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Abstract: Digesting the data hose that cities are constantly producing is complex; data is
usually structured with different criteria, which makes comparative analysis of multiple
cities challenging. However, the publicly available data from the Spanish cadaster contains
urban information in a documented format with common semantics for the whole territory,
which makes these analyses possible. This paper uses the information about the 3D geometry
of buildings, their use and their year of construction, stored in cadastral databases, to study
the relation between the built environment (what the city is) and the urban plan (what the
city wants to become), translating the concepts of the cadastral data into the semantics of
the urban plan. Different representation techniques to better understand the city from the
pedestrians’ point of view and to communicate this information more effectively are
also discussed.
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1. Introduction

Urban morphology is constantly evolving: buildings are built, demolished, and remodeled altering the
landscape of our cities through the collective action of their inhabitants. Urban Plans describe what we want
our cities to be, undergoing revisions as we change the vision of the future of our cities. The analysis of the
complex interaction throughout time between what the city is and what it wants to become [1-3] allows
urban planners to understand both past and present state of the city to plan for a better future.

Urban planning is a complex process that involves actors from different disciplines collaborating and
managing heterogeneous data from different sources [4]. The visual representation of data allows the
exploration of complex datasets [5], and can improve the collaboration of the teams involved through
better communication [6].

The purpose of this paper is to present a methodology to provide urban planners with analytic
visualization tools to better understand the complexity of urban renewal processes [7], using publicly
available cadastral data. This approach makes possible to use the methodology in multiple Spanish
regions since cadastral data covers the whole Spanish territory with a uniform semantic criteria.

The methodology extends a previously developed work [8], using a multifaceted approach to the
study of urban morphology in relation to planning regulations in multiple dimensions (spatial, temporal
and conceptual), to visually analyze and communicate the complexity of urban development.

After a review of the literature on data representation and specifically on the representation of 3D and
temporal data, followed by the introduction of the case of study, Section 2 outlines the harmonization
process applied to the data due to semantic and geometric mismatches between the cadastral and
planning information, Section 3 describes the methodology of the visualization techniques developed,
Section 4 presents a discussion of the results obtained and their applicability, and Section 5 presents
our conclusions.

1.1. Representational Approach

Cities produce a constant flow of heterogeneously structured data [9,10]; to extract and communicate
meaningful information from this data it has to be converted to a medium that can be understood by
human beings, which is not a trivial process [11].

From the late 1960s with the work of Bertin [12,13], a systematic approach to the study of the most
adequate way to represent statistical data was developed by Cleveland [14-18], and the study of the
aesthetic and conceptual properties of graphics as a vehicle to deliver meaningful information was
studied by Tufte [19-21]. More recently, with the capacity of computers to store, manage and display
large amounts of data, a more computer-centric approach to representing data has emerged [22-25],
with the focus shifting to explaining to the machine how to map concepts to graphical elements.
According to the grammar of graphics [23] definition, the representation of spatial data would limit the
number of “aesthetics” because the shape and position of the graphical elements is mapped to the
location and geometry of the represented elements themselves, leaving usually just color [26], and in
some cases pattern, to convey the desired information.

The representation of geographic data [27-29] has specific challenges because it deals with different
kinds of information [30] depending on the nature of the data, making the visualization of historical [31]
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and conceptual [32] information challenging, although the results can be appreciated as an art form for
their aesthetic properties [33,34].

This paper tries to address some of the difficulties in the representation of urban data, specifically
regarding the interaction between built reality and urban planning, and how it affects its
three-dimensional morphology, the activities that take place in the city, and its evolution in time,
considering specially its impact on the pedestrians’ perception of the city.

The representation of three categories of information of the building stock was explored in the case
of study: spatial (the 3D volume of buildings and planning regulations), temporal (the year of construction)
and conceptual (dominant use inside buildings).

The representation of urban phenomena in three dimensions is challenging, while advances have been
made in the realistic representation of cities using procedural methods [35-38] or data captured from
reality [39], the use of the third dimension for aesthetic purposes [40], to convey information through
the abstract representation of the 3D volumes [41], or the generalization or simplification of the 3D
geometry [42,43] remains less explored.

Visualizing the temporal component of spatial data is even more complex than the representation of
three-dimensional data. It has been conceptually laid out [44,45] and some examples of implementation
in 4D cadastral data can be found to document the lifecycle of the building stock [46].

