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Abstract 

 
Multivariable spatio-temporal data is used to describe the change of characteristics of objects with 
time and location, and the change in location of objects is also considered. The analysis of this kind of 
data is an important and challenging task, since analysts are interesting in patterns, correlations or 
exceptions in multivariable spatio-temporal data. They want (for example) to know not only where 
they are, when to arrive, but also, what the situation is, how the environment is etc. To study 
multivariable spatio-temporal data, data visualization is one of the effective techniques. However, 
currently existing methods are good at visualizing spatio-temporal data or multivariable data, not both 
together.  
 
Based on analysis of the multivariable spatio-temporal data and reviewing of existing visualization 
techniques, this paper introduces two new approaches for visualizing multivariable spatio-temporal 
data, called PCP-Time-Cube and Multivariable-Time-Cube. The PCP-Time-Cube is a combination of 
the Space-Time-Cube and existing multivariable graphics: Parallel Coordinates Plots (PCP). Based on 
the model design, the PCP-Time-Cube prototype is designed and realized in the ArcScene 
environment and SARS data is used as case study. The Multivariable-Time-Cube is designed by 
optional definition of the X and Y axes (Z-axis is time by default) and making a 3D view of any of the 
attributes in which user is interested. Similar with the PCP-Time-Cube, the Multivariable-Time-Cube 
prototype is designed and realized in the ArcScene environment and SARS data is used as case study. 
Both the PCP-Time-Cube and the Multivariable-Time-Cube are 3D visualizations of multivariable 
temporal data. So the Space-Time-Cube and 2D map are used to supply according geo-information. 
Furthermore, the usability of these two prototypes are evaluated and compared. The results of the 
evaluation are only preliminary ones due to the time constraint. Finally, the conclusions and 
recommendations in this research are discussed.  
 
 

Keywords:  Multivariable spatio-temporal data, Visualization methods, PCP-Time-Cube, 
Multivariable-Time-Cube, Usability evaluation. 
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1. Introduction 

1.1. Motivation 

Our dynamic geo-community currently witnesses a trend which demonstrates an increased need for 
personal geo-data (Kraak 2003). This demand, assisted by the latest technology, requires data that fits 
personal needs. Users want to explore the data by themselves to get the information they are interested 
in. The development of GIS technology supplies powerful visualization tools with different 
environments and different models to support personal demand. However, it is impossible to satisfy 
the user’s demands totally because there are too many possible questions. For example, people want 
to know not only where they are, when to arrive, but also, what the situation is, how the environment 
is etc. The elementary questions linked to geospatial data such as “where?”, “what?” and “when?” 
become relevant to each other, and at the same time, furthermore “how?” should be considered. These 
demands that there is so much of rich data: the multivariable spatio-temporal data stimulate the 
studying and development of more visualization methods and tools in our GIS world.  
 
Multivariable spatio-temporal data are described as “how”, “where”, “when” and “what” elements, in 
which “what” is the main body (the object), “where” indicates the location information, “when” is the 
time indicator and the “how” refers to the thematic attributes of an object. All these elements are 
changeable and the changes are relevant. Geographic visualization is a powerful data exploration 
technique, exploiting the ability of current computing technology to dynamically analyse and display 
large amounts of information (Edsall 1998). According to an information visualization paradigm, with 
visualization techniques one can get an overview of data collections. One can zoom into interesting 
details and filter datasets by comparing the data items based on some attribute values, and finally one 
can get details on demand of a single dataset. The overview is a key starting point to show the 
structure of the data, to address the “interesting detail” and to indicate the relationships between 
variables. Existing techniques of geographic visualization supply different overview for spatio-
temporal data (static map, animation map, Space-Time-Cube etc.) and multivariable data (bar chart, 
parallel coordinates plots, Chernoff face etc.) separately, not both. Based on existing visualization 
methods, new prototypes are designed and evaluated in this research, using a SARS case study, the 
research suggests the suitable prototype for different multivariable spatio-temporal questions. 
 

1.2. Background and problem definition 

1.2.1. Background 

Every object exists with certain state at certain time and certain location. Spatio-temporal data are 
used to describe the spatial and temporal properties of objects; for example, a person is in the 
Netherlands now. At the same time, one object can have many variables. It is to say that the object 
exists with certain states. The multivariables are used to describe the state of object, for example, the 
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person is a girl, she is a student, her body temperature is 36.5 oC etc. Several questions can be 
addressed on multivariable spatio-temporal data, such as: Where is the bus now? What is in the room? 
When and where will they meet? Furthermore how they will meet? (the speed, orientation, and even 
the amount of energy)? To answer these questions, it is necessary to study multivariable spatio-
temporal data, especially, the relationship among the multivariable, spatial variables and temporal 
variables. During the data handing process, therefore many researches have been done on data 
acquisitions (Nishizawa 2000; Meddahi and Jansen 1992), data management (Claramunt, Jiang et al. 
2000; Aon, Cabello et al. 2001; Zhang, Beavis et al. 1999; Rasinmaki 2003), data retrieval (Marcres, 
Guerico et al. 2000; Cheng and Yang 2001), data analysis (Purdon, Solo et al. 2000; Baumgartner, 
Ryner et al. 2000; Baumgartner, Somorjai et al. 2001; Ngan, Auffermann et al. 2001)and 
visualization. I focus my research on: (geo-) visualization of data! There exists abundant literature 
(Mitas, Brown et al. 1997; Graimann, Huggins et al. 2002; Edsall, Harrower et al. 2000; Drai and 
Golani 2001; Edsall 2003) discussing visualization of data (this will be further discussed in chapter 
2). 
 
Today, the technological developments around mobile phones, personal digital assistance, global 
positioning devices and high-speed communication services supply rich spatio-temporal data sources.  
To change these data into useful information; emphasis is placed on personal interest in information. 
This trend for personalized information is supported by the development of personal computers, 
WWW, and visualization technologies supplied by GIS software. These technologies, supply an 
interactive environment for users to collect data, explore data, and get the information they want.  
Interests in exploratory and analytical tools to process and understand these (aggregate) data streams 
are increasing (Kraak 2003). Geographers see new opportunities to study human behaviours and this 
explains the revival in the interest in Hagerstrand’s time geography (Hedley 1999) because of 
“person” related geo-data. 
 
From a visualization perspective, there are many existing methods to visualize spatio-temporal data, 
such as static maps, multi-static maps, animation maps and Space-Time-Cubes etc. All kinds of 
multivariable graphics are used to visualize multivariable data. However, it is pity that existing 
methods represent multivariable data and spatio-temporal data separately. It is difficult to supply a 
structural overview for a whole multivariable spatio-temporal data set, and find interesting 
information and zoom into more detailed information. 
 

1.2.2. Problem definition and research objective 

As mentioned in the previous section, the main interest of this research is visualizing the relationships 
among spatial variables, temporal variables and multivariable characteristics of objects.  
 
For instance, health studies put an emphasis on the patient (the object). The patient has a lot of 
characteristics, such as sex, age, occupation, hobby, body temperature, blood pressure, pulse, 
baematoblast etc. At the same time the patient is at a location that has different environmental 
characteristics, such as, temperature, wind power and humidity etc. All these characteristics form the 
multivariable data set. Some of these characteristics change with time in different time scale, and 
some of them do not. For infectious diseases, time, space and the multivariable are all important and 
sensitive issues which should be considered together. When did the infected persons interact with 
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non-infected persons? When did the patients catch the infection? What is the state of the infected 
patient? In this case, multivariable data and spatio-temporal data are two key points and they should 
be explored at the same time. Common existing visualizations for spatio-temporal data are maps, and 
for multivariable data are other graphics, but they are seldom integrated.  
 
The Space-Time-Cube has the ability to explore spatio-temporal data sets. Temporal variables can be 
represented along the Z axis and either the time point or the continued duration can be represented. X 
and Y axis can be used to represent spatial data. Therefore an emphasis is placed on spatial and 
temporal relationships. The Space-Time-Cube is used in this research to represent spatio-temporal 
data. Further, existing graphics are used to visualize the multivariable data. Which graphics can be 
combined with the Space-Time-Cube? What questions about multivariable data can be answered with 
the combination? Based on this reference, cartographic concepts of classification and colour theory 
also can be integrated into the design of the representation. At the same time, the success of direct-
manipulation interfaces is indicative of the power of using computers in a more visual or graphic 
manner and some suitable task tools (interactive tool) can be combined with the models. 
 
On the basis of descriptions above, the overall objective of this research is: (see figure 1) 
 

���������	�
���� ���������
����������������������������	�
��

�	��������������������������	������� 	�����������

 

 
Figure 1 Problem definition in this research 
 

1.3. Research questions 

The questions that this research, given the above problem definition, will attempt to answer are the 
following: 

1. What are the advantages and the disadvantages of Space-Time-Cube? 
2. Which multivariable graphics can deal with time issues? And what are the advantages and the 

disadvantages of different graphics? 
3. Can those multivariable graphics be combined with Space-Time-Cube, and if yes, how? 
4. What should the prototypes interface look like?  

� Which tasks to execute? 
� What functions should be available to execute task? 
� What is the interface of the prototypes  
� How to implement the prototype? 

5. Does the prototype work? 
 

�����������	
��

����	����	�����

����������������

Space-Time-Cube 

Multivariable Graphic 
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1.4. Methodologies 

Based on the research questions the methodologies of my research are the following: 
1. Carry out a literature review on: 

� The concepts and the models of spatio-temporal data 
� The concepts and the models of multivariable data 
� The concepts and the models of multivariable spatio-temporal data 
� The existing visualization methods for spatio-temporal data 
� Space-Time-Cube 
� The existing visualization methods for multivariable data 
� The interactive tools in existing GIS software 

2. Analyze and compare existing methods of visualization and consider which method can be 
combined with Space-Time-Cube, and how? 

3. Design prototype.  
4. Having identified suitable techniques based on the prototype design and task design, selects a 

suitable information visualization system or language to develop the prototype. Pre-process 
the data, and design the database and arrange the data. Develop the prototype, using case 
study realization. 

5. Design evaluation questions, and evaluate the usability of the prototype.   
6. Discuss the results and observations, and derive conclusions and recommendations. 

 

1.5. Thesis structure 

Based on the methodology outlined above, the following chapter (2) shall report on the study of 
existing research about the multivariable spatio-temporal data and visualization solution for these 
data. The advantages and the disadvantages of these solutions will be discussed based on the 
literature. 
 
The subsequent chapter (chapter 3) shall detect the potential of these solutions to combine Space-
Time-Cube, and the new prototypes will be introduced and explained. Furthermore, the study will 
investigate which questions related to multivariable spatio-temporal data can be answered with the 
prototypes. What are the environments and functions which will be included in the prototypes? 
 
