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1 Introduction 
In a decision making process there are different topics that have to be analyzed. This analysis refers 
to see the current situation, evaluate it, and propose different questions that need to be answered in 
order to improve the situation. Problems arises when is evident the communication issues between 
them, due to differences in language, in background, and in interests. Each of these stakeholders 
wants to show its point of view and answer their own questions, but it is important to take into 
account the context and the points of view from other stakeholders. So, what is a right way to help 
stakeholders show their points of view in Urban Planning? The main idea must be find a way to 
show one stakeholder’s point of view to others, but without leaving out the context, that is the 
points of views from its peers.  

One of the topics in which a wide range of stakeholders are present is Urban Planning. When 
addressing the problem of design a city or better yet, to improve an already existing city, a lot of 
questions and problems arise. Not only technical but political decisions have to be made in order to 
complete the proposed design. Even in the beginning of the design can be problems due to the 
different views and concepts about what is the ideal city. These views are sometimes even 
contradictory between them. Standardization is then one of the possible solutions to tackle the 
language problem between stakeholders: having a general idea about what is a city. The problem 
here is then what happens when this general idea is not enough to represent the specific problems 
that one stakeholder have? Another solution could be to have a general way to create an idea of a 
city taking into account the needs of the designer, having capabilities of communication between 
those different “city instantiations”.  If decision makers have as common ground one of these city 
instantiations, then the next step is to have a way to represent their problems in it. Again, a possible 
solution is to provide stakeholders with a language to model their problems and questions in an 
ordered fashion to solve them.  

Finally, all of these processes due its complexity need the help of software solutions to handle all 
the data being used. Currently, there a lot of different solutions that help stakeholders in Urban 
Planning in each of the steps of the decision making process. Some of these solutions are 
transversal and some are very specific. Usually, questions need to be answered using more than one 
of these tools, so the need of having different expert users modeling the questions in each of them. 
The problem here is that more than often the different analysis tools do not communicate with each 
other and the answers must be built with the outputs of each of these tools. Sometimes, one solution 
for this communication problem is to model the whole question using one of these transversal tools, 
which are designed as multi-purpose tools. But again the problem is the modeling process that 
needs a higher level of expertise in the use of these tools.  

This work is aimed to propose a way to create software applications with interactive visualization to 
help stakeholders present and analyze their ideas inside a decision making process. Software 
creation is a process that takes time and effort from software engineers, so the building process 
must be fast in order to be feasible and profitable for a stakeholder to create a tool from scratch 
instead of using a multi-purpose tool. Here we present a workflow and a framework to create this 
kind of analysis tools in a fast manner to help stakeholders with interactive visualizations that are 
aimed to get insights from their data. These applications are modeled based in two basic concepts: 



an Urban System Model and an Analysis Task Model. The first one is a hierarchical model aimed to 
design a city model that will answer to the necessities of the modeler. The second one is the way to 
build a problem, named analysis task, in a systematic way in order to use software tools to try to 
solve it. We also present different successful study cases where this workflow was used in different 
levels of complexity. 

This document is organized as follows: chapter one introduces the reader to the topic of urban 
planning stating first the definition of a city and afterwards the definition of urban planning for this 
work. Chapter two talks about related work in two main topics: city and urban planning processes 
representation. Chapter three states the scientific problem to be solved. Chapter four presents the 
solution’s model divided in three parts: Urban System Model, Analysis Task Model, and the 
Workflow to create interactive visualization applications. Chapter five talks about the software 
implementation design for the creation of the applications. Chapter six presents the experimentation 
and evaluation of some examples using the proposal, and finally chapter seven talks about 
conclusions and future work. 

1.1 What is A City? 
A city can be defined in different ways depending on the context in which this definition is used. It 
is a Grouping of Buildings (Soria y Puig & Puig, 1999), artworks of political struggle (Kostof, 
1999), settlement of individuals (Wirth, 1938), mental images (Raffestin & Butler, 2012), 
agglomeration of flows (Amin & Thrift, 2002), or a collection of buildings, blocks and 
neighborhoods connected by streets (Vanegas, Aliaga, Wonka, Müller, & Watson, 2010). Each one 
of these definitions has different ways of representing and presenting data: graphs, databases, 
specialized data structures for representation, and 3d perspective models, maps and plans, 
simulations, and pictures. Also, it is important to note that all of these definitions are 
complementary and represent the same city, so the creation of a general model to represent a city 
with all of its aspects is a very difficult task.  

Currently there are different models for city representation that use different approaches like 
Architectural Computer-Aided Design (CAD), Geographic Information System (GIS), Building 
Information Modeling (BIM) (Azhar, 2011), Planning Support Systems (PSS) (Geertman & 
Stillwell, 2004), and City Information Modeling (CIM) (Stojanovski, 2013) among others. One of 
the most important aspects of these representations is that these models must provide permanent, 
evolving, and completely integrated models of the cities without neglecting semantic and 
topological aspects. Also, it is important to have effective city models (e.g. 3D City models 3DCM) 
for sustainable urban planning (Mao, 2010). These technologies have in mind the city as a whole, 
and try to help planners offering interfaces to manage different aspects of the planning workflow. 
Due to its complexity, the use of these technologies requires an expert that knows not only about the 
technological issues but the specific language for its use. For example, GIS despite being one of the 
most common technologies used in urban planning, has a daunting learning curve that can affect 
small projects’ workflow. GIS it is ideal for steady and meticulous developments for geographically 
referenced data sources (Healey & Stamp, 2000).  

Another example based on a general purpose data structure for city modeling is CityGML (Kolbe, 
Gröger, & Plümer, 2005) in which an urban system is modeled using 5 levels of scale depending on 



its geometrical characteristics. It has also been enriched with the use of ontologies to model 
semantics between components (Metral, Billen, & Ruymbeke, 2009), geographic dynamics 
(Goodchild & Glennon, 2008), among other advances. 

Besides representation, cities must be planned and designed given their current problems, caused by 
the lack of previous planning. They use too many natural resources, pollute, destroy ecosystems, 
increase social inequality, and therefore cause phenomena such as heat islands or climate changes 
(Moulaert & Sekia, 2003). A strategic planning approach that focuses, invents, and creates new 
solutions in relation to the context, rather than solutions arrived at as a result of existing trends, is 
needed (Albrechts, 2010). All these requirements are mingled in Urban Planning: a technical and 
political process involving a set of stakeholders to ensure the development of communities taking 
into account land use, urban environment, and transportation networks (Taylor, 1998). It is 
important to note that these stakeholders can affect or be affected by the achievement of urban 
planning’s objectives (Freeman, 2010), so they are one of the pillars of urban planning. Problems 
arise when a group of these stakeholders, named analysts, are gathered around a specific topic and 
cannot solve their problems due to the lack of integration data tools, complications in presenting 
data, and general communication difficulties among them (i.e. language, depiction of data). 

1.2 What is Urban Planning 
Urban planning is a wide concept that involves a set of decision-making processes aimed to 
improve the quality of life of people living in a certain place. More specifically, is a technical and 
political process involving a set of stakeholders to ensure the development of communities taking 
into account land use, urban environment, and transportation networks (Taylor, 1998). These 
stakeholders defined as “any group of individual who can affect or is affected by the achievement of 
the organizations objectives” (Freeman, 2010) specialized in any of the three areas presented before, 
gather around to think and plan about the urban changes (i.e. construction or improvement) that the 
city needs. As in any planning process, Stakeholders are relative to a specific issue and their 
interests can change through time (Glicken, 2000), so the needs that are being studied and analyzed, 
also can evolve through time. It is important also to know that these needs that can be seen as 
unrelated at the beginning, could be related in any point in the future of the planning process.  

This work is not aimed to define an urban planning process but instead to help stakeholders in the 
different steps during the process. We divide the process in two main parts: the definition of a city, 
and the specification of the objectives to be solved. This approach proposes the modeling of the 
“Where” and “What” is it going to be solved, not “How” is going to be solved. Our main goal is not 
to create an expert system that will replace the decision maker, but to give him tools to complete the 
objectives being proposed. In an urban planning process, decisions are not taken only with technical 
information, but usually have an important political influence, so the main goal of this work is to 
give decision makers the possibility of making informed decisions.  

Here we present a general definition in which we can model a city and parts of the urban planning 
process in terms of analysis tasks, which are the specific objectives to be solved. The city is the 
“Where” and the analysis tasks are the “What”.  

  



2 Related Work 
 

The geographical nature of the data being used in urban planning led the community to create new 
technologies related to location administration. Tools to capture, store, analyze, manage, and 
display spatial data were created to aid planners in their work using geo-spatial data. Geographic 
Information Systems (GIS) arise as the response to the need of having a way to manage geographic 
features referenced by its location, like latitude and longitude. A GIS is a merge of cartography, 
statistical analysis, computation, and database technology (Longley, Goodchild, Maguire, & Rhind, 
2005) used in a broad spectrum of tools like remote sensing, land surveying, public utility 
management, photogrammetry, navigation, search engines, and others. Also with the help of new 
technologies like global positioning systems (GPS), remote sensing (RS), and internet, GIS 
technology allows users to integrate their own data into systems that model the real world. Software 
like ArcGIS (http://www.arcgis.com), MapInfo (http://www.mapinfo.com/), SuperMap 
(http://www.supermap.com/), and qGis(http://www.qgis.org/) are some examples of tools using GIS 
technology.  

