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ABSTRACT

We advance Urban Density—the ratio of the total population of a city and its overall urban footprint—as the single
most useful metric for measuring the overall compactness of cities as well as for measuring progress in their
densification, now a recognized sustainability objective. Yet we also realize that adopting Urban Density as a single
measure of compactness hides more that it reveals. The key contribution of our study is in strengthening its
usefulness by exposing its anatomy, showing that it can be factored into separate metrics. By factoring Urban
Density into two, three, four, and then seven factors, we provide a structure for ordering most of the famihar
density metrics used by planners, thus contributing to increased ‘density literacy.” We show, for example, that
Urban Density = Floorspace Occupancy x Floor Area Ratio x Residential Share, where Floorspace Occupancy is
the average number of people per hectare of floor area in the city; the Floor Area Ratio is the ratio of the total
residential floor space and the total residential area in the city; and Residential Share is the share of the residential
area in the city’s overall urban footprint. Our second contribution 1s a rigorous and replicable methodology for
measuring Urban Density and all its factors in a representative group of ten cities from all world regions. Factoring
Urban Density shows, for the first time, how different cities acquire their density: Hong Kong, for example, gets its
high Urban Density from its high Floor Area Ratio; Kinshasa from its high Floorspace Occupancy; and Dhaka
from its high Floorspace Occupancy and Residential Share. Our anatomy of density offers a novel outline for a
comprehensive strategy for city densification, one that focuses on possibilities for increasing each of the seven
factors that constitute Urban Density through selective policy interventions.
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[ Introduction: Urban Density as a Metric of Interest

1. Urban Density as a Key Sustainability Metric:

Increasing Urban Density—simply defined here as the ratio of the total number of
inhabitants living within a well-defined footprint of a city and the total area of this
footprint—has been correctly identified as a critical sustainability objective (see, e.g.,
Anderson, Kanaroglou, and Miller, 1996; Makido, Dhakal, and Yamagata, 2012; Kim and
Brownstone, 2013; Lee and Lee, 2014; Seto et al,, 2014; Ye et al., 2015; Wang et al,, 2015;
Gudipudi et al.,, 2016; OECD, 2018). First, because Urban Density as defined above is the
intervening measure that translates population into land consumption: A city with a given
population will occupy a smaller footprint—and will therefore need to convert less of the
surrounding countryside to urban use—when its Urban Density is higher. Such a city can be
said to be more compact. Second, because the inhabitants of a more compact city with a
higher Urban Density—will be closer to each other, making movement from place to place
more efficient.! In both senses, therefore, a more compact city will be a more sustainable

city.

Increasing Urban Density, or Densification, is now “enshrined in land use planning policy
in many countries” (Burton, 2001, 219) as well as in Goal 11 (Indicator 11.3.1) of the United
Nations Sustainable Development Goals (United Nations 2016, 14). Most developed
countries and many less-developed ones now pursue policies that promote compact urban
form (OECD, 2012; OECD, 2018), and studies have indeed revealed a range of benefits from
compactness: more productivity; lower cost public services; enhanced social and economic
mobility as well as diversity; increased public transit use; lower energy use and emissions;
and improved health and well-being (for a comprehensive review, see Boyco and Cooper,
2011).2

2. Confronting the Multiplicity of Density Measures:

Surely, Urban Density as defined above is by no means the only way to measure density in
cities. Several authors (e.g. Alexander 1988, Churchman 1999, and Forsyth 2003) have
written comprehensive reviews of a large number of urban density measures, noting that
such measures have been applied at different scales—a single residential plot, a residential
subdivision, a neighborhood, or an individual census tract—and not only to the city as a
whole. Following these earlier authors, we classify the main density metrics found in the
literature in the table below.3 The abundance of singular definitions—coupled with the use
of different density metrics in different studies—can be overwhelming for many urban
planners and policy makers, making it difficult to compare densities in different cities or
their change over time, not to mention to study their impact on desired sustainability and
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other outcomes. Given the multitude of definitions of density, Dovey and Pafka (2016) call

for ‘greater density literacy.’

Density Category

Ratio

Reference

Indoor Density

Persons per Dwelling Unit

Total Population
Total No.of Dwelling Units

U.S. Census Bureau, 1950;
Grebler, 1951;

Persons per Habitable Room

Total Population
Total No.of Rooms

Blake, Kellerson and Simic,
2007;

Floor Area per Person

Total Area of Dwelling Units

Total Population

Flood, 1996; Blake,
Kellerson and Simic, 2007;

Occupied Floor Area per
Person

Total Occupied Floor Area

Total Population

WHO, 2009

Parcel Density

Floor Area Ratio

Gross Residential Floor Area
Residential Plot Area

ASPO, 1958; Brueckner et
al, 2016

Dwelling Unit per Hectare

Total No.of Dwelling Units
Residential Plot Area

Alexander, 1993; Forsyth,
2003

Residential Neighborhood Density

People per Residential
Neighborhood Area

Total Population

Residential Neighborhood Area

Eldridge, 1984; APHA, 1960

Dwelling Units per
Residential Neighborhood
Area

Total No.of Dwelling Units
Residential Neighborhood Area

APHA, 1960; Alexander,
1988; Forsyth, 2003;

Dwelling Units per
“Developable Land” Area

Total No.of Dwelling Units
Total "Developable Land" Area

Galster et al., 2001;

Citywide Density

Citywide Floor Area Ratio

Total Floor Area

Area of Urban Footprint

McDonald and McMillen,
2010; Krehl et al., 2016;

Citywide Floor Area per
Person

Total Population

Total Floor Area

Krehl et al,, 2016;

Citywide People per Total
Residential Area

Total Population

Total Residential Area

Frenkel and Ashkenazi,
2005;

Urban Density

Total Population

Area of Urban Footprint

James, 1967, 55; Angel et al,,
2016; OECD, 2018

Built-up Area Density

Total Population

Built — up Area in Urban Footprint

Angel et al, 2016

Table 1: The main measures of urban density in the literature and selected sources that

mention them.

The anatomy of density introduced in this study seeks to increase density literacy and

go one step further. First, it brings together many of the disparate definitions of density and

applies them all to a single spatial unit: in our case, to the city or metropolitan area as a
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whole.? Second, and more importantly, it gives them order and structure by focusing on the
strict arithmetical relationships—mostly involving multiplication and division—between
them. To the best of our knowledge, there are few writings that discuss the arithmetical
relationships between different density metrics (e.g. Segal, 1965) although Alexander
(1988, 7) notes that given some assumptions, density metrics can be derived from one
another. Third, in the name of making density literacy comprehensive, we also introduce a
number of metrics that are not commonly associated with the study and measurement of
urban density—The Occupancy Rate, Floor Plan Efficiency, and Residential Share to be
defined later—while making sure that all the density metrics are part and parcel of one
single measure, Urban Density, and need to be considered together, as parts of a single
whole.

3. Retaining Urban Density as a Single Metric:

While many measures of density throw light on important urban phenomena and have
considerable merit in planning and policy discussions, a mission-oriented urban public
policy that measures its success by pursuing a single goal with a single measure for the city
at large is likely to be easier to formulate, garner support, and implement (Maret, 2002)
than a policy that seeks to attain disparate goals requiring disparate measures or to
optimize a composite index with implicit or explicit weights assigned to different measures
(e.g. Galster et al,, 2001; Ewing, Pendell and Chen, 2002).

That said, adopting Urban Density as a single metric for measuring progress in
densification in cities is problematic, for it may hide more than it reveals. A city with a
higher Urban Density may have attained its high density because of overcrowding, the
packing of large households into small one-room dwelling units, for example. In this city,
densification through further increases in overcrowding may be of questionable merit. In
another city, high-rise ‘towers in the park’ that may not result in higher Urban Density if
such towers displace large households in small apartments in buildings with high plot
coverage. Another city with high-density residential neighborhoods may exhibit a low
overall Urban Density because a large share of its urban footprint is devoted to industrial
use. Finally, another city may be a ghost city, built at high floor-area ratios but unoccupied,
thus having zero Urban Density. These examples show that densities are the result of
different phenomena. Any serious densification policy has to attend to all of these different
phenomena if it is to be effective.

The key research question posed here is this: How can we retain Urban Density as the
single, most appropriate measure of density by exposing its internal structure in a way that
accounts for many, if not most, of the different factors—many of them densities of one kind
or another—that act together to create the overall density of cities? Our most important
research result is our answer to this question. In the following section we demonstrate that
many, if not most, of the different density-related attributes that matter for city
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densification are in fact a set of measurable factors that when multiplied together
reconstitute Urban Density.

Il The Theory: Factoring Urban Density into its Constituents

1. Factoring defined

Factoring is simply defined as breaking down a quantity into its constituents in such a way
that multiplying them by each other yields that quantity. The number 12, for example, can
be factored into two numbers, 3 and 4, that when multiplied together yield 12. The volume
of a box can be factored into its width, length, and height that when multiplied together
yield the volume of the box. And in the same way that the number 12 can be factored in
different ways—2 x 6 = 12,3 x4 =12, or 2 x 2 x 3 = 12—Urban Density can also be factored
into its constituents in different ways. Our approach to the anatomy of density focuses on
the average values for various density factors for the city or metropolitan area as a whole.
Factoring Urban Density reveals the anatomy of this whole, in the sense of exposing its
components. This makes it possible to treat them one by one while considering their effect
on Urban Density as a whole, much in the way that understanding the human body’s
anatomy makes it possible to treat its organs one by one, while still considering their effect
on the body as a whole. What is more, factoring Urban Density exposes both the role of
individual density metrics and the relationships among them, thus giving both order and
structure to the discussion of urban density, a subject that has been typically shrouded in
confusion because of the large number of competing definitions used to characterize it as
shown in table 1 above.

2. Urban Density as a Product of Two Factors

We define Urban Density as the ratio of the Total Population inhabiting a given Urban
Footprint and the total area of the Urban Footprint, where the boundary of the Urban
Footprint is defined by the city’s Extrema Tectorum—the edge of its contiguous built-up
area— including the urbanized open space contained within that built-up areaé:

Total Population

(1) Urban Density = -
Area of Urban Footprint

We begin our illustration of the anatomy of density with the simplest decomposition of
Urban Density into two factors—defined as citywide average ratios—Floorspace Occupancy
and Floor Area Density. Floorspace Occupancy, a not-so-familiar concept, is simply the
reciprocal of a more familiar one, the average residential Floor Area per Person in the city
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(Flood, 1996; Blake, Kellerson and Simic, 2007). Floor Area refers to gross residential floor
area, including wall thicknesses and common areas’—in contrast with the Living Area in
Dwelling Units, to be introduced later, which is the net floor area within dwellings:

Total Residential Floor Area

(2) Floor Area per Person = -
Total Population

1

3 Floorspace Occupancy = =
(3) p p 4 Floor Area per Person

Total Population

Total Residential Floor Area

We use Floorspace Occupancy as a factor of Urban Density instead of using Floor Area per
Person because Urban Density increases proportionally when it increases. In contrast, Urban

Density decreases proportionally when Floor Area per Person increases.

The second factor, Floor Area Density—a variation on the Floor Area Ratio—is a
commonly used metric in urban economics to characterize the spatial structure of the urban
built environment, e.g. to describe its decline with distance from the city center (e.g.
McDonald and McMillen, 2011, 132; Krehl et al, 2016, 10). We define it as follows,
restricting it to residential floor area in the entire Urban Footprint:

Total Residential Floor Area

(4) Floor Area Density = -
Area of Urban Footprint

When we multiply these two factors together, Total Residential Floor Area cancels out,

and we get Urban Density:

Total Population

(5) Floorspace Occupancy X Floor Area Density = - -
Total Residential Floor Area

Total Residential Floor Area

- =Urban Density
Area of Urban Footprint

An increase in Floor Area Density will result in an increase in Urban Density only if
Floorspace Occupancy increases or remains unchanged. In other words, a significant
decrease in Floorspace Occupancy—say, by more affluent families living in larger
apartments displacing larger, poorer ones living in smaller apartments—may overshadow
the effect of a significant increase in Floor Area Density on overall Urban Density. Floor Area
Density may increase while overall Urban Density decreases. In short, building more floor
space does not necessarily result in densification. This simple insight exposes the value of
the anatomy of density: It allows us to gain a better understanding of how Urban Density

changes as one or more of its constituents change.
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3. Urban Density as a Product of Three Factors

Introducing a simple refinement, we can see that Floor Area Density can be perceived as the
product of two factors: The average residential Floor Area Ratio (FAR)—a metric typically
used to regulate the allowable building volume on a given plot (e.g. ASPO, 1958; Kogo,
Kaneko and Morisugi, 2010; Brueckner et al., 2016)—and Residential Share, a common
metric used in quantifying urban land use plans (e.g. Perez, Avault and Vrabel, 2004; Keys,
Wentz and Redman, 2007). The Floor Area in the Floor Area Ratio is the gross residential
floor area defined earlier. A low value for Residential Share explains that devoting large
portions of the Urban Footprint to other land uses—be they streets, commercial, industrial,
or civic areas, or open space—lowers Urban Density. It also explains that low employment
density lowers Urban Density. These two metrics are calculated for the city as a whole and

defined as follows:

Total Residential Floor Area
Total Area of Residential Plots

Total Area of Residential Plots
Total Area of the Urban Footprint

(6) Floor Area Ratio =

(7) Residential Share =

The Total Area of Residential Plots is defined net of streets, public spaces, or civic
facilities.8 We can now decompose Urban Density into three factors, calculated as averages
for the city as a whole: Floorspace Occupancy defined earlier, the Floor Area Ratio, and the
Residential Share. The reader can easily ascertain that when we multiply these three factors
together, everything cancels out, and we get Urban Density.

(8) Floorspace Occupancy X Floor Area Density X Residential Share =
(9 Total Population Total Residential Floor Area

X
Total Residential Floor Area Total Area of Residential Plots
Total Area of Residential Plots
Total Area of the Urban Footprint

=Urban Density.

4. Urban Density as a Product of Four Factors

Introducing a further refinement, we can see that the Floor Area Ratio as defined here is the
simple product of two familiar metrics, residential Building Height and Plot Coverage,
calculated as averages for the city as a whole and defined as follows:

Total Residential Floor Area

(10) Building Height = - - — -
Total Area of Residential Building Footprints

Total Area of Residential Building Footprints
Total Area of Residential Plots

(11) Plot Coverage =

We measure Building Height as the average number of residential floors—exclusive of
commercial floors in mixed-use buildings—in the city as a whole (e.g. ASPO, 1968; Bertaud
and Brueckner, 2005). This way of measuring it assumes that identical residential floors—
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with outlines identical to the building footprint under them—are stacked on top of one
another. Plot Coverage, together with setbacks from the edges of plots, is often regulated to
ensure that enough air and natural light is allowed to penetrate into rooms. It measures the
average share of residential plots occupied by residential building footprints. Again, the
reader can ascertain that when we multiply these two factors together, the Total Area of
Residential Building Footprints cancels out and we get the Floor Area Ratio. This, in turn,
means that we can represent Urban Density as a product of four factors:

(12)  Floorspace Occupancy X Building Height X Plot Coverage X Residential Share
= Urban Density.