The pedestrians’ perception of the built environment, from the street level, has been described from
the functional [47] and visual [48] perspectives; recently the use of geotagged images have allowed
volunteers to evaluate the subjective perception of different neighborhoods [49].

Finally, some techniques have been used recently introduced to explore complex spatial 2D data,
using conditioned choropleth maps to visualize multidimensional data [50] and arrays of spatially
positioned maps [51] to better display dense OD matrices.

1.2. Case of Study

The case of study chosen for the development of the methodology was the old quarter of the
Sant Andreu District in Barcelona. The buildings in the area of study (Figure 1) are part of the center of
the former town of Sant Andreu, from which the district takes its name, and the development it
underwent in the 19th century when it was incorporated to Barcelona.

This historic development resulted in a complex urban structure suitable to use as a workbench to test
the methodology for the representation of 3D features, their temporal development and their perception
from the pedestrians’ point of view:

e Semantic correction of height information of cadastral and planning databases (Section 2.3)

e 3D representation of height information on a 2D surface, compared to traditional 2D representation
(Sections 3.1 and 4.3)

e Occlusion of the built volumes from the street (Sections 3.2 and 4.5) and onto neighboring volumes
(Sections 3.3 and 4.6)

¢ Visualization of the temporal evolution of the building stock (Section 4.8)

e Representation main of uses on the ground floor (Sections 3.4 and 4.7)
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Figure 1. Area of study in the Sant Andreu District of Barcelona.
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2. Materials

The Spanish cadaster provides a comprehensive inventory of all real estate properties in the Spanish
territory with a common specification, and includes information about the physical configuration of
every building and the uses inside them. These are some of the main aspects urban planning regulates:
the mass of the buildings (their size and shape) and the allowed uses according to zoning regulations.

The comprehensive information included in cadastral data outweighed some of its limitations:
(a) it contains data about the year of construction that spans more than a century (b) has building height
information available; and (c) includes use information for each unit.

The objective of this study was to assess the information stored in the cadaster databases, especially
in relation to the urban planning regulations, and the interpretation of the data stored in these two sources
with different semantics, to be able to relate them spatially and conceptually.

2.1. Cadastral Data Import and Normalization

The Cadastral data used in this paper is publicly available in the Cadastral Electronic Site where it
can be freely downloaded, excluding personal identifiable information to preserve the anonymity of real
estate owners. Cartographic data can be downloaded for any municipality as a standard shapefile,
but information without graphical representation is only provided in a special legacy American Standard
Code for Information Interchange (ASCII) fixed width format instead of a tabular or Extensible Markup
Language (XML) or CityGML [52] format.
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2.1.1. Cadastral Data Import

The format in which the data was stored was a flat ASCII file with 2,856,819 lines (for the municipality
of Barcelona) with 1000 characters per line. Three classes of information needed, which would correspond
to three different tables in a relational database, were interleaved in the data stream: parcels (76,556 records),
buildings (93,713 records) and private units (1,451,737 records). These three tables are structured
hierarchically by design, where each private unit belongs to one building and each building belongs to
one parcel, and each record of the lower rank table has its own unique key and the foreign key of the
higher rank table it belongs to. A script had to be developed with the R programming language to parse
the ASCII file and extract the raw data needed: use, floor number, year of construction and unique id.

2.1.2. Cadastral Data Normalization

The encoding of the raw data corresponding to both use and floor number had to be normalized in
order to be usable for the purpose of this study.

According to the format specification, the position in the building of each unit, measured in number
of floors from the ground floor is encoded as a three character alphanumeric string. In order to obtain a
numeric value for the floor, a dictionary of key-value pairs was used to translate each unique key to a
numeric value measuring the number of floors above street level (negative integers in the case of
subterranean floors).

Two special cases (attic and over-attic) were impossible to translate with a dictionary since its
interpretation depended on their context: their value is one floor (attic) or two floors (over-attic) higher
than the highest of the other units in the same parcel. For these cases, a series of queries in a Structured
Query Language (SQL) database had to be built to assign the correct height value.

The format specification encodes the use of each unit with three levels of detail in a tree-like structure,
where each level has a more specific semantic detail than the previous one: level 1 has 10 categories,
level 2 has 31 categories, and level 3 has 70 categories. Levels 2 and 3 were discarded because for the
purposes of the study the detail of level 1 was adequate.

2.2. Parcel Level Aggregation

The resulting tables were not displayable for representation purposes because the cadaster does not
provide an associated geometry. The most detailed geometry provided is the parcel layer, and as a
consequence the data in the tables had to be summarized at the parcel level for the attributes of year of
construction and use, to be able to analyze and visualize spatial patterns in the data.

