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Spatial modeling issues in future smart cities

Gerhard SCHMITT*

Department of Architecture and Future Cities Laboratory, ETH Zürich, Zürich, Switzerland, and ETH CREATE, Singapore

It is our goal to make today’s and future cities smart, sustainable and resilient. In order to achieve this, it is fundamental
to understand how each city works, to formalize the knowledge gained and to apply it to a city model as the base for
simulations that can generate future scenarios with a high level of probability. The nature of this model, which must
cover design, qualitative and quantitative aspects, has changed over time. In this study, we focus on the role of the spa-
tial dimension and of geometry in a city model. Emerging from being a dominating generative force in ancient cities,
spatial modeling has developed into an underlying description language for present and future cities to define functions
and properties of the city in space and time. The example of the stocks and flows model applied to the city depicts
where and how spatial modeling influences the design, construction and performance of the future Smart City.

Keywords: future cities; spatial modeling; stocks and flows; city models; reality-based 3D models

1. The role of geometry and space in the continuum
of city modeling

Early architecture and urban design examples are based
on fundamental geometric shapes: point, line, circle,
square, and rectangle. Besides the purity of these forms,
they have the advantage that they can be constructed
easily with simple tools. They could straightforwardly be
assembled into grids, thus providing the footprint for the
basic organization of urban services and separating pub-
lic from private areas. For the arrangement of these
shapes and infrastructure networks, city planners defined
simple rules and instruction sets which, in combination
with the shapes, would form a design description that
could be easily taught to others (Figure 1).

1.1. The rule-based approach

With the growing complexity of settlements into urban
centers and denser cities, the simple instruction sets
became less effective and could in fact diminish the
overall performance of the city or hinder it from achiev-
ing its defined goals. The definition of those functional
goals became priority, geometry had to follow. The geo-
metric pattern of the city was brutally altered accord-
ingly, as the example of the redesign and reconstruction
of Paris in the nineteenth century demonstrates. In this
and other cases, geometry was put into the service of
other, for example military goals, rather than being the
generative driver of city form. Yet the planning inten-

tions and the results of interactions between basic
geometry and political or private goals were still visible.

1.2. The stocks and flows approach

With growing sophistication of societies and politics,
technology and economy, cities changed their geometry
again. Linear transportation systems such as freeways,
train tracks and suburban private roads gained in impor-
tance and reshaped the design of cities. Economics,
transportation and the separation between living and
working areas became dominant factors. With less limita-
tions in materials and increased freedom in design, dri-
ven by a temporary abundance of cheap energy in the
twentieth century, the geometric expression of the city
became increasingly a result of the various stocks and
flows that determined city life, leading to sometimes
ordered, but sometimes seemingly chaotic conditions of
a city’s geometry (Figure 2).

1.3. The complex system and quantum city approach

With the beginning of the twenty-first century and the
globalization of city stocks and flows, the dependence of
the city on its direct hinterland decreases, and even
national networks of cities for the exchange of goods
and services lose their dominance. The forces that cities
are exposed to start to shift rapidly, thus making them in
their development increasingly the result of changing
force fields – force fields in the sense of rules governing
the balance of the complex system of the city. This leads
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to metaphorical analogies with quantum theory and thus
to the proclamation of the quantum city, as proposed by
Arida (1) or Hovestadt (2). At this stage, geometry takes

on a new role, but it still is and will be decisive for the
positioning of any physical manifestation of city stocks
and flows and force fields.

Figure 2. The Marina Bay Sands complex in Singapore by Architect Moshe Safdie, an early twenty-first century example for an
integrated resort complex. Photo: Gerhard Schmitt, 2011.

Figure 1. Changdeokgung Palace in Seoul from 1405: geometry as the driving force underlying the design. Photo: Gerhard Schmitt,
2011.
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2. The role of reality-based 3D data for city modeling

Most of the cities from previous centuries have disap-
peared, but those with sustainable and resilient qualities
have survived. These cities are of particular interest as
models for future Smart Cities. In early civilizations, we
see descriptions of cities in words, in diagrams, in pictures,
and in models. The written description of city life has
dominated over centuries, with more or less precise refer-
ences to spatial issues in those cities. Those descriptions
are crucial, because they connect qualitative properties of
city life with spatial issues. Yet to model a city completely,
it also takes the precise definition of its location in space
over time. To this end, diagrams and later images, draw-
ings, perspectives, and 3D models emerged. To capture
the dynamic aspects of city growth architects and engi-
neers developed increasingly sophisticated models. These
models are the foundation of today's simulations, and in
those simulations, reality-based 3D information plays a
major role. Reality-based 3D information is like a snap-
shot in time.