5. Urban Density as a Product of Seven Factors

Finally, we can decompose Floorspace Occupancy as defined earlier in Equation (1) into
four factors to obtain an even more refined and more encompassing seven-factor anatomy
of density. We define two of these four factors, Dwelling Unit Occupancy and the Occupancy
Rate, as average values for the city as a whole calculated as follows:

Total Population

(13) Dwelling Unit Occupancy = - - -
Total Number of Occupied Dwelling Units

Total Number of Occupied Dwelling Units

(14)  Occupancy Rate = - -
Total Number of Dwelling Units

Dwelling Unit Occupancy is a measure of the average number of people occupying a
single dwelling unit, typically one household, large or small, and sometimes doubled-up
households. It is a more refined measure of overcrowding than Floorspace Occupancy, as it
measures occupancy in the net floor area of occupied dwelling units, disregarding vacant
ones (WHO, 2009?). The Occupancy Rate—and its complement, the Vacancy Rate—are
common measures used in censuses to measure the utilization of the available housing
stock (U.S. Census, 2019; Moreno and Gonzalez Blanco, 2014). The third factor of Floorspace
Occupancy, Dwelling Unit Packing, is the reciprocal of the more familiar Dwelling Unit Size,
an average value defined as follows:

Total Living Area of Dwelling Units

(15) Dwelling Unit Size = - X
Total Number of Dwelling Units
1
16 Dwelling Unit Packing = =
(16) welling it backing Dwelling Unit Size

Total Number of Dwelling Units

Total Area of Dwelling Units

Dwelling Unit Packing measures the number of dwelling units that can be fitted in a
hectare of salable or rentable floorspace net of common areas like corridors, lobbies,
staircases, or elevator shafts. We use it as a factor of Urban Density instead of using Dwelling
Unit Size because, other things being equal, when it increases, Urban Density increases
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proportionally. In contrast, other things being equal, Urban Density decreases

proportionally when the average Dwelling Unit Size increases.?

The fourth factor constituting Floorspace Occupancy is Floor Plan Efficiency. It is a
measure commonly used by developers to calculate the salable floor space of their
buildings, excluding wall thicknesses, common corridors and staircases, elevator and utility
shafts, lobbies, common public areas and common open floors, storage areas, and areas
dedicated to off-street parking (see, e.g., Barton, 2014; Humphries and Partners, 2019).

Total Living Area of Dwelling Units

17 Floor Plan Efficiency =
(17) i Y Total Residential Floor Area

The reader can ascertain that when we multiply these four factors together, everything
cancels out and we get Floorspace Occupancy. We can then combine these four factors with
three other factors defined earlier—Building Height, Plot Coverage and Residential Share—
to produce an anatomy of density with seven factors. Again, the reader can verify that when
we multiply these seven factors together, everything cancels out, and we get Urban Density:

(18)  Dwelling Unit Occupancy X Occupancy Rate X Dwelling Unit Packing X Floor
Plan Efficiency X Building Height X Plot Coverage X Residential Share =
Urban Density.

To summarize, Urban Density can be factored in a number of ways. The four
decompositions of Urban Density into factors are summarized in figure 1 below.1® Each
decomposition of Urban Density into its factors exposes its anatomy and yields some
important insight. In the four cases shown above we decomposed it into two, three, four, or
seven important and well-established factors, most of which are commonly associated with
density but remain hidden from view—and thus often disregarded and omitted from
important policy discussions—when we focus too intensely on Urban Density alone. As we
shall show in the concluding section of this article, exposing the anatomy of density has
great value in helping formulate comprehensive densification strategies that seek to
increase Urban Density by increasing each of its factors given the constraints—be they
economic, political, or structural—pertaining to each factor.

Decomposing density into measurable factors also forces our estimates of each of these
factors to conform to the arithmetical relationships among them—be they addition,
subtraction, multiplication, or division—thus yielding more rigorous estimates. And while
exposing the anatomy of density is the theoretical contribution of this paper, a secondary
contribution reported in this paper is empirical; it is our attempt to demonstrate that the
factors that constitute Urban Density are indeed measurable—and therefore well-defined,
apt to be better understood, and therefore simpler to act on—by calculating average
citywide values for each one of the factors introduced above in a representative sample of
ten cities from ten different world regions. With the exception of Krehl et al's pioneering
paper (2016) that sought to measure Floor Area per Person and Employee and the average
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Floor Area Ratio in four German cities, this, to our knowledge, has not been attempted
before.

The results of our measurements are preliminary and quite possibly subject to some
error.11 Still, the errors appear to be small enough to allow us to illustrate two important
insights. First, that factor values cannot be inferred from knowledge about Urban Density; in
fact, several factors are not correlated with Urban Density at all, and even when they appear
to be, outliers are common. Second, that there are important variations in the anatomy of
density among cities: Different cities get their Urban Density from different combinations of
factors. Given these preliminary results, we remain confident that with attainable increases
in measurement accuracy, anyone can monitor changes in these factors in any city one-by-
one, making it possible to track the contributions of specific policies targeted at individual
factors to overall progress in densification.
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Figure 1: The two, three, four, and seven factors that, when multiplied together, constitute
Urban Density.
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[II Methodology for Obtaining Empirical Results

1. Measuring Urban Density in Ten Representative Cities

To measure the factors that constitute urban density we selected ten representative cities
(see figure 2) from the stratified global sample of 200 cities obtained from the universe of
4,231 cities and metropolitan areas that had 100,000 people or more in 2010 (Angel et al,,
2016). The cities were Baku (Azerbaijan), Bangkok (Thailand), Bogota (Colombia), Cairo
(Egypt), Dhaka (Bangladesh), Hong Kong (Hong Kong, China), Kinshasa (Democratic
Republic of Congo), Madrid (Spain), Minneapolis (Minnesota, United States), and Wuhan
(China). They were selected from all major world regions.
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Figure 2: The locations of the 10 representative cities and the 200 cities in the global sample.

City GDP Urban Population
per Satellite Footprint in Urban Urban
Capita, Image atDate Footprint Density

City Country Region 2012 Date  (hectares) ('000) (p/ha)
Dhaka Bangladesh South and Central Asia $ 4979 1-Mar-14 36,541 13,609 372
Hong Kong Hong Kong, China East Asia and the Pacific $50,746 1-Oct-13 12,278 4,322 352
Kinshasa Congo Dem. Rep. Sub-Saharan Africa $ 1,849 1-Jul-13 45,681 10,226 224
Bogota Colombia Latin America & the Caribbean $15,933 1-Jan-10 39,723 7,802 196
Cairo Egypt North Africa $12,067 1-May-13 136,396 15,735 115
Baku Azerbaijan Western Asia $13,536  1-Aug-14 25,662 1,672 65
Madrid Spain Europe $38,069 1-May-10 84,407 5,256 62
Bangkok Thailand Southeast Asia $23,309 1-Jan-15 294,462 14,011 48
Wuhan China East Asia and the Pacific $17,783 1-Sep-13 183,723 8,174 44
Minneapolis United States North America $59,082 1-Oct-14 251,256 2,627 10

Table 2: Basic data on the ten representative cities, arranged by their Urban Density, from the
highest (Dhaka) to the lowest (Minneapolis).
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Table 2 above provides summary information on relevant characteristics of these cities.
The table also shows that Urban Density in this group of cities was not highly correlated
with City GDP or with city population.

To gain insight into the factors of Urban Density in each city, we needed to explore their
anatomy of density. In this section we focus on a rigorous and replicable methodology for
obtaining good estimates for eight, and only eight, metrics in each city that allow us to
calculate Urban Density and all its factors. Those metrics are defined in Table 3 below:

Metric Definition

Urban Footprint The total area of the contiguous built-up area of the city and its
urbanized open space

Total Population The total population residing within the urban footprint

Residential Share The share of the wurban footprint occupied by residential
buildings/plots

Plot Coverage The share of the total area of residential plots occupied by residential
buildings

Building Height The average number of residential floors on a unit area of a
residential building footprint

Floor Plan Efficiency The average share of the gross residential floor area allocated to
living areas in dwelling units

Occupancy Rate The share of the total number of dwelling units that are occupied

Persons per Dwelling Unit The average number of persons per dwelling unit in the city

Table 3: The eight metrics that need to be obtained in a city to calculate Urban Density and all
its factors and their definitions.

Measuring the values for these eight metrics required empirical data of two kinds: data
that could be obtained from the analysis of satellite imagery, and data that required
secondary sources, essentially census data and architectural plans. Where possible,
published reports were also consulted to confirm our estimates. In this section, we provide
short summaries that explain how the values for each of these eight metrics were obtained.
Detailed explanations are provided in the Technical Appendix.

2. The Urban Footprint

Several authors (e.g. Banai and DePriest, 2014) have noted that the administrative
boundary of the city is not an appropriate denominator for measuring its density, because it
may be too large or too small in comparison with its contiguous built-up area and may
change arbitrarily from one year to another. We previously created Urban Footprints for the
contiguous built-up areas of a global stratified sample of 200 cities including these ten cities
(Angel et al,, 2016) by classifying recent Landsat imagery in study areas containing these
cities.12 These footprints were used in the present study.

3. City population
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We previously estimated the population living within the urban footprints of the global
sample of cities, including the ten cities studied here, using digitized maps for census
enumeration districts,!3 as well as estimates provided by the Chinese Academy of Sciences
for Chinese cities. Using Landsat imagery of the urban footprint, population was
apportioned among the census enumeration districts in the city.14 Total Population of the
city is the sum of the populations of all of the built-up pixels that fall within the city’s urban
footprint.

4. Residential Share

The measurement of Residential Share employed an intra-urban spatial sampling
methodology that identified a set of quasi-random points at a desired point density based
on a Halton Sequence (Halton, 1964). An image analyst determined for each point in the
Halton sequence whether the land use at that point was ‘residential’ or ‘non-residential’.1> A
running average value was calculated after the fact. In general, because we did not adopt an
appropriate stopping rule, too many Halton points—more than 2,000—were sampled in
each city. As a result, the running average value of the Residential Share stabilized in eight of
the ten cities when considerably fewer points were sampled.

5. Plot Coverage

To measure Plot Coverage, the boundaries of areas surrounding the first few hundred
sampled Halton points identified as ‘residential’ earlier were digitized. These boundaries
could be streets surrounding residential city blocks or intra-block boundaries between
‘residential’ and ‘non-residential’ land uses. As with Residential Share, the bounded areas
identified as ‘residential’ included non-residential buildings. The footprints of all residential
buildings within a bounded area defined as ‘residential’ were digitized and their total area
was calculated. We digitized an average of 460 residential blocks in each of the ten pilot

cities. Plot Coverage, like Residential Share, was also calculated as a running average.

6. Building Height

We estimated Building Height in the ten pilot cities by counting residential floors in the
nearest residential building to a Halton point identified as ‘residential’ earlier. The building
was classified into one of three building types: (1) Single-family; (2) Non-core multi-family;
and (3) Core multi-family, where core buildings were defined as having centralized elevator
shafts and stairwells. Analysts then counted the stories of that building, excluding floors
that were identifiable non-residential uses (such as stores or parking).16 We obtained
Building Height values for an average of 1,500 buildings in each of the ten pilot cities. Again,
Building Height was also calculated as a running average
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7. Floor Plan Efficiency

Floor Plan Efficiency estimates the share of the gross floor area of residential buildings
devoted to dwelling units, net of wall thicknesses, lobbies, elevator shafts, stairwells and
mechanical spaces. In single-family homes, this share is simply the share of living areas net
of wall thicknesses. In multi-family buildings, estimating this share required examining
architectural floor plans for buildings of varying sizes and heights, based on the three-way
typology identified earlier.1” Data gathering for this metric was preliminary. Approximately
fifty floor plans in total were collected and digitized. Other sources of data were consulted
where possible. This value was measured with real accuracy in Minneapolis, for example,
where high quality data on buildings was available. Using this value as a baseline,
corrections were made to reduce the value for Baku—indicating thicker walls of Soviet-era
buildings (Wright, 1975, 25)—and increase the value for Kinshasa (indicating thinner
walls), based on personal observations by the authors and their colleagues. The value for
Wuhan was based on the rule-of-thumb used by real estate brokers there.

8. Occupancy Rate

The Occupancy Rate of residential units was estimated from publicly available data (Moreno
and Gonzalez Blanco, 2014). Three methods were used, reflecting different levels of data
availability: (1) In Cairo, Madrid and Minneapolis national census data provided the
Occupancy Rate directly; (2) In Bangkok, Bogota, Dhaka and Hong Kong the census provided
‘households sharing the same housing unit’ and ‘total number of domestic households’ for
the city. The former was subtracted from the latter, yielding the number of occupied units
(with the assumption that every household occupied a single unit); (3) In Baku, Kinshasa
and Wuhan the same arithmetic was used as in (2), but total number of dwelling units was
calculated by dividing the total square meters of residential floor space in the city by the
average dwelling unit size, estimated by multiplying floor area per person and average
household size.

9. Persons per Dwelling Unit

The total population and the total number of dwelling units was directly available from
national census data for the ten cities studied here. These two values allowed us to calculate
the average number of persons per dwelling unit in the cities studied. In some countries it
was only available inferentially. In Azerbaijan, for example, the census provided the total
residential floorspace in the city, average square meters per person, and average household
size, from which the total number of dwelling units was estimated. The urban extent of the
cities used by the respective censuses to collect this information was similar, but did not
usually correspond exactly, to the Urban Footprint of the city we identified. We adopted the
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empirical value for Persons per Dwelling Unit calculated for this urban extent to the Urban
Footprint as defined by us.

IV Empirical Findings in Ten Representative Cities

1. Eight Metrics Obtained from Primary and Secondary Data

In the previous section we briefly reported on the methodology for obtaining primary and
secondary data on eight metrics, each a value for the city as a whole. These values,

summarized in table 4 below, show a considerable variation among the ten cities.

Metrics Obtained from Primary Minnea-
& Secondary Data Dhaka HongKong Kinshasa Bogota Cairo Baku Madrid Bangkok Wuhan polis

a. Population ('000) 13,609 4,322 10,226 7,802 15,735 1,672 5,256 14,011 8,174 2,627
b. Urban Footprint (hectares) 36,541 12,278 45,681 39,723 136,396 25,662 84,407 294,462 183,723 251,256
c. Building Height (stories) 2.5 20.5 11 2.8 4.4 2.6 3.4 19 5.8 1.4
d. Plot Coverage 53% 22% 20% 52% 43% 35% 26% 44% 32% 11%
e. Residential Share 37% 16% 46% 31% 26% 35% 19% 20% 14% 36%
f. Persons per Dwelling Unit 4.2 2.8 5.1 3.6 2.1 3.8 23 3.0 2.2 2.4
g. Occupancy Rate 97% 96% 99% 96% 66% 88% 88% 96% 77% 96%
h. Floorplan Efficiency 85% 75% 95% 87% 79% 67% 83% 89% 75% 90%

Table 4: Estimated values for eight metrics obtained from primary and secondary data for the
ten representative cities. Cities are arranged from left to right in order of decreasing Urban
Density.