2.2.1. Year of Construction

The year of construction of the units that belong to parcel is not necessarily the same for all items.
Two measures were calculated to summarize this data at the parcel level: the most recent year and the
weighted average.

Since we were dealing with two time series where buildings are built and regulations are modified,
the most recent year of construction of all units in a parcel was necessary in order to be able to compare
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which parcels were compliant at the time of a given regulation change that could potentially modify the
allowed height of any given parcel.

On the other hand, a synthetic measure of building age had to be computed for each parcel. A simple
arithmetic mean was not suitable because the units did not have the same built area and should contribute
proportionally to their size in the average using a weighted average with the following formula (1):

ZUnit € Parcel Y €A1ynit * BulltAreaUnit

ZUnit € Parcel BuiltAreaUnit

Yearparcel =

(M

2.2.2. Dominant Use

Each parcel can contain multiple units with different uses in each floor. The use attribute of each unit
had to be summarized at the parcel level for each floor to obtain its dominant use and its degree of this
dominance over the rest of the uses.

For each floor, a contingency table with the built area for each parcel and use was generated, and the
dominant use (the use with a greater built area) was stored as an attribute of the parcel along with its
percentage of the total built area (marginal total of all uses for each parcel).

2.2.3. Overbuilt and Underbuilt Area Measurement

It is not legally allowed to compensate overbuilt volumes with underbuilt ones inside a parcel, and
accordingly aggregate calculations had to be performed independently for both situations to avoid the
aggregate operations adding positive and negative numbers. This operation would be mathematically correct
but it is not possible according to the regulations, which state that an unwarranted height in
a part of a building is an offence independently of the same parcel having another part below the
authorized height.

Formulae 2 to 6 show the aggregation operations to calculate for each parcel: the total built area (2),
the maximum allowed built area in zones (3), the overbuilt area in zones (4), the underbuilt area in
zones (5), and the overbuilt area in systems (6).

Real Built Areapy. = Z HBsupp * Asubp )
Subp€eParc
Allowed Built Areapy,. = Z HPgragz * Afragz (3)
FragZeParc
Overbuiltp,c = Z (HBragz — HPrragz) * Arragz (4)
FragZeParc
Underbuiltp,,. = z |HBFragZ - HPFrang ’ AFragZ (5)
FragZeParc
Overbuilt in Systemsp,. = Z HBgrags * Arrags (6)

FragSeParc
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Using the following notation:

e HB: Real height of the building, measured in number of floors above street level.

e HP: Maximum height according to the plan, measured in number of floors above street level.

e A: Area of a polygon entity (surface of land occupied).

e Parc: Set of parcels inside the area of study.

e Subp: Set of sub-parcels.

e FragZ: Set of fragments from the spatial intersection between parcel and planning layers
(in zones).

e FragS: Set of fragments from the spatial difference between parcel and planning layers
(in systems).

2.3. Cadastral Cartography

The cartographic information from the cadaster is distributed in 13 shapefiles that thematically
represent information of a different nature that the institution manages. Two of these shapefiles were
used in this study: the built volume geometry and the parcels geometry. The built volume layer was used
to relate the existing height to the maximum height allowed by the urban plan layer using an overlay
operation; the parcels layer were used for representational purposes because they are the only entities
that are capable to display aggregated data from non-graphical tables linked through the parcel
unique identifier.

In the built volume geometry, the height of buildings is not stored as true 3D geometry [53,54] but
as 2.5D cartography in a sub-parcel dataset (being sub-parcels pieces within a parcel with a distinct
height from neighboring sub-parcels). Height information is stored as an alphanumeric string, which
encodes several pieces of information about the sub-parcel, including the number of floors below and
above street level. For example, a sub-parcel with a “~II+V” attribute has two subterranean floors and
five floors above street level.

2.3.1. Height Information Correction

The height code had to be translated using a dictionary with three fields (code, height above ground,
height below ground) through the interpretation of the documentation provided by the cadaster; however,
since the heights had to be compared to the planning regulations, it was imperative that they were
semantically comparable and not necessarily a direct representation of reality (as if it was a 3D model).