Chapter 4 will report on the development of the prototypes. It includes the database design, software 
and language identified, and case study results. 
 
Chapter 5 will give an account of the final stage of the evaluation project for prototypes. It includes 
the evaluation question, evaluation method and evaluation result. 
 
The conclusions of the study will be given in Chapter 6, together with the recommendations and the 
further work. 
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What  

Where 

When 

2. State-of-the-art in multivarable 
spatio-temporal data visualization 

2.1. Introduction 

Once the problem has been identified, the most logical step to follow is to collect and study the 
existing concepts, and solutions for the problem. There are three key words in problem definition: 
multivariable spatio-temporal data, visualization for spatio-temporal data and visualization for 
multivariable data. The following content will discuss the basic concepts and existing solutions about 
these key words.   
 

2.2. Multivariable spatio-temporal data 

2.2.1. Spatio-temporal data 

Spatio-temporal data exists everywhere. Peuquet (1994) specifically distinguishes three components 
in spatio-temporal data: space (where), objects (what) and time (when).  This concept becomes an 
important basic issue in the research field of spatio-temporal data because most of the problems can 
be described on the basis of these three components and the relations between them. (See figure 2) 
Accordingly, three basic kinds of questions are possible (Kraak, 2003): 

� When+where�what: Describe the objects or a set of objects that exist at a given 
location or a set of locations at a given time or set of times. 

� When+what�where: Describe the location or a set of locations occupied by a given 
object or a set of objects at a given time or a set of times. 

� Where+what�when: Describe the times or sets of times that a given object or a set of 
objects occupied a given location or set of locations. 

 
 
 
 
 
 
 
 
 
Figure 2 Concept of spatio-temporal data after Peuquet  
 
In relation to time an important notion comes from Andrienko, Andrienko (2003). They classified 
spatio-temporal data according to the kind of changes occurring over time: 

1. Existential changes: appearance and disappearance. 
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2. Changes of spatial properties: location, shape and/or size, orientation, altitude, height 
gradient and volume. 

3. Changes of thematic properties expressed through values of attributes: qualitative 
changes and changes of ordinal or numeric characteristics (increase and decrease). 

They use the term “events” to denote spatial objects undergoing changes. They distinguish momentary 
and durable events based on different time scale.  
 
The above classification deserves mentioning because detecting and discovering “changes” is the 
biggest challenge when spatio-temporal data is studied. The reason why we study spatio-temporal data 
is to discover change, accordingly detect regularities or irregularities, forecast trends of development, 
and make decisions.  
 
The concepts coming from Peuquet (1994) are related to the Andrienko, Andrienko (2003). For 
example, in researching disasters, the most important question is what has happened during the 
disaster. It can be formulized as the existential change: when does the disaster exist in certain location 
(where+what�when)? Or change of spatial properties: what is the area of disaster at certain time 
(when+what�where)? However, how about the change of thematic properties? How to use the three 
components to denote the third change: changes of thematic properties expressed through values of 
attributes? It will be discussed in the next section (2.2.2 multivariable data) 
 

2.2.2. Multivariable data 

By nature, data collection is composed of many attributes. These attributes are used to describe the 
characteristics of the objects. In fact, any object has multi-characteristics, and these multi-
characteristics are used to identify the object. These attribute are called multivariable data. 
Multivariable data sets can be any data sets with two or more variables which are associated to each 
data point (Numerics 2002).   
 
As mentioned before, Peuquet (1994) distinguishes three components in spatio-temporal data: 
“where”, “when” and “what”. In fact, the “what” component not only indicates the object itself, but 
also includes the many important characteristics of the object, and these characteristics are 
describable as multivariable (see figure 3). At the same time, not only spatial variable changes with 
time, but also this multivariable does. For example: a person exists in some location (where) at a 
certain time (when), and at the same time he (or she) has also some characteristics; such as sex, age, 
nation and occupation, body temperature etc. Some of the characteristics do not change, such as sex, 
but some of them do over the time, such as age, body temperature. Some of the characteristics change 
sometimes, and sometimes not. Some of characteristics change with only time and some of them 
change with both time and space. They are so complex that it is difficult to describe all changes. 
However, there is a simple rule for representation. One object, at a certain time point exists at a 
certain location, and in a certain situation which is collection of thematic attributes for an object. In 
other words, under a certain value of the time, all the multivariable of the object has certain values. 
Using a formula, it can be represented as A(t) (x, y, z) (a1, a2….an). The “A” identifies the object; (t) 
is the temporal variable, the (x, y, z) is the spatial variables and the (a1, a2….an) is the multivariable. 
It is easy to represent the formula within a database where each record is used to represent one state 
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(certain value for all variables) of one object at a certain time. All the changes can be revealed by the 
changes of the values of the variables. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Extend of Peuquet’s concept as give in figure 2   
 
To identify the multivariable change, one new component should be separated from the “what” 
component. Different with the Peuquet (1994) three component model, I distinguish “how” 
component from “what” component to describe the characteristics of the object. The “what” 
component only is the object identity. Accordingly, three basic kinds of questions, which were 
mentioned before, change to: 

• What + when + where�how 
• How + when + where�what 
• Where + what + how�when 
• What + when + how �where 

 
Figure 4-a shows a simple representation of multivariable spatio-temporal data questions based on the 
four components which mentioned before. Each vertex of pyramid indicates one component of 
multivariable spatio-temporal data. And all the questions about multivariable spatio-temporal data can 
be represented in this representation as starting from one, two of three vertexes which are represented 
as green point, the arrows indicate direction of the question, and the red vertexes are the answers 
which are wanted. For example, figure 4-b shows “how�where+when+what” question.  
 
 
 
 
 
 
 
 
 
 
Figure 4 A simple representations of multivariable spatio-temporal questions based on “what”, “when”, 
where” and “how” 

How Where 

What 

Whe

How Where 

What 

Whe

(a) (b) 
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The simplest multivariable spatio-temporal questions are: 
• How�where+when+what 
• What�where+when+how 
• Where�what+when+how 
• When�where+what+how 

 
Any complex multivariable spatio-temporal questions can be answered based on above simple 
questions, so the above four questions forms the foundations of my research.  The existing 
visualization solutions will be analysed based on these questions. The visualization models developed 
in this research will be able to answer all of them and they are also used as the standards to evaluate 
the model. 
 

2.3. Visualization solutions 

2.3.1. Existing visualization for spatio-temporal data 

Current software tools for visualization of spatio-temporal data, utilize the opportunities provided by 
modern computer technologies and incorporate the legacy from conventional cartography (Andrienko, 
Andrienko et al. 2003). In this part, three cartographic depiction modes will be discussed, and the 
Space-Time-Cube will be analysed and discussed. 
 

2.3.1.1. Cartographic depiction modes 

The exists abundant literature discussing spatio-temporal data (Andrienko, Andrienko et al. 2003). 
Most of it is based on three cartographic depiction modes: single static map, multiple static maps and 
animation map (Kraak 1996).  
 
This single static map has specific graphic variables and symbols which are used to show change in 
order to represent an event (Kraak 1996) . Figure 5 and figure 6 show two examples of single static 
maps. Figure 5 is designed by Charles Joseph Minard. The combination of map and time series shows 
the losses suffered during the Napoleon's Russian campaign of 1812.  Figure 6 shows the expansion of 
Enschede city in the Netherlands.  
 

Figure 5 Napoleon's Russian campaign of 1812 (copy for http://www.itc.nl/PERSONAL/KRAAK/) 
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Figure 6 Sample of static map: area increase of Enschede city (copy from lecture handout of Blok, 2004) 
 
Single static map is the simplest visualization solution for spatio-temporal data. It is easy to 
understand. However it is difficult to represent complex changes, for example, on the map in figure 6, 
has overlaps of the coverage of the city boundaries over different years. Therefore, the non-city 
location at after years will be overlapped by the city scope at before years. Furthermore, it discredited 
the continuous time into some time points. It deviated from the continuous characteristic of natural 
spatio-temporal data. Only simple spatio-temporal data can be represented. 
 
Series of static maps could be put alongside in order to represent the temporal sequence by a spatial 
sequence (Kraak 1996) (figure7). It represents the entire situation at certain time without overlap, and 
it is advantageous to find the difference between any two time points of interest. However, it is also a 
discrete representation and the number of images is limited, so it is difficult to deal with long series. 

 
Figure 7 Sample of series map of static: area increase of Enschede city (copy from lecture handout of Blok 
2004) 
 

Animation map looks like a perfect mode to visualize spatio-temporal data. It can stimulate the viewer 
to discover changes (Kraak 1996). The static maps about Napoleon's Russian campaign and the area 
increase of Enschede city are created using animated maps. See the demo at http://www-
2.cs.cmu.edu/Groups/sage/animations/ and http://www.itc.nl/personal/kraak/ . Cartographers have 
been tempted by animation ever since the sixties (Kraak 1997). However, the first period only allowed 
for the non digital cartoon approach (Thrower 1961; Cornell 1966; Tobler 1970). During the eighties 
technological development gave a second impulse to cartographic animation (Mounsey 1982; 
Moellering 1980). Currently, map animation is a popular research topic in our geographic world due 
to the powerful support by the development of GIS-environment. Supported by software, it is not 
difficult to create animation map anymore. For example, in ArcScene, the Animation Manager allows 
you to access properties of key frames and tracks. In addition, you can access timing properties and 



NEW METHODS OF VISUALIZATION OF MULTIVARIABLE SPATIO-TEMPORAL DATA 

10 

preview your animation. You can manipulate these properties, and then see the result using the Time 
View preview. With animation map, users can catch the change of the object easily, and give a deep 
impression. A user can control the speed of the animation, and “stop” at the slide, in which he/she is 
interested, and zoom in and get more detailed information. However, it is also easy for the viewer to 
neglect the actual time point that the change happened, and the user can not fix attention on many 
things. It is easy to stimulate the viewer to discover the changes only on a consequent way, but 
difficult for viewer to compare two time points which are far apart, unless you extend the functions to 
interact with data (Blok, 2005). 
 

2.3.1.2. Space-Time-Cube 

The Space-Time-Cube is the most prominent element in Hagerstrand’s space-time model (Kraak 
2003). The space-time model which included features such as a Space-Time-Path, and a Space-Time-
Prism is introduced by Hagerstrand at the end of the sixties, and this model is often seen as the start of 
the time-geography studies and it arouse a clear concept innovation in 1970. Hager strand’s (1970) 
approach joins space and time in a reference system for phenomena (Hedley 1999). As Hagerstrand 
said: “We need to understand better what it means for a location to have not only space coordinates 
but also time coordinates.” 
 