These eight metrics allowed us to calculate Urban Density and all of its ten factors
defined earlier in Section II. We performed these calculations in two stages. First, we
calculated six intermediary values, shown in table 5 below. Then we used the values
obtained in both tables 4 and 5 to calculate Urban Density and its factors.

2. Six Intermediary Metrics

Table 5 below displays the six intermediary values used for calculating Urban Density and
its factors in the ten cities.

Calcu- Hong Minnea-
Intermediary Metrics (calculated) lation Dhaka Kong  Kinshasa Bogota Cairo Baku  Madrid Bangkok Wuhan polis

i. Gross Residential Floor Area (hectares) bxcxdxe 17,805 8,643 4,481 17,737 66,310 8,117 13,927 50,264 47,286 13,789
j. Residential Area (hectares) bxe 13,536 1,955 20,812 12,170 35,335 9,102 15,846 59,786 24,911 90,671
k. Residential Building Footprints (hectares) bxdxe 7,110 422 4,182 6,314 15,213 3,141 4,112 26,076 8,095 10,179
|. Dwelling Units ('000) axf 3,215 1,527 2,009 2,154 7,405 441 2,321 4,687 3,689 1,077
m. Occupied Dwelling Units ('000) Ixg 3,128 1,467 1,989 2,064 4,920 389 2,045 4,481 2,822 1,029
n. Area of Dwelling Units (hectares) dixh 15,140 6,495 4,256 15,378 52,127 5,439 11,519 44,639 35,465 12,377

Table 5: Estimated values for six intermediary metrics, calculated for the ten representative
cities from metrics obtained from primary and secondary data.
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The table indicates how they were computed from the values in table 4 in the column
labeled ‘Calculation.” Table 5 gives us a sense of the orders of magnitude of these totals in
different cities.

3. Calculated Estimates for Urban Density and All Its Factors

The values for Urban Density and all its factors described in Section II could now be
calculated from tables 4 and 5 above.l8 Table 6 and the figures accompanying it below
display our estimates for Urban Density, ten of its factors, and three familiar complementary
metrics that are commonly encountered in discussions of urban density. The cities in the
table and in the graphs below are all arranged in order of declining Urban Density. The
column labeled ‘Calculation’ in table 6 indicates how the values were computed from the
values in tables 4 and 5.

Calcu- Hong Minnea-
Urban Density and Its Factors lation Dhaka Kong Kinshasa Bogotd Cairo Baku Madrid Bangkok Wuhan  polis

0. Urban Density (persons/hectare) ath 372 352 224 196 115 65 62 48 44 10
p. Floorspace Occupancy (persons/hectare) axi 764 500 2,282 440 237 206 377 279 173 191
g. Floor Area Density i+b 0.5 0.7 0.1 0.4 0.5 0.3 0.2 0.2 0.3 0.1
r. Floor Area Ratio disj 13 4.4 0.2 1.5 1.9 0.9 0.9 0.8 1.9 0.2
e. Residential Share (percent) e 37% 16% 46% 31% 26%  35% 19% 20% 14% 36%
c. Building Height (number of stories) c 2.5 20.5 11 2.8 4.4 2.6 3.4 1.9 5.8 1.4
d. Plot Coverage (percent) d 53% 22% 20% 52% 43%  35% 26% 44% 32% 11%
s. Dwelling Unit Occupancy (persons/occupied D.U.) a+m 4.4 2.9 5.1 3.8 3.2 4.3 2.6 3.1 2.9 2.6
g. Occupancy Rate (percent) g 97% 96% 99% 96% 66%  88% 88% 96% 77% 96%
t. Dwelling Unit Packing (D.U./hectare) l+n 212 235 472 140 142 81 201 105 104 87
h. Floorplan Efficiency (percent) h 85% 75% 95% 87% 79% 67% 83% 89% 75% 90%
Complementary Metrics
u. * Floor Area per Person (sqg.m.) [Reciprocal of p] 1+p 13 20 4 23 42 49 26 36 58 52
A * Dwelling Unit Size (sg.m.) [Reciprocal of t] 1+t 47 43 21 71 70 123 50 95 96 115
w. * Occupied Floor Area per Person (sg.m.) Vs 11 14 4 19 22 29 19 30 33 45

Table 6: Estimated values for Urban Density and its factors calculated for the ten
representative cities from metrics obtained from data presented in tables X and Y above.

Empirical measurements of the factors of density illustrate the practical value of
studying the anatomy of density. The key finding in table 6 is that knowing that Urban
Density is higher in one city than in another does not allow us to infer whether its factors
are also higher than in the other city. In general, we would expect cities with higher urban
densities to have higher values for each of the factors than cities with lower densities, but
the empirical results in table 6 show that this is quite often not the case. The most
interesting insights offered by this empirical analysis are deviations from this expectation,
the outliers that highlight more detailed knowledge about the anatomy of density in specific
cities that could not be inferred from knowledge about their Urban Density alone.
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4. Observed Variations in Urban Density, Floorspace Occupancy, Floor Area
Density, and Floor Area per Person.

Urban Density can be represented as a product of two factors as we showed in Equation (4)

earlier:
(4) Urban Density = Floorspace Occupancy x Floor Area Density.

The graphs showing the observed variations in Urban Density, Floorspace Occupancy, Floor
Area Density and Floor Area per Person in the ten representative cities appear in figure 7

below.
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Figure 7: Observed variations in Urban Density, Floorspace Occupancy, Floor Area Density, and
Floor Area per Person in the ten representative cities.

The variations shown in the graphs challenge a basic assumption: We would anticipate
that cities with higher Urban Density would have lower Floor Area per Person, due to higher
levels of crowding in residential areas. And Urban Density did tend to be higher in cities
with higher Floor Are Density and Floor Space Occupancy, and lower in cities with higher
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Floor Area per Person. However, Floor Area Density was higher in Hong Kong than in Dhaka,
even though its overall Urban Density was lower; Cairo’s Floor Area Density was equal to
that of Dhaka even though its Urban Density was only the fifth highest in the group; and
Floorspace Occupancy was highest in Kinshasa even though its Urban Density was only the
third highest in the group. We thus begin to see that comparisons of Urban Density among
cities sometimes hide more than they reveal about how its factors compare with one
another.

5. Observed Variations in Floor Area Ratio and Residential Share
Equation (7) earlier showed Urban Density as a product of three factors:

(7) Urban Density = Floorspace Occupancy x Floor Area Ratio x Residential
Share.

The graphs showing the observed variations in the Floor Area Ratio and the Residential
Share in the ten representative cities appear in figure 8 below.
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Figure 8: Observed variations in Floor Area Ratio and Residential Share in the ten
representative cities.

Again, the empirical results challenge our core assumptions: We would expect cities
with higher Urban Density to have a higher Floor Area Ratio (FAR) and a higher Residential
Share; indeed, efforts to increase FAR are often a core part of efforts at densification. In fact,
a visual inspection of figure 8 shows that neither factor is correlated with Urban Density.
The three cities with the highest values for the Floor Area Ratio—Hong Kong, Cairo, and
Wuhan—have the second-highest, fifth highest and second-lowest Urban Density in the ten-
city group. The two cities with the lowest values for the Residential Share—Hong Kong and
Wuhan—have the second highest and the second lowest Urban Density in the ten-city group.
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Again, we see that values for the factors of Urban Density vary in ways that could not be
predicted from information on Urban Density itself.

6. Representing Urban Density in Three Dimensions

Perceiving Urban Density as a product of three factors makes it possible to represent it as a
box in three-dimensional space, where Floorspace Occupancy—measured on the X-axis—is
its width, Residential Share—measured on the Y-axis—is its depth, and Floor Area Ratio—
measured on the Z-axis—is its height. Representing Urban Density as a box for each of the
ten representative cities—as shown in figure 9 below—begins to reveal its basic anatomy
visually. The colored cube on the top left of the figure represents the ten-city averages and
the dimensions of each box are simply multiples of these averages.

Figure 9: The urban densities of ten cities represented as volumes of boxes (in grey) in
decreasing order from right to left and from top to bottom. The colored cube represents the
10-city average values for each of the three factors that make up Urban Density.

If each of the factors were perfectly correlated with Urban Density, we would expect all
of the boxes to be cubes of decreasing size. In fact, we observe variations in the factors for
each city. For example, Dhaka got its high density from its above-average Floorspace
Occupancy and its above-average Residential Coverage, despite its Floor Area Ratio being
below average. Hong Kong got its high density from its above-average Floor Area Ratio.
Kinshasa got its high density from its above-average Floorspace Occupancy. Wuhan had a
relatively low Urban Density despite its above-average Floor Area Ratio, largely because of
its very low Residential Share and its below-average Floorspace Occupancy. All in all, figure 9



Anatomy of Density: Measurable Factors that Together Constitute Urban Density 20

demonstrates that the fact that a city has a relatively high Urban Density does not
necessarily imply that its factors all have above-average values, and that a city with a
relatively low Urban Density does not necessarily imply that its factors all have below-

average values.
7. Observed Variations in Building Height and Plot Coverage

Urban Density can also be represented as a product of four factors as we showed in
Equation (10) earlier:

(10)  Urban Density = Floorspace Occupancy x Building Height x Plot Coverage
x Residential Share.

The graphs showing the observed variations in the Building Height and the Plot

Coverage in the ten-city group appear in figure 10 below.
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Figure 10: Observed variations in Building Height and Plot Coverage in the ten representative
cities.

Building Height and Plot Coverage are the two factors that make up Floor Area Ratio,
hence it comes as no surprise that the graphs show that they are uncorrelated with Urban
Density. The three cities with the highest values for Building Height—Hong Kong, Cairo, and
Wuhan—have the second-highest, fifth highest and second-lowest Urban Density in the ten-
city group, for example. Kinshasa has a similar value for Plot Coverage as that of Hong Kong,
while their respective Building Height values are at the two ends of the spectrum. Again, we
see that values for the factors of Urban Density vary in ways that could not be predicted
from information about Urban Density itself.

8. Observed variations in Dwelling Unit Occupancy, Dwelling Unit Packing,
Dwelling Unit Size, Occupancy Rate, and Floor Plan Efficiency

Equation (17) earlier showed Urban Density as a product of seven factors:

(17)  Urban Density = Dwelling Unit Occupancy x Occupancy Rate x Dwelling
Unit Packing x Floor Plan Efficiency x Building Height x Plot Coverage x
Residential Share.

The graphs showing the observed variations Dwelling Unit Occupancy, Dwelling Unit
Packing, Dwelling Unit Size, Occupied Floor Area per Person, Occupancy Rate, and Floor Plan
Efficiency in the ten representative cities appear in figure 11 below.

This factoring of Urban Density into seven distinct factors allows us to distinguish
several cases in which our intuition about Urban Density is incorrect. For example, it
appears that Dwelling Unit Occupancy—the average number of persons in an occupied
dwelling unit—is not correlated with Urban Density. The values are lower, as expected, in
cities in more-developed countries—Hong Kong, Madrid and Minneapolis—that all have

slower birthrates and smaller household sizes.

The Occupancy Rate in the ten-city group also does not appear to be correlated with
Urban Density nor with any of the other factors. Cairo and Wuhan have notably low values.
In Cairo, landlords’ fear of not being able to evict tenants prevented them from renting their
apartments, and in Wuhan a large share of the new housing stock remained vacant. Floor
Plan Efficiency was also not correlated with Urban Density nor with any of its factors.

In contrast, we do find that Dwelling Unit Packing and its reciprocal Dwelling Unit Size
are significantly correlated with Urban Density: Dwelling units are generally smaller in cities
with higher density and therefore there are more dwelling units per hectare of residential
floor area in these cities. When we translate Dwelling Unit Size to Occupied Floor Area per
Person, the correlation with Urban Density becomes much stronger, but Kinshasa and

Madrid remain outliers having lower than expected values.
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To conclude, decomposing Urban Density into factors, while instructive in itself, gains in
importance when we can obtain values for these factors for specific cities. The importance
of these initial empirical values for the ten cities studied here is not their absolute values
themselves but their ordinal relationship with density, which reveals—for the first time—
that many of these factors are not correlated with Urban Density at all, and that their values
cannot be inferred from the value of Urban Density alone. The anatomy of density in these
cities reveals the relative strength of each factor, as well as the relationships between the
factors, showing how they all act together to determine the overall Urban Density in each
city.

What is more, decomposing Urban Density into a set of measurable factors alerts us to
the real possibility of helping bring about the systematic densification of cities by attending
to the possibilities of increasing the value of each and every one of these factors over time.1?
We discuss this insight in greater detail in the concluding section of this article.
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Figure 11: Observed variations in Dwelling Unit Occupancy, Dwelling Unit Packing, Dwelling
Unit Size, Occupied Floor Area per Person, Occupancy Rate, and Floor Plan Efficiency in the ten

representative cities.
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V' Conclusion: Towards a Comprehensive Strategy
for Making Room for City Densification

In this paper we have laid out a new theory for decomposing Urban Density into measurable
factors and a rigorous and replicable methodology for calculating these factors. This has
made it possible to envision a comprehensive strategy for city densification based on
increasing one or more of these factors, while monitoring the others to ensure that
increases in some factors are not compromised by decreases in others. A concise outline of
this strategy, based on decomposing Urban Density into seven factors, is summarized in
table 11 as a checklist of possible interventions.

Increase Dwelling Unit Occupancy: Increase the number of people that occupy a single
dwelling unit.

* In times of crisis, enforce sharing of units by multiple households: At present, we find no effective
ways for the public sector to increase dwelling unit occupancy except in times of emergency or crisis
(Sosnovy, 1959).

* Encourage higher fertility rates: While outside the purview of municipal planners, this is often a
national policy aimed at increasing household size (Howe, 1999)

* FEncourage communal living: Remove financial and regulatory barriers to cohousing arrangements
(Strauss, 2016).

* Decrease dwelling unit size: Decrease the size of dwelling units by increasing Dwelling Unit Packing
(See below)

Increase the Occupancy Rate: Remove barriers and incentives that keep a larger-than-
necessary share of the housing stock vacant.

* Introduce a vacancy tax: Introduce a properly targeted vacancy tax that would encourage absentee
owners to rent out their units, thus making better use of the city’s housing stock (City of Vancouver,
2019).

*  Permit leasing of vacant homes: Remove the restrictions imposed by building and neighborhood
associations that forbid leasing of vacant homes and apartments (New York State Supreme Court,
1999).