2.3.2. Semantically Adjusting Cartographic Data to Planning Regulations

To be consistent with the nature of the planning regulations, some adjustments had to be made regarding
(a) balconies; (b) ventilation courtyards; and (c) staircase towers:

(a) The volumes of balconies over the streets were disregarded because the Metropolitan regulations
do not directly regulate the maximum height of these volumes but instead the buildings they are
attached to. Therefore, a balcony would not be allowed only as a consequence of the floor it was
attached to not being allowed.
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(b) Ventilation courtyards are a typological device that allows placing uses like kitchens and
bedrooms in the core of the building and still be able to get ventilation and natural light. Although
these courtyards are geometrically voids, from the planning regulations point of view, they are a
design decision of the architect of the building and should not be considered as such but instead
built up to the lowest volume they serve in its own parcel.

(c) Staircase towers are not assigned a height value but are considered built volume. Since they have
to give access to the adjacent volumes, its assumed height should be at least the height of the
highest volume it serves in its own parcel.

Since ventilation courtyards accounted for almost 20% of the area of all sub-parcels and staircase
towers for another 2%, to get accurate results a methodology [8] had to be developed to automatically
assign height values to this types of entities from their spatial context (Figure 2).

Figure 2. Correction of staircase towers (a) and ventilation courtyards (b).

STAIRCASE TOWERS VENTILATION COURTYARDS
Original state (uncorrected) Volumes after correction Original state (uncorrected) Volumes after correction

7 4 g % . 25
— —
(a) (b)

The calculation of the height to be assigned involved two topological relationships: (a) adjacency
to other polygons but (b) considering only polygons inside the same parcel. Since the Geographic
Information System (GIS) used was non-topological, a methodology had to be implemented using
Structured Query Language (SQL) from adjacency information stored in long form (origin, destination,
value) instead of as a sparse matrix (Figure 3).

2.4. Planning Data

The Barcelona Metropolitan Area Urban Plan is in effect since 1976 [55] and its cartography relative
to the maximum height must be interpreted [56] from the textual description according to multiple
parameters: width of the street(s) the parcel faces, slope of the street(s), typology of the street, position
relative to the corner of a city block, geometry this corner (arc radius, chamfer distance), zoning
regulations, and the principle of the regulation granting the lesser amount of built area where there are
conflicting interpretations.

The interpretation of the regulations regarding the maximum heights was performed in collaboration
with the staff in the Urban Studies Bureau of the Urban Planning Department of the Barcelona
City Council.
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The height information of the planning layer was compared to the height information of the actual
buildings layer using two Boolean spatial operations: (a) a spatial intersection, the result of which was
the fragments of sub-parcel inside zones and (b) a spatial difference, the result of which was the
fragments of sub-parcel inside systems (roads and parks). With the result of the overlay operations it
was possible to determine the conformity to the urban plan for each of the resulting fragments (Table 1)
from their building height (HB) and planned height (HP). The layers in the overlay operation had some
metric imprecision which resulted in some sliver polygons that had to be cleaned up.

Figure 3. Diagram of the process to obtain the staircase towers (top) and ventilation courtyards
(bottom) heights from neighboring geometry.

volumes type_dictionary lines_volumes ;’/WUNION QUERY
paly_id hcode line_id |
parcel_id height poly_| SUBSET
hcode type parcel_| type_r="E"
height | parcel_| = parcel_r AGGREGATION
@ type_| < i IA/> stair_id
| | / heigh
volumes_height volumes_height - poly_r SUBSET { maxtheight)
rt poly_id poly_id HH parcel_r L] typet=""
parcel_id parcel_id height_r parcel_| = parcel_r
height height s s
type type
lines lines_volumes (/ UNION QUERY \‘:
line_id line_id i I
ol ige] re < poly_| N i SUBSET
EE— (L parcel_| type_r="p"
| | 7 | hcode_| <> "E"
height_| parcel | = parcel 1| ! AGGREGATION
type_| < ; i > vent_id
wls ! SRS i { min{height} }
parcel_r type_| ="P :
| heode_r<>"E" |1
height_r parcel_| = parcel_r | !
type_r e
Table 1. Types of fragments from the overlay operations.
Fragment Plan Entity Condition Operation Symbology
Underbuilt Zones HB-HP <0 Intersection Blue hues
Conformant Zones HB =HP Intersection Grey
Overbuilt Zones HB -HP>0 Intersection Pink hues
Overbuilt Systems HB>0 Difference Dark green
Conformant Systems HB=0 Difference Light green

3. Methods

Data is processed by machines but ultimately consumed by people. Different methodologies were
developed to communicate effectively the results of the study, to make them more easily understandable
and to give deeper insight to the intended audience of urban planners and architects, not necessarily
familiar with GIS technology but highly proficient in multiple representation techniques. Different
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strategies were developed to better convey the results, using several graphic approaches to visualize data
in a more natural and human-centric way.