� Basic concept of Space-Time-Cube 
The Space-Time-Cube combines time and space in a natural way: time can be represented as 
continuous or discrete. The units along the Z-axis can be years, days, hours etc. The X and Y axis 
indicate the 2D space (see figure 8). The maps about Napoleon's Russian campaign can also be 
represented by Space-Time-Cube, see figure 9. The Space-Time-Cube concept sees both space and 
time as inseparable (Kraak 2003), and can answer the elementary questions:  “where?” (x, y),  
“when?”(z) and “what” (the object). The classical study of Space-Time-Cube is the behaviour of 
human individuals. The position of a person in Space-Time-Cube is a point. It means that at one time 
point (t0) an object exists in one position (graphic property). So a person, in his daily life, follows a 
trajectory through space and time. In a natural way, the trajectory is displayed in a Space-Time-Cube 
by a line, better known as Space-Time-Path (STP). It is possible to find out: 

o Where the object is at the certain time? 
o When the object is in the certain place? 
o Who is in the certain place at the certain time etc?  
o When and where does a person meet another (the point of intersection of two 

trajectory in time-space-cube)? 
o Where are too many people at one time (too many point of intersection happen in one 

place at same Z)? And the slope of the line can indicate the speed of the object?  
 
At the same time, some constraints influence the STP, such as capability constraints (for instance 
mode of transport and need for sleep) coupling constraints (for instance being at work or at the sports 
club) and authority constraints (for instance accessibility of building or parks in space and time). The 
vertical lines indicate a stay at the particular location called station, and it is equal to no-movement, 
but this no-movement is not absolute, since it is scale dependent. The non-vertical lines indicate 
movements. The Space-Time Path can be projected on a map, resulting in the path’s footprint. 
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Another important time-geography concept is the Space-Time-Prism. The widest extent is called 
Potential Path Space (PPS) and the footprint is called Potential Path Area (PPA).  
 
 

 
Figure 8  Space-Time-Cube model (copy from lecture handout of Kraak (2003) in ITC) 
Figure 9 Napoleon's Russian campaign in Space-Time-Cube (copy from lecture handout of Kraak 2003 in 
ITC) 
 
The concepts that are mentioned above are the classic concepts of time-geography. Throughout the 
years, this model has been applied and improved to understand our movements through space. 
Nowadays, stimulated by technological developments around mobile phones, personal digital 
assistance and global positioning devices, geographers meet new opportunities to study human 
behaviour and this explains the revival in the interest in Hagerstrand’s time geography (Hedley 1999). 
Software can automatically create cubes from databases and geo-visualization provides more powerful 
development of pace for Space-Time-Cube to represent and explore more complicated data. 
 

� The geo-visualization environment for Space-Time-Cube  
Hedley (1999) mentioned that some conceptual frameworks must await the arrival of tools that can 
operationalize the elegance and sophistication they embody. The new chance for Space-Time-Cube 
appears during the last decade. GIS offers researches access to large and powerful sets of 
computerized tools such as spreadsheets, database and graphic tools to support their investigations 
(Kraak 2003). At the same time, there is also a clear need for the capability since the size and 
complexity of available spatio-temporal data pose a challenge as to how the data can be transformed 
into information and ultimately into knowledge. From these two points: GIS tools and the demands of 
changing data to information by user, a possible geo-visualization environment will be studied in this 
work. 
 
A lot of researches have been done: Kraak (2003) discussed the option to visually deal with the 
concepts of the Space-Time-Cube based on the opportunities offered by geo-visualization. Hedley  
(1999) has proposed Space-Time visualizations as powerful tools for facilitating user access to 
complex spatial databases. Miller (1991; 1999) applied its principles in trying to establish 
accessibility measured in an urban environment. Kwan (1998; 1999) has used it to study accessibility 



NEW METHODS OF VISUALIZATION OF MULTIVARIABLE SPATIO-TEMPORAL DATA 

12 

differences among gender and different ethnic groups. She also started integrating cyberspace into the 
cube. Forer (1998) has developed a interesting data structure based on taxels (‘time volumes’) to 
incorporate in the cube to represent the Space-Time-Prism. 
 
From a visualization point of view the graphics created are often of an ad-hoc nature (Kraak 2003). 
The key words of the geo-visualization environment are interactive, dynamic visualization and 
alternative views. These characteristics can offer the user a full flexibility to view, manipulate data, 
and query data. Interaction is needed because the three-dimension cube has to be manipulated in space 
to find the best possible view (Kraak 2003) i.e. view the cube from different direction, and it should 
be possible to query the cube’s content. Time is always present in the Space-Time-Cube which 
automatically introduce dynamics (See figure 10). Alternative graphics can appear outside the cube 
and are linked and should stimulate thinking new insight and explanations.  
 
Based on the above literature review on STC (Kraak 1999, 2001, 2003; Hedley 1999; MacEachren 
1994 etc.), the following functions are identified to be useful in visualization multivariable spatio-
temporal data in this research:   

� Option to move slider planes along each of axes 
� Highlight a period (location, time) 
� X,Y axes are represented by other variable 
� Link other view with other graphic 
� Drag reference into the cube to measure time or location 
� Switch on or off the footprint or the plane in a certain time  
� Rotating the cube independently, get the different view. 
� Spinning option for automatic rotation 
� Zoom in and zoom out 
� Selection of segments 
� Define query 
� Multimedia combination 

 
These functions will be the options for prototypes that are developed in the research. However, one 
rule must be followed: the functions are all based on the questions: what tasks are expected to be 
executed when working with a Space-Time-Cube. The relation between question and the Space-Time-
Cube will be discussed in the following. 
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   Animation map 
 

 
 
 
 
 
 
 
 
 
 
Figure 10 Animation in Space-Time-Cube 
 

� Relation between Space-Time-Cube and questions based on the model of spatio-
temporal data 

The reason why this topic must be discussed here, because the functions are all based on the notions: 
what questions are expected to be answered when working with a Space-Time-Cube? (See figure 11). 
After analysing the questions about spatio-temporal data and the kind of questions that can be 
answered with the Space-Time-Cube, further study is on the possibility of the Space-Time-Cube to 
visualize multivariable spatio-temporal data.  
 
 
 
 
 
 
Figure 11 Design the Function Based on question 
 
As mentioned before, most of questions about spatio-temporal data can be described through the 
elementary model of spatio-temporal data that come from Peuquet (1994) (see figure 2). Figure 3 
extended of Peuquet’s Concept to describe multivariable spatio-temporal data as “what”, “when”, 
“where” and “how”. This section will analyze the questions about spatio-temporal data by these three 
elements at first. Furthermore the potential solution in Space-Time-Cube to represent multivariable 
spatio-temporal data will be discussed. 
 
 
 
 
 
 
 
 
 
 
 
Figure 12 The corresponding relationship between Space-Time-Cube and three components concept from 
Peuquet (1994)  
 

What  

Where 

When 

Form Concretion Base on Question Tasks Function Environment 
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In a Space-Time-Cube, the Z axis answers “when” always, the object in the Space-Time-Cube 
indicates “what”, and X,Y forms the 2-dimension space which indicates “where” (see figure 12). 
Corresponingly, the problems about spatio-temproal data can be dealt with as follows: 
 

� When+what�where 
The question is where the object at a certain time point is. This question can be represented in the 
Space-Time-Cube as:  what is the value of (x, y) at a certain time (the black line in figure13 shows the 
processes for this question). The corresponding process in the environment of Space-Time-Cube can 
be: move the mouse over the trajectory of the object, its corresponding time value will be shown at Z 
axis, and then stop and click at the desired time point, the corresponding location of point will be 
shown both at 2D and 3D views, and the X and Y coordinate value will be shown in 2D map. The 3D 
view can help the user visualizing the relationship between the time and space. At the same time, 2D 
view helps the user in orientation and navigation because 2D map is the familiar way for people to 
obtain the geo-information. 
 
 
 
 
 
 
 
 
 
 
 
Figure 13 “When+what����where” (the black line) and where+what����when (the red line) in Space-Time-
Cube 
 

� Where+what�when 
The question is about when an object is at a certain place. The question can be represented as what 
time the object in the cube is at a certain place (see figure 13, the red line indicate the process). The 
correspond process in the environment of Space-Time-Cube can be: move the mouse over the 
trajectory of the object, the corresponding x, y value will be shown both at 2D and 3D view, stop and 
click at the desired place, the corresponding time point value will be shown at Z axis. 
 

� When+where�what 
The question is about what exists at a certain place at a certain time point, or what takes place at a 
certain place at a certain time point. The corresponding function can be query (T1=08:00, 
Space1=(X1, Y1), object1_id=?). Then the object or event is highlighted in cube. 
 

� Where�when+what 
The question is about at a certain location, what happened with the time. This location in cube base 
can be area or point. The function can be that selecting the area or the point in cube base, the 
information about it through time will be shown in a table. Especially, if it is an area, the different 
view from the bottom to top, the change information about the area will be shown. The classic 

X0 

Y0 

X0 

T0 
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example is the enlarging of a city. In figure 14, the red line indicates the location of interest. The blue 
and the green lines indicate the trajectory of objects. Through defining the interested location (the red 
line), the intersection points are the result and the object and time which identify the intersection will 
be shown in table. (see the figure 14) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14 What did appear at the certain location 
 

� When�where+what 
The question is about what the situation at certain moment is.  The process can be: click a time point 
which is wanted, then the plane at that certain time will be shown in 2D view. At the same time the 
plane can be animated to fly through the Space-Time-Cube and unwrap it in the 2D view. This help 
users to get sense about where each view comes from, what the relation between 3D and 2D is (see 
figure15). 
 
 
 
 
 
 
 
 
 
 
 
Figure 15 What is the location of the objects at a certain time (extract a time plane in Space-Time-Cube) 
 

� What�when+where 
The question is about what the change of an object is at both time and space scope. The function 
about it can be: click the object of interest in the cube, only the trajectory which is chosen is 
highlighted or is shown in another Space-Time-Cube. At the same time, all the information about this 
object is shown in table views.  
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As mentioned before, another important concept about spatio-temporal data comes from Andrienko, 
Andrienko (2003). They classified spatio-temporal data according to the kind of changes occurring 
over time, the corresponding view in Space-Time-Cube will be discussed in more detail: 
 

� Existential changes: appearance and disappearance. 
The Existential changes can be represented by the three components as where+when�what. In 
Space-Time-Cube, the existential changes are show at the start and stop point of trajectory. The 
typical example is archaeology which is discussed by Kraak (2004) . The location of a find will be 
presented be a vertical line, so the duration, start point and end point of this find are shown clearly in 
Space-Time-Cube.  
 

� Changes of spatial properties: location, shape and/or size, orientation, altitude, height gradient 
and volume. 

