘domination of space’ are the collective
measures concerning planning (urbanism ordinances, rules and codes,
hygiene and security rules, planning projects, administrative and man-
agement norms, norms of real estate, police, among others), over-
lapping, in our case with the notion of “design control” (Cozzolino,
2020; Habraken, 1987, 1998). In summary, this comprises top-down
planning rules, norms and ordinances (Portugali, 2016). The effects it
has on the physical layout can be stereotyped by the extreme example of
master plans that strictly design the urban environment, but also by the
less extreme example of ordinances regulating the distance of buildings
to the road, conferring specific aesthetic character to street corridors.

On the other side, the bottom-up initiatives such as building, reno-
vation, decoration, occupation, cleanness, co-security, among others are
what (Lefebvre, 1974) describes as ‘appropriation of space’. The way
this “appropriation” inscribed itself in the urban layout can be grasped
in its cumulation when considering the uncoordinated apparition of
informal settlements, shaped by the accretion of individually built
buildings in a seeming haphazardly arrangement. Or, more discreetly,
by the way specific buildings are renovated, making them standing out
of its neighbors, despite having been originally built in the exact same
way at the same time.

In our conceptual frame, we argue that the physical layout of the city
is the evolving compromise of the transformative actions originating
from those two social relations to the urban space, the complex dialectic
relation between bottom-up and top-down processes.

As the relative importance of both types of processes exist in many
variations and equilibria, cities, quarters, neighborhoods, or plots can
vary from extremely spontaneous to completely planned, although a
large number of urban areas falls in between these two extremes. Our
goal is to formulate a categorization that covers the breadth and variety
of morphological manifestations and that establishes the relation to their
“planned” or “spontaneous” origin, by highlighting the characteristics of
their formations. In this scope, we focus on actions that have a direct
impact on the physical layout of cities, ranging from bottom-up,
appropriation processes of ordinary urbanism (Cozzolino, 2021; Noi-
zet & Clémencon, 2020; Tonkiss, 2013) to top-down, control sought
actions and incentives of urban planning (Habraken, 2016; Kelso et al.,
2016).

Both processes shape cities, each in their own ways. Literature shows
that different policies (orientation of urban planning process) (Kostof,
1991a; Taubenbock, Murawski, & Wurm, 2018b) or lack of policies
(room for spontaneous urban process) (Dovey, 2020; Kohli, Sliuzas,
Kerle, & Stein, 2012; Kraff, Wurm, & Taubenbock, 2020a; Kraff, Wurm,
& Taubenbock, 2020b; Taubenbock & Kraff, 2014) lead to different
patterns. We additionally formulate the hypothesis that different nu-
ances of mixtures lead to different patterns as well. Although the com-
binations of spontaneous and planning process are maybe as numerous
as the number of cities on Earth through its whole history, we propose an
abstraction to few categories, i.e. we conceptualize an ontology enabling
the comparison between mixtures. To do so, we define a gradient scale
ordering these mixtures based on the relative importance of spontaneous
urban processes against urban planning processes. We draw on the
categorizations and scales from the works of (Cozzolino, 2020; Dovey,
2020; Kuffer, Van Maarseveen, Sliuzas, & Pfeffer, 2017; Noizet &
Clémencon, 2020; Taubenbock, Kraff, & Wurm, 2018a). In the
following, this scale is what we refer to as the ‘intensity of plannedness’
(IoP) of cities.

We do not envisage a priori the IoP to be a quantitative measure,
rather, we consider it as a qualitative assessment of a level on the
gradient between unplanned and planned. To be able to assess the IoP of
a settlement could be, alone, a challenging work of research in the vein
of the works of scholars such as M.R.G. Conzen (M. R. G. Conzen, 1960)
or S. Kostof (Kostof, 1991b, 1992). Their work should be a memento to
us, not to forget the complexity to endeavor understanding the rich
social dynamics of a place across the epochs down to the last iota of
detail. Nonetheless, in the sake of producing data on the IoP, we have to
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resort to alternatives. Here, we used a hybrid approach, using literature
on contextual and general urban planning history.

Along with our conceptual considerations, one can envision the IoP
as a rough estimate of the balance between the number of people whose
actions created and shaped the city (Moroni & Cozzolino, 2019) and the
number of people living and performing activities in the city. As such,
the layout of a city with a low IoP is understood as the physical result of
the cumulative actions of a large part of its inhabitants. On the opposite,
the design of a city with a high IoP will originate from the intervention of
one single, or very few agents (local governances, big real estate com-
panies, etc.) (Cozzolino, 2020; Moroni & Cozzolino, 2019). Although we
believe the scale between low and high IoP to be potentially continuous,
we aggregate to five main categories covering this continuum. Thus, we
are able to conceptualize and describe these categories. Each IoP cate-
gory is representative of a relative importance of spontaneous urban
processes vs urban planning in their combination. The IoP is presented
in Table 1. The conceptualized categories are: Extremely spontaneous;
Predominantly spontaneous; Evenly spontaneous and planned; Predomi-
nantly planned; Completely planned. These five categories are exemplified
in Fig. 2: From ’organic” and complex, i.e. extremely spontaneous, to
geometric and ordered, i.e. completely planned.

B. The Intensity of Plannedness of Structural elements.

The five settlements shown in Fig. 2 exemplify stereotypizations of
the five conceptualized categories of the IoP. However, among the large
variety of urban processes across the globe, a lot of settlements stray
from these stereotypes. For instance, it is not rare that a street network is
predominantly planned in a gridiron, whereas the buildings are evenly
spontaneous and planned or even are predominantly spontaneous. Indeed,
different structural elements of the settlements’ physical layout do not
result necessarily from the same processes. As such, this non-correlation
of the IoP across different structural elements is depending on the
asynchrony between them, and on the hierarchical nesting of the power
of the different urban agents (Cozzolino, 2020; Noizet & Clémencon,
2020).

For the operationalization of measurability in the physical appear-
ance of cities, we detail our ontology further, so these differences be-
tween structural elements can be addressed. Following the Conzenian
tradition, the physical layout of a city is sketched by its buildings,
streets, and the arrangement of its plots and open spaces (M. R. G.
Conzen, 1960; Kostof, 1991b; Kostof, 1992; Kropf, 1993; Salat, 2011).
Hence, we propose to use three major structural elements, the buildings,
the morphological units and, the streets as illustrated in Fig. 3. We consider
buildings being any type of built structure purposely sheltering people,
wares or activities. We understand the morphological units (MUs) as the
structural element formed by the aggregation of plots (Kropf, 1993), i.e.,
the buildings and their bounded open spaces. Hence, we define the MUs
as the surface on which a collection of buildings in direct vicinity sits,
sharing the same type of topological relationship. The MUs are under-
stood as an extension of the concept of ‘street blocks’ to acknowledge a
specific type of building conglomeration that emerges in contexts of a
low IoP, where building conglomerations may not be defined by streets.
Last, we understand the streets in their large definition of ways where the
public circulation of people and goods is enabled. The computation of
the structural elements is further described in the data section III) b).

We believe that the interplay of these three structural elements
provides an exhaustive overview of the main observable physical layout
of settlements. Beyond, we see these structural elements as direct targets
of transformative actions of urban processes, top-down and bottom-up
alike (Cataldi et al., n.d; Kostof, 1992; Mangin & Panerai, 1999; Pan-
erai, Demorgon, & Depaule, 1999).