3. The role of spatial modeling issues in cities

While location, climate, politics, and social conditions
vary greatly from city to city, one description applies to all
of them: geometry as the basis of spatial modeling. Spatial
modeling has a crucial role in future Smart Cities as it
assigns unique positions to all properties and stocks and
flows in a city. Spatial modeling is also indispensable to
differentiate between the territory or countryside, the
urban settlement or the city, and the individual building
and its surrounding.

4. Spatial modeling and the stocks and flows model

The majority of today's cities have reached their present
size in the late twentieth and early twenty-first century.
Worldwide, the unprecedented population increase during

this time – first in areas with temperate climates and
now in areas with tropical climates – has forced city
planners and designers to rely on models that had proven
successful in the past. Thus, most of the recent city
growth is the result of a combination of the geometry
and rule-based approach, overlaid with the stocks and
flows model (3). The rule-based approach is clearly geo-
metric in nature, but also for the stocks and flows model
geometric precision is crucial.

The following will be examples for spatial modeling
issues for the stocks and flows approach. The associated
research is conducted in the Future Cities Laboratory at
the Singapore–ETH Centre for Global Environmental
Sustainability, which has assembled a team of more than
100 researchers and students to explore and understand
the character of the future city (4). Researchers work in
10 independent, but related modules focusing on individ-
ual or combinations of stocks and flows, and in three
assistant professorships. The following paragraphs
describe the spatial modeling issues of each one of those
stocks and flows (Figure 3).

4.1. Stocks and flows of material

Construction material is the basic component for build-
ings and cities. Its positioning in space decides on the
accessibility, density and spatial quality of a city. An ori-
ginal spatial issue is the mining, the transportation and
the deployment of the material in the city. In ancient
times, the city's hinterlands provided most of the
material. Yet even more than 3000 years ago, building
material transport could cover hundreds of miles, using
rivers to arrive at the final destination for the construc-
tion of Egyptian temples and pyramids. Today, countries
such as Singapore with an extreme scarcity of building
materials have to import them from destinations around
the globe, so that the material flow is global before it
turns into a temporary material stock in the constructed
city. Thus spatial issues are first dynamic in the sense of

Figure 3. The working model of the Future Cities Laboratory. The columns depict the different scales: small–buildings and building
technology; medium–urban design; and large–territorial planning. Stocks and flows on the left are translated into research projects on
the right. Cheryl Song, 2012.
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transportation and then become static once the material
has been cast in place. After a large amount of building
stock has accumulated in the city and begins to age, it
becomes a new source for material flow, in that buildings
are taken down, recycled and used for the construction
of new buildings. In Singapore, this recycling can reach
more than 90%. As the recycling cycles become shorter
and shorter, the spatiotemporal development of the city
can be observed almost in real time, leading to the
necessity of 4D Singapore: the spatial monitoring of the
building material stocks and flows in real time.

4.2. Stocks and flows of energy

On first sight, stocks and flows of energy seem to have
little to do with spatial issues. Yet on closer examination,
there is a direct relation between the shape and orienta-
tion of buildings and the amount of energy needed to
keep them at comfortable conditions for living and work-
ing. Independent from temperate or tropical climates, the
density of the building stock, a primary spatial condition,
influences the stocks and flows of energy in the city. In
addition, the geometric layout of infrastructure influences
the stocks and flows of transportation energy to high
degree. An example is the difference between the spatial
layout of a suburban community and high-density hous-
ing in the city that has direct impact on transport energy.

4.3. Stocks and flows of water

Roughly speaking, a lake or a reservoir could be consid-
ered a stock of water in the city, and rivers and creeks,
along with the underground water pipelines, characterize
flow. The spatial dimension of stocks and flows of water
represent a considerable percentage of a sustainable city's
area. On the negative side, flooding has become a grow-
ing threat to cities worldwide be it through intense rain-
fall or through out of control rivers. The quick spatial
assessment of the damage caused by flooding from the
air through unmanned aerial vehicles will intensify in the
coming years. More important, this assessment, com-
bined with a three-dimensional reconstruction of the
flood protection devices is crucial for the avoidance of
future damage. The Future Cities Laboratory is conduct-
ing research in this direction in the city of Jakarta and
the Ciliwong River, because the improvement of the situ-
ation upstream is a precondition for a less dangerous
river downstream. Dynamic high-resolution mapping
from the air and from the ground with novel photogram-
metric programs is becoming crucial.