Regardless of the growth in terms of services and availability, (i.e. cloud technology, 
crowdsourcing, collaboration, neogeography), GIS technology requires previous training in the use 
of terminology and software, limiting its use to specialized professionals. Also, its use in urban 
simulation, practical urban planning, and construction of geo-information is still low in most 
countries (Wang, Shen, & Tang, 2014).  

In architecture, CAD systems have evolved into Building Information Modeling where n-
dimensional models “simulate the planning, design, construction, and operation of a facility” 
(Azhar, 2011). Architecture, sustainability, structures, MEP (Mechanical, electrical and plumbing), 
construction, and facility management are some of the categories inside BIM systems. Autodesk 
(http://www.autodesk.com), Graphisoft (http://www.graphisoft.com/), and Bentley 
(http://www.bentley.com/) are some examples of companies that offer software solutions for some 
of these categories. In the case of Urbanism, Stojanovski proposes the City Information Modeling 
(CIM) to mimic the evolution of CAD into BIM. CIM is “a 3D expansion of GIS enriched with 
multilevel and multi-scale views, designer toolbox and inventory of 3D elements with their 
relationship” (Stojanovski, 2013). 

In the case of 3D city representation, CityGML (Kolbe, Gröger, & Plümer, 2005) arose as an 
exchange standard for modeling 3D geographical and urban data. It is an open data model for the 
representation of virtual 3D city models based on the Geography Markup Language GML. 
CityGML is an international standard issued by the Open Geospatial Consortium (OGC) that 
includes object semantics added to the shape and graphical appearance of city models. The semantic 
features include entities to support navigation, tourism, environmental protection, architecture, and 
urban planning. Other important features are the extensibility and the compatibility with other 3D 
standards like IFC, X3D, and KML. 

In order to manage planning projects, in the mid 90´s PSS emerged as a new alternative growing 
along with geo-information technologies to support and improve the performance in specific 
planning tasks (Wang, Shen, & Tang, 2014). Generally, a PSS is composed of a GIS, when 



geospatial data is required in a planning task, planning-related theory, data, information, knowledge, 
methods and instruments within a framework that uses a shared graphic user interface (Geertman & 
Stillwell, 2004). It has three components to support a particular planning function: the specification 
of planning tasks, systematic models and methods that optimize the planning process, and the 
transformation of raw data into useful information (Harris & Batty, 1993).   

A PSS commonly provides a platform to apply land use or urban growth models in order to analyze 
“What if?”scenarios. The main objective is not to generate exact solutions but to support different 
alternatives changing interactively the variables inside those models. There are different kinds of 
models used in PSS such as rule-based models, state-change models, or cellular automata models. 
Different software solutions can be found in the market like CommunityViz 
(http://communityviz.com) and What if? (http://www.whatifinc.biz/). More examples can be found 
in (Wang, Shen, & Tang, 2014). Simulations, geo-information, and collaborative planning are some 
of the topics that are being widely studied and added to PSS, making them hot spots in terms of 
development and research. 3D visualization, despite being also incorporated, is a topic that has not 
been widely used in practice in PSS. 

  



3 Scientific problem 
There are four main questions that this works is aimed to answer in order to improve the decision 
making process in Urban Planning: How to represent a city, how to model an analysis task, how to 
integrate data from different sources, and finally what to do with data quality issues. These 
questions are the summary of the main problems that currently exist in software analysis tools for 
Urban Planning.  

As we present in the introduction, the problem of how to model a city is a very difficult issue, due 
to its variety of definitions. Despite this problem, there are some basic concepts that could be useful 
to design a general definition. One example is that the city can be seen using different levels of 
detail, depending on what the user is looking for. Secondly, having an analysis task as the center of 
the analysis tool could be helpful when the problem to be solved or analyzed is too complex to use 
only one tool or have too many different aspects to take into account. When this happens, using a 
multi-purpose tool demands extra effort from the user to model its problem inside the system, if 
even is possible to do it. Building a software tool specifically to solve the analysis task is only a 
good solution if the time invested in doing so is small. Another important part is the modularity of 
such a building process. Software application’s requirements change rapidly, so the capability of 
adaptation of these changes is a must inside a building workflow. 

3.1 Hypothesis 
Having a multi-purpose analysis tool that could answer all kind of questions is a utopia that has 
existed from the beginning of the computer era. The universal problem solver is an idea that has 
been studied in different areas of computer science, especially in Artificial Intelligence. Instead of 
having a universal problem solver, there have been approaches for multi-purpose tools that are a 
kind of general problem solvers but focused in a specific kind of problems. These tools are 
complete tool-suites that offer the user a way to model their problems taking into account the limits 
of the tool. If the problem cannot be modeled using the tool-suite, then the problem must be re-
modeled to be compatible with it. 

Our hypothesis is that to create task centered analysis tools can improve the decision making 
process in two main aspects: analysis expressiveness and time. An important aspect is that these 
tools must be made using the final user “know how” to design appropriate visual feedback. First, 
the analysis can be made using all aspects of the task being made, so nothing would be left out. 
Secondly, the time to create a specific analysis tool centered in the task, at first, could be slower 
than the time to create a scenario in a multi-purpose tool. The specific tool has the advantage of be 
able to create custom interactive visualizations that are difficult to create in other environments. 
Also, the modularity of be able to use different data sources and software libraries to customize 
those interactive visualizations. So, at the end, is faster to create a specific analysis tool than to 
create a scenario in an existing multi-purpose tool. It is important to remark that the improvement of 
analysis expressiveness and time depends heavily in the kind of task being modeled.   

  



4 Model 
The proposal is composed of three main parts: the Urban System Model (USM), the Analysis Task 
Model (ATM), and a Creating Workflow for applications. The first part is a way to model an urban 
system, its hierarchy, and its data using a directed graph that could also represent its structural 
changes through time. In order to interact with this model, we propose a way to model analysis 
tasks over the urban system. These tasks will guide an analyst to make assertions over different 
decisions that he could made. Is important to note that this model is not a tool that will make the 
decisions or replace the analyst, but it is a tool to help him to make those decisions. Finally, taking 
into account the USM and the ATM, an application creation workflow is proposed to create 
software solutions for specific task analysis.  

4.1 What is an Urban System? 
For this work, an Urban System is the central component to create task centered analysis tools. We 
define an urban system as a set of features that represent a city’s structure and its behavior. A 
feature is any subcomponent (tangible or intangible) that is related to the city and to the analysis 
task being modeled (e.g. buildings, streets, policies, people, income indices, etc.). Each of these 
features can have associated data that enrich its definition. Also, an Urban System lives inside a 
context and can change through time. This context is a set of external data that influences or can be 
influenced by the system (e.g. weather, geography, political status). 

4.2 USM: Urban System Model 
The Urban System Model (USM) is a proposal for a characterization of a city taking into account its 
physical and geographical composition, and some of its features relations. In our case we define two 
representations for an urban system: general, and specific to a state representation. In the first case 
we have a structural set R that is composed by a hierarchical representation of features and its data.  
In the second case we have an analysts’ representation set P, and a visualization and interaction 
set V. The structural set has the basic features (i.e. hierarchical structure, data representation), the 
analysts representation has the components to model the interaction with the structure (i.e. filtering 
information, creation of visualization components), and finally the visualization and interaction 
structure has the visual objects that are going to be shown. Depending on the needs, the same urban 
system can be shown in different ways.    

Summarizing, the USM structure is composed by 3 sets: structural set R, analyst representation set 
P, and visualization and interaction set V  (Equation 1).  

 𝑈𝑆𝑀 = {𝑅,𝑃,𝑉} Equation 1 
The whole model is built around the definition of a component called a spatial object (SOb).  

4.2.1 Spatial Object 
It is the representation of a dynamic feature inside the Urban System. These features can be 
structural or fast changing (i.e. flows) Table 1.  

Structural • House 
• Building 

• Politics 

Flows • People moving 
• Vehicles 

• Pollution 



Table 1 Examples of Spatial Objects 

A spatial object is defined as a 3-tuple of characteristics: date, level of granularity, and associated 
data.  The date is related to the time t0 at which the object begins to exist inside the model. The level 
of granularity is a concept based in (Hobbs, 1985) to distinguish two sets of spatial objects. More 
precisely, a level of granularity Gi is a set of spatial objects that share characteristics that define 
them as distinguishable. For proving distinguishability, a local model M (set of predicates p) is 
defined for every Gi. A set of spatial objects 𝐴 ∈ 𝐺𝑖 is distinguishable if all of its objects can exist in 
the local model of Gi (i.e. all predicates can be calculated and are different). (Equation 2) 

 (∀(𝑥,𝑦) ∈ 𝐴)𝑥~𝑦 ≡ (∀𝑝 ∈ 𝑀)�𝑝(𝑥) ≠ 𝑝(𝑦)� Equation 2 
 

Finally, the spatial object has a set of data objects that represent all the information relative to the 
spatial object. A data object is a representation of one characteristic  

Also, a spatial object can be the root of a spatial objects’ tree where the relation between them is 
hierarchical (i.e. a higher level SOb is parent of a lower level SOb) The parenthood is mainly 
defined as a geometrical relation, where the boundaries of the parent enclose a space where all the 
SOb’s that are inside the boundaries are their children Figure 1.    