* Overcome reluctance to rent vacant units: Remove the risk to rental-unit owners of not being able to
repossess them (The World Bank, 2007).

* Avoid supply of units not in demand: Provide developers, investors, and speculators with reliable
market information that can reduce the occurrence of ghost cities and an over-supply of unsold
housing units (Shelton, Zhou and Pan, 2018; (OECD 2015).

* Reverse central city abandonment: Remove bureaucratic obstacles and provide fiscal and financial
incentives to facilitate the renovation of abandoned residential properties (Furman Center for Real
Estate and Urban Policy, 2006).

Table 11: A checklist of possible interventions to increase each one of the seven factors of
Urban Density.
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Increase Dwelling Unit Packing: Encourage people to reduce their consumption of floor
area per person and to refrain from increasing it as they become better off.

Allow the subdivision of dwelling units: Remove barriers to the subdivision of larger dwelling
units into smaller ones, allowing the addition of kitchens and bathrooms (Bibby, Hennenberry and
Halleux, 2018).

Remove minimum size of apartments: Remove barriers to the minimum size of apartments and
allow micro-apartments (Ville de Montréal 2015; Gabbe, 2015; Manville, 2013).

Eliminate lending bias: Remove financial and fiscal incentives that give preference to single-
family homes over apartments and to owner-occupied units over rental ones (Beyer, 2017).

Avoid displacement through urban renewal: Avoid urban renewal that displaces smaller homes
inhabited by larger households by larger homes with smaller ones (Wang et al., 2019; Wu et al.,
2016).

Encourage residential mobility: Remove regulatory and financial barriers to residential mobility
that prevent older people from moving to smaller dwelling units (Sanchez and Andrews, 2011).

Increase Floor Plan Efficiency: Remove barriers and incentives that lower the share of
living areas in the total residential floor area under construction.

Encourage lightweight construction: Support research and dissemination of building technologies
that reduce the structural footprint in typical floor plans (Wright, 1971).

Improve high-rise building design: Increase awareness of Floor Plan Efficiency in the design of
floor plans in high-rise buildings with a view to maximizing the share of salable living areas
(Barton, 2014; Humphreys and Partners, 2019).

Reduce parking requirements: Relax zoning regulations that mandate on-site parking space
minimums and place maximums on allowable on-site parking spaces (Brinkman, 1948; Bertha,
1964; Fulton, 1999; Manville, Beata, and Shoup, 2013).

Increase Building Height: Revise regulatory barriers and incentives that prevent the
increase of residential floor place with taller multi-story buildings.

Relax building height restrictions: Revise local zoning regulations that restrict the maximum
height of buildings (Bertaud and Brueckner, 2005; Grabar, 2018).

Allow adding floors on existing roofs: Relax restrictions that prevent the addition of floors to
existing residential buildings (Berg, 2017).

Increase access to construction finance: Remove barriers that block access of the residential
sector to financial markets and prevent the construction of tall buildings (Renaud, 1987).

Increase allowable Floor Area Ratios: Revise local zoning regulations that restrict the maximum
allowable Floor Area Ratio (FAR) on residential plots (Common Floor, 2014; Shanker, 2018).

Expand zoning for multi-family buildings: Increase the share of areas where multi-family
buildings are permitted in residential zones (Harney, 2009; Mervosh, 2018; City of Minneapolis,
2018)
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Increase Plot Coverage: Remove or redesign regulations that limit the share of the area of
residential plots that building footprints can occupy.

* Reduce minimum plot size for single-family homes: Allow single-family homes to be built on
small plots, removing zoning restrictions that mandate large plot sizes (Chang, 2018).

* Relax setback regulations: Increase the share residential areas where no setbacks are required on
the front and sides of plots and narrow setbacks are permitted in back (Price, 2017; Riis, 1890
reprinted 1971, 211)).

*  Allow multiple units on single-family plots: Relax regulations that limit the construction of
dwelling units on a residential plot to a single unit (Cohen, 2018; Garcia, 2017).

* Increase allowable Floor Area Ratios: Revise local zoning regulations that restrict the maximum
allowable Floor Area Ratio (FAR) on residential plots (Common Floor, 2014; Shanker, 2018).

Increase Residential Share: Increase the share of residential and mixed-use areas in the
city, while limiting the loss of residential areas to other land uses.

* Accelerate conversion to residential use: Accelerate the conversion of brownfield sites, empty
buildings, and underused lands held by public agencies to residential use (Burks, 1970; Kuang,
2012; SoHo Broadway Initiative, 2018; City of Joburg Property Company, 2019).

* Encourage mixed use in commercial areas: Facilitate the conversion of commercial areas into
mixed-use areas with structures containing housing and offices above stores (Pyati, 2017; City of
Los Angeles, 2019).

* Avoid mass evictions for urban highways: Avoid the construction of highway projects that cut
through and destroy viable neighborhoods without proper rehousing of their residents (Thurz,
1966; Short, 2006).

* Avoid over-allocation of lands for industrial use: Remove the fiscal incentives that push
municipalities to allocate too much land for industrial use (Advisory Commission on Regulatory
Barriers to Affordable Housing, 1991, 2-3—2-4; Bertaud and Renaud, 1995).

* Encourage safe building on steeper slopes: Replace restrictions that prevent residential
construction on steeper slopes with regulations that make such construction safe (Wordie, 2016;
Buildings Department, 2018).

* Limit the evacuation of flood-prone areas: Limit the managed retreat from flood-prone areas,
allowing in-place adaptation wherever possible (FEMA, 2014).

* Introduce a vacant land tax: Bring lands that are being held vacant for speculative purposes into
active residential use by imposing an annual tax on such lands (Lam and Tsui, 1998;
Amirtahmasebi ef al., 2016; Vincent, 2019).

Table 11[continued]: A checklist of possible interventions to increase each one of the seven
factors of Urban Density.

It should be noted that cataloguing these interventions does not necessarily mean that
the authors are advocating for them.20 Many of these interventions are context-dependent:
They are appropriate and likely to be successful in some contexts but not in others. Where
we have identified cities where proposed interventions have been implemented, be it
successfully or unsuccessfully, we provide an appropriate reference.

We suggest that cities—and, where appropriate, higher levels of government as well—
study their capacity for densification under existing conditions; set themselves attainable
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and measurable densification goals for each of the seven factors that constitute urban
density; and then closely monitor changes in their overall density as well as in its factors.
The choice of a subset of pragmatic and effective interventions in a given city must be done
with an understanding of the potential of employing specific strategies; of the possible gain
in overall Urban Density from changes in individual factors; of the cultural and political
barriers to their application; of the difficulties in revising the regulatory framework; and of
the budget available for implementation. These are unique to every city and cannot be
determined in advance. Needless to say, monitoring changes in density factors will require
further refinements of the methodology outlined in this article, a promising and valuable

challenge for further research.

We are well aware that urban planners are experts in understanding the practical
difficulties of densification. We are also well aware that densification efforts in cities the
world over during the past two decades have had only little success, and that average city
population densities in the world at large have been in significant decline during this period
(Angel et al, 2016, table 1). Yet we believe that this fresh look at the anatomy of density
affords an opportunity to envision and energize new and more comprehensive strategies
for urban densification. The anatomy of density presented here affords urban planners an
outline of a manual for assessing the capacity of cities to densify under present conditions—
e.g. under present land use and zoning regulations, current public opinion, fertility rates,
and population projections—as well as for preparing pragmatic future plans for increasing
this capacity. Assessing the feasibility of implementing these pragmatic plans in cities the
world over should give the planning profession a realistic estimate of the extent to which
the compact city agenda can play the critical role envisioned for it in mitigating global
warming in due time, while keeping cities productive and inclusive. Such an assessment is

now overdue.
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Anatomy of Density:
Measurable Factors that Together Constitute Urban Density
Technical Appendix?

1. Background

The research described in the companion paper divides Urban Density into seven factors
that can be multiplied together to produce Urban Density. These seven factors are derived
from eight metrics obtained from primary and secondary data sources, along with six
intermediary metrics that are products or quotients of the eight primary metrics. This
technical appendix reports on the methods used to measure each of the eight primary
metrics in ten pilot cities. We believe that the feasibility and accuracy of the measurement of
these metrics on a global scale is a key consideration for the broadening of the global
analysis of density that is proposed in this paper.

The eight primary metrics are:

Metric Brief Definition

Urban Footprint The total area of the city

Total Population The total population residing within the urban footprint

Residential Share The share of the urban footprint occupied by residential plots

Plot Coverage The share of the total area of residential plots occupied by residential
buildings

Building Height The average number of residential floors on a unit area of a
residential building footprint

Floor Plan Efficiency The average share of the living area allocated to dwelling units in a
unit of gross residential floor area

Occupancy Rate The share of the total number of dwelling units that are occupied

Persons per Dwelling Unit The average number of persons per dwelling unit in the city

Table A1: Describing the eight primary metrics used in the calculation of the factors of Urban
Density.

These eight metrics described in this paper are obtained from primary and secondary
sources. The first metric, Urban Footprint, provides the study area and unit of analysis for
the measurement of the remaining seven metrics. Each city—including cities that are
contiguous collections of individual municipalities grouped into a single metropolitan
area—is regarded as having a single urban footprint. The values of the eight metrics
obtained from primary and secondary data sources, the six intermediary metrics, and the
seven factors that constitute Urban Density are all averages—expressed as single values—
pertaining to the entire urban footprint of the city.

1 With contributions from Manuel Madrid, Suman Kumar, and Sharhad Shingade.
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2. The Ten Pilot Cities

The ten pilot cities featured in this paper were selected from the global sample of 200
cities developed by New York University and UN Habitat. This sample, stratified by region,
city size and number of cities in country, was drawn from the universe of 4,231 cities with
populations of 100,000 or more. This universe of cities was identified by New York
University as an initial input for the creation of the Atlas of Urban Expansion: 2016 Edition.
Population information and locations for these 4,231 cities came from three main sources of
data: United Nations Population Division, citypopulation.de, and the Chinese Academy of
Sciences which provided specific information on the universe of Chinese cities. The ten pilot
cities were chosen with an eye to broad geographic representation and with a strong
preference for a maximum diversity of circumstances, in preparation for employing this
methodology in the entire sample of cities. The selected pilot cities were Baku (Azerbaijan),
Bangkok (Thailand), Bogota (Colombia), Cairo (Egypt), Dhaka (Bangladesh), Hong Kong
(Hong Kong, China), Kinshasa (Democratic Republic of Congo), Madrid (Spain), Minneapolis
(Minnesota, United States), and Wuhan (China) (Figure A1).

Figure A1l: The locations of the 10 representative cities and the 200 cities in the global sample.

Table A2 below provides summary information on relevant characteristics of these cities. It
shows that Urban Density in these cities varied from a maximum of 372 persons per hectare
in Dhaka to a minimum of 10 persons per hectare in Minneapolis, a 37-fold difference. The
table also shows that Urban Density in this group of cities is not highly correlated with City
GDP or with city population.
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Urban
Urban Population | Density
City GDP | Satellite | Footprint | in Urban [ (persons
per Capita, [ Image at Date Footprint per
City Country Region 2012 Date (hectares) ('000) hectare)
Dhaka Bangladesh South and Central Asia $ 4979 | 1-Mar-14 36,541 13,609 372
Hong Kong China East Asia and the Pacific $ 50,746 1-Oct-13 12,278 4,322 352
Kinshasa Congo Dem. Rep. |Sub-Saharan Africa $ 1,849 1-Jul-13 45,681 10,226 224
Bogota Colombia Latin America and the Caribbean| $ 15,933 1-Jan-10 39,723 7,802 196
Cairo Egypt North Africa $ 12,067 | 1-May-13| 136,396 15,735 115
Baku Azerbaijan Western Asia $ 13,536 | 1-Aug-14 25,662 1,672 65
Madrid Spain Europe $ 38,069 | 1-May-10 84,407 5,256 62
Bangkok Thailand Southeast Asia $ 23,309 1-Jan-15 294,462 14,011 48
Wuhan China East Asia and the Pacific $ 17,783 | 1-Sep-13 183,723 8,174 44
Minneapolis |United States North America $ 59,082 1-Oct-14 251,256 2,627 10

Table A2: Basic data on the ten representative cities, arranged by their Urban Density, from
the highest (Dhaka) to the lowest (Minneapolis).

The development of the methodology for measuring the eight metrics that enable the
calculation of the factors of Urban Density began with the publication of the Atlas of Urban
Expansion (Angel et al, 2012) in 2012. The Atlas used Landsat satellite imagery to measure
the urban footprints of 120 cities in two time periods, 1990 and 2000, and mapped the
expansion of a subset of 30 cities over a 200-year period using both satellite imagery and
historical maps (Figure A1). That effort yielded valuable insights into global trends in urban
expansion and urban densities.

The eight metrics are the necessary input data that enable the calculation the seven
factors of density in the ten pilot cities. To remind the reader, this step is preceded by the
calculation of six intermediary metrics as described in the companion paper. This technical
appendix will not address the calculation of the six intermediary metrics nor the calculation
of the factors of density themselves, both of which subjects are addressed in detail in the
companion paper. Instead, it will focus on the methodology used to compute the values of
the eight primary metrics, gathered from primary and secondary data sources.

3. Data Sources and Halton Points

The analysis of medium-resolution Landsat imagery described in the urban footprint
methodology facilitates the measurement of the Urban Footprint of the city. The remaining
metrics use the urban footprint as their area of analysis (because of the need to focus on a
consistent area in order to calculate the factors of density with any accuracy), but they also
include the use of other data sources. City Population relies on census data, which can be
taken as the only authoritative source of localized population information. Three of the
eight primary metrics are measured within the urban footprint using satellite imagery, but
compliment the Landsat imagery with freely available high-resolution satellite imagery:
Residential Share, Plot Coverage, and Building Height.
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The use of satellite imagery is advantageous compared to other methods for several
reasons. First, it improves data reliability. The collection and analysis of the imagery itself
uses the same data sources and the same techniques in all cities in all world regions.
Comparable satellite inputs and outputs can be obtained for cities that are separated
geographically and that employ different political systems. Additionally, satellite imagery
offers global coverage, which other data sources do not. Finally, the use of satellite imagery
is also quicker and less costly than alternative data gathering approaches, which would
likely consist of manual data gathering from municipal sources.

Bing imagery is freely provided by Microsoft and is available to the general public. The
use of Bing imagery differs substantially from the use of Landsat imagery. Landsat imagery
analysis relies on the use of digital data that comprises the image—pixels, which are
processed by a computer program (ERDAS) under the supervision of an analyst. Bing
imagery is a pixelated photograph, not a digital satellite image. Its analysis builds on an
earlier method developed by the authors of the UN-Habitat report “Streets as Public Spaces
and Drivers of Urban Prosperity” (UN-Habitat, 2013). Following the tradition of aerial
imagery analysis, Bing imagery is used as a tracing background for the digitization and
measurement of specific urban features such as roadways, city blocks, and building
footprints (Figure A2). The Urban Expansion Observatory conducted this digitization and its
subsequent analysis for this paper.