4.4. Stocks and flows of people's positions

In the digital world, every person leaves a digital trace at
any given point in time. This position can become valu-
able information for the conversion of existing and the
development of new Smart Cities. In the world of agent-
based modeling, it is perceivable that future citizens will
have a mirror avatar or agent. The agents are informed
by data that real people provide voluntarily. Expressed in
terms of spatiotemporal information, an agent's behavior

serves as the foundation of urban design decisions. This
applies both for the large-scale migration into cities from
within one country or from other countries, as well as
for the movement of the individuals within the city on a
daily basis. Whereas the former applies to the large-scale
and territorial flow of people's positions, the latter
depicts the daily movements of people between living,
working and entertainment activities. The agent-based
transportation simulation programs such as MATSim (5)
that are used at the Future Cities Laboratory are by now
able to simulate the daily positions of more than 5 mil-
lion Singaporeans. Combined with the generative power
of programs such as CityEngine (6) and with economic
analysis programs, they offer an unprecedented design
tool for the future.

4.5. Stocks and flows of finances

Finances as a virtual entity seem not to have direct spa-
tial impact. Yet the indirect spatiotemporal effect of
finances on the city and its hinterland can clearly be
shown. As a matter of fact, finances could be considered
as one of the major drivers of spatial developments, as
they fuel the economy and lead to preferences of inves-
tors and governments in terms of making spatial deci-
sions in existing and new cities. Examples are the arrival
of large supermarkets in North America and Europe in
the twentieth century, which led within a short time to
large shopping malls outside the city, generating new
commercial landscapes and private transportation lines,
but in some cases also making the inner cities more
attractive by turning them into pedestrian zones. Another
example is the concentration of capital and labor in
high-tech production areas, which in turn lead to intense
growth and new spatial arrangements, such as in Shenz-
hen.

4.6. Stocks and flows of information

Information and information structures define the Smart
City. Information, similar to finances, is a virtual entity
with indirect impact on the spatial arrangement of cities.
Information storage, through its immense demand for
electricity and cooling, begins to have also a direct spa-
tial impact on cities. Consider, for example, that the
Swiss national supercomputer Centre was not built in the
city of Lugano in order to avoid a massive heat island
effect in the inner city, which would have decreased the
environmental quality of the surrounding. Or consider
the situation that data centers would be located close to
gigantic cattle farms, in order to use the electricity gener-
ated by the biogas derived as a by-product of cattle
farming. A third example is the new form of knowledge
acquisition through individual crowd sourcing and wire-
less technologies. They allow existing cities and its parts
to take on new roles as working and information gather-
ing spaces. In addition, cloud-based computing will free
many cities in developing countries from their previous
reliance on network infrastructure. Finally, the individu-
alized and decentral generation of electricity for future
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information devices might lead to a large information
space encompassing the entire city and to decentralized
information processing centers outside of the city fuelled
by large alternative energy plants.

4.7. Stocks and flows of density and space

It is unusual to apply the principle of stocks and flows
to space and density, yet it is crucial for the understand-
ing and for the improved sustainability of existing and
new cities. The twentieth century has seen an increasing
decentralization and spread of the cities into their sur-
rounding areas. A reverse development characterizes the
late twentieth century and the beginning of the twenty-
first century. Both were the result of arguments for more
quality. How could that be? The combination of cheap
land and cheap transportation energy and rapidly grow-
ing populations in North America and Europe allowed
for the spatial expansion and reduction of density, lead-
ing to ever-increasing infrastructure costs, use of space,
and environmental problems. The rapidly growing popu-
lation in the late twentieth century combined with higher
energy costs, cumulative environmental damage and less
available space encouraged higher density. This, how-
ever, will only work if the societal model is one that is
able to work with higher density and looks at value crea-
tion not only as the consumption of more products and
space. It also requires the individual acceptance of living
and working closer together with others. While in Swit-
zerland, the personal space use has increased from less
than 30m2 in 1960 to almost 50m2 in 2010, this number

is even double in Australia. But it is only a fraction of
this in emerging countries. Density has a significant
impact on energy consumption and on the CO2 footprint
of a city and is therefore a major spatial issue (Figure 4).

5. Summary

While the role of geometry and spatial issues as underly-
ing properties of existing and future Smart Cities have
drastically changed over the centuries, they continue to
be foundations for urban design decisions. Geometry
might have lost its direct impact in terms of a primary
decision tool, but it has gained impact in terms of locat-
ing and relating the different properties and stocks and
flows that are important to design, construct and manage
the sustainable and smart city of the future. The effects
of the stocks and flows of material, energy, water, peo-
ple's positions, finances, information, density and space
are visible in any city. They are computable and thus
offer a welcome common language to the otherwise very
dissimilar description languages of the individual impact
factors defining a city. As a result, it is highly welcome
and necessary to formalize and strengthen the connection
between the individual properties and developments and
spatial issues of the future Smart City.
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