3.1. Representation of Overlapping Information in 3D

The morphology of the buildings is not exactly what the planning regulations mandate; some parts of
the city could be higher (underbuilt volumes) while some other parts are higher than what the regulations
allow. It is difficult to display this information on a map because its abstract planar representation does
not match the way we experience the urban environment. A criterion was developed to display the
overlapping information of overbuilt and underbuilt fragments (Figure 4). The third dimension allowed
the authors to display overlapping information without having to resort to 2D representation constructs
such as transparency or hatching.

Figure 4. Height interpretation in the 3D model.
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The result was akin to a 3D stacked bar graph, where the third dimension represented the height of the
building, the bars had the shape and the position of the cartographic data it represented, and the floors
overbuilt or underbuilt were displayed with a color code, adding a fourth conceptual dimension with the
relationship between built and planned volumes.

3.2. Pedestrian-centric Representation of Height in 2D

The spatial configuration from the pedestrians’ point of view has been studied in the horizontal
plane [57,58]. To visualize the perception pedestrians have of the height of buildings when walking
along a street, a new representation technique was developed that allowed to show in a map the apparent
surface that occludes the view of the sky from a pedestrian point of view.

The occlusion produced by the height of the buildings depends on the position of the highest
floor relative to the eye level of the observer and it does not increase linearly with each additional
floor (Figure 5, left).

The length of the segment that is the projection of the shortest plane that can occlude the highest
visible point of the building (Figure 5, right) was calculated with the following formulae (7) and was
implemented in Python (Code 1).
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Figure 5. Diminishing occlusion by height (left), occlusion projection calculation (right).

Code 1. Python function to calculate occlusion projection.

def segment (floors, dist, eye):
# All numbers are assumed positive
if floors ==
return O

else:
alpha = math.atan((floors * 3 - eye) / dist)
beta = math.pi / 2 - alpha

seg = dist * math.cos (beta)

return seg

The calculation and has the following properties (Figure 6):
e For e =0 is the apparent surface as seen from the pavement
e When d approaches infinity and e = 0, d is the projection of the height on the horizontal plane (d = /)

¢ Asd increases, it has the oblique asymptote y =/h-x — e
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Figure 6. Apparent occlusion for floors 1 to 5 depending on observer distance to facade.
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The polygon geometry of the height volumes was decomposed into lines that had the unique identifier

of its right and left polygons, and the value of the apparent occlusion of each segment was assigned to

the lines without neighbor (the edge of the volumes facing the street) with a series of SQL queries

(Figure 7). This value was used as the offset distance in a buffer operation to create the projected entities.

Figure 7. Diagram of the method to project the apparent occlusion onto the ground plane.
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3.3. View Occlusion by Neighboring Volumes

To visualize the occlusion of neighboring volumes, the height of each volume was projected onto the

volumes in their immediate vicinity that had a lower height, proportional to the difference of their respective

heights (Figure 8).
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Figure 8. Projection of relative height onto lower volumes (left) and street (right).

As described in Section 3.2, the geometry was decomposed into lines, and with a series of SQL
queries (Figure 9) each line was assigned the value of the number of heights that each neighbor rose
above the roof of the lower entity. These values were buffered after being multiplied by the cosine of
the angle of incidence to avoid overlapping entities.

Figure 9. Diagram of the method to project the relative height onto lower volumes.
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| i |
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I . N 1 I
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height_built height_built built_| ! built_r<>-1 || ! unt_r.
I 1 I
height_plan height_plan % plan_| > i E i
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: poly_r i - - I i
lines ! buntfl < built_r ! U] coste) - (buili_r -
line_id built_r | built_| <>-1 ! ! built 1)
o | huilt_r <> -1 ! -
! i
poly_id_| o | plan_r . .
poly_id_r

3.4. Dominant Use in Ground Floor from Pedestrian Point of View

From the pedestrian point of view, the ground floor is the part of the building it interacts more with, and
defines the character of the street. To investigate the spatial distribution of uses on the ground floor, and
identify the presence of commercial streets and residential streets a methodology to visualize the main use
along the perimeter of the city blocks was developed.