Estimates for three additional primary metrics require the collection of information that
comes solely from secondary and tertiary data sources. Those factors are: Floor Plan
Efficiency, the Occupancy Rate, and Persons per Dwelling Unit. The data sources for these
metrics may include decennial censuses, architectural plans, and (rarely) data from real
estate sources as well. Estimates can sometimes be directly obtained from the census, but
often requires intermediate calculations. The secondary and tertiary sources used for the
measurement of Floor Plan Efficiency, Occupancy Rate, and Persons per Dwelling Unit
provide information that cannot be obtained remotely, but must be collected on the ground,
through surveys such as censuses, and in some cases—in the search for building floor
plans—on the World Wide Web.

Reliance on secondary data necessarily introduces a degree of imprecision into our
estimates. To minimize the risk of relying on a single source, we sought to triangulate our
initial findings from numerous data sources including public data, private data from firms
or non-profit organizations, and published academic work such as graduate thesis papers.
Where numbers have contradicted each other, we continued our search until the resulting
values converged on a value that was supported by multiple sources. Still, our pilot effort to
obtain values for all eight primary metrics of Urban Density for all the ten cities we studied
should be considered exploratory and in need of further improvement.
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Figure A2: The measurement of the width of a road using Bing satellite imagery as a tracing
background.

The primary metrics listed above are averages for the city as a whole, and must thus
rely on citywide information on all residential areas and all built residential structures. But
digitizing all residential blocks, building footprints, and building heights by hand is too time
consuming, rendering the prospect of replicating this analysis for several cities essentially
impossible. A key innovation in the development of this work, therefore, was the invention
by the authors of the Atlas of Urban Expansion—2016 Edition of an intra-urban spatial
sampling methodology for the metrics that rely on Bing imagery - Residential Share, Plot
Coverage, and Building Height. The purpose of the sampling framework was to introduce
stochastic variability to the analytic process by measuring particular attributes of the urban
fabric in a set of random locations within a city’s urban footprint. The values of each
attribute for these random locations are each treated as a separate observation in a
stochastic process, and are then used to calculate average values for that attribute for the
city as a whole.

The spatial sampling framework used to measure the factors of Urban Density was
based on a statistical tool known as a Halton Sequence. In essence, a Halton sequence
generates a quasi-random set of point coordinates within a given urban footprint that are
more evenly distributed than a set of truly random points (see figure A3). Given the same
point of origin as a starting point—e.g. a point to the Southwest of the city’s urban footprint
with a latitude and longitude measured in precisely one-tenth of a degree—a Halton
Sequence will always generate the same set of points. Given a desired density of points
within a given urban footprint, the number of points that a Halton Sequence generates can
be easily determined. And since the points are generated one by one, their order is known
and we can proceed starting with the first one and continue until we have picked the
desired number of points to meet our accuracy goals. Figure A4 shows the set of 2,377
Halton points used to sample the heights of buildings within the urban footprint of Bangkok,
Thailand. This set is a subset of the 9,496 Halton points that were used to determine
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Residential Share in this city, a set that is too dense to display in a map of the size shown

here.
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Figure A3: Quasi-random points generated by a Halton Sequence (left), compared to points
generated by random coordinate numbers (right).
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Figure A4: The set of 2,377 Halton points used to sample the heights of residential buildings
located within the urban footprint of Bangkok, Thailand.

4. City Averages and Stopping Rules

The sampling strategy used to gather data in this paper involved manually examining
thousands of points in ten different cities. Over the course of two years of research, our
team continuously attempted to make the process more economical without sacrificing
rigor. It became obvious by the end of our work that the methodology could be made yet
more economical if a clear determination could be made about when to stop gathering
additional samples. For this, we developed a stopping rule which is described in the
following example:

An ‘average’ ratio of two quantities—for example, the average Building Height in a city,
where Building Height is the ratio of Floor Area and Building Footprints—can have two
distinct meanings (The Math Forum, 2003). The first is the Average Building Height in the
city. It is a ratio of the total Floor Area in the city and the total area of Building Footprints in
the city. The second is the average (or mean) height of individual buildings in the city. It is
important to keep in mind that the two averages are not equal to each other: The first is
obtained from a ratio of sums while the second is obtained from a sum of ratios. In this
paper, we refer to the first average, the ratio of two sums, as the average value for the city as
a whole. All the factors that constitute Urban Density are indeed ratios of sums, not mean
values of individual observations, with the exception of Building Height, which is taken as
mean values of individual observations.

For example, to obtain a reliable estimate of the average Building Height, we sample
individual residential buildings in the city using a Halton Sequence, as illustrated above. For
each building, we obtain a value for its height, measured in the number of residential
stories. Many residential buildings also include other uses, such as commercial or industrial
spaces or parking levels. In this case, the analyst identifies the floors that are residential,
and only those are included in the estimate of building height. We also categorize the
building into one of three types: 1) single family; 2) having a core that contains elevators
and stairwells; 3) non-core. The categorization becomes relevant when calculating the city-
wide value for Floorplan Efficiency, which requires an estimate of the total number of
buildings in each category. The estimated average Building Height for the city can be
approximated by the following procedure:

(1) For each building in the city, measure the number of residential floors.

(2) Add the number of floors of the first building in the sample (reflecting its position as
the first residential building to be digitized in the Halton sequence) to the number of
floors in the second building in the sample to obtain a cumulative number of floors;
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(3) Calculate the estimate of the Building Height in the city by dividing the cumulative
number of floors by the number of sampled buildings;

(4) Continue to add values for more buildings to the cumulative building height, and
divide by the number of sampled buildings to get a cumulative average building
height for the city;

(5) The resulting Building Height will gradually converge to an estimated value for the
city as a whole.

(6) Employ a stopping rule: For example, stop adding buildings when the 95%
confidence interval for the last 20 cumulative Building Height estimates falls below
an agreed-upon value, say below 0.5% of the average Building Height for these 20
observations.

The results of this procedure for estimating Plot Coverage, Residential Share, and
Building Height for the ten pilot cities are presented in graphic terms in the following
sections. In calculating values for the ten pilot cities, we did not follow a strict stopping rule
and, in fact, used different stopping rules for different cities, basing the number of sampled
units simply on the areas of their urban footprints. As a result, in most cases we collected
too much information. In calculating the density factors in the future, the number of
sampled units could be drastically reduced.
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5. Measuring the Urban Footprint
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Figure A6: The expansion of Paris, France, 1800-2000, from the Atlas of Urban Expansion—
2012 Edition.

The Atlas of Urban Expansion—2012 Edition introduced the concept of the urban extent
as a means of measuring city area (Figure A6, for an example of the growth of an urban
extent over time). In the Anatomy of Densities research it is known by an accompanying
term, urban footprint. By this definition the edge of the city is identified as the edge of its

continuous built-up area, inclusive of captured open spaces and fringe open spaces, which
the ancient Romans used to refer to as its Extrema Tectorum.

An example of the unprocessed Landsat image can be seen in Figure A7. The U.S. National
Aeronautics and Space Administration (NASA) collects and publishes this medium-
resolution imagery at frequent intervals on a global scale. The information in each image,
given free of charge, is expressed in 30-meter-by-30-meter pixels. This resolution is quite
coarse by modern standards, but using Landsat imagery is preferable when longitudinal
analysis is required because Landsat has an archive dating back to the 1970s. The
classification and processing of this imagery is undertaken using a technique initially
developed in 2011 in collaboration with the Department of Natural Resources and the
Environment of the University of Connecticut. This procedure was updated in 2015 for the
creation of the Atlas of Urban Expansion: 2016 Edition. The work of analyzing satellite
imagery and generating urban footprints for cities is currently undertaken by the Urban
Expansion Observatory, a research and analysis facility in Mumbai, India, established jointly
by New York University, UN Habitat, and the Lincoln Institute of Land Policy and now
managed by New York University and Valectus Ltd.
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Figure A7: An unprocessed LANDSAT image showing logged land near a reservoir in Goin,
Quebecin 1988.

The process of identifying a city’s urban footprint proceeds as follows:

1) Landsat satellite imagery is classified using ERDAS software into built-up pixels, open
space pixels, and water pixels (Figure A8). The study area is identified using Google Earth
imagery and census boundaries from the national census, in most cases provided to us by
CIESIN, but sometimes gathered from the census agency directly. The objective of the study
area identification process is to select census boundaries that encompass the entire
eventual urban extent of the city, meaning the urban extent should be completely
surrounded by open space. This is eyeballed based on the visible built-up area of the city in
Google Earth. The selected boundaries are then checked against the final urban extent, and
the study area is increased if the urban extent is not completely surrounded by open space
pixels. Exceptions to this rule are large contiguous metropolitan areas - specifically New
York/Philadelphia/Hartford, Guangzhou/Shenzhen/Hong Kong, and Tijuana/San Diego. In
New York, the New York and Philadelphia MSAs provided by the U.S. Census Bureau were
used to divide the two metropolitan areas. In Guangzhou and in Tijuana the division was
necessitated by the administrative break between the two conjoined cities, although they do
function as unified economic areas.
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Figure A8: 30 x 30 meter pixels in freely available Landsat imagery can be classified into built-
up, open space, and water areas.

2) Each pixel identified as built-up is further characterized as urban built-up, suburban built-
up, or rural built-up. This characterization is based on the proximity of a given pixel to other
built-up pixels. To measure this, a circle with an area of 1km2—the Walking Distance
Circle—is constructed around each pixel, and the built-up pixels within that radius are
counted. Those built-up pixels having Walking Distance Circles with the majority of the
pixels within them classified as built-up are marked as urban pixels. Those pixels having 25-
50 percent of the pixels within their Walking Distance Circle classified as built-up are
marked as suburban pixels (Figure A9). All other built-up pixels are considered rural pixels.

3) Pixels that are touching, including diagonal connections, are considered to be in clusters.
Clusters of urban and suburban pixels are given a buffer of fringe open space pixels within
100 meters of each of these urban and suburban pixels. Rural built-up pixels that fall within
this 100m buffer are also included in the cluster.

4) Areas of captured open space that are completely surrounded by urban and suburban
pixels, and are less than 200 hectares in area, are identified as belonging to these urban and
suburban clusters and are included.

5) The primary urban cluster of a given city is identified using a point with the latitude and
longitude of the Central Business District (CBD), typically captured as the City Hall, or the
central police station. These CBD points are manually verified. This primary urban cluster is
also typically the largest urban cluster within the study area. This cluster and all other
clusters in the study area are then surrounded with a buffer with an area equal to one-
quarter of their areas. The urban clusters whose buffers overlap with that of the largest
urban cluster, together with the largest cluster, are united to form the Urban Footprint of a
given city.
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Figure A9: The pixel identified by the red dot is classified as a rural pixel because only 20
percent of the pixels within its Walking Distance Circle the circle are classified as built-up.

This method of identifying a city’s urban footprint based on built-up area is preferable to
other methods that rely, for example, on administrative boundaries alone, or on density
cutoffs. Administrative boundaries are necessary for accessing social and economic
information about a city, but they do not necessarily correspond to the observed built-up
areas of cities and can change at a moment’s notice, making them unsuitable for measuring
and comparing urban density. For example, Figure A10 compares the administrative areas
of Metro Manila, Philippines, and Minneapolis, Minnesota, United States. Metro Manila’s
administrative area is more than three times larger than that of Minneapolis. Figure A11
compares the actual urban footprints of these two cities in 2015. Minneapolis’s urban
footprint is more than double that of Metro Manila’s.

Figure A10: The administrative area of Metro Manila (left) is four times the administrative
area of Minneapolis (right), shown here at the same scale.
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Figure A11: The Urban footprint of Metro Manila (left) is less than half that of Minneapolis
(right), shown here at the same scale.

Universal density cutoffs to distinguish urban from rural areas yield unsatisfactory
results as well. Densities on the suburban fringe of U.S. cities, for example, are higher than
average densities in the rural areas of several countries, e.g. Bangladesh or Indonesia. The
Atlas of the Human Planet 2016, for example, (Pesaresi et al, 2016, 23) has adopted a density
cutoff of 300 persons per km2 for ‘urban clusters,’” presumably so as to accommodate
American suburbs. This has resulted, as we have pointed out elsewhere (Angel et al,, 2018),
in classifying too much of the planet’s built-up areas as ‘urban’: Atlas of the Human Planet
2016 arrives at the unsatisfactory conclusion that 85 percent of the World’s population is
now urban (Pesaresi et al.,, 2016, 41). In contrast, the U.N. Population Division, for example,
estimated this share to be 54 percent in 2015 and projected it to increase to 56 percent by
2020. (U.N. Population Division, 2018).

A definition of the Urban Footprint based on the contiguity of built-up Landsat pixels,
such as the one we adopted, is particularly useful for measuring changes in cities over time.
This analysis was first conducted in the Atlas of Urban Expansion—2012 Edition, (Angel et
al, 2012) for two time periods. It was expanded to three time periods and to a global
sample of 200 cities in 2016, with the Atlas of Urban Expansion—2016 Edition (Figure A12).
A more elaborate presentation of the methodology used in creating urban footprints is
given in this edition of the Atlas (Angel et al, 2016, 28-31).
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Figure A12: The urban footprint of Addis Ababa, measured in three periods using LANDSAT
imagery (left). For some analyses, the area that developed between 1990 and 2015 was
combined to form the Expansion Area (right).

6. Measuring City Population

The methodology for measuring the Urban Footprint that is described in the preceding
section is universally replicable - it can be used in any city for which Landsat imagery is
available, which is to say any city on earth. This addresses a key consideration when
calculating metrics for global comparison, which is the comparability of the area of analysis.
This is also described in some detail in the preceding section. However, the use of the urban
footprint as an area of analysis also brings serious complications in terms of the aggregation
of data. Because the urban footprint is defined in terms of the built-up area of the city, it
rarely corresponds to the administrative and census boundaries that are used to gather
social, economic and demographic information about that city. The methodology used for
defining the study area (described in Step 1 of the urban footprint generation methodology)
uses the administrative or census boundaries as the core aggregate units for forming the
study area. This is done to enable the disaggregation and aggregation of key statistics from
the level of the administrative area to the level of the urban extent. The first such measure
that must be disaggregated and aggregated is City population.