 

Figure 1 Geometrical hierarchy of spatial objects 

Changes in hierarchical relations can arise throughout time. At any given point in time a new spatial 
object can be created and be related to a parent.  

4.2.1.1 Changes in time: succession relations 
For the representation of the urban space, we propose a way to backtrack and follow changes in 
time. To do that, a change in time is represented as a horizontal directed relation between the 
objects that changed called succession relation. These changes are not related to data, but to 
updating the spatial object itself (e.g. an empty parcel change to be a building) 

 A spatial object X that begins to exist in a time tn can change in a given time tm (tm > tn). Besides 
changes in itself, a spatial object can be divided or be created from a merging operation (Figure 2).  



 
  

(a) (b) (c) 
Figure 2 Changes of a spatial object in time: a) change, b) division, and c) merging 

These changes also represent a change in the pre-existing hierarchical relations. For example if a 
spatial object that changes has a parent, then the new spatial object shares the parent (Figure 3).  

 
(a) 

 
(b) 

Figure 3 Changes in time of a spatial object. a) Spatial object X gains a child in time t1.b) Spatial object a changes 
in time t2 to a’ 

Relations can arise or disappear depending on the time where changes occurred (i.e. before, 
between or after an existing succession relation) (). 
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(b) 



 

 
 

(c) 
Figure 4 Changes through time of a spatial object with children and succession relations. a) The change was 

produced before. b) The change is produced between a succession relation. c) The change is produced after the 
succession relation. 

The algorithm to create the new hierarchical relations is as follows: 

pre:: newSuccessor.date() > node.date() 
AddSuccessor(newSuccessor) 
 successors.add(newSuccessor) 
 if(node.hasChildren()) 
  set<node>::children = node.getChildren() 
  foreach(child in children) 
   if(child.date() < newSuccessor.date()) 
    if(child.hasSuccessor()) 
     set<node>::successors = child.getSuccessors() 
     boolean::isOutdated = false 
     foreach(succ in successors) 
      if(succ.date() > newSuccessor.date()) 
       newSuccessor.addChild(succ) 
      else 
       isOutdated = true 
      end_if 
     end_foreach 
     if(!isOutdated) 
      newSuccessor.addChild(child) 
     end_if 
    else 
     newSuccessor.addChild(child) 
    end_if 
   else 
    newSuccessor.addChild(child) 
    node.remove(child) 
   end_if 
  end_foreach 
 end_if 

 

4.2.2 Structural Set 
It is a two layers structure that defines the components of the urban system. The first layer is a 
hierarchical structure that defines the urban system as an organized set of spatial objects, and the 
second layer is a data layer that contains all associated data for spatial objects (Figure 5).  



 

Figure 5 Urban System Model: Hierarchical structure and data graph 

Relations between data from different spatial objects do not share the same relations of the objects. 
These relations let the system create data values where they do not exist. For example data 
associated to a higher level spatial object can be related to data of lower level spatial objects, and 
used their values to calculate its own. 

4.2.2.1 Hierarchical structure 
An urban system is represented as a hierarchical layered graph where each layer is called a Level of 
granularity LoG (Figure 6). As explained in section 4.2.1, the level of granularity is a set of spatial 
objects that fulfill its local model. The basic local model for levels of granularity is a relation 
between parent and its children, given by its geometrical relation.  

 

Figure 6 Hierarchical structure in USM. Levels of granularity and spatial objects 

This layered structure let the system have a multi-scale representation. A group of spatial objects 
can be seen as a single spatial object in higher levels in the structure, or vice versa, a spatial object 
can be seen as a group of its children. Data can be created for upper levels as an integration function 
of children’s data, or as a derivation function of its parent’s data.  

In each level of granularity, the spatial objects also are organized in groups. These groups are 
created using a custom rule of association collecting spatial objects that share some characteristic 
important for the analyst.  A group g is a set of spatial objects that share level of granularity and 
some characteristics (e.g. vicinity, proximity to landmarks, etc.). A spatial object must be part of at 
least one group inside the level of granularity (Figure 7).  



 

Figure 7 Spatial objects, groups and levels of granularity in USM 

4.2.2.1.1 Changes in hierarchical structure through time 
An urban system can change through time, not only in terms of data value but in its structure as well. 
As explained in 4.2.1.1 the system defines a succession relation between two spatial objects when 
the former is replaced in a given point of time for the latter (Figure 8). All spatial objects have a 
time stamp that defines the moment when they begin to exist in the structure. This structure lets the 
USM have a time log representation about the evolution of an urban system. 

 

Figure 8 USM in time. Hierarchical and succession relations 

Using a moment in time as an input, the USM can create different hierarchical structures (Figure 9). 
These can be seen as snapshots of the urban system and then be used for analysis. The whole USM 
can be read as a log of events and can give a history trace of the urban system structure. 



 

Figure 9 Creation of time snapshots in USM 

4.2.2.2 Data Layer 
Each of the components in the hierarchical representation (i.e. levels of granularity, groups, and 
spatial objects) can have associated data. These data can change through time and be calculated 
with a function using other data as input (Figure 10). 

 

Figure 10 Hierarchical structure and Data Layer 

If data is dependent of others, a directed graph with two types of nodes (data and functions) is used. 
Arrows represents the flow of data values as inputs or outputs of functions (Figure 11). 

 

Figure 11 Data components and functions 



4.2.2.2.1 Associated data 
It is a set of 4-tuple of attributes that defines a component from hierarchical representation. These 
attributes are time, value, reliability (i.e. percentage of trust or how believable a value is), and 
accuracy (i.e. percentage of how correct a value is). Any component in the hierarchical 
representation can have associated data and it can come from different sources. These sources could 
be external or internal. The former are those that come from outside the USM, like simulation 
engines, or external datasets. The latter are those that are generated within the USM.  

New data can be generated using a univariate or multivariate function between existing data. As 
explained in 4.2.2 spatial object´s data can be created using its children or its parent. Depending on 
the case, the function is named as integration or derivation.   

Each of the components in the hierarchical representation that has associated data reacts from USM 
stimulus. There are 4 types: 

1. Direct reaction: The characteristics of data change from direct manipulation. 
2. Indirect reaction: The characteristics of data changes when its neighbors change. The 

function that relates two neighbors define these changes. 
3. Reaction from SOb: The data characteristics changes when the spatial object that has the 

data changes. 
4. SOb insertion/deletion: The data characteristics changes if a spatial object is inserted or 

deleted.  
 

4.2.2.2.2 Data sources and generation of data values 
There are two main ways for generation of data values: external data sources and data functions. 
The former is a way to connect with data generation tools through a given interface (Figure 12). 
This interface is in charge of transforming the incoming data into system´s data components or 
updates them. There are two kinds of data sources: static and dynamic. Static sources are all those 
that are in charge of datasets or data stores that do not change through time, although the reading of 
these data could be dynamic. Dynamic sources in the other hand are all those that change constantly 
through time like databases or simulation engines. One external data source could be in charge of 
updating different data components.  



 

Figure 12 Data layer and communication with external data sources 

Functions are the second way of generating data values. Inside the system there is the need of 
creating associations between data that already exist and use them as guide to generate new data. 
These can be used to fill the gaps in data values that can arise or calculate data that are not 
generated outside the system. Depending on the relation between objects in the hierarchical 
structure layer, these functions can be called of integration or of derivation. The former are those 
that calculate a data value for an object using the associated data of related objects. The relation 
between objects is one that creates a sense of belonging between them (i.e. children, group’s objects, 
or level of granularity’s objects). Derivation functions are those that create data for objects using the 
opposite relation. For example an integration function could be created to calculate a value for a 
group’s associated data using all the associated data of spatial objects that belong to that group. A 
derivation function is the other way around: the associated data of spatial objects that belong to a 
group are calculated using associated data for the group. 

4.2.3 Analyst Representation Set 
The connection between an analyst and the USM is the representation of its point of view. An 
analyst is concern about specific objects and data that the system must present to him in a visual 
manner, along with surrounding context. These two data sets are called its point of view separated 
in focus and context.  

Analysts have different tasks that need to be done in order to achieve a goal. These tasks usually 
involve different analysts so each one of them wants to see the information that is related directly 
with him. Also, is important to note that each one of them share the same Urban System but usually 
only see the components that are part of its point of view. It is important then to show that decisions 
made in its point of view could affect other analysts as well. The gathering of all these analysts is 
called an Analysis Scenario. 



For the visual representation of its point of view, the system uses a visual mapping between visual 
characteristic (e.g. color, height, radius, texture, etc.) and values or set of values from an object in 
the hierarchical structure.  This mapping is a function from the set of object values O to set of visual 
characteristics V (Equation 3). 