This kind of change can be represented by the three components as what�where+when. In Space-
Time-Cube this kind of changes can be shown perfectly, because this change base on time and space, 
and the Space-Time-Cube is combination of space and time just. However, the height gradient and 
volume can not be shown due to the third dimension representing the time.  
 

� Changes of thematic properties expressed through values of attributes: qualitative changes 
and changes of ordinal or numeric characteristics (increase and decrease). 

This change related to the “when+where�what” which is mentioned before, but in this case, not only 
the object itself, but also the characteristics of this object are considered. Some solutions are 
discussed base on Space-Time-Cube. 

o Colour (hue and value) can represent characteristic of the object, but the value of this 
characteristic should be nominal, ordinal measurement scale.  

o Size can be used to represent ratio or interval data in Space-Time-Cube, for example, 
in PPS (Potential Path Space), the thickness of the line can represent the load factor 
of the person. 

o Sound can supply information of one variable about the object. The mouse click the 
object in Space-Time-Cube, the voice which is defined before and represents 
corresponding value of the certain variable of the object at that time will ring. 

o Interactive visual environment will be proposed with an emphasis on alternative 
graphic that are connected the cube via multiple link views. It includes almost all 
function which is provided by geo-visualization, such as X, Y be represented by other 
variable, link the view with other graphic etc. It will be discussed again later. 

o Chernoff face is a visualization solution for multivariable data will be discussed in 
section2.3.2.3. It is uses the feature of a human face to show different variables. It is 
good at giving an impression about the state of the object, especially the state of a 
person because the expression is a gift to human being and is familiar to people. The 
position of the faces can show the state of the multivariable belonging to whom (the 
trajectory of object) or where. In the Space-Time-Cube, an object is a point at a time 
and the position of the point indicates the geo-location of the object. As mentioned 
before, a simple rule, which is used to represent multivariable spatio-temporal data, is 
that at a particular time, an object exists at one location with a state. Based on this 
rule, a face is put at a point which indicates the corresponding time and geo-location 



NEW METHODS OF VISUALIZATION OF MULTIVARIABLE SPATIO-TEMPORAL DATA 

17 

t 

X 

Y 

variables. It is impossible to put a face on each point of the trajectory. Once the state 
changes, a new face which represents the current state of the object is put on the point 
on the corresponding position. In this way, the change is highlighted and easy to 
discover. The line segments which have no face on it represent the duration which 
maintain the last state. Figure 16 shows an example of using Chernoff face in Space-
Time-Cube. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16 Chernoff face in Space-Time-Cube 
 

� Advantages of Space-Time-Cube 
Space-Time-Cube provides the following advantage for representation spatio-temporal data. 

o Space-Time-Cube is a natural combination of time and space (they are inseparable). 
The relation between time and space can be viewed all the time. All the basic 
questions about Spatio-temporal data can be addressed in Space-Time-Cube. 

o It is good at studying individual movement or change with time, and it gives a direct 
view about the speed of object, the trajectory of object and the geographic 
characteristic of movement. 

o The time scale exists all the time, time is emphasized, and both continuous and 
discrete time can be represented. At the same time it is possible that different time 
variables exist and one should be selected by the user. For instance time could be 
given in years but also according particular history events like the reign of an 
administration. 

o Because the Space-Time-Cube provides an integration view for spatio-temporal data, 
it is a good interface to explore the geo-spatial data (Kraak 2003). 

 
� Disadvantages of Space-Time-Cube 

o In Space-Time-Cube, using existing method, it is difficult to represent multivariable 
data with time. As mentioned before, only five items can be used to represent the 
variables. It is difficult to crush this limitation for original Space-Time-Cube.  
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o When using the Space-Time-Cube to represent multivariable spatio-temporal data 
with colour, sound etc, only nominal data can be represented. It is difficult to 
represent higher level information. 

o The height and gradient of 3D object are difficult to represent in Space-Time-Cube 
 

2.3.2. Visualization for multivariable data 

An object is multivariable by nature, because an object always exists with a lot of characteristics.  
Research on the changes of these characteristics is very important, because accumulation of the 
changes in quantity leads to a change in quality. How can people get the detailed information about 
object changes and the kind of characteristics that influence the object? What are the relationships 
among these characteristics of an object? How do these characteristics interact?  
 
New technology and methodology offer more options to study the characteristics of objects, for 
example: database, geo-visualization, computer display etc. In database, these characteristics can be 
represented as multivariable or multi-attribute data. The reason why people study these multivariable 
data is to find valuable information hidden in the data. Visualization is an effective tool to reveal 
pattens and trends. Visualization supplies a visible view to people who study these multivariable data. 
Consequently, they may get information in which they are interested. Graphics are introduced to study 
multi-variable.  There are all kinds of graphic options, and the following gives a summary of these 
graphics, which are current classic and popular ones, in four aspects, basic concepts, temporal 
components, advantages, and disadvantages. 
 

2.3.2.1. Simple graphs  

Simple graphs are the most popular tool to support the data visualization. Most people are familiar 
with simple graphs such as bar chart, pie char, and x-y plots. They are intuitive and easy to use.  
 

� Temporal component  
However, for the simplest graphs, there is no effective method to deal with multivariable data and 
with the time issue. The common way is to use more graphs. Some simple graphs are used to represent 
time, for example, bar chart which uses x-axis to represents time, y-axis to indicate value of a certain 
attribute, but it is difficult to represent the relation between variables with time. 
 

� Advantages 
o It is simple and easy to understand, because it is a common representation for people. 
o It can be built easily with popular software. 

 
� Disadvantages 

o Show highly aggregated data and actually present only a very small number of data 
values (as in the case of bar charts or pie charts) 

o Have a high degree of overlap which may occlude a significant portion of the data 
values (as in the case of X-Y plots) 

o It is limited to represent the relationships between different attributes (as in the case 
of bar charts) (Keim 2002) 
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� What can be done further 

For an analysis of large volumes of multivariable spatio-temporal data, what is needed is to present an 
overview of the data but at the same time show the detailed information for each data item (Keim 
2002). Simple graphics are easy to link to the Space-Time-Cube, so the overview of the data is 
presented in Space-Time-Cube, and the detailed information is shown in simple graphics. At the same 
time, the graphic can change with the slider of z-axes (time) of Space-Time-Cube, and then a dynamic 
link will be built. 

 

2.3.2.2. Parallel Coordinates Plots (PCP) 

Parallel Coordinates Plots (PCP) (Inselberg 1985) are effective to deal with multivariable data. The 
observation are represented on a PCP as series of line segments, passing through parallel axes, each of 
which represents a different variable. Each line passes through an axis at a location that indicates the 
observation’s value relative to all other values. The ends of the axis represent the maximum and 
minimum values of the axis variable for all observations under consideration. The result is a 
multivariate signature for each observation, and a visual representation of relationships among many 
variables (figure 17).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17 Parallel Coordinates plot 
 
This is the basic concept of static PCP; however a dynamic, interactive and customized version of the 
PCP is well suited for the type of expert-driven detective work necessary for the exploration of large 
spatial and spatiotemporal database. This technology in geo-visualization is characteristicized by 
highly interactive representations designed for use by individuals, expert in the understanding of the 
mapped phenomenon, for exploratory analysis purposes (Edsall 2003).  
 
For example, the interactive environment allow user to assign a variable to any axis, so user can 
change the order of the axis which represent the interesting variables (Brodbeck 2003). Focusing in 
the PCP removes the lines of all other observation from display to reduce the visual clutter and draws 
the focused observation as highlighted line. It can be used to deal with the problem of line density in 
the PCP. And the EDA (exploratory data analysis) concept of brushing can be used also. Brushing 
consists of highlighting a group of data observations by some method of selection; in a PCP, multiple 
line segments may be selected simultaneously by click-dragging a box around the bundle. 
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� Temporal component 

There are three methods to represent the time dimension in PCP. First, a single axis can serve as a 
time axis because time is at least an ordinal-level variable. Minimum and maximum attribute values 
are plotted individually along each axis. Second, again time is plotted as parallel axes, but the values 
along each axis are standardized. This variation is required to visualize temporal trend, as long as the 
scales from axis to axis remains the same (figure18 (Edsall 2003)). It is to say that the maximum and 
minimum values of the entire time series would define the ends of the axes that represent the 
variables. The last methods, assign each polyline which represents one object to a specific object at 
the specific time. For example, if states of one object at 5 time point should be represented, then the 
object will be represented as 5 lines instead of one line. If you want to view M objects at n time 
points, there will be M*n polylines be showed in the PCP. However it is difficult to identify which 
lines indicated the same object and too many polyline will be shown. 

 
Figure 18 Typical axis value designation hides temporal trends (left). Axis values that are consistent across 
time axes reveal temporal features (e.g., most observations reach their minimum temperature at 6:00 am 
right).  
 
In fact, the first and the second methods mentioned before are based on the same concept: it uses 
different axes indicate the different time points. Two problems appear, first, the time is continuous, 
but the representation is discrete. There will be too many axes if you want to represent multivariable 
at many time points. Second, the relation between variables with time cannot be represented. The 
standard PCP uses different axes to represent multivariables. For time issue, the axes are used to 
represent different time point. If there are disadvantages when you combine them in parallel direction, 
why not combine them in vertical direction in a 3D model. This will be further discussed in chapter 3.  
 

� Advantages 
o PCP is not only useful but also necessary when the data sets are large and 

multivariable 
o The relationships among variables can be shown clearly 
o When the data sets are completely unknown and unrecognizable, the patterns of 

interest can be extracted without the aid of computational algorithms. 
o Any number of the variables can be represented in PCP. 

 
� Disadvantages: 
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o The sheer number of observations and variables in a large (geo-graphic) database 
quickly overloads the representation to the point where very little information can be 
perceived and extracted. This can be dealt with by interactive, dynamic PCP partly. 

o The order in which the axes are linked up clearly influences the amount and quality of 
the insight gained from the representation(Keim 2002). It is to say that the 
relationships among a small number of variables would be difficult to discern if those 
variables were distant from one another on the representation, this can be overcome 
by interactive PCP. 

o It is necessary to reduce position in space to one dimension. Use one axis to represent 
one location by name, or use two axes to represent the X, Y. However, it is difficult to 
give the feeling about the relative position. 

o It is difficult to represent the relationship of these variables with time.  
 