As described in Sections 3.2 and 3.3 for the volume geometry, the parcel geometry was decomposed
into lines that had two fields containing the unique identifiers of the parcels at each side. The lines that had
no neighbor (the facades at the limits of the city block) were assigned the value of the dominant use of the
corresponding parcel and visualized with a different color for each use (Figure 10).
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Figure 10. Diagram of the process to assign the parcel dominant use to its facade(s).
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4. Results

Understanding the interactions of pedestrians when walking along a street is crucial for urban planners
because it has a direct impact on their perception of the city. In this study, from Cadastral and Planning
data, the authors have used different visualization techniques to represent the height of the buildings
(in relation to the plan, their visibility from the street, or their visibility from other buildings),
the different uses present in the built environment and the age of the edification to give new insights into
an entity as complex as a city.

4.1. Representation of Aggregate Data

From the aggregation process described in Section 2.2.3, three measures of the compliance to the
building regulations were obtained for every parcel: overbuilt area, underbuilt area and overbuilt area on
systems (roads and parks).

Figure 11. Map of amount of underbuilt (left) and overbuilt (right) area per parcel.
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To display the magnitudes of these measures in a map and investigate their spatial distribution, a
choropleth map for each measure was used (Figure 11), because the position and shape of each parcel
could not be used to display any information besides their own location and geometry, and the
magnitudes measured had to be displayed through the use of markings (labels, hatches, symbols or color)
which were the only aesthetics available.

The disadvantage of this approach was that the person reading the maps had to refocus his or her
attention in each of the maps individually; to assist the observer to focus on the information, the maps
were displayed side by side at the same scale with the same orientation and size, and the breaks in the
color categorization were the same for each map.

4.2. Representation of Fragments in 2D

The magnitude of the conformity (measured in area units) for each resulting sub-parcel fragment was
represented in a map measuring number of floors beneath or exceeding the allowed height.

To visualize spatial patterns in the distribution of overbuilt and underbuilt zones in the area of study,
the map displayed the number of heights above or below the planning regulation as two diverging color
ramps for positive and negative numbers, with more saturated colors for higher absolute values and a
neutral gray for fragments that measured exactly the same height as the urban plan specified (Figure 12).

Figure 12. Partial map of underbuilt and overbuilt fragments.
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These three categories appeared visually clustered together. To check the strength of this clustering,
a Moran Test to measure their spatial autocorrelation was applied to the fragments: they were divided
into 3 categories: underbuilt, compliant and overbuilt (Figure 13). Three tests were performed (Table 2):
(a) categorized fragments; (b) categorized fragments erasing the boundaries between equal contiguous
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categories inside same parcel; and (c) categorized fragments erasing all boundaries between equal
contiguous categories.

Table 2. Moran Test results.

Dissolve Moran’s 1 Expected Z-score p-value
None (a) 0.515340 —0.000060 95.380891 <107
Inside Parcel (b) 0.136500 —0.000183 14.635925 <107°
All (¢) 0.108415 —0.000142 12.782081 <10°°

Figure 13. Partial map of fragments according to their legal status.
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For the three cases the null hypothesis of no spatial autocorrelation is rejected with a highly
statistically significant p-value. The hypothesis of the authors is that this observed clustering is not result
of some kind of preferential attachment between situations of the same category, but the consequence of
the renovation processes the zone has underwent, where the maximum allowed height has been raised
or lowered in multiple street segments rendering the buildings in those streets higher or lower that what

the plan prescribed.
4.3. Representation of Fragments in 3D

The 2D representation described in Section 4.2 was a very valuable analytical tool, but the
representation of the results using 2D maps was unable to fully convey the complex volumetric
information because height data had to be abstracted to be represented in plan view as color scales,
hatch densities or labels. To visualize this information in a more intuitive way, a different approach had

to be developed to make it easier to interpret, as described in Section 3.1.
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The use of 3D imagery allowed the authors to represent the volumes in a more natural and intuitive way
since it matched the way we experience our cities (Figure 14), allowing the viewers to visualize and relate
two concepts simultaneously (real height and planned height) much more easily than using 2D maps.

Figure 14. Overbuilt (red) and underbuilt (green) fragments in the case of study.

To visualize the accuracy of the results, an axonometric aerial photograph was compared to its
corresponding 3D representation (Figure 15); in the 3D synthetic image the differences between built
reality and planned city are more apparent and easier to interpret. The image on the right is not a
representation of the built reality but an abstraction of the real city seen through the point of view of
the urban plan.