 𝑓:𝑂 → 𝑉 Equation 3 
   

It is important also to have a valid visualization mapping for every value. This means that all visual 
characteristics can be rendered in the given visual space. To ensure this, the visual mapping also 
defines the range of values V depending on the visual space that is going to be rendered.  

4.2.3.1 Analysis scenario 
An Analysis Scenario is a set of points of view that share the same substructure of the USM (i.e. set 
of spatial objects important for the analysis). This space is shared between all the analysts. Each of 
the analysts has a point of view over the data of the objects in the analysis scenario. Depending on 
the analyst´s needs the system creates a custom visualization using a focus-context approximation 
and a custom presentation setup (Figure 13). 

 

Figure 13 Analysis scenario and analyst´s points of view 

4.2.4 Visualization and Interaction set 
For the presentation of data to analysts, the USM uses a new type of object: the visual object. This 
is the visual presentation of any component in the structural hierarchy layer. The separation of 
structural components and its presentation let the system have several visual depictions of the same 
component. The creation of these visual objects can be generated through visual mapping from an 
analyst´s point of view or a custom visual mapping.  



4.2.4.1 Visual Objects 
A visual object (VOb) is the presentation of one or several hierarchical layer components as a 
rendered geometry. Basically, all spatial objects presented in the hierarchical layer have a natural 
representation: a geometry that present the object as it is in real life (e.g. a house is presented as its 
geometry model). Besides, visual objects are used as depiction of data as 2D or 3D geometries. 
Depending on the needs for visualization, visual objects are created by the system or by the analyst.  

Each visual object has a geometrical component and, if it is a data depiction, a link to the data to be 
presented. For each data or combination of data, there is a visual characteristic of the geometrical 
component that will be affected for it, following a transformation function T. Changes in data will 
be seen as changes in all the visual component that have a ling to this data (Figure 14). 

 

Figure 14 Visual object and its relation with spatial objects 

All of the visual objects are arranged in a scene graph for visualization. Depending on the way that 
those were created, the scene graph is subdivided in sub-graphs. For example, the system can create 
a set of visual objects showing all natural representations for a given group and those are arranged 
as a sub-graph in the scene graph.  

There are three main branches in the scene graph: focus, context, and extra branch. As their name 
says, focus and context branch are those where visual objects from the focus or context are arranged. 
Extra branch is the one where visual objects that are not part of the focus neither the context are 
arranged (e.g. widgets, lights, etc.). These branches are created in order to ease the changes in 
visualization for a set of visual objects. One example is the capacity of change visual presentation 
of all visual objects that are in context without affecting objects in focus. Sub-graphs created from a 
set of visual objects are appended either to focus, context, or extra branch.     

4.2.4.2 Additional information presentation 
There is some information that analysts need in its analysis process that is not presented as visual 
objects. This information is presented as 2D widgets and complements the visualization. The 
system offers a set of interfaces in order to get the information from data or hierarchical layer 
components and be rendered in the widgets. This kind of representation is intended just as means to 
help analysts in their analysis process. Using different visualization and interaction techniques, 
these widgets can be used as visual analytics tools over the USM. 



4.3 ATM: Analysis Task Model 
When working in a planning process there are a lot of decisions that have to be made. In order to 
complete this process, there are a set of tasks that have to be performed to accomplish a goal in a 
given timeframe. There are a lot of tasks that are performed to get to a goal but in this work we are 
focusing in the ones that will help in an analysis process: the analysis tasks. These are the tasks 
aimed to help an analyst to understand a situation or a system state in a given time: observation, 
evaluation, alternatives generation, and alternatives assessment. A subset of these tasks are used in 
any given time along the urban planning process and are repeated throughout the whole decision 
making process. 

In this work, the state of the system is the core in which the analysis tasks are going to be held. 
Depending on the goal, a combination of analysis tasks in a given order expresses the workflow that 
the analyst is going to take to accomplish the goal. 

4.3.1 Observation 
This task is the base for an analysis process. To observe is to watch carefully the system state in a 
period of time. During this time, the system state could change and the user will try to assimilate 
these changes in his/her analysis process. Here the main problem is how to show the information of 
the system state and its changes to the user that is going to watch it. The first part of the problem is 
to use the adequate visual language to information presentation in order to be usable. Different users 
could argue about the most adequate language to use, in terms of colors, or shapes. Sometimes this 
problem can be solved using standards that are well known for the users but this is not the usual 
case. In the case of changes in the data, another set of problems arises.  

The human eye does not use the whole visual information to form a stable representation, so 
changes could be missed. Change blindness (Simons & Levin, 1997), inattentional blindness (Most, 
2010), and cognitive inhibition (MacLeod & Gorfein, 2007) are three examples of problems that 
could led a user miss changes in a visualization. The first one explains the phenomenon of missing a 
visual stimulus change due to obstructions in visual field, eye movements, change of location, or 
lack of attention. The second one explains that these changes could be missed when other attention-
demanding tasks are being performed or draws the attention away. And finally the cognitive 
inhibition explains the mind´s ability to take out the stimuli that is irrelevant to the task that is being 
performed. All of these problems are open and there are some research going on to fix them. 

The main idea in this work is to have a platform for creating visualizations that serve as a tool for 
observation tasks. Here, the system state S is presented as a set of visual objects V inside an 
interactive visual scenario. Depending on the needs, each of this visual objects could be interactive 
or not (i.e. can respond to user stimulus). These objects are created through a characterization 
function 𝑓that maps values of system state variables to visual object parameters (Equation 4). 

 𝑓: 𝑆 → 𝑉 Equation 4 
In order to have a visual presentation that can be presented in a specific visual space (i.e. desktops, 
laptops, mobile devices, and large-scale screens), for each visual object parameter there is a visual 
range. Depending on the type of data of the visual object parameter (i.e. nominal, ordinal, interval 
and ratio), the range is generated.   



Another important part for the visual presentation of data for observation is the focus/context 
approach for data visualization. Each analyst has a subset of system state variables that are vital part 
of his analysis. Taking into account his needs and interests, some data is more valuable than other. 
These data should be distinguishable for the user but without leaving out the remainder data. The 
most important data is called his focus and the remainder, context. For any given visual scenario, 
there is a set of visual specifications that are used to differentiate visually the focus from the context. 

Summarizing, there is a characterization function that uses visual ranges and focus/context visual 
specification to transform system state variables into visual objects inside a visual scenario. Figure 
15 

 

Figure 15 Visual characterization of system state 

4.3.2 Evaluation 
After being able to observe a situation, an analyst can give a subjective assessment about the system 
state. It is very important to make clear that this is usually a subjective process, especially in 
systems where politics are involved.  

In order to make an assessment, the analyst uses a set of impact indicators that are a way of 
measure one observation. To calculate these indicators, the model gives two sets of system 
variables: context variables, and decision variables. These are a subset S’ of the system state 
variables S and are part of his point of view. Impact indicators U are calculated through a function 
between context variables V and decision variables W (Equation 5).  

 𝑆 ⊇ 𝑆′ = {𝑈,𝑊} 
𝑓:𝑉 × 𝑊 → 𝑈 Equation 5 

4.3.2.1 System variables 
The system has a set of variables that describes its state and a set of data sources that feed these 
variables. A subset of these variables is important for a group of analysts; those are part of their 
point of view. To assess the system state an analyst calculates a set of impact indicators that give 
him a specific view over it. There are two types of variables to take into account: context variables, 
and decision variables. The first ones are those variables that cannot be controlled by the analyst in 
a given point of time but are an important part for the calculation of impact indicators. These 
variables can change through time, like all the system variables, but its value cannot be influenced 
by any interaction from the analyst.  The second type of variables, decision variables, are those that 
can be controlled by the analyst and are used as control panel for creating different states in the 
system.  



Impact indicators are calculated and then the analyst gives a subjective assessment. It is important 
to note that these indicators not always are numeric. Due to subjectivity of the assessment, it also 
could be visual or calculated using the analyst experience. In the latter case, the calculation is not a 
function per se, but a process made by the analyst without a scientific approach. 

4.3.3 Alternatives generation 
Once the analyst is capable f make an evaluation about the system state, the next step is to be able 
of creating alternatives for a system state. The main objective is to change decision variables in 
order to have new impact indices, and therefore, create a new system state.  

An alternative is a set of new decision variables values that affect the task impact indicators. 
Depending on the nature of the decision variables and their data sources, alternatives can be 
generated manual or systematically.  Is important to note that not only decision variables can 
change due to changes in its data source, also context variables do change. Depending on the 
context of the analysis, two different sets of context variables values also can be considered as 
different alternatives.   

4.3.4 Alternatives assessment 
The last part of the analysis process using the analysis task proposed is the assessment of the 
alternatives: to choose between them using a subjective comparison rule. As shown before, each 
analyst has a subset of system variables S’ that are part of his point of view. These create a set of 
impact indicators U as shown in Equation 5. For the alternative assessment, an analyst has a subset 
of these indicators which he will use for choosing an alternative. Each analyst has such subset Pi 
and can share some indicators with other analysts (Equation 6). 