2.3.2.3. Chernoff face 

Chernoff face is designed by Chernoff in 1973 (see figure 19). He used all the features in the face, 
such as eye brow, eyes, nose, mouth, and the shape of the face, to indicate different variables.  
Because all of the features in face can form different expressions which are very familiar to people, a 
very intuitive feeling emerges. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 19 Chernoff face graphic (Copy from the lecture handout of Kraak 2003 in ITC)  
Figure 20 Circle view (copy from Keim, 2003) 

 
 
� Temporal component 

Because no features on face are adaptive to represent time, the only way is to show the change of the 
face with time by animation. Series of faces in one location indicate different state of the object at 
different time. Because it is easy to feel the change of expression, the dynamic is a good way to 
indicate the changes. 
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� Advantage 
o It gives a person a very intuitive feeling at once. It is good at presenting the variables. 
o It is adaptive to represent the like/dislike, health situation, costing situation, and 

income situation, because the expression indicate these situation in a nature way. 
 

� Disadvantage 
o Due to the limited the number of features on the face, only a few variables can be 

represented. 
o Only probable feeling can be shown, detailed information such as numbers can not be 

indicated. 
 

2.3.2.4. Circle View 

The basic idea of circle view display is to divide a circle into a number of segments (see figure 20) , 
depending on the number of dimensions of the data set (the number of variables). Each segment is 
then divided in sub-segments in order to visualize the distribution and changes of the time dependent 
data. Time is represented as the radius from the centre of a circle to the edge of the circle. The colour 
of each sub-area shows the value of an attribute at a certain point in time. 
 

� Temporal component 
Circle View display provides more space for the time slots of actual time events, see figure 22 for an 
illustration of this idea. One can easily see, that the actual time event is t9 the oldest time event is t0. 
The length of the corresponding time slot, defined by the start radius and the end radius depends on 
the priority of the events in time (Keim 2003). 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 21 Time reference in circle view (copy from Keim 2003) 
 

� Advantage 
o It is useful to visualize correlations in the data and compare different attributes at a 

certain point in time. 
o It is can visualize the multivariable temporal data. 
o It is good to identify patterns, exceptions and similarities in the data. 
o It is easy to understand. 
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� Disadvantage 
o Each circle indicates one object, so more objects need more circles to represent. Then 

the relations between different objects with time are difficult to view. 
o Colour is used to represent the value of the object in certain attributes. If the range of 

the value in different attributes is different, it is meaningless to show the values in 
different variables. At the same time, certain values (interval or ratio data) are 
difficult to represent. 

 

2.3.2.5. PBC (Pixel bar charts) 

The basic idea of PBC is to use the intuitive and widely used presentation paradigm of bar charts, but 
also to use the available screen space to present more detailed information.  By colouring the pixels 
with the bars according to the values of the data records, very large amounts of data can be presented 
to the user. To make the display more meaningful, two parameters of data records are used to impose 
an ordering on the pixels in the x- and y- directions. Pixel bar charts can be seen as a generalization of 
bar charts visualization. They combine the general idea of x-y plots and bar chart to allow an overlap-
free, non-aggregated display of multi-attribute data. Figure 23 shows an example of PBC. 

 

� Temporal component 
For a general definition of pixel bar charts, one need to specify the dividing attributes, the order and 
colour of attributes. The most potential attributes to indicate the time is use it as dividing attributes, 
for example, X-(see figure 22-b).  In this case, PBC visualizes each data item without aggregation and 
allows the ordering of the data items belonging to more than one attribute. 

 
 
Figure 22 Pixel bar charts 
 
Another potential way is series PBC, and each PBC indicates the situation in one time point.  These 
series PBC can form dynamic view, of are combined together. Space-Time-Cube can combine them, 
but because the cube is 3D object, the pixel within the cube is not easy to view because it impossible 
to view the core of solid cube. 

 
� Advantage 

o PBC can focus on certain attribute range, and identify the distribution of attribute 
values of specific subsets of the data. 

o Show patterns, correlations an trends between small subsets of the data. 

(a) (b) 
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o Allow user to access detailed information, e.g. about single customers. 
 

� Disadvantage 
o It is difficult for common people to understand. 
o For generating the PBC visualizations, one has to solve a complex optimization 

problem. 
o It is difficult to represent time issue. 
 

2.4. Summary 

Designers are discovering how to use rapid and high-resolution colour displays to present and 
manipulate large amounts of information in compact and user-controlled ways (Plaisant 2004). Not 
only all kinds of old graphic models get a new development room: the geo-visualization environment, 
but also new models for data visualization are powerful supported by a geo-visualization environment. 
However, existing visualization methods for spatio-temporal data and multivariable data, can 
sometime not represent the multivariable spatio-temporal data. However, there exists a potential 
chance to combine the graphic with the Space-Time-Cube to visualize multivariable spatio-temporal 
data. 
 
Based on the discussion before, the PCP is the most potential method to combine with Space-Time-
Cube. The PCP is 2D graph and the Space-Time-Cube is 3D, but the third dimension is defined as 
time reference always. The other two dimensions in 3D can be changed to PCP graphic. Both the 
multivariable and time of object can be represented.  This geo-visualization tool can be used to give 
clearer view on the hierarchy between data. Second, the option for X and Y axes of 3D graphic may 
provide more interactive function for user to make they interested. These will be further discussed in 
next chapter. 
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3. Models design 

3.1. Introduction  

As described in chapter two in this research, multivariable spatio-temporal data is used to describe the 
characteristics. Based on the model of Peuquet (1994), four components are distinguished in 
multivariable spatio-temporal data: space (where), objects (what), time (when) and multivariable (how) 
in this research (see figure 3 and 4). The questions mentioned in last chapter, are used as the starting 
point to study existing visualization solutions and will be the key factor to design the models 
described in this chapter. As mentioned in section 2.3, the existing visualization solutions are good at 
representing either spatio-temporal data or multivariable data, but not both together. After analysing 
the potentials of the combination of the Space-Time-Cube and several multivariable graphics, the new 
models: Multivariable-Time-Cube, PCP-Time-Cube, are proposed and designed to visualize the 
multivariable spatio-temporal data in this chapter. 
 

3.2. Multivariable-Time-Cube  

3.2.1. Why Multivariable-Time-Cube 

In chapter 2, the visualization solutions for the changes of attributes value, are discussed briefly, 
colour, size, Chernoff faces and sound can be used to visualize the multivariable changes in the 
Space-Time-Cube. Two problems appeared: the number of the variables that can be represented is 
very limited and the type of the variables should be nominal, e.g. certain values can not be viewed 
clearly. However, geo-visualization offers the possibility to use the concept of the Space-Time-Cube 
to visualize multivariable spatio-temporal data. 
 
The original Space-Time-Cube is used to visualize spatio-temporal data and all the questions on the 
spatio-temporal data can be addressed, except that the “how” question cannot be properly addressed. 
Temporal variable can be represented along the Z-axis because temporal data is one dimension and 
time points or a continuous time can be represented. Another cube that has the same time reference as 
the original Space-Time-Cube: on the Z-axis, but uses X and Y to represent other user-defined 
variables, is introduced to visualize the multivariable data with time. It can be called Multivariable-
Time-Cube. Therefore, an emphasis is placed on spatial, temporal, and attributes relationships, and 
the concept of multivariable spatio-temporal data can be well applied by linking the classical Space-
Time-Cube to another cube or graphic. In other words, based on the model of multivariable spatio-
temporal data, a classical Space-Time-Cube is used to represent “what”, “when” and “where” 
components (the triangle left in figure 23), and the cube can be linked to Multivariable-Time-Cube 
which represent the “how”: multivariables with time (the polygon on the right). Based on this idea, 
several cubes, which are defined by different variables with X and Y axes can be linked to represent 
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multivariable data with time. The cube whose X and Y axes are defined by multivariables called a 
Multivariable-Time-Cube.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23 Multivariable-Time-Cube and multivariable spatio-temporal data model 
 

3.2.2. Multivariable-Time-Cube model 

The classical Space-Time-Cube is the basis and other cubes and graphics are linked by time reference. 
To link these cubes, a synchronism link is needed. As mentioned before, the movement of an object in 
Space-Time-Cube is visualized as a trajectory. In Multivariable-Time-Cube, an object is represented 
also as a trajectory, which indicates the value change of the variables which are defined on the X and 
Y axes, and the slope of the trajectory indicates the speed of the change. In Space-Time-Cube, at a 
certain time, an object is a point which indicates the position according the geo-space reference and 
time reference. Similarly, at a certain time, the object is also a point in Multivariable-Time-Cubes, and 
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the position of this point indicates the value of the object for the two variables which are defined at 
that time. It should be mentioned that, in Space-Time-Cube the X and Y axes form a continuous space, 
and the X, Y variables are inseparable. However, in Multivariable-Time-Cube, the X, Y axes can be 
defined as any variable, so the relationship between the two axes may be meaningful or may not, and 
it is user-defined. Figure 24 shows an example of Multivariable-Time-Cube. The yellow cube is a 
Space-Time-Cube, and the green one is a Multivariable-Time-Cube. The red and blue lines indicate 
object, the same colour indicates the same object, and the red vertical strip indicates time synchronism 
reference. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24 Multivariable-Time-Cube model 
 
The result of projecting the trajectory on the bottom in Space-Time-Cube is the footprint of an object 
path (See figure25-a).  However, in Multivariable-Time-Cube, the projection of the trajectory on the 
bottom, side and back surface are also meaningful. The projection on the bottom shows how the 
variables of the object change during the period of the path and the relationship between the two 
variables in two axes. Figure 25-b shows that the projection of the trajectory as a polyline which 
indicates the change of the variables. The polyline is formed by several sections. The slope of the 
sections indicates the decrease or increase of the variables, and the speed of the change can be viewed 
also by the gradient of line in this graphic. A vertical or horizontal section indicates that the variable 
doesn’t change. In addition, sometime the object in Multivariable-Time-Cube is a point and therefore 
a point is also projected on the bottom. The relevant position of the point to the whole polyline 
indicates the state of the object about the two variables at that time. Figure 25-c shows the trajectory 
projection on the left surface, and it indicates how the V1 variable changes with time. The slope of the 
line indicates the speed of the changes, and the red small circle shows the situation of the object about 
V1 at a certain time. Figure 25-d shows the trajectory projection on the back surface and it shows how 
the V2 changes with time. 
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Figure 25 Projection graphic in Space-Time-Cube and Multivariable-Time-Cube 
 
How to use this model to answer the multivariable spatio-temporal data questions? The rest of this 
section discusses how the classical simple questions about multivariable spatio-temporal data, which 
are mentioned in section 2.2.2., are addressed in Multivariable-Time-Cube model and how more 
complex combinations of the simple questions are possible. 
 