City population is a necessary input for the calculation of the factors of density. Indeed,
population of the urban footprint is the numerator in the standard Urban Density equation
used in this paper (the denominator is area of the urban footprint). A common challenge in
comparing densities among different cities is ensuring that the numerator and denominator
are generated in comparable ways. We estimated the population living within the urban
footprint using digitized maps for census enumeration districts (provided by CIESIN at
Colombia University), as well as estimates provided by the Chinese Academy of Sciences for
Chinese cities, and, in some cases, census enumeration maps directly procured from
national census bureaus. The urban footprint overlaps the census enumeration districts, but
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may not include the entire area of a particular district. We adopted an apportionment
strategy that relied on Landsat imagery of the urban footprint showing built-up and non
built-up pixels. Each census enumeration district contains built-up pixels and non-built up
pixels. Under this apportionment strategy, the population within each enumeration district
is assumed to be living within the built-up pixels. It is further assumed that the population is
equally divided among those built-up pixels. Each built-up pixel is assigned a proportionate
amount of the total population of the census enumeration district. The pixels falling within
the urban footprint are identified. The population of those pixels is summed, and that sum is
added to the total population of the city. The sum of the populations of all of the built-up
pixels within the urban footprint is the total population of the urban footprint, or the City

Population.

7. Measuring Residential Share

The Urban Footprint of a city includes all of its residential areas and the urbanized open
spaces in and around them that are clearly associated with them. It also includes, of course,
other land uses: commercial, industrial, public, civic, transport, utilities, and public as well
as private open spaces being the major ones. The measurement of Residential Share seeks to
estimate the share of the urban footprint in residential use. Once again, the Halton sequence
allows us to introduce a random sampling method to our gathering of this data. The Halton
Sequence is used to select sample points within the urban footprint. Each point is checked to
determine if it falls on a site that is in residential use. A sequence of Halton points is
projected on a high-resolution Bing imagery of the urban footprint of a city. The Bing
imagery provides visual information that an image analyst then uses to determine the
underlying land use of the site on which the point falls (Figure A13).

Figure A13: A Halton point falling in a residential area in Bangkok, Thailand.

The points were sampled sequentially. 300 points were initially checked in each city and
additional points were added based on the area of the city’s urban footprint using a
provisional formula. In practice, we sampled many more points than the numbers suggested
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by our formula and we sampled many more than were necessary had we adopted an
appropriate stopping rule, but we did not have an appropriate stopping rule in mind at the
time. Now that we can observe how fast the values for Residential Share converge (see
figure A14), we can formulate a stopping rule.

For each sample point, the analyst determined if the use of the land on which the Halton
sample point fell is ‘residential’ or ‘non-residential’. Because this metric is concerned with
the underlying use of the land, residential use means “of or relating to dwellings,” and could
include residential structures, garden sheds, mixed use buildings, lawns and gardens, open
spaces around residences, parking facilities associated with housing, and any other
structures or land uses occurring on a parcel that is determined to be residential.

The determination was not based on zoned land uses, but instead was done based on the
morphology of the block. This relied on pattern recognition, based on the size and shape of
the buildings occupying the block in question. Residential building form is distinct because
most residences are designed in such a way that light can penetrate into almost every room.
It is rare to have large inner spaces away from windows or airshafts, with no natural light
reaching them, such as those found in office, commercial or industrial buildings. If there are
buildings on the block that appear to be residential in nature, then the block is considered
residential. This includes mixed-use blocks, provided they have residences on them. When a
block is divided between residential and non-residential uses, the determination of the
point is based on whether it lands on the residential or the non-residential side. Other
factors aside from building shape are also taken into account, including the relationship of
structures to each other and their degree of homogeneity.

The taxonomy of land uses that is utilized for distinguishing residential blocks from non-
residential blocks was developed for the Atlas of Urban Expansion: 2016 Edition. It has since
been tested through several more recent research projects. It is systematic and relies solely
on observable features. Sample points may fall in locations like those shown in the images
in figure A14. The middle image (marked as 0) has the point falling into areas of non-
residential use and the left and right images (marked as 1) have points that have fallen into
areas of residential use.

Figure A14: Assessment of land use, with Halton points shown in red.
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Each of the sample points in a city is assessed in this manner. Once the pre-specified
number of points has been gathered and their uses identified, Residential Share is calculated
as a ratio of sums:

(A2) Residential Share = Count of residential points = Total number of sampled
points.

Although no stopping rules were used in deciding on the number of Halton points to be
examined, we simulated the process outlined earlier after the fact:

(1) We looked at the first point in the sample. If it was in a residential area we added 1
to the ‘residential score’. We also kept a ‘point score’ of 1.

(2) We calculated the first estimate of Residential Share as the ratio of the first
‘residential score’ and ‘point score’. If the first point fell on a residential area, that
ratio would be 1; otherwise it would be 0.

(3) We looked at the second point in the sample and added it to the cumulative ‘point
score’. If it was in a residential area, we added it to the cumulative ‘residential

score’.

(4) We calculated the second estimate of the cumulative Residential Share as the ratio of
the cumulative ‘residential score’ and the cumulative ‘point score’.

(5) We then added all the points for which we had data, one by one, keeping track of the
cumulative ‘residential score’, the cumulative ‘point score’, and the cumulative
Residential Share.

(6) Eventually, as expected, the cumulative Residential Share converged to a stable
value.

(7) As we added more and more points, we also kept information on the cumulative
Residential Share for the last 20 points added: Their average, standard deviation,
their 95% confidence interval, and the ratio between the 95% confidence interval
and their average value.

Since the 'last 20 points’ stopping rule was employed after data collection was complete,
we did not stop the data collection in time. In figure A15, we show the progress in
Residential Share values as observations were added for the ten pilot cities. We clearly see
that as more points were added, the values stabilized, and for each city they stabilized at a
different value: In Kinshasa, for example, they stabilize at 45.6%, while in Wuhan they
stabilize at 13.6%.
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Figure A15: The values of the cumulative Residential Share in the ten pilot cities converged as
more observations were added.

Table A4 displays the number of observations for each city and shows the results for the
last 20 observations for that city, as well as the final estimated value for the city’s

Residential Share. The reader can ascertain that there is very little variation in these last

observations: The 95% confidence intervals are all within 0.2% of the average values for
these observations. This suggests that our estimates for the Residential Share in these ten
pilot cities are indeed robust.

Residential Share Kinshasa |Minneapolis | Dhaka Baku Bogota Cairo Bangkok | Madrid | Hong Kong [ Wuhan

Observations 2,072 4,999 2,354 2,202 2,931 5,435 9,496 6,243 3,970 11,697

Average last 20 values 45.62% 36.16% | 37.09%| 35.54%| 30.67%| 2593%| 20.31%| 18.78% 15.83%| 13.55%
Standard Deviation 0.06% 0.04% 0.04% 0.05% 0.03% 0.02% 0.01% 0.01% 0.05% 0.00%
95% Confidence Level 0.03% 0.02% 0.02% 0.03% 0.01% 0.01% 0.00% 0.00% 0.02% 0.00%
Confidence Level (%) 0.07% 0.06% 0.05% 0.07% 0.05% 0.03% 0.01% 0.02% 0.14% 0.01%
Final Value 45.6% 36.1% 37.0% 35.5% 30.6% 25.9% 20.3% 18.8% 15.9% 13.6%

Table A4: The number of observations for calculating Residential Share in the ten pilot cities
and data on the last 20 observations of the cumulative Residential Share, as well as its final

estimated value.
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8. Measuring Plot Coverage

Our next objective was to estimate Plot Coverage, defined as the average percentage of the
land area of residential plots in a city that are covered by residential building footprints.
Residential plots typically include a portion of the site that is occupied by buildings, and a
portion of the site that is in open space, courtyard, or surface parking. Plot Coverage seeks to
measure the total area of a sample of residential blocks (or the portions of those blocks in
residential uses), and the total surface area of the residential building footprints within
those blocks (see figure A16). The average Plot Coverage in the city is estimated as the ratio
of the total area of residential buildings footprints and the total area of residential blocks.

A subset of the same Halton points that were used to measure Residential Share were
used to measure Plot Coverage, though only points that had been tagged as residential
selected for the Plot Coverage analysis. In addition, many fewer points were used due to the
added complexity of digitizing block boundaries and footprint boundaries.

As before, the points were projected against current high-resolution Bing imagery of the
urban footprint. The Bing imagery provided visual information that the analyst used to first
digitize the boundary of the block area in residential use (see Figure A17); and then locate
all the residential structures within this area and digitize their footprints, as defined by
their rooflines (see Figure A16). The boundaries of contiguous residential areas were
typically city streets that define residential blocks, but occasionally boundaries were found
to be within blocks, when a change of use—to open space or to industrial, commercial,
office, or civic uses—was detected.

The number of residential blocks or parts of blocks that were sampled in each city was
supposed to be based on the area of its urban footprint, using a provisional formula. In
practice, the nature of the pilot test led to many more locations that those planned for by
the formula being analyzed. The numbers varied from as few as 196 residential blocks in
Hong Kong, to 564 in Cairo, and 1,201 in Bangkok. The number of observations for each city
is reported on in Table A4.

Residential blocks were examined one by one, their boundaries were digitized, and their
areas were calculated. Next, all the residential building footprints within each block were
digitized one by one, and the area of each one, as well as the total area of residential
building footprints within the block, was calculated.
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Figure A16: Residential blocks selected using Halton points and the residential building
footprints within these blocks in a segment of the urban footprint of Bangkok, Thailand.

Capturing the footprint of the buildings means tracing the exterior walls of all residential
buildings at ground level. Unfortunately, satellite imagery does not permit the analyst to
view the backside of a building, so the roof shape was assumed to correspond to the
building footprint. In this way, the footprints of all of the residential buildings in a
residential block were digitized (Figure A18).
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Figure A17: Outline f aresidential block in Baku, Azerbaijan.
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Figure A18: Outline of residential structures within a defined residential block in Baku,
Azerbaijan.

The estimated average Plot Coverage in a city—given the sampled residential blocks and
the building footprints within them—was then estimated as a ratio of two sums: (1) The
sum of all the areas of all the residential building footprints within the sampled residential
blocks; and (2) the sum of the areas of all the sampled residential blocks:

(A3) Plot Coverage = Total area of Building Footprints + Total area of residential
blocks.

As in the case of Residential Share reported on earlier, no stopping rules were used in
deciding on the number of Halton points to be examined, and we only simulated the process
of applying a stopping rule in the case of Plot Coverage after the fact. In estimating Plot
Coverage for the ten pilot cities, we followed the following procedure:

(1) We looked at the first point in the sample that was classified ‘residential’, we
identified the bounded ‘residential area’ around that point, and we digitized its
boundaries and calculated its area.

(2) We then identified all the residential buildings within this area, digitized their
footprints, and calculated their total ‘building footprint area’.

(3) We then calculated the first estimate of Plot Coverage as the ratio of the first pair of
‘building footprint area’ and ‘residential area’.

(4) We looked at the second ‘residential’ point in the sample, calculated the ‘building
footprint area’ and the ‘residential area’ associated with it, and added its ‘building
footprint area’ to the cumulative ‘building footprint area’, and its ‘residential area’ to
the cumulative ‘residential area’.

(5) We calculated the second estimate of the cumulative Plot Coverage in the city as the
ratio of the cumulative ‘building footprint area’ and the cumulative ‘residential area’.
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(6) We then added all the points for which we had data, one by one, keeping track of the
cumulative ‘building footprint areas’, the cumulative ‘residential area’, and the
cumulative Plot Coverage.

(7) Eventually, as expected, the cumulative Plot Coverage for each of the ten pilot cities
converged to a stable value.

(8) As we added more and more points, we also kept information on the cumulative Plot
Coverage for a stopping rule based on the last 20 points added: Their average,
standard deviation, their 95% confidence interval, and the ratio between the 95%
confidence interval and their average value.

Again, since the 'last 20 points’ stopping rule was employed after data collection was
complete, we did not stop the data collection in time. In Figure A19, we show the progress
in Plot Coverage values as observations were added for the ten pilot cities. We clearly see
that as more points were added, the values stabilized, and for each city they stabilized at a
different value: In Dhaka, for example, they stabilized at 52.5%, in Madrid at 26.0%, and in
Minneapolis at 11.2%.
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Figure A19: The values of the cumulative Plot Coverage in the ten pilot cities converged as
more observations were added.

Table A5 displays the number of observations for the cumulative Plot Coverage in each
city and shows the results for the last 20 observations for that city, as well as the final
estimasted value for Plot Coverage. The reader can ascertain that there is very little
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variation in these last observations: The 95% confidence intervals are all within 0.25% of
the average values for these observations. This suggests that our estimates for the Plot
Coverage in these ten pilot cities are indeed robust.

Plot Coverage Dhaka | Bogota |Bangkok| Cairo Baku | Wuhan | Madrid |Kinshasa| Hong Kong |Minneapolis
Observations 339 257 1,021 564 374 453 396 490 196 511

Average last 20 values | 52.51%| 51.76% | 42.65%| 43.05% | 34.33% | 32.47%| 25.94%| 19.71% 22.10% 11.20%
Standard Deviation 0.05%| 0.13%| 0.03%| 0.00%| 0.18%]| 0.01%| 0.08%| 0.07% 0.09% 0.02%
95% Confidence Level 0.02%| 0.06%| 0.01%| 0.00%| 0.08%| 0.01%| 0.04%| 0.03% 0.04% 0.01%
Confidence Level (%) 0.04%| 0.11%| 0.03%| 0.00%]| 0.25%]| 0.02%| 0.14%| 0.16% 0.19% 0.07%
Final Value 52.5%| 51.9%| 42.7%| 43.1%| 34.5%| 325%| 26.0%| 19.7% 22.1% 11.2%

Table A5: The number of observations for calculating Plot Coverage in the ten pilot cities and
data on the last 20 observations of the cumulative Plot Coverage and its final estimated value.

9. Measuring Building Height

The estimation of the average Building Height in a city required information on the height of
a sample of residential buildings, where height was measured as the total number of
residential floors. In mixed use buildings, parking floors and commercial floors or other
non-residential floors were excluded from the floor count whenever they could be detected.
In these cases of exclusion it was assumed that the non-residential use occupied the entire
floor. Techniques to measure building height were developed at the Urban Expansion
Observatory and gvSIG Association, with the support of New York University.

The same set of Halton points used for sampling Residential Share and Plot Coverage
were used to sample residential buildings for calculating Building Height. The points were
projected against current high-resolution Bing imagery of the urban footprint. The Bing
imagery provided visual information that the analyst could use to count the number of
floors in those structures. The Halton points were sampled sequentially, and each sampled
point corresponded to a residential building that was digitized and had its height measured.
Again, we constructed a formula for estimating how many buildings were to be investigated
in each city, based on its urban footprint. At a minimum, we sampled 914 buildings in
Dhaka, double that number in Bangkok, Wuhan, and Madrid, and as many as 3,000 in
Minneapolis (see Table A6).

Given a Halton point, the analyst first determined whether or not the point landed in a
residential area. If a point was found to have landed in a residential areas, the analyst then
identified the nearest residential building in that parcel. This was done by measuring the
distance to the walls of all of the nearest residential buildings and choosing the one that was
the closest to the point. The outer perimeter of this building’s footprint was then digitized.
This consisted of tracing the outline of the footprint of the building, based on what was
shown in the Bing imagery. The footprint provided the area of the building at ground level
(Figure A20). This procedure has since been updated to require the analyst to only digitize
buildings on which a Halton point lands directly.
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The analyst then counted the number of floors. In general, floors were counted by
identifying window openings and balconies. We assumed that each window or balcony in a
vertical row represented one floor. Where these features were not visible, comparisons
could sometimes be made with adjacent buildings with visible windows. As a final measure,
where adjacent buildings did not have visible windows but more distant buildings did, the
shadows of buildings could be used to compare numbers of floors. In the majority of cases it
was possible to measure the number of floors based on visible windows (Figure A21).