 �𝑃𝑖 ⊆ 𝑈
𝑖∈𝐼

, 𝐼 = {0,1, … ,𝑛} Equation 6 

   
Inside this subset Pi, there are some variables that are more important for the analyst than the others. 
These are called his focus F and are used to make the assessment and are the input for the 
comparison rule. The remainder of the impact indicators is called its context C (Equation 7).  

 𝑃𝑖 = {𝐹,𝐶} 
𝐶 ∪ 𝐹 = 𝑃𝑖 
𝐶 ∩ 𝐹 = ∅ 

Equation 7 

An analyst can change its focus in any given point of time.  

Summarizing, an alternative is a set of state variables values that change impact indicators in the 
analyst´s focus and context. The analyst decides which to choose depending on its focus (). 



 

Figure 16 System state variables and impact indicators 

4.4 Procedure-Workflow 
The development of a project that uses the USM and the ATM models presented before are created 
using a workflow of 6 steps: Analysis task elicitation, creation of USM hierarchical layer, creation 
of USM data layer, analysis task modeling, additional information widgets creation, and finally the 
application creation (Figure 17).  

 

Figure 17 Flowchart for the creation of an application using the USM/ATM model 

All of these steps are processed using a framework that consists of a set of procedures and an API to 
build the software components (described in chapter 0).  

• Analysis Task Elicitation 



In this first step, the objective is to interview the stakeholders and analysts in order to 
identify the needs in their decision making process and convert them in analysis tasks. 
Based on UCIV 4 Planning (Fernandez, Zeckzer, & Hernández, 2013); that proposes a 
cyclical process of analysis, design, and implementation; analysis tasks are identified 
through a series of surveys and interviews. The main objective is to identify and understand 
the context of use, and the user´s requirements, following a user centered design process 
(Poppe & Elzakker, 2006).   

Through the processing of these surveys and interviews, context variables, decision 
variables and impact indicators are identified. These are the input for proposing and design 
the analysis tasks needed: observation, evaluation, alternatives generation, or alternatives 
assessment.  Also, in this step there must be a clear idea about available data that will 
support the analysis tasks and the way is going to be consulted. If necessary, missing data 
that is needed in the analysis task can be created inside USM with the use of integration or 
derivation tools.  

With the ATM designing guidelines clear, the next step is to get the USM that will be 
holding up the analysis tasks. This could be a USM that represent an urban system created 
before or can be created using the USM API provided.  

• Creation of USM hierarchical layer 

When a USM is not available for use, there is an API for its creation. The objective of this 
API is to have tools for the creation of all elements for the hierarchical layer like spatial 
objects, groups and levels of granularity. The generation of this hierarchy can be done 
automatically or manually.  

Using the same data, there is the possibility of having different USM built around it. 
Decisions about the number of levels of granularity, grouping policies, and spatial objects 
to be modeled depend on the needs of the analysis tasks.  

• Creation of USM data layer 

In this step the USM data layer is created using the provided API. Using the associated data 
sources and the provided interfaces the data and its relations are created. If it is necessary 
new interfaces are created to read new data sources. Relations between data are created 
using the provided API. 

• Analysis task modeling 

Using the USM with its hierarchical and data layer, the analysis tasks are modeled in two 
components: visual scenario, and additional widgets. The visual scenario is built using the 
USM and creating different sets of visual objects. These are for example visual objects for 
groups, for levels of granularity or for points of view. Using these sets, a first visualization 
is created as basis for interaction. Depending on the interaction, new visual objects are 
created and added or removed from the visual scenario. All of those interactions are created 
using an interaction interface provided by the API. 



If there is additional information that needs to be modeled, there is a library for creating 2D 
Widgets that can be extended. Using the USM services those widgets show the additional 
information needed. 

• Additional information widgets generation 
The framework uses a custom API to generate 2D interactive widgets for the presentation 
of additional information. Due to the customizable nature of analysis tasks, additional 
information also could need custom ways to show it, especially if analysts are used to see 
information in a given way.  

• Application creation 

The last part of the workflow is the creation of the application. Using the visual scenarios 
and widgets created before, and all the interfaces for data acquisition, a custom application 
for the analysis task is built. In this stage all the front-end is created and delivered to the 
analyst.  

  



5 Implementation 
The proposal was implemented as a toolkit using Java as base language and different open source 
libraries for data management. The toolkit is divided in three main libraries: TaCAT_Core, 
TaCAT_IO, and TaCAT_Renderer (Figure 18). Core is in charge of management of the whole data 
structure, IO is in charge of the interfaces to data sources, and Renderer is in charge of the 
visualization. Interaction is divided in two parts: one is the interaction directly with the data 
structure (i.e. services provided by the core), and the other is the user interaction with the 
presentation of the data (i.e. interaction techniques). These two are embedded in Core and in 
Renderer respectively.  

 

Figure 18 TaCAT application architecture 

  Another important point in the implementation is the use of a plugin architecture that eases its 
extension. The implementation offers a set of interfaces and abstract classes that let the software 
programmer to extend the library for its personal needs. 

The toolkit uses GeoTools as main data source administrator for GIS datasets, MySql For database 
administration, and for rendering Java3D. For 2D widgets, the toolkit uses a custom library 
developed by the author and JFreeChart. 

5.1 TaCAT Core 
It is the component in charge of managing the data structure for the urban system model.  The main 
function of this component is to create visual objects from spatial objects depending on the needs of 
the visualization. These visual objects are then sent to the Visualization and Interaction 
administrator to be rendered inside the application. 

The USM is implemented as a data structure shown in Figure 19. The main interface for the toolkit 
is modeled in MainSystem class that provides all the services of the USM, using a singleton pattern 
to guarantee there is only one service provider for the USM. It has a hashmap of spatial objects that 
acts as a searching directory using as a key the identifier of the object. It also has a set of levels of 
granularity, each one having a set of groups for the level. Finally, it has two more hashmaps: one 
for managing analysts, and one for points of views.  

When different points of view exist in the USM, there are two ways to search for them: by analyst 
or by dimension (i.e. a set of points of view that share the same topic). Each of these points of view 



has a representation that encapsulates the algorithms to create visual objects at execution time 
depending on the visual mapping and the USM state.    

 

Figure 19 USM data structure 

In order to create a relation of proximity between spatial objects, the data structure implements a 
KD-Tree for each level of granularity. This implementation guides all the calculations that are 
needed for distance between spatial objects. The distance is calculated using geometrical center for 
each spatial object. Each node on KD-Tree has a reference for each spatial object in the level of 
granularity. The KD-Tree is used only for distance calculations and does not affect the USM 
directly. 

Visual objects are the base for 3D presentation of data in USM (Figure 20). These objects are 
modeled inside core package and have an attribute with the id of the spatial object that it is visually 
presented and a 3D object. 3D objects needed in the presentation of visual objects are created using 
an abstract class defined in core package. This abstract class called UPA_BaseGeometry offers 
basic methods to create objects using as parameters the name of a class, and associated parameters 
to this class. The implementation of a geometrical presentation can be defined outside the toolkit 
using the given interface. The toolkit offers basic shapes inside the plugin package. It is important 
to note that these classes do not have the implementation of its presentation, but the basic 
information of its geometry (i.e. geometric parameters).   



 

Figure 20 Visual object and its geometry inside core component 

5.2 TaCAT IO 
It is the component in charge of the data transformation from external data sources and analysis 
tools, to information used inside the system. The main objective of this component is to transform 
raw data into spatial objects and associated data for these spatial objects. 



The two main components os the TaCAT IO component are the ShapeReader and the 
SystemXMLReader. The first is in charge of reading the geographic information from shape files. 
This component also is in charge of the preprocessing of this information with operations like 
decimation, triangulation, or transformation of data depending on the visualization needs. The 
SystemXMLReader is in charge of read the XML file that defines a new urban system model. 
Inside this file, the user describes the levels of granularity of the system and also the groups of 
spatial objects that exist within this level of granularity. Also, it specifies the data sources for this 
information, such as shape files or csv files (Figure 21). The XMLReader, uses a SAX parser for 
parsing the document and a connection with the ShapeReader to extract the information from the 
shape file.It is important to note that the component offers an AbstractReader interface to extend the 
library to read different data sources.  

 

 

Figure 21 IO component class diagram 



5.3 TaCAT Renderer 
It is the component in charge of the interactive visualization administration and rendering. It 
receives the visual objects created by TaCAT-Core and use the renderer in order to draw them in 
the canvas. Visual objects have general information about geometry and visual characteristics and 
this component will use them as input for creating the scene graph inside the selected renderer. This 
design let the designer of an application use different graphics libraries depending on his needs. 
New geometries can be created using a plugin architecture extending the Visual_UPA_Object 
interface(Figure 22). 

 

Figure 22 TaCAT Renderer class diagram 

UPA_BaseGeometry interface and VisualUPAObject have a direct relation in the implementation. 
For each class represented in the TaCAT Core as a base geometry, there is one visual object in 
TaCAT Renderer that is in charge of rendering the geometry. These two abstract classes are the 
ones that must be implemented when creating a new visual representation for a spatial object.  