3.2.3.  Questions about multivariable spatio-temporal data in the Multivariable-
Time-Cube  

 
 
 

3.2.3.1. When���� where+ what+ how   

 
Using the time as the synchronism link, the question when�what + where +how can be answered. 
After identification of a certain time at the synchronism axis (see the red line between the two cubes 
in fig. 24), the corresponding time planes (the two white horizontal planes infig.24), that identify 
“when”, will be highlighted in the two cubes. The intersection points of the trajectories with the time 
plane in Space-Time-Cube indicate the locations of the objects at certain time and the intersection 
points of trajectories with the time plane in Multivariable-Time-Cube indicate the values of the 
objects for the two variables at the same time. Moving the slide of the synchronism axis results in a 
corresponding time plane that will be highlighted, and the corresponding intersection point will be 
obtained. Furthermore, the point of the projection in a 2D view like the small circles in each 2D graph 
in fig. 25) show the situation and the location of the objects at that time. The information about 
“where” can be viewed at Space-Time-Cube. At the same time, the information about multivariable 
with time can be found in Multivariable-Time-Cube. It is just like: where+what����when����how+what. 
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3.2.3.2. What ���� when+ where+ how 

 
Using the object as the synchronism reference, the question what�where+ when +how can be 
answered. The object in both Space-Time-Cube and in Multivariable-Time-Cube is a trajectory 
(polyline), and the two trajectories, which identified same object, are linked with the synchronism 
axis. When the slide is moved along the synchronism axis, the corresponding polylines in two cubes 
will be highlighted. Another way is choosing the object in Space-Time-Cube or in Multivariable-
Time-Cube; the corresponding object will be highlighted in the other cube at the same time.  
 
 
 

3.2.3.3. Where���� when+ what+ how 

 
Location cannot be found via the synchronism link because “where” only exists in Space-Time-Cube. 
However, this question can be answered by using “when+what” via the synchronism link. It means 
that starting from a location, the question about where�when+what will be answered in Space-Time-
Cube at first, and the corresponding results is sections of trajectory which identify “what+when”. 
Then the “when+what” will be translated to Multivariable-Time-Cube as the synchronism link, and 
the question of “what+when�how” will be answered in Multivariable-Time-Cube. The steps are 
shown as red arrow in Figure 26. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26  The steps of answering the question of where���� when+ what+ how 
 
The detailed implementation is: after a location (a point or area) is identified in 2D map view (the 
reason why choosing the 2D map is that it is easy to operate), the corresponding geo-information will 
be passed onto the basic cube. In Space-Time-Cube, there exists relationship between the object and 
the location, (be inside or not). The list about “when’ and “what” will answer the question about what 
and when the object exists or passes through the identified area. Based on the information about the 
“when +what”, the corresponding multivariable information will be shown as highlight points or 
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section of trajectory and the “how” can be addressed by the location of these points or section in 
Multivariable-Time-Cube.  
 
 
 

3.2.3.4. How���� when+ where+ what 

 
These variables cannot directly be defined via the synchronism reference either. The question about 
how�where+when+what should be answered by using “when+what” to communicate with 
synchronism information. In fact, to answer this question, the opposite steps should be done compared 
to the last questions. Figure 27 shows the steps of answering this question. After selecting a value of 
the object on the X-axis or Y-axis in Multivariable-Time-Cube, the list about “when+what”, which 
indicate what and when it is at that value, will be shown. The corresponding result is visualized as 
points in the Multivariable-Time-Cube. These points identify “what+when” which can be used to 
deliver information to Space-Time-Cube, the corresponding geo-information will be shown as points 
also in Space-Time-Cube. The other way is that certain important values of the object about one 
variable can be chosen also by clicking it on a 2D graph (figure25-b,c,d is result graph), linking this 
value to the object and time, the corresponding information about where will be highlighted in Space-
Time-Cube. 
 
 
 
 
 
 
 
 
 
 
 
Figure 27 The steps of answering the question of how���� when+ what+ where 
 

3.2.3.5. When+ what+ how����  where or when+ what+ where ���� how 

Based on the concept discussed before, the more complex multivariable spatio-temporal questions can 
be answered in Multivariable-Time-Cube, for example, the questions of When+ what+ how� where 
or when+what+where�how. These two questions can be considered together as 
“where�what+when�how” question, because the “what + when” are always in both cubes and can 
be the synchronism information. To answer this question, the object and the time must be identified at 
the same time. For an object at a particular time, two points are used to show the state of the object, of 
which one is in Space-Time-Cube and the other one in Multivariable-Time-Cube. In Space-Time-
Cube, the point identifies the “what+when+where”, and the point in Multivariable-Time-Cube 
identifies the “what+when+how”. Analysing this question as several tasks is: the point of  interest is 
clicked in one cube, the corresponding point is highlighted at the same time, and certain value will be 
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shown in identify window. To view the relevant position with whole movement and change, two 
cubes can supply this kind of overview; to view the exact value the identify window or 2D graph will 
supply this detail. If the point which is in the Space-Time-Cube is selected, the question about ‘when+ 
what+ where�how” will be answered by the corresponding point in Multivariable-Time-Cube. If the 
point is selected in the Multivariable-Time-Cube, the question about “when+ what+ where �how” 
will answered by the corresponding point in Space-Time-Cube. The projections which are mentioned 
before can make it easier to understand information about the situation of the object at certain time 
with whole change or movement. The user will start by finding one interested point which is either in 
Space-Time-Cube or in Multivariable-Time-Cube, the point will show other information about the 
object at that time. Furthermore, by clicking the point in the 2D view, the corresponding point will be 
highlighted in the cubes and 2D map also. The points which are identified as same object at the same 
time in all the cubes and the 2D project graphics will be linked together to show multivariable 
information and spatio-temporal information.    
 

3.2.4. Design of interfaces and functions for Multivariable-Time-Cube 

Based on the above analysis of the questions that should be answered in Multivariable-Time-Cube, a 
user interface environment will be designed. The reason why this topic is discussed here is that an 
interactive environment is required for the user to understand and operate Multivariable-Time-Cube. 
The prototype of Multivariable-Time-Cube and its interface will be discussed in more detail in next 
chapter. Figure 28 shows a draft interface of Multivariable-Time-Cube. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28 Draft interface of Multivariable-Time-Cube 
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3.2.4.1. Option function 

Options provide more freedom for users to create their favourite view. In this model, several options 
are available. 

• User can define how many cubes will be shown together. One cube is always the basic Space-
Time-Cube, the others are Multivariable-Time-Cubes. 

• Based on the number of multivariable-Time-Cubes, the corresponding cubes will be created, 
and the options for axes of these cubes are available. It is to say, the Z-axis is the time 
reference by default, the attributes name for X and Y axes will be listed in each Multivariable-
Time-Cube. Hence the user can select attributes on each axis in Multivariable-Time-Cube.  

• User can choose the synchronism link.   
• For different cube, colour, size and texture can be used to represent different variables of 

interest. 
 

3.2.4.2. 3D view  

Based on the defined options, 3D view for Space-Time-Cube and Multivariable-Time-Cubes will be 
created.  The 3D view is used to show the -Time-Cube and Multivariable-Time-Cubes. The interactive 
tools are designed as follows. 

• User can change views, by revolves cubes, using zoom in and zoom out tools 
• User can click a point on a trajectory which identifies an object, and corresponding trajectories 

in other cubes will be highlighted. 
• User can click a point on the X, Y and Z axes to extract a projection plane, the plane will be 

shown in 2D view.  
• Each point of an object in both Space-Time-Cube and Multivariable-Time-Cube indicates the 

exact value about “when +what+ how” or “when +what+ where”. So the corresponding value 
will be shown when the mouse point to the point. 

 

3.2.4.3. 2D view for geographic map 

To locate the positions of the objects, the most familiar method for user is 2D map, so user can select 
whether the map is shown in 2D view. 2D views are also used to show the projection of the 
trajectories in Multivariable-Time-Cube. The object which is identified with “what+when” or “what” 
only, the corresponding points or the polyline will be highlighted in 2D view also. Furthermore, the 
user can define the study area in 2D map, then a list of corresponding where �what + when +how 
appears and the sections of the trajectories which are in the identified area will be highlighted. 
 
 

3.3. PCP(parallel coordinates Plots)-time cube 

 

3.3.1. Why PCP-Time-Cube 

As mentioned before, Space-Time-Cube is an effective method to visualize spatio-temporal data. The 
movement of object, in Space-Time-Cube, is visualized as a trajectory following the time, which is a 
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classic model, better known as Space-Time-Path. It is the start of a people based-perspective (Miller 
2003).  
 
Parallel Coordinate Plot (PCP) (Edsall 2003) can represent multivariable objects. The variables 
relationship among objects can be viewed also. An object is represented as a polyline crossing the 
normalized vertical lines representing the variable (see section 2.3.2.2, Figure 17). Along the polyline, 
the value about the object for different variables can be addressed. The emphasis of this visualization 
solution is on multivariables of the objects. 
 
In both Space-Time-Cube and PCP-Time-Cube an object is represented by a polyline, and in PCP an 
object is also a polyline. Although the polylines have different meanings in PCP and STC (the value 
of an object at different attributes versus the trajectory of the object in both space and time), they 
identify the objects. PCP is 2D graph and the time dimension can be added to PCP. This result is 
called PCP-Time-Cube. Because a variable value of an object at a time is certain, “when”+“what”-
+“how” is represented as a points in PCP-Time-Cube. Different points, which identify different states 
of an object with time, form a surface that identifies the object. 
 

3.3.2. PCP-Time-Cube model 

In PCP-Time-Cube, the X-axis represents the different variables, for instance body temperature, etc. 
Y-axis represents the range of the attribute values of objects in the different variables, in case of 
temperature 0oC-41oC and z-axis represents the time. Figure 29 show an example of basic PCP-Time-
Cube model. Any horizontal plane is a classic PCP graphic to address the multivariable value for all 
objects at certain time; It is called T-PCP plane (in the figure 29, the pink planes indicate the T-PCP 
planes). Same as in PCP, one polyline indicates the value of the object about corresponding variables, 
it identifies one object. Any vertical plane which corresponds to a variable axis addressed a variable 
in time. So any information about a variable should be in this corresponding vertical plane: the V-time 
plane. For example, the green plane in figure 29 is called V1-time plane. The change of an object 
along V1 with time is visualized as a polyline which must be on the V1 time plane. The polyline on 
the T-PCP plane indicates the value of the object at certain time; it is called T-object-variables line. 
The polyline on the V-time plane indicates the change of certain variable with the time, and it is called 
V-object-time line. The intersections of T-object-variable lines and the V-object-time lines are vertex 
of the surface, and these vertexes identify a state of an object at a time: “what+when+how”. For one 
object, all the T-object-variable lines and the V-object-time lines form one multifaceted surface which 
identifies the object. Then different objects are represented as different surfaces in PCP-Time-Cube 
(see figure 29 the blue surface).  
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Figure 29  Relationship between PCP-Time-Cube and V-time plane, T-variable plane 
 
As mentioned before, two planes are used to address the multivariable-temporal data: one is T-PCP 
plane which is the same as PCP graphic, and the other is V-time plane which addresses a variable with 
time. However, one problem that should be noticed is that the values of the line segments between the 
vertical lines, i.e. the variables, are meaningless in the T-PCP plane. They are only used to link all 
useful points to identify one object. In V-time plane, all the line segments on the polyline which 
identify one object are meaningful; they indicate the value of the object at different times. Therefore, 
in object surface, the skeleton of the surface (red line in PCP-Time-Cube, see figure 29) can also used 
to identify one object.  
 