LS |
Figure A21: Windows marked with red dots indicating the number of floors in an 8 story
residential building in Baku, Azerbaijan.
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The estimated average Building Height in a city—given all the sampled residential
buildings—was then estimated as the mean of the building height values of each of the
sampled points.

(A4) Building Height = Total height of all sampled buildings + Total number of
sampled buildings.

As in the case of Residential Share and Plot Coverage reported on earlier, no stopping
rules were used in deciding on the number of Halton points to be examined to determine
the average Building Height in a city, and we only simulated the process of applying a
stopping rule in the case of Building Height after the fact. In estimating Building Height for
the ten pilot cities, we followed the following procedure (detailed in a previous section):

(1) For each building in the city, measure the number of residential floors.

(2) Add the number of floors of the first building in the sample (reflecting its position as
the first residential building to be digitized in the Halton sequence) to the number of
floors in the second building in the sample to obtain a cumulative number of floors;

(3) Calculate the estimate of the Building Height in the city by dividing the cumulative
number of floors by the number of sampled buildings;

(4) Continue to add values for more buildings to the cumulative building height, and
divide by the number of sampled buildings to get a cumulative average building
height for the city;

(5) The resulting Building Height will gradually converge to an estimated value for the
city as a whole.

(6) Employ a stopping rule: For example, stop adding buildings when the 95%
confidence interval for the last 20 cumulative Building Height estimates falls below
an agreed-upon value, say below 0.5% of the average Building Height for these 20
observations.

Again, since the 'last 20 points’ stopping rule was employed after data collection was
complete, we did not stop the data collection in time. In Figure A22, we show the progress
in Building Height values as observations were added for Building Height stabilized, and for
each city they stabilized at a different value: In Hong Kong, for example, they stabilized at
23.0 floors, in Madrid at 4.7 floors, and in Kinshasa at 1.1 floors.
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Figure A22: The values of the cumulative Building Height in the ten pilot cities converged as
more observations were added.

Table A5 displays the number of observations for Building Height in each city and shows
the results for the last 20 observations for that city and the final estimated value for its
Building Height. The reader can ascertain that there is very little variation in these last
observations: The 95% confidence intervals are all within 0.20% of the average values for
these observations. This suggests that, if our individual estimates of the heights of sampled
buildings were correct, then our cumulative estimates for the Building Height in these ten

pilot cities are sensible.

Building Height Hong Kong | Wuhan Baku Cairo Bogota Madrid Dhaka | Bangkok | Minneapolis | Kinshasa
Observations 860 1,895 937 1,628 1,033 1,850 914 2,377 2,984 980
Average last 20 values 23.05 9.74 6.29 5.46 4.73 4.71 391 2.57 1.56 1.11
Standard Deviation 0.03 0.01 0.03 0.00 0.01 0.00 0.01 0.00 0.01 0.00
95% Confidence Level 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Confidence Level (%) 0.06% 0.04% 0.19% 0.03% 0.05% 0.05% 0.08% 0.04% 0.00% 0.02%
Final Value 23.0 9.7 6.3 5.4 4.7 4.7 3.9 2.6 1.6 1.1

Table A6: The number of observations for calculating Building Height in the ten pilot cities
and data on the last 20 observations of the cumulative Building Height.
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10.Measuring Floor Plan Efficiency

The measurement of Floor Plan Efficiency seeks to calculate the share of the gross floor area
of a residential building that is taken up by private living areas. This means identifying all
non-private areas such as stairwells, corridors, common areas and lobbies, parking floors,
open floors, elevator shafts and mechanical spaces. The larger the share of the gross floor
area devoted to those uses, the smaller will Floor Plan Efficiency be.

The measurement of this factor of density starts with the verifiable assumption that
taller buildings have more of their typical floor areas occupied by common and mechanical
spaces. The taller the building, the more fire exit stairwells, elevators, and mechanical
equipment shafts it requires. Lower buildings, walk-up apartment buildings, for example,
have less of their gross floor areas occupied by such uses. All of the gross floor area In
single-family homes, except for the areas occupied by garages and walls, can be considered
as living areas.

To estimate Floor Plan Efficiency in the ten pilot cities, we initially assumed that it is
simply a function of Building Height, and that it does not otherwise vary from city to city. To
render this assumption useful, we gathered data on the proportion of living space in
buildings of various heights. Architectural floor plans were collected for dozens of different
buildings. These plans were gathered via searches in the World Wide Web. Many of them
came from real estate websites. Others came from the sites of architecture firms. Still others
were included in dissertations on vernacular building styles, or in industry white papers.
Only plans that clearly distinguished between living areas and non-living areas were
included. In total, roughly fifty plans were collected.

Plans were collected for buildings of varying sizes and heights and grouped into three
‘building types’ for the purpose of analyzing Floor Plan Efficiency: (1) Single-family; (2) Non-
core multi-family; and (3) Core multi-family (Figure A23).

Alllicaaiiaiaaaa

Figure A23: Single-family attached homes in Bogota, Colombia; Non-core multi-family housing
in Brooklyn, New York; and Core multi-family housing in Singapore.

Single-family dwellings can be detached, attached to a second unit, or arranged in rows
with common walls to form townhouses. They must have their own private entrance with
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no intervening interior common areas. ‘Core’ refers to buildings with a central mechanical
shaft that contains elevators, lobbies, and other equipment. Core multi-family buildings are
tall (usually greater than eight stories) and typically house a large number of residents.
Non-core multi-family buildings include walkup apartments and low-rise and mid-rise
buildings without cores.

For this part of our analysis, only enclosed areas of residential buildings were considered
as ‘floor areas’. Areas that were exclusively within a private dwelling unit were categorized
as ‘living areas.” Common areas (lobbies, staircases, elevators, etc.), shared facilities
(resident’s lounge, children’s playroom, etc.), and enclosed inaccessible areas (ducts and
shafts) were categorized as ‘non-living areas.” Garages and storage areas, rooftop gardens,
balconies, and verandas were not included as parts of the floor areas of residential
buildings.

Image analysts digitized the architectural plans by importing them as PDF or JPG files
into QGIS and using the available GIS tools to outline the internal and external partitions
shown in the plan. They classified each interior space as either a ‘living area’ or a ‘non-living
area.” When the digitization was complete, it was possible to calculate the average share of
‘floor area’ in a given plan that constituted ‘living area’ for each building type. Floor Plan
Efficiency for a floor plan for an individual building was calculated as a ratio:

(A6) Floor Plan Efficiency = Living area + Floor area.
For each building type, the average Floor Plan Efficiency is calculated as a ratio of sums:

(A7)  Floor Plan Efficiency = Total Living area in all plans + Total floor area in all
plans.

When these calculations were complete, the analysts revisited all of the buildings whose
footprints were digitized in the earlier measurement of Building Height. Each of these
buildings was identified and tagged into one of the three ‘building types’ - ‘single family,’
‘non-core multi-family,” or ‘core multi-family.” Based on this classification, the average Floor
Plan Efficiency for the city as a whole could be calculated. This correction allowed us to
estimate the total estimated ‘living area’ in the ten pilot cities.

In some cases more idiosyncratic methods were used. For instance, cities like Baku,
Azerbaijan, while part of the former Soviet Union, used prefabricated construction methods
that employed thicker walls. A more precise methodology was available in Minneapolis,
Minnesota, where detailed information on individual buildings was available at the level of
the municipality. The values calculated using that information were extrapolated to the
urban footprint as a whole. Using that as a benchmark, we made the assumption that outer
walls in Minneapolis, Minnesota, would be thicker than outer walls in Kinshasa, due to the
employment of insulation, and reduced the Kinshasa estimate accordingly. The value for
Wuhan was based on a rule of thumb used by real estate brokers there. The research team
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applied corrections to the Floor Area Efficiency estimates for individual cities based on this
information. These estimates should therefore be considered preliminary and subject to
future revision.

11.Measuring the Occupancy Rate

The Occupancy Rate of residential units was estimated from publicly available data. The
estimation of this factor required data on the share of all residential dwelling units that are
currently occupied. While most cities have occupancy rates of 90% or higher, some cities
have large numbers of dwelling units that sit empty—either because they are new and still
unsold, because they have come into the market for resale, because they are kept empty for
occasional use by their out-of-town owners, because they are kept empty for fear of being
unable to evict tenants, or because they were abandoned for one reason or another.

UN-Habitat developed several methodologies for measuring vacancy rates in cities,
documented in a paper titled “Ghost Cities and Empty Houses: Wasted Prosperity” (Lopez
Moreno and Gonzalez Blanco, 2014). Gonzales Blanco, one of the co-authors of that early
paper was engaged as a member of our research team to gather comparable data for the
global sample of 200 cities. The methodology used in estimating the Occupancy Rate is
described in detail in Guidelines for Estimating the Housing Occupancy Rate in Urban
Contexts (Gonzales Blanco, 2019) and will only be summarized here.

Assuming that there is no difference in the occupancy rate of dwelling units of different
sizes, the Occupancy Rate for a city is calculated as:

(A8)  Occupancy Rate = Total Occupied Dwelling Units + Total Number of Dwelling
Units = Total Occupied Living Area + Total Living Area.

In only three of the ten pilot cities—Cairo, Madrid, and Minneapolis—was it possible to
estimate the Occupancy Rate within their urban footprint with national census data. When
census data on the number of occupied housing units was not available, but data on the total
number of housing units was available, the number of occupied housing units was
estimated by subtracting the census category ‘households sharing the same housing unit’
from the census category ‘total number of domestic households. Assuming that every
household occupied a single dwelling unit, this number yielded an estimate of the number
of occupied units in the city. The occupancy rates in Bangkok, Bogota, Dhaka, and Hong
Kong were estimated using this method.

A third approach for estimating the Occupancy Rate was employed when neither the
‘occupied housing units’ nor ‘total housing units’ have been reported on in any database
accessible to the public, but there was data available on the average household size or on
the number of households in the city, as well as on the total residential floor area in the city
and the average floor area per person there. Again, the number of ‘occupied dwelling units’
was estimated by subtracting the census category ‘households sharing the same housing
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unit’ from the census category ‘total number of domestic households.” The total number of
dwelling units was calculated by dividing the total square meters of residential floor space
in the city by the average dwelling unit size, estimated by multiplying floor area per person
and average household size. This methodology was employed in Baku, Kinshasa and Wuhan.
We note that this third approach is subject to large errors, and that the estimate of the
Occupancy Rate in Baku, Kinshasa and Wuhan is tentative.

12.Measuring Persons per Dwelling Unit

The final metric required in order to calculate the factors of Urban Density is Persons per
Dwelling Unit. This metric is rarely available from the census directly, but can easily be
calculated for the administrative units (typically census enumeration districts, but
sometimes municipal boundaries) that intersect the urban footprint of a given city, as long
the total population and the total number of dwelling units are known. In some countries
this second value was only available inferentially, as described in the preceding section on
Occupancy Rate. In Azerbaijan, for example, the census provided the total residential
floorspace in the municipal boundary (which does not correspond to the urban footprint),
average square meters per person, and average household size, from which the total
number of dwelling units was estimated. Persons per dwelling unit within an administrative
unit is calculated as:

(A9) Persons per Dwelling Unit = Total Population = Total Dwelling Units
In some cases, this value will be the same as the value given in the census for household
size, indicating that the census does not allow more than one household to be counted in a
dwelling unit. In other cases the numbers will differ, indicating that the census allows

respondents to have more than one household within a dwelling unit.

The simple calculation in A9 provides a value for each of the administrative units that
intersect the urban footprint. Much as in the calculation of City Population, a strategy is
needed to aggregate these values into one mean value for the Urban Footprint. Because of
the essentially random variation in the size and population of administrative units, this is
best calculated as a weighted mean, on the basis of the population of each administrative
unit falling within the urban extent. This is shown in Table A7.
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Administrative (a) Total (b) (c) No. of | (c) (d) Share | Weighted

Unit Population | Population | dwelling | Persons | ofurban Persons
within the | units per extent per
urban dwelling | population | dwelling
extent unit (%) unit (dxc)

Cc

A 200,000 85,000 62,500 3.2 17% 0.544

B 100,000 45,000 20,000 5 9% 0.45

C 450,000 425,000 125,000 | 3.6 74% 2.664

Total 750,000 555,000 189,500 | 3.96 3.658

Table A7: The value Persons per dwelling unit for the urban footprint is computed as the
population weighted mean of the values for the administrative units that intersect the urban
footprint.

This population-weighted mean value of Persons per dwelling unit is applied to the
Urban footprint and is later used to estimate the total number of dwelling units in the city.

13.Estimating the Overall Measurement Error in Our Calculated Values for
Dwelling Unit Size

The methodology for collecting city data for the eight metrics described above allowed us to
calculate Urban Density and all its factors in the ten representative cities with simple
arithmetical operations of multiplication and division. As expected, there are errors in our
data. In three of the eight metrics—Residential Share, Plot Coverage and Building Height—
the errors, as shown above, are of the order of +0.25%. The overall accuracy of our
classifications of Landsat imagery for determining the Urban Footprint is of the order of
83% (Blei et al.,, 2018), so the error in estimating the area of the Urban Footprint in the ten
cities studied may be of the order of £17%. It is difficult to assess the possible errors in
estimating the Urban Population within the Urban Footprint, but it may also be of the order
of x10%. The data for Persons per Dwelling Unit was obtained directly from census
documents pertaining to an area that was slightly different from our Urban Extent. We
cannot assess the error there, but it may be of the order of 5%. Finally, our estimates of
Floor Plan Efficiency were ballpark estimates based on a small sample of floor plans that

may entail large errors, possibly of the order of £20%.

Alonso (1968) explains that for models involving multiplication (or division), the error
for a product (or the ratio) is calculated as follows:

(1) Z =Xy orz=x/y.

(2) e2 = ylel + x%e/, e,2 = ek /y?+ e2/x? if x and y are not correlated. If they
are correlated, then

(3) e2 = yZe + x%e2 + xyexeyr, where r is the correlation coefficient.
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Since many of the values in our models were derived from other values, they are subject
to cumulative errors. This is especially true of our estimates of the total residential floor
area in the city, the total occupied floor area, dwelling unit size, or occupied floor area per
person. In this Technical Annex we compare our derived values for Dwelling Unit Size with
values found in published articles and reports. As we shall see below, in most of cities we
studied, the values are within a reasonable range of each other.

The average Dwelling Unit Size in each of the ten cities studied was obtained
arithmetically from seven out of the eight metrics for which we collected data.