  



6 Experimentation 

6.1 Project: Bogota21 
We participated in this project as consultants to render some datasets extracted from GIS and 
associated worksheets. The main idea was to create interactive visualizations to show the status of 
different variables through time in Bogotá city until the year 2050. The applications and 
visualizations were part of a book published in 2012 (Wessels, Pardo, & Bocarejo, 2012). We apply 
the proposed workflow along the SUR group from Universidad de los Andes where the goal is to 
see the growth of Bogota city towards a transport-driven metropolis. 

6.1.1 Context 
The Bogota 21 case study aims at analyzing the growing of Bogota from 2008 to 2050. It presents 3 
scenarios of analysis: population growth, employment centralities, and green open space increase. 
The first scenario shows the projected population growth and distribution for Bogota and its 
surrounding municipalities depending on the preservation of the greenbelt and the protected area. 
The second scenario aims at reviewing the employment distribution in Bogota and proposing and 
consolidating new and existing centralities. Finally, the last scenario is designed to evaluate the 
green open space of Bogota and the requirements to achieve the 10m2 suggested by the World 
Commission on Environment and Development (WCED) of the United Nations (UN). 
 

6.1.2 Instantiation 
Three different stakeholders’ analysis tasks were selected for showing the projected transformation 
of Bogota between 2008 and 2050. Each analysis task has a guiding question that should be 
answered by using the interactive visualizations: 

• Analysis task 1: Population growth  
What will happen if we preserve or not the greenbelt around Bogotá river and the protected 
area at the North of the city? How will the population be distributed? 

• Analysis task 2: Distribution of employment centralities 
Where employment centralities will be located and how will they grow from now to 2050? 

• Analysis task 3: Densification capacity 
What do we need to do in order to reach the recommended green open space index for each 
locality? 

6.1.3 Applications 
Using the visualization tool and API, we created three basic interaction scenarios where the 
stakeholders could see the evolution of data between 2008 and 2050. 
 

• Analysis task 1: Population growth  
This interactive visualization allows stakeholders to compare two alternatives for 
population growth in Bogota and its surrounding municipalities. The first one shows a 
projection of population growth for 2050 preserving the protected area and the greenbelt. 
Oppositely, the second one shows a projection of population growth without preserving 
these areas. In both visualizations the population of the localities of Bogota is represented 
with orange circles, and the population of the surrounding municipalities is represented with 
yellow circles. (Figure 23) 
In this case, it is possible to see that there is a huge difference in the distribution of the 
population at the North of the region. By not preserving the reserve and the greenbelt areas 
most of the new population will occupy this area. This means that the centralized model of 



the region will be reinforced and it will be required new sources of employment in this area 
besides the environmental impact that this alternative implies. 
 

 
Figure 23 Population growth for the greenbelt and non-greenbelt preservation scenarios 

• Analysis task 2: Distribution of employment centralities 
This interactive visualization illustrates the projected growth of employment centralities 
(represented with red polygons) for the next years. The purpose of this visualization is to 
provide stakeholders with an overview of the location and growth of these centralities to 
determine what areas will need a greater investment in terms of transportation and other 
facilities. (Figure 24) 

 
Figure 24 Employment centralities in Bogota and its surrounding municipalities 

• Analysis task 3: Densification capacity 
This interactive visualization gives the information necessary to make a qualitative 
comparison of the ratio of green areas to buildings and the ratio of high building to low 
buildings. 
For this analysis task there were three key aspects to depict: first, the current green spaces 
that would be preserved for the future (2050); second, the green spaces that should be 
recovered in order to reach the recommended green open space index (10m2 per 
inhabitant); and third, the existing buildings that should be increased in height in order to 
support the current and projected population densities. (Figure 25) 
 



 
Figure 25 Green Open Spaces vs. Average Height of Buildings for Puente Aranda Locality (perspective view) 

6.1.4 Testing 
These three interactive visualizations were evaluated by the stakeholders that posted the analysis 
tasks. After a series of satisfaction interviews we summarize the most relevant and most frequently 
comments about the resulting interactive visualizations: 

• The designed interactive visualizations effectively communicate the intention of the 
analysis tasks. 

• The animation feature is one of the clearest contributions to ease the understanding of the 
processes involved in time-dependent analysis tasks 

Although the use of animated maps eases the visualization of large time series, it also can produce 
an effect known as change blindness. Change blindness is defined as a visual perception 
phenomenon that disables us to see certain changes between what was in view moments before and 
what is in view now (Chabris & Simons, 2010). In the context of interactive visualizations to 
support urban and regional planning, this issue can lead stakeholders to omit relevant information 
during the analysis of time-dependent data. 

For the green open spaces analysis task, the 3D visualization eases the comprehension of data for 
non-experts users. The application of redundant mapping (Brath, 1999) for highlighting changes 
over time (i.e. color and height for building’s height) gives the non-expert users an insightful view 
of them. 

The interaction between the system and the user is essential for analysis tasks as it provides tools 
for managing the data (e.g. overview, zoom and filter and details on demand (Shneiderman, 1996). 
So it is mandatory a great effort to provide this kind of tools in a system like this. 



6.2 Project: LabBogota 
The main objective of this project was to create an application to analyze different possibilities of 
building new facilities in Bogota city to improve the coverage indices. The application should show 
the impact of new facilities in a global and local scope in order to enrich the decisions being made. 
The final goal is to be able to choose which empty parcel to use and what kind of facility is better to 
build in it. With the help of the proposed workflow and framework, an application was built with 
the help of experts in urbanism from Universidad de los Andes. 

6.2.1 Context 
Project LabBogota was released in the year 2009 between the Universidad de los Andes and the 
City Planning Authority (“Secretaria Distrital de Planeación”) in order to define the guidelines of 
the city’s facilities system. The study takes into account 12 aspects (i.e. welfare, food supply, 
cemeteries,  religious cult, culture, education, higher education, fair showground, sports and 
recreation, health, administrative, and safety) and 4 scales (i.e. metropolitan, urban, zone, 
neighborhood). Depending on the scale, some aspects are more important for the study than others. 
Also, the city is divided in zone planning units (UPZ for its acronym in Spanish) that group 
neighborhoods. The main concern of the Mayor’s office is to reach standard indices in 6 main 
aspects: welfare (BIS), food supply (ABA), culture (CTR), education (EDU), sports and recreation 
(DPR), and health (SAL). These topics are analyzed at a neighborhood scale because the concern is 
the people that live nearby these facilities.  

A preliminary study identified that “UPZ El Rincon” was the unit that was most affected by the lack 
of facilities. The idea then was to create an application that could help stakeholders make 
assessments about the current state of the unit and to create possible solutions to achieve the 
facilities’ standard indices. 

6.2.2 Instantiation 
Following the procedure workflow presented before, and a technical report developed for the 
analysis tasks in facilities, we focus in two analysis tasks to model: Identify deficit and surplus of 
facilities, and placing of new facilities.  

Using surveys and tests with stakeholders, we identified the following variables: 

Context Variables 

• Configuration of the unit (i.e. quantity and location of 
blocks, parks, and urban topology) 

• Population 
• Price of land 

Decision Variables • Location of new facilities 

Impact Indicators • Indices for the 6 chosen aspects 
• Price of land acquisition 

Available data* 
• Geo-referenced data for the unit and its surroundings 
• Population per block 
• Price of land per block 

* Available data is in shape format, csv format and plain text 
Table 2 Variables found in the analysis tasks 



6.2.3 Application 
Using available data, a single layer USM was created using “El Rincón” unit and its surrounding 
units (i.e. Tibabuyes, Suba, Casa Blanca, Niza, Bolivia, Minuto de Dios, and La Floresta). The 
layers used are: blocks, facilities, parks, empty plots, and main roads. Each one of these shape 
layers has its own set of data. It is important to note that we chose the surrounding units due to the 
existence of facilities and population affected outside the El Rincón unit.This data must be also 
taken into account in the indices’ calculation. Together with the shape layers, data in other formats 
is also added to the USM (i.e. population and land prices) (Figure 26).  

 

Figure 26 USM for "El Rincon" unit 

The ATM was developed taking into account the variables found in the analysis task elicitation step. 
Here we have the 4 types of tasks: observation, evaluation, alternatives’ generation, and alternatives’ 
assessment. The objective of the application is to generate alternatives for achieving the aspect 
indices in “El Rincón” unit. To achieve this, the analyst must have a visual presentation of all the 
variables that influence his decision: context, decision, and impact indicators.  

For context variables, we present the user with geographical data using color-coding generated by 
color brewer 2.0 (Brewer, 2014). Population is presented as a radar-chart dividing the population in 
5 intervals: 0-4, 5-19, 20-24, 25-59, and 60+ years old. This division is due to the age of people that 
use different facilities (e.g. people in the interval 5-19 are the only ones that access education 
facilities). Price of land is only relevant when plots are being acquired, so it does not have a specific 
presentation. 