C. Ontology of the intensity of plannedness.

Based on all these considerations, we conceptualize, describe and



H. Debray et al.

-

s &
Y Y1
» S 2l IC

Landscape and Urban Planning 233 (2023) 104711

7 ‘//I

=S avn

Fig. 3. Structural elements illustrated for the example of Trier (Treves), Germany. (From left to right) buildings; morphological units; streets.

summarize the mixture of processes at stake for each of the three
structural elements and for each of the five categories of IoP. The pro-
posed ontology is presented in the following Table 1.

3. Experimental set-up
A. Study sites

We understand study sites here as samples representative of a type of
urban process. As a city generally is composed of multiple areas tribu-
tary from different (intra-)urban processes, we select and delineate as
samples, areas where the urban process shaping the physical appearance
is as much as possible homogeneous, close to the definition of Morpho-
logical or Morphogenetic Regions (M. G. Conzen, 1988; Gu, 2019;
Whitehand, 2001), or Sanctuary Areas (Dibble et al., 2019). These
sample settlements are typically of the size of a district (typically
ranging between 0.5 km? and 10 km?), often following actual district
borders, having their singular histories and, as a result, presenting a
unique IoP.

We are aware that in different cultural regions, similar urban pro-
cesses might shape different physical urban appearances (Kostof,
1991b). Thus, we attach importance to the fact that the different cate-
gories of plannedness are also covered at different cultural regions
across the globe.

Another factor that we take in account for selecting the study sites is
that we need to access appropriate data covering the different structural
elements.

The selection of study sites is, therefore, based on the following
criteria: We aim at reaching the highest possible number of settlements,
that represent examples from all across the world; that are representa-
tive of the large variety of intra-urban morphologies; that high-
resolution vector geodata are accessible, depicting accurately build-
ings and roads and that the Mus can be derived from it; and, that liter-
ature references allow us to infer the category of the IoP for the selected
settlements.

Following these criteria, our sample selection are 381 study sites
with consistent information to infer the IoP of the settlement (see Fig. 4).
Among these 381 study sites, a subset of 260 is used for the buildings and

Fig. 4. Map of the aggregated number of study sites and their geographical distribution (points without number signify only one study site at this location).
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the morphological units, and a different subset of 296 is used for the
streets. Out of the 381 study sites, 69 are located in Africa, 107 are
located in Asia, 36 in Central and South America, 98 in Europe, 55 in
North America and 16 in Oceania. In this selection, some cities provided
multiple study sites, given the distinctly different properties of their
morphologies or their process of planning. Overall, this sample covers
more than 150 independent cities. Additional maps of the geographical
distribution of the study sites used specifically for buildings, morpholog-
ical units and the streets can be found in Appendix A.

B. Assessment of the ‘intensity of plannedness’ of a settlement.

There does not exist yet a comprehensive guideline to perform the
assessment of the IoP in to the categories. Thus, we have developed a
systematic workflow to qualitatively perform this categorization on the
base of literature and other exegetical data. This workflow is a decision
tree that can be applied for each of the three structural elements. The
develop decision tree is introduced in Fig. 5and the steps are described
in detail below.

e For each of these study sites, we first gather literature and other
exegetical data, pertaining to the history of the urban development
phases and processes that affected the study site considered.

Ideally, we would rely on information for each and every specific
individual transformative action involved in the creation and the
transformation the built-environment underwent, with knowledge
on which agent instigated and contributed to each transformation.
Unfortunately, data with this type of information is almost never
openly available, is based on knowledge from many different actors,
or does not even exist. Therefore, we build the assessment of the IoP
on the inference of urban processes at a macro-level based on
aggregated information sourced in literature.

With this regard, drawing from (Cozzolino, 2020; Noizet &
Clémencon, 2020), specific attention is given to the search of infor-
mation on planning rules, ownership systems, amount of designers,
observable scale of design, mix or segregation of functions, and to the
construction time and changes. To gather this broad range of nature
of information, the search is performed across multiple types of
source (academic literature, official documents, planning survey,
historical maps, historical aerial pictures and to some extent grey
literature and local knowledge).

e Second, using this information, we identify the decisive characteris-

tics of the major original urban process at stake in the study site.

Namely these characteristics are: the type of planning rules and
codes (prescriptive or proscriptive (Cozzolino, 2020)), the frame of
these rules and codes (formal, para-formal, informal (Dovey &
Kamalipour, 2017; Tonkiss, 2013)), the type of participants to the
urban process (institutional or private entities, organizations,
distinct agents) and amount of participants in relation to the scale of
the area (Cozzolino, 2020) (in this study, we propose the four
following tiers: Single (one participant responsible of the whole
area); Few (typically less than 5 for 1 km?); Medium (typically be-
tween 5 and 50 for an area of 1 km?), High (typically more than 50
per km?)).

Then, following a descending chain of a minima conditions on the
combination of the characteristics, we can evaluate the IoP of the
founding urban process of the study site.

Third, we identify the evolutions the study site underwent since the

founding urban process. This crucial step helps us to navigate from

the IoP of the original state to the current one, considering the layers
of history the study site went through.

Following (Cozzolino, 2020), we distinguish two major trends of
evolution, namely: “incremental changes” done by additional
participant being, in amount, at least as many as the original par-
ticipants and over a longer term than the founding process;
“restructuring led by comparatively less participants and happening
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comparatively in a more sudden way than during the founding
process.

e Last, using the evaluation of the original IoP and the identification of
the subsequent phases of evolutions in the study site, we formulate
the assessment of its current IoP into the categories ‘Extremely
spontaneous’, ‘Predominantly spontaneous’, ‘Evenly spontaneous
and planned’, ‘Predominantly planned’ and ‘Completely planned’.

Among academic sources used to infer urban processes, none were as
instrumentally valuable as the works of S. Kostof (Kostof, 1992, 1991a,
1991b). As much for his encyclopedic knowledge of cities across the
world as for his deep understanding of urban processes from the most
motivated ones to the most ordinary ones. For the systematic overview
of this information, which is the basis for the qualitative classification of
the sample to an IoP category, we refer to Supplementary Material 1.

C. Estimation of the intra-urban morphology by the structural
complexity.
1. Geodata base for analysis of the urban layout

We predominantly rely on geodata from the collaborative worldwide
mapping project OpenStreetMap (OSM) using the python library
developed by Boeing (2017). As OSM is based on volunteered contri-
butions, the completeness of its data relies on the involvement of map-
pers, local or not, that chose their working site. As such, places of
secondary interest for worldwide mappers and places with few or none
voluntary mappers often are omitted or only superficially covered
(Herfort, Lautenbach, Porto de Albuquerque, Anderson, & Zipf, 2021;
Seto, Kanasugi, & Nishimura, 2020). This omittance mostly happens in
poorer places or less densely populated places (Herfort et al., 2021).
Conversely, settlements with complex morphologies like slums, or of
small size such as villages are less represented. Further, the incom-
pleteness of the OSM project is more important for buildings than for
road data (Herfort et al., 2021). Overall, this creates an imbalance going
against our goal of multi-dimensional representativity in data, study
sites and thus, our categories of IoP. Therefore, we complete our dataset
by data from the study of (Taubenbock et al., 2018a) covering deprived
places across the globe on building level and by manual digitization
when Open Street Map do not provide consistent or comprehensive
enough data. When digitizing, we remain consistent with the OSM
format.