Figure 15. (a) Aerial axonometric view (Bing Maps) and (b) 3D representation of the same area.
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4.4. Map of the Projection of the Apparent Surface

To better understand the perception of pedestrians from the street, the technique described in
Section 3.2 was applied to the area of study. In the resulting map (Figure 16), the length of the shaded
area (dark gray) measured orthogonally from the fagade plane, corresponds to the magnitude of occlusion
of the corresponding built volume from the pedestrian point of view when walking along the street.

Without this representation, it is difficult to comprehend this pedestrian’s perception of the public
space. In the map it can be appreciated among other aspects that (a) some streets with equal width can
appear wider or narrower depending on the height of the buildings along their sides; (b) some streets
have a more regular skyline along their length than others; and (c) some streets have more symmetrical
sides than others. This visualization should be valuable for urban planners both as an analysis and
design tool.

Figure 16. Apparent occlusion projected onto the ground plane.
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4.5. Fagade Height Projection onto the Horizontal Plane

The visualization of the height of buildings from the street explained in the subsection above does not
explain the relation of their geometry with the heights allowed by the urban plan: it is not possible to
know whether the configuration of the cross-section of the street is a consequence of what the plan
mandates or not.

To be able to get a better insight into this relation, another visualization was developed where the height
was projected onto the horizontal plane at an angle, and the projection was colored with the same codification
used for the 3D representation explained in Section 3.1 (Figure 4).

The resulting map (Figure 17) was capable of showing whether the skyline observed in the built
environment was a consequence of what the urban plan dictates or the result of buildings being
underbuilt or overbuilt, resulting in a powerful tool for urban planners.
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Figure 17. Height projected onto the ground plane colored by legal status.
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4.6. Occlusion by Higher Neighboring Volumes

The majority of the roofs in the area of study, as is usual in Mediterranean climates, are flat because
the rainfall is rare and the high population density makes the rooftops valuable spaces of recreation
and other uses.

The methodology described in Section 3.3 was used to visualize the occlusion that higher volumes
have on lower ones. The result has some similarities to a shaded map because conceptually it would be
the result of recording the shaded area from a light orbiting each volume at a fixed distance.

Figure 18. Occlusion of higher volumes onto neighboring lower volumes.
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The resulting map (Figure 18) shows the magnitude of this occlusion in a darker color; it allows the
visualization of the occlusions for each rooftop, which have an impact on the views of their surroundings,
the amount of sunlight they receive, their exposure to wind and their protection from street noise.

4.7. Activities on Ground Floor

Pedestrians interact primarily with the ground floor of the buildings, and different activities give
streets different characters. The main activity on the ground floor was studied with the methodology
described in Section 2.2.2 to be able to typify the streets according to the activities developed
along them.

The area of study was markedly residential in all floors above ground (Figure 19, left), but the ground
floor showed some variability in the activities developed, being the four main activities in decreasing order:
residential, retail, industrial and offices.

The temporal series showed that in more recent times (from the 1970s onwards) the proportion of
floor space located at the ground floor had decreased, probably because buildings had gotten taller and
subterranean floors were excavated to accommodate space for parking vehicles (Figure 19, right).

Figure 19. Built area per floor and use (left) and temporal evolution relative to street level (right).
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A choropleth map displaying the four main activities in each parcel was used to visualize their spatial
distribution (Figure 20). Each use was assigned a color and to illustrate the degree of dominance of each use
among the rest, as the percentage of the dominant use in the parcel decreased, its hue faded to white.

The resulting map clearly showed the presence of the main commercial street of the area (Gran de Sant
Andreu) in the north-south axis in the center of the area of study.

To visualize the activities on the ground floor from the pedestrian point of view, the methodology
described in Section 3.4 was used to display the main activity at the fagade front (Figure 21). This map
abandons a parcel-centric approach for a street-centric approach, and displays the different activities
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where pedestrians interact with the buildings: their fagade, avoiding the distortion that the size and shape

of the parcels can introduce.

Figure 20. Map of parcels colored by main use at street level.
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Figure 21. Map of parcel fronts colored by main use at street level.
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4.8. Historic Perspective

The edification age estimated per parcel as described in Section 2.2.1, was related to three other
variables: planning regulations, use and vertical position inside the building. Although it was not possible
to display this information on a map because of the inherent difficulties of displaying time information
on a static image, the exploration of their relationship gave some insight about the historic perspective
of the current situation.