For decision variables, there are two types of plots that can be used in order to build new facilities: 
empty plots and plots in “urban improvement treatment”. Land price varies according to the type 
and location of the plots.. The user should have access to area that is needed to achieve the required 
indices, and area already used in the current scenario. We created a new widget that will show this 
data (Figure 27) 



 

Figure 27 Widgets to show decision variables’ status 

To choose the spot where a new facility should be built, the analyst must have an idea of the indices 
in the surrounding area of the new facility and the price of the land acquisition to be made. We 
therefore created a widget to show deficit and surplus of the indices for each aspect (Figure 28) 

 

Figure 28 Widget that shows each sector deficit or surplus 

With the creation of the widgets needed for the presentation of context variables, decision variables, 
and impact indicators, the last step is to design and create the application taking into account the 
observation, evaluation, alternatives’ generation, and alternatives’ assessment tasks. Because the 
main objective of the application is to create different alternatives, the system allows the analyst to 
create an alternative at any given time. To begin, the analyst must create the first alternative. 

Observation and Evaluation: 

The application lets the user navigate through “El Rincón” unit using a basic interaction of panning 
and zooming; also, it shows the information of the aspect’s indices and available area for change of 
the entire unit. This allows the user to have a general view of the current status of the unit for each 
aspect (Figure 29). All the visual objects can be clicked. To evaluate a specific zone, the system 
shows the information of the selected area with a specified radius. The analyst then can identify the 
area where it is most important to make changes in the indices along with information about 
available area to build new facilities (Figure 30). Context variables, decision variables, and impact 
indicators are available at any time. If necessary, the GUI also lets the user see other information 
about the selected visual object. 



 

Figure 29 Example of visualization for a sector: welfare 

 

Figure 30 Visualization of a selected area's status 

Alternatives Generation 

Using the ATM proposed, the decision variables are changed via user interaction. The user chooses 
an area to be changed and selects a set of available plots to create new facilities in this area. The 
selected plots then are modified to be new facilities in a given aspect. All the information is updated 
to show the changes that have been made (i.e. decision variables and impact indicators). A user can 
create a new alternative at any given point. The new alternative generates a new set of successors 
that will hold the new information about decision variables, in this case new facilities. Alternatives 
can be edited and loaded into the system. 



Alternatives Assessment 

Following the ATM, assessment of alternatives is required in order to choose the best option for “El 
Rincón” unit. The system makes it possible to load a set of alternatives and to shows its impact 
indicators (i.e. aspect indices and price of land being acquired). Also a decision variable is shown: 
available area. Due to the subjectivity of the task, there is no expert system to choose between 
alternatives. (Figure 31) 

 

Figure 31 Alternatives Assessment for new facilities' selection 

6.2.4 Testing 
This application has been alpha tested with the same stakeholders that were part of the analysis task 
elicitation stage (i.e. architects that are part of the project LabBogota). These tests were held in an 
informal manner with the presence of the developers. The users have shown interest and use 
feasibility in real scenarios. 

A more formal testing scenario is being developed in order to see how this kind of application can 
help analysts. There are two groups of users: architecture students and architects, and two zones 
have been selected inside the “El Rincón” unit, A, and B. There are two main aspects that we want 
to measure: 

• System versatility for application configuration: We want to show how easy it is to 
include and remove different variables that update the analysis task taking into 
account its importance within the task (i.e. context variables, decision variables, and 
impact indicators).  The group of expert users will use the application with all the 
impact indicators shown in the GUI in one of the two zones. They will take a 
decision about which empty plots will be changed into facilities in order to achieve 
standard indices taking into account the local and general status. At the end, the 
users will undertake a survey to measure usability and also to determine which of 
the variables could be removed from the GUI. 



 
• Decision making influence: Having two groups of users (i.e. control group, 

experimental group), we want to measure the influence of the quantity of variables 
shown in the decision making process. Having the results of the first test, two 
groups are created: Control group C with all the variables and experimental group 
H1 with a subset of variables. All the users in this experiment are architecture 
students with some background in urbanism. As with the versatility test, there are 
two zones in which the users must acquire empty plots to create new facilities, in 
order to achieve standard indices.  

An evaluation of the workflow and its usability compared to a common GIS workflow is also under 
development. An analysis task is shown to the users and they have to give the best solution using a 
GIS Tools (control group) and a task-centered analysis tool (experimental group). The hypothesis is 
that the task-centered analysis tool behaves better in terms of effectiveness, efficiency, and user 
satisfaction. 

6.3 Project Population density and its relationship with urban form and 
mobility patterns 

The main objective was to observe the relationship between population density, mobility patterns, 
and spatial configuration in Bogotá city. Trying different combinations of variables guided by 
hypothesis from stakeholders, this project will try to find correlations that will answer the questions 
about causality between those variables. Also, the idea is to analyze the urban form and its 
characterization in different population densities. 

With the help of the proposed workflow, an application was created during two weeks with constant 
direct communication with the stakeholders. There were three iterations and the final result was 
evaluated with 6 experts in transportation. 

6.3.1 Context 
City Population density is often an indicator of sustainability (Deakin, 2001). Several academics 
have shown the advantages of promoting a denser urban form as a way to induce more sustainable 
development (Hillman, 1996). Despite these results, densification consequences are difficult to 
generalize, especially when comparing developed and developing countries. For example, in Bogotá 
City there is a divergence between high density and quality of life. This high density is 
characterized by low-income, average to poor transportation coverage, and medium crime levels 
(Paez, 2012).  

Urban form is defined considering two main areas: built, and not-built area. The last one is also 
divided in four categories: street area, green area, open to sky area (free areas not used by people), 
and public space. For this project, the city is divided in transportation zones: Zones that were 
created based in the transportation survey from 2011and have an average area of 50 Ha.  

Mobility patterns were modeled using the concept of modal partition: the use percentage for a type 
of transportation. Also, trip times using these modal partitions were calculated. (Trip time refers to 
the total time spent using the modal type until reaching destination) There are 4 modal types: 



• Non-motorized: on foot or bicycle 
• Public: buses and BRT System 
• Private: taxis and vehicle  
• Motorcycle 

The last variable modeled was the motorization rate that refers to how many cars there are for each 
1000 inhabitants. 

6.3.2 Instantiation  
The main objective is to show and calculate correlation between variables and the possibility to 
see if the correlation changes if ranges are chosen. For this case two variables are correlated 
when its correlation index is greater than 0.4. 
 
Using the proposed model and workflow, there were 5 analysis task´s questions to be answered 
that correspond to observation tasks: 

• Is there a correlation between a transportation modal sharing and population density? 
o If there is a correlation, does it happen in all social strata? 

• Is there a correlation between population density and motorization rate? 
o If there is a correlation, does it happen in all social strata? 

• Is there a correlation between population density and trip times? 
o If there is a correlation, does it happen in all social strata? 

• Are there differences between urban form due to social strata? 
• Is there a relationship between social strata and transportation modal sharing? 

 
Taking into account the TaCAT workflow, the following variables were found: 
 

Decision Variables • Subset of transportation zones 
• Two variables selected from a set of 10 variables 

Context Variables • Set of variables to choose from for correlation analysis 
• Transportation zones 

Impact Indicators • Correlation index 
• Sharing percentage 

Table 3 Variables for the Project of population density 

6.3.3 Application 
In order to help the SUR group, we created an application that lets them navigate through the 
different variables regarding population, urban form, and mobility patterns. The urban form and 
strata will be always shown as the main context for the application. The user will have a canvas to 
see variables values and their correlation, and also the possibility to choose ranges in order to 
compare them. (Figure 32) 

 



 

Figure 32 Application running 

6.3.4 Testing 
The evaluation was designed in two stages: The first stage was a pre-study were 4 non-experts 
performed the evaluation. The objective was to find bugs in the application, semantic mistakes, and 
avoid questions’ ambiguity. The questions were designed alongside one expert taking into account 
the 5 analysis tasks. 

The second stage was the testing itself. This application was tested with 6 experts in transportation 
(with experience of more than 2 years in the field), 3 men and 3 women. The tests were performed 
in the COLIVRI lab from Universidad de los Andes with the presence of an evaluator. The 
evaluation was divided in three parts: an introduction and tutorial, application evaluation, and 
finally the satisfaction survey (Table 4).  

Stage Duration Questions 
Introduction and tutorial 15 mins 2 
Application evaluation 20 mins 8 
Satisfaction survey 5 mins 8 
Total 40 mins 18 

Table 4 Evaluation design 

For the introduction and tutorial, data from another level of detail of Bogotá was used. Also, only 
information about urban form, density, and strata was used, leaving out information about 
transportation modal sharing. The 2 questions were aimed to prove that the users could use the basic 
interaction offered. 

For the application evaluation, there were 8 questions (Table 5). Questions 3, 4, 5, 7, and 8 were 
designed as two-step questions. First, the user is asked to answer a yes/no question or choose 
between categories, and after the user must put some numerical values extracted from the software, 
to validate these answers. Here the idea was to discard problems with the meaning of the question.  

 Question Type 
1 Which is the most dense “den2011” urban zone? Quantitative 
2 How many transportation zones are in social strata 5? Quantitative 
3 In Bogotá, is there a correlation between density “den2011” and Yes/no 



modal share “P. Modal Not Mot”? 
3.a What is the correlation index? Quantitative 
4 Is there a correlation between density “den2011” and modal share “P. 