3.3.3. Questions about multivariable spatio-temporal data in the PCP-Time-
Cube 

Based on the concept of PCP-Time-Cube, three kinds of information about multivariable spatio-
temporal data can be extracted. A diagram is added to each question below. The green point in these 
diagrams is the start of a question, the red point is the answer of the questions and the black point 
mean no answer about the component. 
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3.3.3.1. When���� what + how 

 
In PCP-Time-Cube, the Z-axis represents temporal variable. Any time scale, such as minute, hour, 
day, month, year etc. and any conceptual time such as events or observation times can be defined as Z-
axis. To answer the question about when� what +how, a user first need to select a time point (T0) by 
a click on the Z-axis, then a 2D plane is extracted from PCP-Time-Cube. The 2D plane is a standard 
PCP graphic at “T0” time (see figure 30). All the objects are represented as polylines which indicate 
the value of the object for multivariables at the selected time. T-PCP plane can answer questions such 
as what is the relationship among the objects for different variables, which object has the highest 
value for a certain variable at that moment, which objects have the same value and what is the value 
(intersection on some variable axes) etc.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30  T0-PCP plane is extracted from PCP-Time-Cube to answer when���� what+how in PCP-Time-
Cube 
 
 
 

3.3.3.2. What����when + how 

 
In PCP-Time-Cube, a surface identifies an object and the surface can be understood as a kind of 
“footprint” of the object. The surface is formed by a skeleton which includes the T-object-variable 
lines and V-object-time lines. To answer the question about what�when + how, a surface that 
represents an object can be extracted, and the surface represents the change of the values of all 
variable of an object with time. The blue surface in figure 31 identifies one object. Following the T-
object-variable line, all the multivariable information about the object at certain time can be answered, 
and the V-object-time line supplies the information about the changes of the object with the variables. 
Multivariable spatio-temporal data questions can be answered with the object surface, such as what is 
the maximum (minimum) value of the object for a certain variable, what time is the object at 
maximum (minimum) value, what is the value of the object at a certain time. 
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Figure 31 “What” in PCP-Time-Cube is a surface shown in blue 
 
 

3.3.3.3. How���� when+ what 

 
If a vertical section is extracted from the PCP-Time-Cube at certain variable axis, this section, which 
is called V-time plane, will show all the information about the variable. The objects in this section are  
polylines also, and it indicates how this variable of the object change with time. Questions like: what 
is the relationship among the objects in this variable, at what time and which object has the maximum 
(minimum) value for this variable, when do objects have the same value about this variable 
(Intersection point) etc., can be answered.  Figure 32 shows how V1-time plane is extracted from 
PCP-Time-Cube.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32 V1-time plane is extracted from PCP-Time-Cube  
 

3.3.4. “Where” in PCP-Time-Cube 

In PCP-Time-Cube, it is difficult to find the “where” information, because the space reference (x, y) 
in classical Space-Time-Cube is replaced by the PCP reference. A potential method is using two axes 
of PCP to represent X, Y coordinate values, but the coordinate values provide less meaningful 
information about spatial relationships to user.  
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The second potential way is to link the PCP-Time-Cube with a 2D map that provides geo-information 
(the figure33), the red point in 2D view shows the corresponding position of the object at the time 
point which is selected and highlighted (red) in PCP-Time-Cube.  
 
 
 
 
 
 
 
 
 
 
Figure 33 Link 2D map with PCP-Time-Cube 
 
However, in a static map it is difficult to supply information on the movement of object. To 
minimizing the disadvantages of the second method, the third solution is to link the PCP-Time-Cube 
with the Space-Time-Cubes. (See figure 34) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 34 Link  between Space-Time-Cube and PCP-Time-Cube 
 
The Z axes both in both the PCP-Time-Cube and the STC represent time, so it is a visible link 
between the two cubes. For better synchronism, they should be on the same scale. An object is 
visualized as a surface in the PCP-Time-Cube and as a polyline in Space-Time-Cube. At any time 
point, we can get the values of the variables in PCP-Time-Cube, and geo-information in Space-Time-
Cube. 
 
Based on this model, all questions about multivariable spatio-temporal data can be answered. Same as 
in Multivariable-Time-Cube, by defining different synchronism links: “what”,”when” and 
“what+when”, the questions about when�what+where+how, what �when +where+how, where 
�what+ when +how and how �what+where+ when can be answered. Same as mentioned in section 
3.2.3.5, more complex questions can be answered in PCP-Time-Cube with Space-Time-Cube. The 
only difference between Multivariable-Time-Cube and PCP-Time-Cube is an object is identified as 
polyline in Multivariable-Time-Cube and as a surface in PCP-Time-Cube. In fact, the PCP-Time-Cube 
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provides an overview for all multivariable-temporal data. From this overview, a lot of detailed 
information can be extracted. 
  

3.3.5. Design of interfaces and functions for the PCP-Time-Cube 

Based on the above analysis of questions that should be answered in PCP-Time-Cube, a user defined 
environment will be designed. The reason why this topic is discussed here is that interactive 
environment is useful and necessary for user to understand and operate PCP-Time-Cube and these 
functions are part of my model. The prototype of PCP-Time-Cube will be based on this design, and it 
will be discuss more detail in next chapter. Figure 35 shows a draft of the interface of Multivariable-
Time-Cube. 
 

3.3.5.1. Option function 

Options provide more freedom for user to create their favourite views. In this model, two options are 
available. 

• Because the PCP has several Y-axes to represent different variables, a user can define how 
many attributes they want to represent in PCP-Time-Cube. Based on the number he enters, the 
corresponding options will be available. Then he can define each axis with different variables, 
and the sequence of the axes can be adjusted.  

• The synchronism link can be defined by the user. 
 

3.3.5.2. 3D view of PCP-Time-Cube 

• Clickable and linked to 2D view 
After the options are set, a 3D view of the PCP-Time-Cube will be created. This cube is an interactive 
one and a user can click different points which are on the X-axis or Z-axis of the cube, the 
corresponding V-time plane or T-variable plane will be shown in the 2D view, and at the same time 
the selected object or layer will be highlighted. The object surface can be clicked also, and the 
highlighted surface identifies an object. 

• Show the value automatically 
Each vertex of the surface indicates a value about an attribute of the object at certain time. The 
corresponding value will be shown when the mouse points to the vertex. The value is 4D coordinate 
which shows the object, variable name, variable value and time. 

• Change view, Zoom in and zoom out 
A user can change the orientation to view the PCP-Time-Cube, and zoom in, zoom out to get different 
views and get more detailed information.  
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Figure 35 Draft interface of PCP-Time-Cube 
 

3.3.5.3. 2D view for extracted information and geographic map 

• 2D view is used to show extracting information such as V-time plane, T-variable plane, and the 
2D map extracted from Space-Time-Cube. At the same time, the part shown in 2D view will be 
highlighted in PCP-Time-Cube or Space-Time-Cube to show the relationship of the map or 
graphic with the cubes. Furthermore, user can select an object in 2D graph, the corresponding 
object will be also highlighted in 3D view. 

• To locate the position of an object, we have to use a 2D map and the user can choose whether 
the map is shown or not.  

 

3.3.5.4. Animation with synchronism reference 

After the synchronism reference is defined, it can be used as animation reference also. Different maps 
or graphics with time can be shown as animation by controlling the synchronism reference in 2D view 
(see figure 36).  
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Figure 36 Animation with synchronism reference�
 

3.4. Summary 

In this chapter, two models are designed and presented based on two visualization solutions for 
multivariable data and Space-Time-Cube discussed in chapter two. The reasons why these two 
visualization solutions for multivariable data can be combined with Space-Time-Cube are explained. 
To design the functions of the model, the questions about the multivariable spatio-temporal data are 
addressed as well. The draft interactive interfaces and functions are designed. However, the model 
must be tested with data and the useability must be evaluated. The next chapter will introduce the 
realization of the prototypes with the case study data.  
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4. Prototype development and Case 
study 

4.1. Introduction 

In chapter three, after analysing the potentials of combining the Space-Time-Cube with different 
multivariable graphic solutions to visualize the multivariable characteristics of spatio-temporal data, 
PCP-Time-Cube and Multivariable-Time-Cube models are designed. This Chapter will discuss the 
implementation of the designs. SARS data are used as a case study to test the models. The 
implementation environment is based on ArcGIS (ArcCatalog, ArcMap, ArcScene), ArcObject and 
VisualBasic. It includes implementation of PCP-Time-Cube link with 2D map and Multivariable-
Time-Cube linked with a Space-Time-Cube environment.  
 

4.2. The case study 

Severe Acute Respiratory Syndrome (SARS) is a respiratory illness caused by a virus belonging to the 
coronavirus family, which includes viruses that cause the common cold. The first report of SARS 
occurred in Guangzhou of China in February 2003, it spread rapidly to over 24 countries in the 
following months. The major route of transmission is by close person-to-person contact, but 
transmission through sewage, food, water and air are other possibilities. Due to the high infectiveness 
of SARS, studying the movements of the patients and the changes of the patient states is important for 
controlling the transmission source and finding the transmission regular of this disease. In this case, 
the temporal data, spatial data and multivariable data are all relevant, so they should be visualized 
together to detect patterns, correlations or exceptions in data. Based on this need, SARS data will be 
used as case study in the prototypes and to address the questions about multivariable spatio-temporal 
data. 
 