We observe that one of the metrics we collected data for, People per Dwelling Unit, is a
product of two of the seven factors that together make up Urban Density—Dwelling Unit
Occupancy and the Occupancy Rate:

(4) Dwelling Unit Occupancy x Occupancy Rate = (Total Population + Total
Number of Occupied Dwelling Units) x (Total Number of Occupied Dwelling

Units + Total Number of Dwelling Units) = (Total Population + Total
Number of Dwelling Units = People per Dwelling Unit.

We can therefore represent Urban Density as a product of six factors, replacing Dwelling
Unit Occupancy and the Occupancy Rate with Persons per Dwelling Unit:

(5) Urban Density = Persons per Dwelling Unit x Dwelling Unit Packing x Floor
Plan Efficiency x Building Height x Plot Coverage x Residential Share.

We also know that Urban Density is a ratio of two metrics and that Dwelling Unit Size is
the reciprocal of Dwelling Unit Packing:

(6)  Urban Density = Total Population + Urban Footprint.
(7)  Dwelling Unit Size = 1 + Dwelling Unit Packing.

These equations allow us to represent Dwelling Unit Size in terms of seven of the eight
metrics for which we collected data.

(8) Dwelling Unit Size = (Persons per Dwelling Unit x Floor Plan Efficiency x
Building Height x Plot Coverage x Residential Share) + Urban Density =
(Persons per Dwelling Unit x Floor Plan Efficiency x Building Height x Plot

Coverage x Residential Share x Urban Footprint) + Total Population.

Equation (8) allows us to calculate Dwelling Unit Size (and, of course, its reciprocal
Dwelling Unit Packing) from data for seven metrics, and this is how we obtained its value. As
expected, because this value was obtained from not less than six multiplications and
divisions, its cumulative error can be expected to be quite large. To assess the magnitude of
this error, we compared our calculated estimates for Dwelling Unit Size with values in
published reports and articles. Table A3 below provides the data for the seven metrics for
each of the ten cities, our estimates of Dwelling Unit Size from these data, and the values for
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Dwelling Unit Size found in the literature. Figure A5 below compares our estimate of
Dwelling Unit Size with values found in the literature.

Hong Minnea-
Metrics Obtained from Primary & Secondary Data | Dhaka Kong | Kinst Bogota | Cairo Baku | Madrid |Bangkok | Wuhan polis
a. Population ('000) 13,609 4,322 10,226 7,802 15,735 1,672 5,256 14,011 8,174 2,627
b. Urban Footprint (hectares) 36,541 12,278 45,681 39,723 | 136,396 25,662 84,407 | 294,462 | 183,723 | 251,256
[ Building Height (stories) 2.5 20.5 11 2.8 44 2.6 3.4 1.9 5.8 1.4
d. Plot Coverage 53% 22% 20% 52% 43% 35% 26% 44% 32% 11%
e. Residential Share 37% 16% 46% 31% 26% 35% 19% 20% 14% 36%
f. Persons per Dwelling Unit 4.2 2.8 5.1 3.6 2.1 3.8 2.3 3.0 2.2 2.4
h. Floorplan Efficiency 85% 75% 95% 87% 79% 67% 83% 89% 75% 90%
Calculated from the above Metrics
t. Dwelling Unit Packing (persons/occupied 212 235 472 140 142 81 201 105 104 87
v Dwelling Unit Size (sq.m.) [Reciprocal oft]l1 47 | 43 | 21 | 71 | 70 | 123 | 50 | 95 | 96 | 115
Values Reported in the Literature
X. [Dwelling Unit Size (sq.m.) [ 73] 45] 32] 86] 80] 59] 72] 115] 92] 167

Table A3: Data for the seven metrics used to calculate Dwelling Unit Size in the ten
cities studied and a comparison of our estimate of Dwelling Unit Size with values

found in the literature.

For five of the ten cities studied, our estimates of Dwelling Unit Size are very close to
those obtained from outside sources: Hong Kong (CommSec, 2017), Bogota (CAMACOL,
2018 and DANE, 2019), Cairo (USAID, 2008), Bangkok (Thailand-Property.com, 2019), and
Wuhan (CEIC, 2017). The values we estimated for Dhaka (Nancy, 2016), Kinshasa (Halleux,
2019), Minneapolis (U.S Census Bureau, 2013) and Madrid (Arnaz, 2015) are 35%, 34%,
31%, and 31% lower than those reported on by outside sources, discrepancies that could
well be within the cumulative error range. The only discrepancy that stands out is the
estimated value for Baku, which is 208% of the value reported in the literature (World
Bank, 2010). This is worrisome, because there is no question that the value we estimated is
too high. Yet after considerable efforts to unearth possible errors in our calculations we
have failed to uncover the source of this discrepancy and it is therefore left for further
investigation at a later date. Still, with the possible exception of Baku we believe that these
estimates indicate that the measurement strategy described in this Annex is generally
robust enough to be used for calculating the factors of Urban Density in other cities, and

that—with some refinement—these methods can be used to track changes over time in
these factors in single cities as well.
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Figure A5: A comparison of Dwelling Unit Size for the ten pilot cities calculated as a ratio of
Population and the product of six remaining metrics (red) with estimates from outside
sources (orange).

Conclusion

This Methodological Annex described a set of procedures for obtaining reliable estimates of
the eight primary metrics that are used to calculate the factors of Urban Density. We believe
that this is a significant development with important policy implications because, as we
noted earlier, addressing the factors that constitute Urban Density one by one with a view to
registering its contribution to progress in densification requires that we measure them
properly.

The proposed methodology is relatively simple and robust, relying in the main on
globally available satellite imagery and on published information from national censuses.
Moreover, the methodology could be used to generate comparable data for all cities,
countries, and regions, so as to better monitor the global contribution of urban densification

to the mitigation of climate change.

In obtaining values for the eight primary metrics that are used to calculate the factors of
Urban Density for the ten pilot cities, we have sampled too many points. In the future, the
stopping rules proposed and discussed here can be used to considerably reduce the number
of points to be tested. In addition, it may be possible to obtain reliable values for Plot
Coverage, for example, without resorting to the digitization of the boundaries of residential
blocks and building footprints, by dropping large numbers of Halton points into the urban
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footprint and estimating the share that fall on residential roofs as well as the share of points
that fall on residential open space. Plot coverage can then be calculated as the cumulative
ratio of the number of points falling on roofs and the total number of points falling on
residential areas, both those falling on roofs and those falling on residential open space.
Other simplifications may be in order as well, as we proceed to estimate these factors in all
200 cities in the global sample of cities.

This work is now in its initial stages and the results reported here must be interpreted
with caution. Some of the results presented here, especially those for Baku, are currently
being re-examined. Still, we believe that even at his stage one can see the potential of
decomposing Urban Density into measurable factors as a step forward on the way to
densifying our cities in a pragmatic and systematic manner in the years to come.

k k%
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Endnotes

1 In principle, other things being equal—i.e. disregarding variations in the overall shape of its
footprint, in internal spatial variations in density, or in internal arrangements of land use—
everything in a more compact city will be closer. Differences in the internal distribution of

2 In a recent review of evidence from 300 studies, Ahlfeldt and Pietrostefani showed that the
measurable effects of compact urban form have tended to become more positive over time
(2018, 19). More specifically, compact and higher density urban growth has been associated with
reduced greenhouse gas emissions attributed to transport (National Research Council, 2009,
quoted in Seto et al, 2014, 948). Norman, Maclean and Kennedy (2006) found that in Toronto,
Canada, for example, low-density suburban development is 2.0-2.5 times more energy and
greenhouse gas intensive on a per-capita basis than high-density urban core development.
Densification can reduce greenhouse gas emissions by increasing the viability of walking and
bicycling (Saalens et al, 2003; Naess, 2005, Zhou and Kockelman, 2008); by making public transit
more viable (Bunting et al, 2002; Holtzclaw et al, 2002; Saelens et al,, 2003; Forsyth et al,,
2007); and by shortening average travel distances (Frank and Pivo, 1994; Cervero and
Kockelman, 1997; Ewing and Cervero, 2001; Brownstone and Golob, 2009).

3 Bourne (2001) notes that a single focus on residential densities, as all but the last four metrics in
table 1 do, may fail to account for the effect of low-density commercial and industrial uses on the
overall compactness of cities, particularly where sustainability issues are concerned. Indeed,
since population data is collected at people’s homes, Urban Density as defined here is a night-
time density, i.e. a residential density rather than an employment density. But as we shall show,
overall Urban Density can increase if the Residential Share of land use in the city increases at the
expense of commercial and industrial uses, i.e. when overall employment density increases.
Urban Density thus includes employment density.

4 The same anatomy of density relationships pertains to all other spatial units introduced in table
1 as well.

5 We note at the outset that an ‘average’ ratio of two quantities can have two distinct meanings
(The Math Forum, 2003). For example, the Average Building Height in a city, measured in floors,
could be the ratio of the total Floor Area in the city and the total area of Building Footprints in the
city. Alternatively, it could be the average (or mean) height of individual buildings in the city,
which would be the sum of the heights of individual buildings (which are the ratios of their floor
areas and building footprints) divided by the total number of buildings. In this presentation, all
of the average values of the factors that constitute Urban Density are defined as the ratio of sums
and not as mean values of individual observations.

6 A detailed definition of the urban footprint and the method of mapping and calculating urban
footprints using Landsat satellite imagery is given in Angel et al.,, 2016, Volume 1: Areas and
Densities, 21-30.

7 E.g. stairwells, corridors, and elevator shafts.

8  The reader can easily ascertain that the product of Floorspace Occupancy and Floor Area Ratio
yields the familiar Net Residential Density, a common measure of the average number of people
(unfortunately, the same term is also used for the number of dwelling units) in a hectare of net
residential area in the city.

9 The reader may note that an important measure of residential overcrowding (see, e.g. Gove,
Hughes and Gall, 1983; Blake, Kellerson and Simic, 2007; Dol and Haffner, 2010, table 2.1, 51;),
Occupied Floor Area per Person, is simply the ratio of Dwelling Unit Size and Dwelling Unit
Occupancy, but only if we assume that the size of occupied and unoccupied dwelling units is the
same.
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(1) Occupied Floor Area per Person = Dwelling Unit Size + Dwelling Unit Occupancy = (Total
Living Area in Occupied Dwelling Units + Total Number of Occupied Dwelling Units) +
(Total Population + Total Number of Occupied Dwelling Units) = Total Living Area in
Occupied Dwelling Units + Total Population = Occupied Floor Area per Person.

If, as we suspect, the average size of unoccupied dwelling units is larger than the average size of
occupied dwelling units, then a correct estimate of Occupied Floor Area per Person may be
smaller than that estimated here.

The reader should keep in mind that we can decompose Urban Density into factors in other ways
as well, incorporating other well-known and less well-known density metrics. For example, we
can also decompose Urban Density into four factors incorporating a common measure, Net
Residential Density, defined by the average number of dwelling units in a given unit of residential
area. Net Residential Density is typically defined in the literature (e.g. Churchman, 1999; Forsyth
2003) as follows:

(1) Net Residential Density = Total Number of Dwelling Units + Total Area of Residential Plots.

The reader can ascertain that Net Residential Density is indeed a product of four of the factors in
Equation (16):

(2) Dwelling Unit Packing x Floor Plan Efficiency x Building Height x Plot Coverage = Net
Residential Density.

Therefore, replacing these four factors with Net Residential Density in Equation (16), we obtain
Urban Density as a product of four factors:

(3) Dwelling Unit Occupancy x Occupancy Rate x Net Residential Density x Residential Share =
Urban Density.

Alonso (1968) explains that for models involving multiplication (or division), the error for a
product (or the ratio) is calculated as follows:

(D Z=Xyorz=x/y.

(2) eZ = y2el + x%ef, e = el/y?+ e#/x? if x and y are not correlated. If they are
correlated, then

(3) e/ =y?e? + x2e/ + xyexeyI, where r is the correlation coefficient.

Since many of the values in our models were derived from other values, they are subject to
cumulative errors. This is especially true of our estimates of the total residential floor area in the
city, the total occupied floor area, dwelling unit size, or occupied floor area per person. In the
Technical Annex we compare our derived values for dwelling unit size with values found in
published articles and reports. In most cities we studied, the values are within a reasonable
range of each other.

We classified the Landsat imagery into built-up and non-built up pixels. We then classified the
built-up pixels into urban, suburban or rural ones, based on the shares of built-up pixels within a
1km?2 walking distance circle around them: Those with less than 25% were classified as rural;
those with 25-50% were classified as suburban; and those with 50% or more were classified as
urban. We created urban clusters by grouping contiguous urban and suburban pixels. We
included fringe open spaces that were within 100 meters of them and captured open spaces that
were fully enclosed by urban and suburban pixels and fringe open spaces and were less than 200
hectares in area in the urban clusters. Urban clusters that shared buffers surrounding them equal
to one-quarter of their area were then combined to form the city’s Urban Footprint. This method
for defining urban footprints was adopted by the United Nations for the purpose of monitoring
the U.N. Sustainable Development Goals (UN-Habitat, 2019).
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Maps of the enumeration districts and population data for districts for these cities were provided
to the authors by the Center for International Earth Sciences Information Network (CIESIN) as
Columbia University.

Each census enumeration district contains built-up pixels and the population within each
enumeration district is assumed to be living within those built-up pixels. It is further assumed
that the population is equally divided among those built-up pixels. Only the portion of the
population living in pixels that fall within the urban footprint, as defined earlier, is counted in the
population of the city.

This classification was based on a taxonomy developed for the Atlas of Urban Expansion: 2016
Edition (Angel et al, 2016). A point that fell on a plot or a building with mixed land use including
residential use was considered to be ‘residential.” Residential Share was estimated as the share of
‘residential’ points in the total number of Halton points sampled.

In the majority of cases it was possible to count the number of floors in high-resolution satellite
imagery or Google Street View based on window openings and balconies. Occasionally, the
number of floors in a building in our sample was estimated by comparing it with an adjacent
building of similar height with visible windows, or by comparing the length its shadow with that
of an adjacent building with visible windows.

For each architectural floor plan, analysts distinguished living and non-living areas, with areas
that are exclusively within private dwelling units categorized as ‘living areas.” The average ratio
of living area to total floor area was calculated for each building type, and then a weighted
average ratio was calculated for each city based on the mix of building types identified in the
Building Height measurement. In some cities, published reports were consulted as well.

All of these values are ratios rather than totals and these ratios are all ‘normalized’—i.e.
independent of city totals of one kind or another—and therefore comparable from one city to
another.

The authors believe that these factors can and should be used to monitor densification efforts.
Although the methods outlined here are robust, monitoring changes in factors over time may
require further refinement as well as testing on the ground in several pilot cities.

Several real-world examples of successes in implementing each one of these interventions as
well as failures in their application are described detail elsewhere (Angel and Lamson-Hall,
2020).