Overall, our 381 study sites reflect a selection of settlements where
we could confirm visually that in our geodata not more than ~10 % of
the structural elements were missing or that the missing data would
influence drastically the quantitative estimation of the intra-urban
morphology.

For the empirical examination of the intra-urban morphology, we
use the structural elements of buildings, morphological units, and streets, as
outlined in section II) B).

For the structural element buildings, we gather solely building’s
footprints as the building height is yet not consistently present in OSM
data. The rooftop represents a single building and is used as proxy in-
formation for a building’s ground area. For details about manual map-
ping in complex urban areas we rely on (Kraff et al., 2020a).

As for the streets, we extract them as geographical network,
composed of nodes and edges as done by (Boeing, 2019). As no infor-
mation on width could be persistently used, we limit ourselves, here, to
consider streets as linear objects.

For the Morphological Units (MUs), as discuss in section II)b), we see
this structural element as a generalization of the “aggregate of lots”
(Kropf, 1993). As discussed in (Fleischmann, Feliciotti, Romice, & Porta,
2020) retrieving individual lots, or plots (beyond considerations on their
existence outside of formal estate economy) is no trivial task as the data
is mostly unavailable. Therefore, we extract the MUs as the polygons
constrained by street meshes when the streets form such a mesh,
following the street-dependent acceptation of the definition proposed in
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Fig. 5. Workflow of the assessment of the IoP of a study site.

(Kropf, 1993). When streets do not form meshes (mostly in Extremely
Spontaneous settlements), we propose the production of the outlines
using an aggregation algorithm based on an adapted spatial version of
the OPTICS clustering (Ankerst, Breunig, Kriegel, & Sander, 1999). The
process of production of the outlines is introduced in Appendix B.

2. Morphological parameters.

We aim at investigating in quantitative manner whether the IoP has a
relation on the three structural elements considered here: buildings,
morphological units and streets. We therefore rely on measurements of
specific characteristics of these structural elements. Furthermore,
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Table 2
Description of parameters of structural elements and of the specifics for measurement. (See below-mentioned references for further information.)
Structural Parameter Description Tlustration Equation Bin size
clement
Building dimensions is a feature measuring the width and the depth of buildings footprints. We define the buildings
dimension as the double of values (L, 1), L being the long side of the bounding box of the building and [ its small side. | Ly N
Building dimensions 1 L T (O] (5m; 5m)
Dimensions of buildings give information on their functions and on the financial context as well as land availability when ' | 1,
the buildings were constructed.
- Compacity is a geometrical feature describing the shape of buildings. We compute the geometrical compacity of buildings
Ed by considering the ratio between the perimeter of the building and the square root of its surface. i
b=} Compacity va 0.1
a Here we consider the compacity of a building as a proxy for the specific design of the building’s footprint, from simple
to complex ones.
Wall-to-wall distance to neighbors is a parameter defined as the mean distance to the two closest neighbors of the
Wall-to-wall distance to building. 51‘*'752 0.5m
neighbors The wall-to-wall distance to neighbors sheds light on the types of mutual distances the buildings have in their vicinities
with each other. It is a very local measure of building density.
Girth index is a ratio describing the nominal thickness of a shape. It is computed as the ratio of the thickness of the layer
insulating the innermost core of the shape from its periphery and the radius of a circle with the same area as the shape. D
Girth index = 0.01
This indicator proposed by Angel (2010) translates the relation between the core of the morphological unit and its R
” boundaries. In other words, this reflects how deep the morphological unit is.
E Detour index is a measure computed as the ratio between the perimeter of an equal-area circle and the perimeter of the
S convex hull of a shape. Peircie
2 Detour index Peonvex Hull 0.01
£ This index proposed by Angel (2010) reflects the typical distance one has to walk to skirt a shape. Here, we use it as a
E‘ proxy for the design of the morphological units.
=
Order of itude of number of buildings is d by taking the logarithm of its raw number of buildings.
O“rd:biii)nfgn:ltgﬁf (;f This parameter indicates how many buildings are located within a morphological unit while acknowledging that there logio(N +1) 0.1dit
v v & are more differences between small headcounts (e.g. of 5 and 6 six buildings) than between large headcounts (e.g. of 100
and 101 buildings).
Length of street section is a geometric feature measuring the length between two crossroads.
Length of street section L Sm
This parameter is a proxy of the regularity of the mesh size in the street network.
Curviness is a geometric measurement of how bent and counter-bent a section of a road is. We compute it as the mean M (L4 L
z : a* (I + liy)
3 . of the angles between the segments of the road, weighted by the length of the segments. — o
g Curviness L 2+ % 0.1
“ This measure quantifies the design of the curvature through the settlement.
Symmetricity of crossroads is measured as the doublet (a, ) which is respectively the mean angle of the paths protruding _
Symmetricity of crossroads from both ends of a section of road. @.B)) (5°:59)
Here we use this couple of values as a proxy for the design of crossroads emerging from a road section.

following (Batty, 1974, 2016; Boeing, 2019; Cozzolino, 2021; Habraken,
2016; Jacobs, 1961; Kostof, 1991b), we specifically believe that the
diversity of the urban morphology is negatively corelated to processes of
norms and standardization. Therefore, to probe the IoP within settle-
ments, we propose to compute the diversity of sets of three parameters
for each of the structural elements. Later, we refer to this diversity as the
structural complexity.

The morphologic features considered here are mostly geometric
measurements, or morphometric characters (Dibble et al., 2019). We
choose them because they encompass features directly or indirectly
impacted by planning ordinances and norms. We describe these pa-
rameters, their computation and their relevance with respect to urban
planning in Table 2.

3. Structural complexity as joint entropy of morphological parameters.

For operationalization of the structural complexity, we compute for
each settlement the normalized Shannon entropy (Shannon, 1948) of the
individual parameter distributions and the normalized joint-entropy
(Cover & Thomas, 2005) of the set of three parameters for each struc-
tural element (see Table 2). The entropy and joint entropy are computed
by approximating, in each individual settlement, the parameters’ dis-
tribution by their histograms as in (Purwani, Nahar, & Twining, 2017).
The bin-widths for each parameter is chosen with respect to the scale of
its physical reality and is noted in Table 2. Shannon entropy is a measure
of a system’s diversity, or information complexity. Here, we use it to
assess the dispersion of values computed for both individual parameters
and for sets of parameters. This is motivated by its presumed informa-
tion related to convergence to, or divergence from, uniformity, fostered
by planning, ordinances, rules, or contextual constraints. Respectively,

the joint entropy mathematically represents the individual entropies of
its variables reduced by their mutual information (Cover & Thomas,
2005). In our case, we understand it as the specific diversity for a
structural element of the combined triplet of morphological parameters
in a given settlement. We further refer to the joint entropy of a structural
element in a settlement as its structural complexity. Equations on
normalized entropy and normalized joint entropy can be found in the
Appendix C.

The introduced parameters in Table 2 are common spatial metrics in
this domain. However, it is clear that any selection of spatial metrics
cannot be comprehensive. To make sure that these selected metrics do
not produce statistical randomness in the measurement of the urban
layout, we calculated 139 additional metrics and analyzed to what
extent the results obtained with these metrics hold up (see Supple-
mentary material 2).

4. Statistical analyses on the relation between the Intensity of
Plannedness and the structural complexity.

The crucial point in our study is to demonstrate the relation between
the categorized IoP derived from the literature and the output of the
structural complexity computed on the structural elements.