Modal Not Mot” in strata 5? 
Yes/no 

4.a What is the correlation index? Quantitative 
5 Is there a correlation between density and modal share “P. Modal Not 

Mot” in strata 2? 
Yes/no 

5.a What is the correlation index? Quantitative 
6 Which are the values for transportation share mode (Modal Share) in 

social strata 3? 
Quantitative 

7 What is the correlation (positive or negative) between strata (Estrato) 
and  public trip time (Tiempos public) between low social strata 
(1,2,3) and high social strata (4,5,6) 

Categorical 

7.a What are the values for correlation? Quantitative 
8 What is the correlation (positive or negative) between strata (Estrato) 

and green area (Green Area) between low social strata (1,2,3) and 
high social strata (4,5,6) 

Categorical 

8.a What are the values for correlation? Quantitative 
Table 5 Evaluation's questions 

For each question the answering time and correctness were measured. The average time for 
answering the whole questionnaire was 33:47 minutes with a 2:18 minutes average for each 
question (Figure 33). Question 1 was the most difficult in average due to problems with the 
interaction with the interface. Questions that needed the user to select a range were more difficult to 
answer due to interaction problems with the selection of these ranges.  

 

Figure 33 Average answering times per question 

In terms of correctness for all quantitative questions, the average error was of 7% (Figure 34). In 
questions 1 and 2 only one user gave the wrong answer (i.e. not the most dense transportation zone 
but the second most dense). Mistakes in question 4.a. could have been caused by the difficulty to 
select a range in the interface. In questions 7 and 8 there were errors in the answers despite the 
correctness of its quantitative counterparts given by two users (i.e. the quantitative values were 
correct but the answer given in the category was mistaken).  



 

Figure 34 Correctness in answers 

For the satisfaction survey, there were 8 questions with a Likert scale of 5 values (1 strongly agree, 
5 strongly disagree) (Table 6). The average for all the questions was 2 (agree) so the general 
acceptance was good (Figure 35).  

 Questions 
1 The layout of the application was helpful to answer the questions? 
2 It is easy  to select different variables and know their values? 
3 It is easy to understand the correlation between variables? 
4 It is easy to compare ranges? 
5 The graphs in the selected ranges provide enough information to understand the 

distribution of land use? 
6 The graphs in the selected ranges provide enough information to understand the 

distribution of transportation modal share? 
7 It is possible to see a relationship between social strata and distribution of land use? 
8 It is possible to see a relationship between social strata and distribution of transportation 

modal share? 
Table 6 Questions for the satisfaction survey 

 

Figure 35 Satisfaction survey's answers 
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6.4 Sprint projects 
These projects were created using the framework and workflow in very short periods of time. The 
idea of these projects was to show stakeholders the viability of doing fast prototyping using the 
proposed framework. 

6.4.1 Experimental case 1: Banking data project 
This project was made along a local banking group and the problem was to analyze the quantity of 
movements (i.e. cash withdrawal, opening accounts, close accounts, among others) of ATMs and 
offices in Bogotá city during 2013. This application was made in 8 hours approximately. 

6.4.1.1 Instantiation  
For the given data two main questions were found 

• Analysis of quantity of movements for ATMs and offices per month 
• Comparison between two points (offices or ATMs) 

The variables found through a first approach analyzing the available data were 
 

Decision Variables • Selectable points for analysis (ATMs or offices) 

Context Variables • Zones in the city 

Impact Indicators • None 
Table 7 Variables for the banking data project 

Using these variables, an observation analysis task was designed. The data source were a flat file 
with approximately 800000 daily movements during 2013. The application was designed to divide 
the data monthly and be able to draw it in a linechart. 

6.4.1.2 Application 
The application uses a geographical view to show the location of the points (ATMs or offices) and 
two linecharts to show the data from the selected points. A divergent color scale was used to 
represent the different types of movements. The movements can be seen by month or the whole 
year, in order to see peaks of movements. 



 

Figure 36 Banking application 

6.4.1.3 Testing 
For testing, the application was used in a lab session held on November 2014 with 18 banking 
experts (Figure 37). It was a non-formal evaluation with verbal feedback from the users. The 
session was 4 hours long presenting the application to small groups of 6 and comparing the same 
information using different tools such as Tableau. The general feedback was positive and the time 
being used to develop such an application was of most interest for the users. 

  
Figure 37 Lab session for the banking application 

6.4.2 Experimental case 2: Trip time simulations project 
This project was made along SUR group form Universidad de los Andes and the problem was to 
analyze trip times by bus, car, and train going out from Urban Planning Zones (UPZ) in the next 30 
years in Bogotá city. This application was made in 10 hours approximately. 

6.4.2.1 Instantiation  
For the given data two main questions were found 

• Analysis of trip times going out from UPZs in Bogotá city 
• Comparison between two UPZs 

The variables found through a first approach analyzing the available data were 
 



Decision Variables • Selectable UPZs 

Context Variables • Trip times of each UPZ 

Impact Indicators • None 
Table 8 variables for the trip time simulation project 

Using these variables, an observation and evaluation analysis tasks were designed. The data source 
was a flat file with the simulation results and a file with the codification from the simulation to the 
UPZs being drawn. The application was designed to compare two UPZs and show clearly the 
difference between the two. 

6.4.2.2 Application 
The application uses a geographical view to show the trip time going out of each UPZ using a color 
mapping. In the right side, there is the legend with the meaning of the color and the values being 
presented. In the right side of the application, there are three line charts showing the simulation: 
first selection, second selection, and difference. First selection shows the information of the UPZ 
being presented as a yellow geometry. There is the information for all the transportation modes (bus, 
car, and train). The second selection shows the information of the UPZ being presented as a cyan 
geometry. Again, the information is about all the transportation modes. Finally, the difference line 
chart, shows clearly the difference between the first and second selection depending on the 
transportation mode being selected (showed above the geographical view). Is the first selection is 
greater than the second; the area is being colored green. If it is less than the second, then the area is 
colored red (Figure 38). 

 

Figure 38 Trip time application running 



6.4.2.3 Testing 
The application was not officially tested but a beta testing was performed with the stakeholders. The 
general feedback was positive and the time being used to develop such an application was of most 
interest for the users. 

7 Conclusions and Further work 
Creation of a customized application for specific tasks can be helpful for analysts and stakeholders 
in urban planning. One drawback is the difficulty to create this kind of applications. This work was 
aimed at generating a framework to ease the development of these tools, specially giving the 
developer a broad spectrum and liberty (i.e. generation of visual presentations, connection with data 
sources and simulators, creation of widgets). 

One important part of this proposal is the need to work alongside stakeholders and analysts from the 
beginning of the workflow. The ATM is created using the knowledge of stakeholders so it will 
adjust better to their needs. One problem with this approach is the lack of accessibility of these 
stakeholders and the subjectivity of the priority given to different tasks. The idea is to have a fast 
pace stage at the beginning of the process where the identification of decision variables, context 
variables, and impact indicators, should be done as soon as possible. The use of different 
stakeholders at this stage could give a much broader view about the tasks. Due to the close 
relationship between users and designers, the objectives of these task-centered applications can be 
assured. 

As shown in this work, we are not trying to create a new general problem solver in urban planning, 
but to address specific focused problems with the help of a tool that can be molded according to 
stakeholders’ and analysts’ needs. Also it is important to note that all of these problems have the 
same basis: the city. A good model for a city can be created and used in many different applications. 
The big problem is the wide spectrum of different definitions of a city. As we say in the 
introduction of this work, depending on the needs, background, tasks, and language, a city can be 
defined in different ways. Here, we present a new basic model to define a city in terms of general 
components, definition that could be used in different fields as well. Currently there are many 
systems that focus on the modeling of a city from a specific point of view: geographical, land use, 
transportation, etc. Our idea is not to compete with these models but to offer a broader way to 
represent these objects, for them to be used in as many contexts as possible. 

The subjacent model was created thinking not only about urban planning, but also about any system 
where there is a main hierarchical core, along with different levels of scale and grouping. The 
nature of the framework lets a user model a system in such a way that it can create different 
presentations for a single component. These visualizations being created using third party libraries, 
gives the user freedom to use the model and use its own visualization and interaction techniques 
depending on the context. 

7.1 Scientific Contribution 
This work presents a data structure for data integration and analysis task modeling in urban 
planning. The main goal is to create fast-prototypes to help urban planners make informed decisions 



through the use of interactive visualizations. The creation of these prototypes is made using 
permanent communication with the final user, who is highly involved along the whole process.   

The data structure is centered in an analysis task that needs to be modeled inside an Analysis Tool, 
and is built using two concepts: urban system model, and analysis task. The urban model is the 
characterization of a custom city representation using a XML specification guided by the analysis 
task. The analysis task is modelled through the characterization of three variables: decision 
variables, context variables, and impact indicators. These variables came from the first step of the 
workflow where along with stakeholders, the analysis task is modeled.   

Applications can be created as fast-prototypes depending on the difficulty of the analysis task. 
These applications are aimed to integrate information for urban planning using geographic 
visualization and information visualization in a coordinated visual scenario. The programming 
effort of building such applications is lowered with the use of a custom API to create Urban 
Planning Analysis Tools. 
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