4.8.1. Building Age and Planning Regulations

The calculation of the area for each situation (underbuilt, compliant and overbuilt) as described in
Section 2.2.3 was aggregated in slices of five years in two graphs, conceptually similar to population
pyramids (Figure 22). The first graph showed the total built area stacked with the overbuilt area on top and
the underbuilt area below (Figure 22, left), using the same conceptual framework used to display the
fragments height in 3D (Sections 3.1 and 4.3). The second graph (Figure 22, right) showed the same
information, but excluding the allowed part to focus only on the amount of discrepancy from the plan.

This graphs show a peak in the overbuilt area around the year the Metropolitan Plan was approved
and a sharp decline afterwards. They also show a decline in the underbuilt area for buildings from the
end of the Spanish Civil War to the present.

Figure 22. Distribution of legal status by year of construction.
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4.8.2. Built Area per Year of Construction and Use

A weighted histogram of the built area for each use (Figure 23) showed the dominance of the residential
use in the whole period (1850-2012) with a small but constant amount of retail and industrial uses
throughout, and a consolidation of the built environment around the decade of the 1980s, with little
activity afterwards.
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Figure 23. Weighted histogram of built area per year of construction and use.
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4.8.3. Built Area per Year of Construction and Floor

A weighted histogram of the built area for each floor (Figure 24) showed the evolution of the height
of the buildings over time. The data was categorized into three categories (subterranean, ground floor
and above ground) and given diverging color scales for positive and negative floor numbers.

The graph showed the highest buildings were built from the 1960s onwards, when the construction
industry was able to build up to 12 floors competitively. It also shows that the majority of the ground
floor area was built at the beginning of the 20th Century and around the date of approval of the

Metropolitan Plan, when the construction of subterranean floors began to take off.

Figure 24. Weighted histogram of built area per year of construction and floor.
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5. Conclusions

The public data from the Spanish cadaster offers a lot of useful information for urban planners.
Nevertheless, its usefulness is restricted by the adoption of non-standard storage formats and the lack of
semantically clear concepts in some of its sections. The presented methodological approach seeks to
extract meaningful information from cadastral data using representational and semantic strategies.

The visualization techniques developed allowed better communication and understanding of the
information stored in the databases and their interrelationships:

e The 3D visualization techniques allowed the discovery of patterns not obvious even for trained
professionals, using the third dimension to convey information not possible in 2D, with the third
dimension helping understand conceptual data.

e The 2D representation of height and use information onto the horizontal plan resulted in a very
compact and synthetic visualization of the relation between the streets skyline, the planning
regulations and the built environment from a pedestrian point of view.

e For data without associated cartography, multiple visualization techniques were used to
extract meaningful data, in the form of charts or through aggregation operations into higher order
geometric entities.

e To represent temporal information, a visualization similar to population pyramids was used for the
age of buildings.

The subject described by both the urban regulations and the cadaster is the urban built environment;
however, they were conceived to serve different purposes and therefore are structured differently. To be able
to integrate both sources to get better insights on the evolution of the morphology of the city in renovation
processes, it was necessary to translate both classes of information into a common conceptual framework.

Due to the nuances in the interpretation of building regulations and the legacy format used by the
cadaster, the translation operation required a team that was able to work with both data sources. In the
future, if a semantic Spatial Data Infrastructure (SDI) is in place, these databases could be automatically
queried and their information extracted with less ambiguity [59], allowing a better collaboration of the
professionals involved. However, the concepts in this semantic SDI need to be defined by the
professionals involved in the planning process; this paper tries to assess some of the concepts that could
be included in such SDI, in parallel to the work being developed by the Building Information Modeling
(BIM) community to integrate building licensing [60] into their workflow.

Future Work

The model used for 3D representation assumed a flat surface without topography; to improve the
accuracy and usefulness of the visualization of the results it is proposed that a Digital Elevation Model
(DEM) is incorporated in the 3D model; however, to validate the geometry of the resulting more complex
model, a 3D geometry checking process would have to be implemented [61-63]. In addition, a process
to correct the sliver polygons resulting from artifacts in the overlay operation could be implemented [64].

To extend the methodology to regions outside the Spanish territory covered by the cadaster, the
publicly available Volunteered Geographic Information (VGI) of the OpenStreetMap project [65] could
be used [66], allowing the comparison of the urban fabric of different cities or neighborhoods.
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Furthermore, it would be valuable to explore the usefulness of using Augmented Reality (AR) tools
to visualize the information on site for planners and in public participation processes [67], and to develop
tools to evaluate the environmental impact of renovation processes [68].
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