To demonstrate this, we analyze whether the values of structural
complexity differ significantly between the five categories of IoP. To do
so, we analyze the variance among the distributions of the different
categories. As the distribution of the structural complexity measures is not
assumed to trivially follow normal gaussian distributions, we resort to a
non-parametric version of the analysis of variance (ANOVA) (Fisher,
1925): the Kruskal-Wallis test (Kruskal & Wallis, 1952). The Kruskal-
Wallis test indicates whether the HO (null hypothesis) is respected, i.
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e., whether the distributions of each category of IoP are all equivalent to
each other. As a threshold to decide whether HO is respected, we
consider the generally accepted value of a = 0,05 (Glantz, 2012). HO is
respected if the pxw value of the Kruskal-Wallis test is above this
threshold. If the HO is not verified, we assume that at least one statistical
distribution is different from the rest. To observe which statistical
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distribution differs from the rest, we proceed with a post-hoc pair-wise
comparison of significant differences among the individual categories’
distributions using the Mann-Whitney test (Mann & Whitney, 1947;
Wilcoxon, 1945). Here as well, we consider a pair of distributions to be
significantly different if pymy < 0,05.
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Fig. 6b. Figure-ground diagram snippets of a 500 m x 500 m subset of each study site used for the analysis of the structural element ‘buildings’. The snippets are
ordered by the measured increasing structural complexity and framed in color with respect to their IoP. Buildings in black are part of the study site, the ones in faded

grey are not. List of the study sites below

1. Manila North Cemetery

69.

Bogota Polo Club

2. Manila Tondo 70. Madrid Moratalaz

3. Mumbai Dharavi 71. Pavia Old Center

4. Mumbai Bharat Nagar 72. Barcelona Ciutat Vella

5. Khartoum Al-Sahafa 73. Edinburgh Trinity

6. Lagos Makoko 74. Kyoto Minamieganosho

7. Chandigarh Sector 59 East 75. Dar es Salaam Kiwalani

8. Caracas Petare 76. Seoul Hankuk University

9. Afgooye Lafoole Refugee Camp 77. Paris Central Arrondissements

10. Mexico City Magdalena Contreras

78.

Boston North End

11. Nairobi Kibera 79. Obihiro Jominami
12. Qazvin Navvab Safavi 80. Tokyo Shinbashi
13. Mumbai Santosh Nagar 81. Nagoya Naka Ward
14. Beijing Dashilanr 82. Brasilia Lago Sul

15. Cape Town Silver Town 83. Seoul Mangwon-dong

16. Rio De Janeiro Turano 84. Sydney Padstow

17. Cape Town Victoria Merge 85. Porto Alegre Menino Deus

18. Cairo Manshiet Nasser 86. Katmandu Anamnagar

19. Santiago De Chile Lo Prado 87. Naarden Naarden

20. Cairo Imbaba 88. Paris Gagny

21. Tunis Cite Ettadhamen 89. Trier Hauptmarkt

22. North Philadelphia 90. Columbia Maryland Owen Brown
23. Lima Comas 91. Katmandu Kalopul-Ratopul Rd
24. Bucharest Tei Toboc 92. Barcelona Eixample

25. Dhaka Islambagh 93. Edinburgh Craiglockhart

26. Teheran Eslamshahr 94. Calcutta Lake Market

27. Ho Chi Minh Khu pho2 95. Paris 9 Arrondissement

28. Dar es Salaam Tandika 96. Toulouse Le Mirail

29. Kyoto West 97. Lisbon Alfama

30. Lisbon Cova 98. Bogota La Canderlaria

31. Rio de Janeiro Morro do Cantagalo| 99. Delhi Karol Bagh

32. Sliven Nadezhda 100. Berlin Kreuzberg

33. Brasilia Paranoa 101. Dar es Salaam Kigamboni Edge

. Dar es Salaam Keko

. Madrid Canada Real

. Rio de Janeiro Morro Do Valongo
. Brussels Molenbeek

. Al Zaatari Refugee Camp

. Dhaka Kadamtali

102.
103.

104

105.
106.
107.

Munich Marienplatz
Calcutta Lake Garden
. Tokyo Shimokitazawa
Nagoya Arakocho
Rome Municipio I
Tokyo Sumida

40. Shenzhen Baishizhou 108. Paris Adamville

41. Athens Agios Panteleimonas 109. Gaborone 8/10/11/12 Extensions
42. Calcutta Sector 1 110. Miami Little Havana

43. Dar es Salaam Lugalo Golf 111. Madrid Horcajo

44. Kyoto Nakagyo Ward 112. Paris 6 Arrondissement
45. Izmir Kadifekale 113. Lusaka Bauleni

46. Los Angeles West Addams 114. Lusaka Luburma Central
47. Kyoto Yamashina Ward 115. Dublin Temple Bar

48. Amsterdam Jordaan 116. Munich Maxvorstadt

49. Madrid Centro Madrid 117. Dar es Salaam Kigamboni
50. New York Lower Manhattan 118. Paris Clamart

. Brussels Anneessens

119.

Paris Belleville

52. Budpest Monserrat 120. Bern Innere Stadt

53. Istanbul Gulsuyu Gulensu 121. Dhaka Motijheel

54. Edinburgh Greenbank 122. Prague Prague

55. Manhattan East Village 123. Historic Centre of Mexico City
56. Edinburgh West End 124. New York Bronx

57. Hyderabad Boudha Naga 125. Katmandu Bagbazar

58. Hyderabad Gandhinagar 126. Manhattan Midtown

59. Edinburgh The Grange 127. Qazvin Artesh Hospital

60. Merida Old Center 128. Calcutta Sector 1 Block CC
61. Tokyo Urayasu 129. Bratislava Old Town

62. Tokyo Minamimagome 130. San Francisco South Of Market
63. Sao Paulo Centro 131. Brie Comte Robert

64. Riverside North Lawndale 132. Philadelphia Center City

65. Forest Hill Forest Hill 133. Denver Five Points

66. Ho Chi Minh Binh Tho 134. Trier Im Falschen Biewertal
67. Lusaka Misisi 135. Miami Allapattah

68. Bangkok Panthiya Village 136. Edinburgh New Town

137. Berlin Europa City 198. Saint-PBurg Vasileostrovsky
138. Delhi Greater Kailash District

139. Manhattan Washington Heights | 199. Glendale Glendale

140. Charlottesville Fry's Spring 200. Vancouver Fairview

141.
142.
143.
144.
145.
146.

Vienna Innenstadt
Antananarivo Antsahamamy
Ottawa Downtown
Charlottesville Belmont
Perth Center

Washington Downtown

. Rabat Administrative Sector

. Brasilia Lago Sul Lake

. Saint-Petersburgh Smolninskoye
. Denver North Capitol Hill

. Shanghai Tianping Res District
. Brasilia ASA Sul

147. London Westminster 207. Charlottesville North Downtown
148. Budapest Inner City 208. Ljubljana Center District
149. Edinburgh Old Town 209. Sienna Old Center
150. Cape Town Central Business| 210. Manhattan StuyTown
District 211. Budpest Gellerthegy
151. Phnom Penh Sangkat Srah Chak | 212. Ferrara Via Comacchio
152. Munich Harlaching 213. Kansas Downtown
153. Dallas Junius Heights 214. Bishkek Park
154. Antananarivo Central Station 215. Indianapolis Mile Square
155. Sarcelles HLM 216. Chicago  Central Business

156. London Tower Hamlet District
157. Oslo Nordberg 217. Downtown Seattle
158. Lusaka Bauleni West 218. Chicago Loop

. Venice San Polo

. Ferrara Ippodromo

160. Munich Obermenzing 220. Antananarivo Lake Anosy
161. Melbourne  Central ~ Business | 221. Venice Giudecca
District 222. Reston North West
162. Edinburgh East Craigs 223. Durban Central
163. Nairobi Central 224. Detroit Downtown

. Richmond Downtown

. Cairo Garden City

165. Suloszowa Linear City 226. Calgary Downtown Commercial
166. Pavia Borgo Ticino 227. Oslo Holmenkollen

167. Abu Dhabi AL Danah 228. Moscow Tverskoy District

168. Wellington Te Aro 229. Ferrara University District

169. Toronto Old Toronto 230. Johannesburg Robin Acres

. Munich Bogenhausen Nord

. Oslo Sentrum

. Downtown Los Angeles

. Evry Evry-Courcouronnes

. Dar es Salaam Masaki

. Sydney Central Business District
. Trier Petrisberg

. Manhattan Williams Bridge

. Sienna San Prospero

. Cleveland Downtown

. Downtown Atlanta

. Ferrara Doro

. Paris Amerique

. Houston central business district

177. Teheran Ekbatan South East 238. Minsk City Center

178. Belo Horizonte Santo Agostinho | 239. Oslo Ulvoya

179. Downtown Portland 240. Kiev Pechers'kyi

180. Antananarivo Cite Belle Vue 241. St Louis Downtown

181. Oslo Frogner 242. Sienna Ravacciano

182. Dar es Salaam Mikoroshoni 243. Minsk Syerabranka

183. Brisbane ~ Central ~ Business | 244. Seoul Bupyeong 1
District 245. Delhi Meena Bagh

184. Pavia Parco Leopardi 246. Tokyo Shinjuku Center

185. Dar es Salaam Mikoroshoni| 247. Saint-Petersburgh Municipal
(West) Okrug
186. Delhi Laxmi Bai Nagar 248. Minneapolis Downtown West
187. Bairut Hamra 249. Minsk Kamennaya Gorka
188. Warsaw Srodmiescie 250. Minsk Kastrycnicki Raion North
189. Auckland ~ Central ~ Business| 251. Venice Castello West
District 252. Madrid La Finca
190. Pretoria Central 253. Charlotte City Center
191. St Petersburg Admiralteysky| 254. Saint-Petersburgh Moskovskaya
District Zastava
192. Nakatsugawa Ochiai 255. Munich Arabella park
193. Pavia Via Umberto Olevano 256. Tokyo Chiyoda
194. Downtown San Diego 257. Teheran Ekbatan Phase 2
195. Colombo Fort 258. Teheran Ekbatan Phase 1
196. Venice Castello 259. Columbia ~ Maryland ~ Town
197. Brasilia North Wing Center
260. Reston Town Center

4. Results

In general, our findings empirically show, that the elements of the
built landscape result in a physical form that reflects the intensity of the
underlying human planning, i.e. it relates to the conceptualized IoP. In
this section, we first illustrate the distribution of the entropy per
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individual parameter as well as for each structural element in general.
Beyond this, we reveal the result of their statistical significance tests.
In the following paragraphs, we first present the results with Figs. 6a
and 6b. This figure is composed of snippets of 500 m x 500 m of figure-
ground diagrams, each displaying, the morphology of buildings per set-
tlement. The color of the snippet’s border relates to its IoP category. The
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Fig. 7. Distribution of the structural complexity (top row) and distribution of the individual entropies of the three parameters, grouped and colored by category of

IoP for each of the three strucural elements.

snippets are ordered by increasing structural complexity of the element
buildings. The equivalent figures for, respectively the structural element
morphological units and the structural element streets can be found in the
Appendix, respectively Appendixes D1 — E2.

Subsequently, we illustrate the statistical distribution of the struc-
tural complexity in Fig. 7. For each structural element, the statistical
distribution of the values of our metric per settlement grouped by cat-
egories of IoP is displayed. In this figure, as a supplementary informa-
tion, we also plot the statistical distribution of the entropy for each
individual parameter which the structural complexity is based on.
Finally, we discuss the statistical relationships between the categories of
IoP and the structural complexity for each structural element.

For the structural element buildings, as observed in F. 6 and Fig. 7, the
different categories of IoP tend to overlap, however, still distinguishable
trends are measured. For the parameter building dimension, a consistent
increase of the entropy with increasing IoP is found. In comparison,
compacity presents a slightly different profile. The entropy is quite
consistently low for a low IoP. It increases to a relative maximum with
the category Evenly spontaneous and planned and a decrease again with
the category Completely planned. This category shows a large spectrum of
entropy possible but, on the majority, as low as the Extremely sponta-
neous settlements. For the third parameter, the wall-to-wall distance to
neighbors, there is a clear pattern of, on average, increasing entropy with
increasing IoP, with a slight recess for the category Evenly spontaneous
and planned. When combined, the set of the three parameters concerning
the buildings show an increasing structural complexity along with the
ranks of categories of plannedness.

Statistically, the distributions of the structural complexity for the
structural element building reveal differences. With 260 settlements, the
result of the Kruskal-Wallis analysis shows a pxw value of 2 e-17, which
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is far below the threshold of 0,05. Hence, we conclude that categories of
IoP feature at least one category significantly different from the others
for the buildings.

This is generally confirmed by the Mann-Whitney analysis (Table 3).
With the exception of the two categories with the highest IoP — Pre-
dominantly planned and Completely planned — we measure significant
differences in term of structural complexity for all other categories.
Thus, we conclude that for the structural element buildings, settlements
of different IoP categories are discernable based on their structural
complexity.

For the morphological units, the two first parameters seem to present
more compact distributions of entropies for the settlements of different
categories of IoP. For the girth index, even though clumped together, we
discern a trend of decrease and then increase of the entropy with higher
IoP, with a minimum for the Evenly spontaneous and planned category.
The detour index, on the other hand, presents less discernable differences
in terms of entropy, except for an ever so slight decline with increasing
IoP. The last parameter of the morphological units distinguishes itself and
offers a less packed profile: The entropy of the order of magnitude of
number of buildings is decreasing and then re-increasing with ascending
categories of IoP, just as the girth index but in a more discernable way.
The structural complexity of the morphological units, being the joint
entropy of all three parameters, shows for all categories a high entropy
indicating high variability of the individual parameters with regard to
each other’s. We observe that for the MUs as well, the different cate-
gories of IoP tend to overlap. but some trends exist. Here, we find a slight
decrease and then a secondary increase with a minimum for the category
Evenly spontaneous and planned.

With the test being led on 260 individual settlements, the result of
the Kruskal-Wallis analysis shows a pxw value of 1 e-08, which is below
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Table 3
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Symmetric matrix of the pairwise results of the Mann-Whitney significance test for structural element Buildings. A value of pyw < 0,05 indicates that the two cat-
egories are significantly different in term of structural complexity. For ease of understanding, we crossed the values above the threshold.

Structural
element:
Buildings

Evenly
spontaneous
and planned

Extremely
spontaneous

Predominantly
spontaneous

Predominantly
planned

Completely
planned

Extremely
spontaneous

Predominantly
spontaneous

6,9%x 1073

Evenly
spontaneous and
planned

3,9x 1078 5,5x 1073

Predominantly
planned

5,7x 10711 7,0x 1077 79%x 1073

Completely
planned

3,0x 10710 4,1x 107

1,9 x 1072

Table 4

Symmetric matrix of the pairwise results of the Mann-Whitney significance test for structural element MUs. A value of pyw < 0, 05 indicates that the two categories are
significantly different in term of structural complexity. For ease of understanding, we crossed the values above the threshold.

Structural Evenl
element: Extremely Predominantly Y Predominantly Completely
. spontaneous
Morphological spontaneous spontaneous planned planned
Units and planned

Extremely

spontaneous

Predominantly
spontaneous

1,9%x 1073

Evenly
spontaneous and
planned

3,1 x 1078

Predominantly
planned

23x107°

Completely
planned

3,1 x 1072

Table 5

Symmetric matrix of the pairwise results of the Mann-Whitney significance test for structural element Streets. A value of pyw < 0,05 indicates that the two categories
are significantly different in term of structural complexity. For ease of understanding, we crossed the values above the threshold.

Structural
element:
Streets

Evenly
spontaneous
and planned

Extremely
spontaneous

Predominantly
spontaneous

Predominantly
planned

Completely
planned

Extremely
spontaneous

Predominantly
spontaneous

50x% 1074

Evenly
spontaneous and
planned

1,0x 1077 2,7x 1072

Predominantly
planned

7,7x 10717 7,8 x 10718 8,0 x 10710

Completely
planned

1,8x 1077 M>ﬁ< 2,5% 10713

the threshold of 0,05. However, this value is higher and closer to it than
for the buildings. We conclude that categories of IoP present at least one
category significantly different from the others. The Mann-Whitney
analysis results in the following matrix (Table 4):

We conclude for the structural element morphological units that most
of the categories of IoP are discernable based on their structural
complexity. Still, two pairs of categories that are relatively close, ‘Evenly
spontaneous and planned/Predominantly planned’ and ‘Predominantly
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planned/Completely planned’ cannot be considered as significantly
different. Further, for this structural element, two categories with high
differences of IoP ‘Predominantly spontaneous/Completely planned’
feature the same types of structural complexity and ‘Predominantly
spontaneous and Predominantly planned’ are not significantly different.
For the structural element streets, we observe again a different sta-
tistical trend for the different individual parameters. First, for the length
of street section, although presenting slight but still discernable
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differences of entropy between the different categories of IoP, there is no
major trend identifiable. Rather, the distribution fluctuates back and
forth around the main mode of the entropy distribution of the Extremely
spontaneous category. For the curviness, the profile gives a clearer trend:
the entropy decreases constantly with ascending IoP and only increases
again for the category Completely planned. For the symmetricity of cross-
roads, the categories of IoP reveal mostly distinctive entropies with
again the same trend as previously observed: Values decrease progres-
sively with increasing IoP, except for the Completely planned category
where we observe a re-increase. In summary, we observe for the struc-
tural complexity of the streets, the same type of trend as for the
morphological units, an overall clustering of the categories in the high
values of the spectrum.

The result of the Kruskal-Wallis analysis led on 296 settlements
shows a pxw value of 3 e-19, which is even further below the threshold of
0,05 than for the buildings. Hence, we conclude that categories of IoP
present at least one category significantly different from the others. The
results of Mann-Whitney analysis are presented in Table 5.

For the structural element of streets, we generally ascertain signifi-
cative differences in term of structural complexity of the different cat-
egories of IoP. The exception is the category Completely planned being
similar to the category Evenly spontaneous and planned and not signifi-
cantly different from the category Predominantly spontaneous. Note-
worthy is the fact that these two last categories are, between them,
significantly different. Further, contrary to the two previous structural
elements, the difference between Predominantly planned and Completely
planned is highly significant.

To summarize, from the analyzes on the three structural elements, it
is empirically clear that the built landscape does not correlate linearly or
one-to-one with the degree of planning. In general, however, our results
prove a difference in the particular distributions of the parameters. In
other words, despite overlapping in the distributions, a definite trend is
emerging that reveals empirically that the built landscape reflects the
degree of planning.

5. Discussion

In most cases, the physical structure of cities repeatedly undergoes a
chain of transformation processes over time. The resulting morphology
is an artifact that we have to observe through the scope of these suc-
cessive modification sought by people. This scope allows us to under-
stand the intra-urban morphology as the crystallization of urban
processes whose main drivers are societal in nature. Despite the
knowledge of this relationship between urban forms and undergone
urban processes, to unveil the later from the first is a challenge.

In this paper, we proposed a conceptual frame of bottom-up and top-
down planning to examine the intra-urban morphology in this regard
and to empirically reveal the intertwined relation of urban processes and
built forms. We developed a categorical scale of the IoP for urban pro-
cesses and we tested empirically whether this scale is adequate to
observe significant physical differences in the measured structural
complexity operationalized by three main structural elements of the
urban fabric: the buildings, the morphological units and the streets. We
used an unprecedented large sample of 381 settlements from as many
different cultural zones of vernacular architecture as we could find
reliable information on.

In our experiments, we were able to empirically prove what has often
been described in the literature in a theoretical manner: There exist
generally and globally significant morphological appearances arising
from distinct types of urban processes, here understood as different
categories of IoP. Additionally, the pairwise comparisons of structural
complexities of different categories of IoP expose, in most cases, largely
statistically significant differences in their morphologies, as estimated
by our set of parameters. For the buildings, 9 out of 10 pairwise com-
parisons show significant differences in the structural complexity of the
categories of IoP. For the Morphological Units, 6 out of 10 and for the
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streets, 8 out of 10 present significant differences.

Interestingly, no manifest co-evolution between the structural
complexity and the IoP can be showcased here. As a rule of thumb, one
might have expected the structural complexity to be at its lowest when the
process of standardization is at its strongest. In consequence, the struc-
tural complexity was expected to decrease with an increasing [oP. What
we observed, on the contrary, is that the structural complexity of the
buildings, morphological units and streets evolve very differently with re-
gard to their IoP. Although anecdotical for this study, this specific sec-
ondary result seems interesting and is suggested e the for further studies.

Despite our approach demonstrating the connection between the IoP
and our estimator of the urban morphology - the structural complexity —
this study also highlights some nuances: For each structural element, a
few pairs of distinct categories of IoP present hardly distinguishable
structural complexities. Also, in the case of every structural element, the
juxtaposition of the structural complexity with the individual entropy of
each constitutive parameter brings forth a complex situation of mutual
information between parameters that was not quantified here.

Although these nuances are not impeding our demonstration of the
relation between the IoP and the intra-urban morphology, they raise
interesting limitations of the use of the structural complexity as an un-
equivocal estimator of the intra-urban morphology outside of the scope
of this study.

We acknowledge that the specific set of morphological parameters
we have chosen, despite being based on known urban processes, is non-
exhaustive. We do not see this set of parameters as being necessarily the
only one possible for the demonstration intended here. Therefore, beside
the structural complexity and its constituent morphological parameters
presented in the main body of this article, we investigated the relation
between IoP and other morphological parameters. We tested 58 addi-
tional parameters (resp. 60) for the buildings and the Morphological
Units proposed in (Fleischmann, 2019) and consolidated with the ad-
ditions presented in (Fleischmann et al., 2020). For the streets, we
computed 21 additional parameters issued in (Boeing, 2017, 2019). On
these additional parameters, we computed the individual normalized
entropy when fitting, and then proceeded to the Kruskal-Wallis test and,
when required, the Mann-Whitney test. The results of this additional
analysis concur with the empirical relations achieved with the structural
complexity and are compiled in Supplementary material 2. That is,
among the pairs of categories of IoP, in general, significant differences
are showcased by most of these parameters. With it, we show that the
literature-based selection of the spatial parameters has not led to space-
statistical coincidence. These additional parameters paint a more com-
plete picture of what are relevant parameters showing contrast in the
morphology of different categories of IoP (see Supplementary material
2). This was not investigated here and could be at focus in further
studies. In this article, we focus specifically on the structural complexity
as its constitutive parameters are clearly linked to the urban processes,
simple enough in their formulation and they have established them-
selves to be suitable to answer our research question.

On a more general ground, we believe that shallow statistics, such as
the parameters used here, are limited in their capacities to unveil, in
their uttermost depth, the interdependencies between urban process and
resulting morphologies. Partially or completely overlapping distribu-
tions of structural complexities established this. Therefore, it is not our
claim here that the IoP can be automatically classified using this struc-
tural complexity metric or other morphological parameters out of com-
parable geodata.

This lack of direct prediction power from our quantitative measure
was to be foreseen in the face of the complexity of the intertwined path
dependencies of urban forms and processes but does not deter any
qualitative prevision regarding the morphology displayed by these
processes (Moroni & Cozzolino, 2019).

Beyond these considerations on the validity of the structural
complexity as an unequivocal estimator of the intra-urban morphology,
we do want to acknowledge observed limitations within our study. The
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origins of these limitations were kept, by the authors, as circumscribed
as possible not to mitigate the overall analysis.

The first limitation is tied to the nature of the data used. Despite
being of really high spatial resolution, OSM data, and other manually
digitized data are prompted to be inconsistent across settlements. For
example, the way buildings are digitized can vary from one polygon for a
continuous built street block, to multiple polygons for a single-family
house as they can vary from interpreter to interpreter (Kraff et al.,
2020a). We paid attention to this while curating the data to eliminate
gross inconsistencies. Still, residual inconsistencies remained in our
dataset. This type of inconsistencies occurring across our samples tend to
blur the computation of the structural complexity and, as a consequence,
impact the analysis by an unknown factor. Datasets of large coverage in
the likes of (Microsoft, 2020) would be of great interest in future studies
to help eliminate further residual inconsistencies.

The second limitation is related to the residual uncertainties in the
qualitative assessment of the IoP. While a great deal of effort has been
made in assessing the categories of IoP for each type of structural
element per settlement based on an extensive literature research, we
acknowledge that an irreducible part of uncertainties remains. Levels of
certainty in the assessments of the IoP can originate both, in the quality
of sources available and in the clarity of our ontology. E.g., whereas
categories at the ends of the spectrum of our IoP concept, i.e. Extremely
spontaneous and Completely planned are easy to identify, intermediary
categories — from our experience — are less unambiguous when classi-
fying along our ontology. In Supplementary Material 1, we propose a
self-evaluation of our level of certainty with respect to the assessment of
the IoP. In addition, while in that scope of this explorative study, this
relative uncertainty was not a deterrent, we encourage future research
to further refine and detail the ontology and the operationalization of
the assessment of levels of the IoP to curb as much as possible the part of
uncertainty.

Despite the existence of these limitations within our study, we argue
that the validity of the quantitative measure of the structural complexity
and the qualitative assessment of the IoP is transparent according to a
clear literature-based approach. Moreover, we argue that the high
amount of sample used for each statistical test, further add to the reli-
ability of the global analysis and of our empirical demonstration.

The primary scientific aim of this study is to elaborate the concept of
the IoP and to empirically investigate its relation to the built-up form.

With the concept of the IoP, we aim to bring forward the under-
theorized political and societal component of the making of the intra-
urban morphology. Therefore, the IoP shall serve as a stable concep-
tual ground to renew the study of a large body of topics where the built-
up form stands at the interface with societal matters.

In his work (Alexander, 1979), Christopher Alexander put forth “a
quality without a name” of prosperous urban spaces. Although we do not
claim here that the IoP of an urban space explains altogether the actual
existence or not of this “quality without a name” within it, we none-
theless do believe that it is indeed one of the underlying tenets to this
quality. As such, a field of study, trailblazing the “unnamed” quality as
suggested by Alexander and where we do believe in the relevance of the
integration of the ontology of the IoP is the study of the “urban quality of
life” (Higueras, Roman, & Farina, 2021).

This field of study has already proven relevance in the analysis of
urban fabric’s form to investigate multiple facets of individual and
collective qualities of urban life (McDonald, Wise, & Harris, 2008;
Mouratidis, 2018; Sapena et al., 2020, 2021). It has already been shown
that the form of the built-up environment share a relation with aspects
driving the urban quality of life such as (among others) well-being,
physical health, mental health (Frank & Engelke, 2001; Hajrasoulih,
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del Rio, Francis, & Edmondson, 2018; Krefis, Augustin, Schliinzen,
ORenbriigge, & Augustin, 2018; McDonald et al., 2008; Mouratidis &
Poortinga, 2020; von Szombathely et al., 2017), and social relations
(Legeby, Berghauser Pont, & Marcus, 2015; Mouratidis & Poortinga,
2020; Mouratidis, 2018). Nonetheless, this field of study displayed so far
some limitations in fully explaining how the material features of the
built-up environment do influence these aspects of the urban quality of
life (Berghauser Pont, Haupt, Berg, Alstade, & Heyman, 2021; Hajra-
soulih et al., 2018). As such, the body of literature on this topic ac-
knowledges the great complexity of it that fail to be captured by physical
features alone (Hajrasoulih et al., 2018; von Szombathely et al., 2017).
Therefore, numerous arguments could be made in favor of integrating
the IoP ontology in this field of study, on the base of its unique char-
acteristic to be at the interface between the material and the social part
of the built-environment. Yet, one decisive argument for the relevance of
the IoP to this field of study is related to one of the important aspects of
the urban quality of life proposed in (Higueras et al., 2021), namely the
levels of freedom of the inhabitants. We argue that this aspect relates
greatly to the notion of self-agency of the population in the making and
adapting of their urban environment that we argue to be a key factor of
the ontology of the IoP.

Although we see the study of the urban quality of life as a privileged
field of research where the ontology of the IoP could be key to oper-
ationalize this multi-faceted, complex phenomenon, we do not see a
limitation of its relevance to this field only. We also argue firmly that its
benefits extend to the wider scope of study of the empirical signs of the
collective, social, economic or even esthetical prosperity urban spaces at
large.

Therefore, we suggest to integrate the use of the concept of IoP to the
study in a large range of urban topics such as, the capacity of commu-
nities to form in cities (Mouratidis & Poortinga, 2020; Tonkiss, 2013),
the possibility for informal micro-economy to emerge (Salat & Bourdic,
2012; H. Thai, Stevens, & Rogers, 2020; H. M. H. Thai, Stevens, &
Rogers, 2019), capacity to adapt to the lack of surplus of housing (Zhang
& Zhao, 2018), or the esthetical appreciation of cities (Cozzolino, 2021),
or even the emergence of land-use patterns (M. R. G. Conzen, 1960)
among many more....

We ultimately regard the ontology of the IoP to be an adequate
conceptual frame to compare different urban planning policies and their
subsequent impacts. We consider that such investigations would nourish
the discourses and theories on urban planning policies and therefore, we
deeply encourage these fields of study to seize for themselves and utilize
the concept of the IoP.

6. Conclusion

For a long time, urban geography was rich in theories and poor in
data, at least at a global context. Developments in remote sensing and
crowd-sourcing approaches, however, now make it increasingly possible
to support or reject theories with empirical findings — at least for the
built urban landscapes.

Physicalist approaches of town and city planning theory outline the
deep impact that the configuration of built environment has on the
communities it hosts (Batty & Marshall, 2009). The built-up density, the
height of buildings, the amount of green space per capita, the distance to
amenities, among others are applied for the assessment of the quality of
the built-up environment through the perspective of a physicalism
(Batty & Marshall, 2009). And still, statistical approaches solely focusing
on the material part of urban morphology display conflicting evidences
of its impact in a comprehensive manner (Hajrasoulih et al., 2018; Krefis
et al., 2018).
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We argue that a new approach can focus on taking a look at the ef-
fects of the physical environment on communities through the prism of
the IoP. This is motivated by the fact that the IoP is a synthetic infor-
mation of the brawls and struggles the society went and is going
through. We have the intuition that our concept could reveal itself
particularly fitting to the study of individual and collective urban
qualities that have yet been hard to grasp through shallow-statistic ap-
proaches, such as social well-being and individual quality of life,
economical and communities thrive and resilience.

Based on these considerations, we suggest empirical work analyzing
in which way specific types of the IoP are statistically related to these
urban qualities. From such work, we expect new insights and new tools
for the practice of the city-making to allow for the desired balance be-
tween bottom-up democratic expression of the inhabitants and users’
needs, and top-down control of a protection of commons (Cozzolino,
2020; Ostrom, 1990; Shipley & Utz, 2012).

With this research we attempt to lay a foundation — conceptually and
empirically — to measure the built morphology and to relate to what can
be read in it with respect to the IoP. As data on built morphology are
becoming more and more available, this is intended to be a conceptual
as well as empirical basis for large-scale or global studies of cities, their

Appendix A

Figs. A1-A3.
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structure, their planning processes and their comparisons to understand
the regularities, similarities and specifics in more detail. With these
considerations, we encourage further studies willing to investigate the
Intensity of Plannedness to enrich the ontology we propose in Table 1.
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Fig. Al. Map of the geographic distribution of the study sites used for their buildings
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Fig. A3. Map of the geographic distribution of the study sites used for their streets

Appendix B

The definition we proposed for the MUs in section II)b) as being the surface on which a collection of buildings sharing collective spatial relationship
sits, relies on the definition given, in its street-independent acceptation. Nonetheless, in relatively planned areas (categories Predominantly spontaneous
to Completely planned), we acknowledge the relevance of streets in the definition of MUs and their methodological pertinence. Therefore, in these
cases, we extract our MUs as the polygons constrained by street meshes.
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In the context of not strongly planned MUs, where streets are often not defining the Morphological Units (cf. Table 1), this strategy is not possible.
Thus, in Extremely Spontaneous settlements, we then consider the following: The definition of MUs is understood as groups of buildings being spatially
grouped together with consistent density and arrangement. Using the main principles of differential-density-based OPTICS clustering (Ankerst et al.,
1999), we propose an aggregation algorithm. We automatize the MUs computation in these cases as follows (Fig. C1): in Python 3 (Software, 2020)
firstly, for each building of a settlement, we compute the wall-to-wall distance (Shapely 1.7.1 Documentation, 2021) to the next closest buildings.
Secondly, we group buildings being, with a slight tolerance of 5%, symmetrically the closest one from each other. That is, if the closest neighbor of a
building A is a building B, and vice versa — which is not trivially always the case. Then, for each of the groups formed (with more than one building), we
operate a morphological dilation for each of the buildings being paired, by a radius of length equal their wall-to-wall distance to their closest neighbor.
Finally, we operate a morphological closing of a radius of 1m (being, to our view, the width of the narrowest street a pedestrian could walk).
Additionally, we consider the buildings left aside by the second step as single buildings Morphological Units. We consider the polygons then produced
as being the boundaries of each MU (Fig. C1).

Pseudo-code:

For each building i:

For each building j # i:
Compute wall-to-wall distance d(i,j) #Mutual distances computation
Get min(d(i,*))
For each building j # i:
If d(i,j) < min(d(i,*))*1.05: #Symmetry check with confidence interval of 5%
Add j to the group to which i belongs #Aggregation
For each group K:
Compute max(min(d(i,*))) (over all buildings i in K)
For each buildings i in K:
Perform dilation of max(min(d(i,*))) #Creation of the area of control
Perform a negative dilation of 1m #Refinement of the MUs

Appendix C

Once all the values for the parameters are computed, we divide, in each and every settlement, each parameter’s distribution into equal-sized bins to
do their histogram. We do so with respect to the scale of the physical reality the specific parameter is related to. This is to be understood as abstracting
two values of a parameter as being close enough to each other to be considered approximately equal in dimension (e.g.: a first section of a road being
20 meters long, is approximately as long as a second section being 22 meters long and comparatively different from a third being 100 meters long). The
specific bin size of each of the parameters is noted in Table 2.

After binning the values for every settlement, as a measure of diversity, we rely on the Shannon entropy (Shannon, 1948). Shannon entropy is a
measure of a system’s diversity, or information complexity. Here we use it to assess, in each settlement, the dispersion of values computed for both
individual parameters and for sets of parameters. More specifically, we compute the individual entropy as:

—>_iP(%)*log, P(4)

Entropy ,(A) = “logyn
2

@

With:

>P() =1

Where A is the given settlement where the entropy is measured; 1 is a parameter listed in Table 2; i is an individual bin of this parameter and n is the
number of objects of the structural element A is computed on.

And we compute the structural complexity of a structural element in a settlement as the normalized joint entropy of its set of three parameters
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Fig. C1. Steps to compute the Morphological Units
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described in Table 2, as:
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Fig. D2. Figure-ground diagram snippets of a 500m x 500m subset of each study site used for the analysis of the structural element MUs. The snippets are ordered by
increasing structural complexity and framed in color with respect to their IoP. List of the study sites below
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Fig. E2. Figure-ground diagram snippets of a 500m x 500m subset of each study site used for the analysis of the structural element streets. The snippets are ordered

by increasing structural complexity and framed in color with respect to their IoP. List of the study sites below
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Zij,kp<{avﬁv }’}ij,k) =1

Where A is the given settlement where the structural complexity is measured; elementX is a structural element among buildings, morphological units
or streets; n is the number of objects of this structural element; {a.f,7};; is the set of three parameters falling into their respective bins i,j, k; and
P({a, B, v}k represents the frequency this triplet is occurring in the particular settlement.

The joint entropy mathematically represents the individual entropies of its variables reduced by their mutual information (Cover & Thomas, 2005).
In our case, we understand it as the specific diversity, for a structural element in a settlement, of the combined triplet of morphological parameters.
The normalization term — log,n is added to make the computation of the structural complexity independent of the size of the structural element sample
in the settlement.

Appendix D

Appendix D1: Fig. D1.
Appendix D2: Fig. D2.

Appendix E

Appendix E1: Fig. E1.
Appendix E2: Fig. E2.

Appendix E. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.landurbplan.2023.104711.
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