4.2.1. Collecting data  

The data that I have collected include two parts: one is about the movements and the changes of the 
states of patients, the other is about the changes of the number of patients and the trade-coefficient, 
food-coefficient and transport-coefficient of each province per month (China 2003). The first part of 
the data is supplied by SARS Office of Chinese Ministry of Health, and the second part of the data is 
based on the Statical communiqué in 2003, which is published by National Bureau of Statistics of 
China. The data is in text format, so a database should be designed to make the data useable for 
processing and visualizing. 
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4.2.2. Database design 

Based on collected data, a relational database is designed. Figure 37 shows the entity relationship 
diagram of the database, which includes six basic tables: the patient table describes the basic 
information of patients, which does not change in short time; the primary key is “pid” which is used to 
identify patients (Table 1 supplies detailed information about each attribute). PatSituation table shows 
the situations of patients, which change with time, it includes a temporal variable: tstamp. To address 
the situations of a patient, two kinds of variables are included: one is the object variable, which 
describes the characteristic of the patients that change with time only, such as body temperature, pulse 
resistance and infective level etc. The other is environment variables which describes the situation 
about environment in which the patient is, and these variables change with time and location. The 
reason why these two kinds of variables can be combined in one table is because of the simple rule 
mentioned before, that the object exists at one place at a certain time with a certain state. In this table, 
the combination of pid (patient id) and tstamp (time variable) is the primary key to identify one object 
at a certain time. PatMove table explains the movements of the patients. ProvDaySARS table 
indicates the number of patients and uncertain patients etc. of each province in China per days (figure 
4 supplies detailed information about each attribute). This table can be linked to the Patsituation table 
by tstamp and rid (province id) foreign key, so the individual situation will be linked with the 
province situation which is the patient location at the same day. Provstate table describes the 
economic, transport and living situations, of the each province, which change with time (show in 
Table 6). Last table is Province table (Table 5), which provides basic information about provinces. 
 
 
Patient table ( basic information about patient) 
Field Name Data Type Description 
Pid Number The id of patient ( this is the primary key of table) 
Occupation Text Occupation of patient 
Age Number Age of patient 
Name Text Name of patient 
Sex  Text Sex of patient 
Table 1 Patient table 
 
PatMove table (information about  movement of patient) 
Field Name Data Type Description 
Pid Number The id of patient  
Tstamp-from Data/Time The time of the movement begin 
Tstamp-to Data/Time The time of the movement stop 
From-location Text Name of start location 
To-location Text Name of end location 
Rid  Number The id of from province 
Means  Text  Vehicle (Bus, train, airplane) 
Table 2  PatMove table 
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Figure 37 Relationship diagram of the SARS database 
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PatSituation (information about  state of patient) 
Field Name Data Type Description 
Pid Number The id of patient  
Tstamp Data/Time The time of the observation 

body temperature Number 
body temperature of patient ( 37.2 is defined as dividing 
value between fever and normal) 

Infective level Number 

Based on the state of patient define the infective level: 
10: the person is certain SARS patient and he is not in 
hospital. 
5: the person is certain SRAS patient and he is in hospital. 
0: the person is not SARS patient. 

Resistance  Number 

Based on the state of patient define the resistance of patient: 
10: the SARS patient is cured 
5: the SARS patient is in the hospital 
0:  healthy person 

Pulse Number Pulse of patient 
Barometric 
pressure 

Number Barometric pressure of environment 

Humidity  Number Humidity of environment 
Wind power Number Wind power of environment 
Temperature 
environment 

Number Temperature of environment 

rid Number Province id where the patient is   
Table 3 PatSituation table 
 
ProvDaySARS  (number of patients of each province per day) 
Field Name Data Type Description 
Rid Number The id of province 
Data Data/Time The time of the observation 
new certain patients Number The number of new certain patients 
new certain patients 
form uncertain 

Number 
The number of new certain patients who were uncertain 
patient before 

Except from certain Number 
The number of persons with diagnoses as no-infection but 
had diagnoses as infection 

Account for certain 
patients 

Number Accumulate certain patients 

New DN patients Number The number of patient who are doctor or nurse 
Account DN patients Number The accumulative number of patient who are doctor or nurse 
Cured patients  Number The number of new cured patients 
Account cured 
patients 

Number The accumulative number of new cured patients 

Dead patients Number The number of dead patients 
Account dead patients Number The  accumulative number of dead patients 
Uncertain patients Number The number of new uncertain patients 
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Except patients Number The number of persons who were diagnosed as no-infection 
Table 4 ProvDaySARS table 
 
Province table (changeless information about province ) 

Field Name Data Type Description 
rid Number The id of province 
pName Text The name of the province 
polygon Double The area of province 
Population  Number Population of the province 
avgIncome Currency  The average income of the province 
Table 5 Province table 
 
ProvState table (the change information about the province) 

Field Name Data Type Description 
Rid  Number The id of patient 
data Data/Time The time of the data 

Travel-coefficient Number 
Increase/decrease ratio of this year to last year about travel. 
Positive means increase and negative means decrease.  

Food- coefficient Number 
Increase/decrease ratio of this year to last year about food. 
Positive means increase and negative means decrease. 

Transport- 
coefficient 

Number 
Increase/decrease ratio of this year to last year about 
transport. Positive means increase and negative means 
decrease. 

Medical- 
coefficient 

Number 
Increase/decrease ratio of this year to last year about 
medical cost. Positive means increase and negative means 
decrease. 

Industrial- 
coefficient 

Number 
Increase/decrease ratio of this year to last year about 
industrial output. Positive means increase and negative 
means decrease. 

Trade- coefficient Number 
Increase/decrease ratio of this year to last year about trade-
coefficient. Positive means increase and negative means 
decrease. 

Table 6 ProvState table 
 
Based on the database design, the data is input into the corresponding tables. However, when the data 
is visualized in different prototypes, problems occur. These problems and how to deal with them will 
be discussed in more detail in the following sections. 
 

4.3. Software and plug-in code 

4.3.1. ArcGIS 

ArcGIS is an integrated collection of GIS software products which are developed by Environmental 
Systems Research Institute, Inc. (ESRI), for building a complete GIS. ArcGIS enables users to deploy 
GIS functionality wherever it is needed in desktops, servers, or custom applications; over the Web; or 
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in the field. There is a three-dimension (3D) visualization and analysis extension which adds two 
specialized 3D viewing applications, ArcScene and ArcGlobe in ArcGIS. Supported by ArcScene, a 
perspective view scenes, in which user can navigate and interact with geographic information system 
(GIS) data, can be made. 
 
Under ArcScene environment, a set of tools are available on the 3D View Tools Toolbar (figure 38). 
The Navigate tool allows users to rotate a 3D  scene and change the apparent viewer height by 
clicking and dragging left and right and up and down, respectively, in the 3D preview. The scene 
rotates around its centre, and a user can zoom in and out and pan across the scene, depending on the 
mouse button that user clicks while dragging in 3D view. Figure38 shows all the available 3D view 
tools in the environment. However, not all functions which are necessary in my research are available, 
so ArcObjects is introduced also. 
 

 
 
Figure 38  The 3D view tool in ArcScene (copy from ArcScene software) 
 
ArcObject is a set of classes for programming with ArcGIS desktop (Sun 2004). Every object in 
ArcMap and ArcScene and ArcCatalog executes an ArcObjects script. Supported by ArcObjects, 
ArcGIS desktop user interface (which includes menu options, toolbar button, dialog boxes, text 
display etc., ) can be customized. ArcObjects can be programmed with C++, C#, VB etc. 
 
Visual Basic for Application (VBA) is a simple version of Visual Basic (VB), and it is embedded in 
ArcMap, ArcCatalog and other applications for customizing applications. The VBA development 
environment consists of two primary tools: the Customize window for interactively modifying the 
user interface, and the Visual Basic Editor for creating user forms and writing, testing, and debugging 
Visual Basic code.  
  

4.3.2. ArcGIS limitation 

ArcGIS 3D claims that a user can drape raster and vector data over surfaces and extrude features from 
vector data sources to create lines, walls, and solids. User can also use 3D analyst tools in ArcScene 
to create and analyse surfaces. The word “surface” causes confusions, because it means 2.5 
dimensions, not the true 3 dimensions. However, in my research, the true 3D polyline is necessary. 
There is no function or tool in ArcGIS to create 3D polylines without first creating a surface. To deal 
with this problem, new code in Visual Basic is developed to create true 3D polylines in two ways.  
 
First way is assigning Z-information to existing 2D polyline, and creating new 3D-lines shapefile in 
ArcGIS. In this solution, the existing line is a 2D polyline in shapefile, and all the coordinate 
information about points, which address the line, is stored in the “shape” attribute of the shapefile 
table by default. The code should read the Z-information from table, and change the 2D line to 3D line 
based on the Z-information. The z-information should include the z-values of both start point and end 
point, so two new attributes are built in shapefile table: Z_from and Z_to for each 2D line. The code 
will read the value form these two attributes and assign those values to the start and end vertices, and 
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then linearly interpolating Z values for all vertices in between. Accordingly, Z values will be added to 
the “shape” attribute and the true 3D is created and the 3D view can be showed in ArcScene. However, 
due to the linear interpolation, it is impossible to address exact Z value to each vertex independently. 
The second part will solve this problem. This solution is necessary because it is good in transforming 
existing 2D lines to 3D lines without reading the original coordinate information. 
 
The second way is directly reading coordinates of 3D points (x, y, z) from table. These vertex points 
are grouped for 3D polylines by one indicator which is an attribute in a table. Then a new shapefile is 
created with 3D polylines according the vertices. To achieve this function, the following steps are 
followed: 

1. Create a shapefile feature class;  
2. Create a Z-aware polyline object; 
3. Create a Point object, read x, y, z from your table, and assign the coordinates to the point; 
4. Add the point to the polyline; 
5. Repeat steps 3 and 4 until the polyline is completed; 
6. Create a new feature, and assign the polyline object to the feature; 
7. Add the new feature to the feature class; 
8. Repeat steps 2 - 7 until all polylines are completed; 
9. Add the shapefile to ArcScene. 

 
The second way is good at creating any shape of 3D polylines with coordinate of vertices, and these 
coordinate of vertices are useful in my research because these vertices define the state of the object (in 
Multivariable-Time-Cube). Supported by this tool, any state of object can be addressed in cube. 
Furthermore all the data can be read from table, which can be defined by the user. 
  

4.4. Realize the PCP-Time-Cube 

 
The concept of PCP-Time-Cube is introduced in chapter 3. In PCP-Time-Cube, X-axis represents 
different variables, Y-axis represents the range of the value of the object in different variables and Z-
axis represents the time. There are two key planes in PCP-Time-Cube: T-PCP plane that identifies a 
PCP graphic at certain time and V-time plane that identifies a variable with time. An object in PCP-
Time-Cube is a surface.  
 
From a data aspect, three variables which indicate the economic factor are selected from Provstate 
table in this case study. They are trade-coefficient, food-coefficient and transport-coefficient which 
are ratios between the increase/decrease 2003 year and last year per month. User can chose any of 
these attributes as visualization variables. To investigate the effect of the number of SARS patients in 
relation to the economic factors, the number of SARS patients and dead patients are chosen also as the 
other visualization variables. The time scale is per month, and the duration is 12 month from January 
2003 to December 2003. 
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4.4.1. Realization of PCP-Time-Cube with SARS case 

4.4.1.1. PCP-Time-Cube reference 

To realize the PCP-Time-Cube in ArcScene in this case study conveniently, the X-axis is used to 
address time, and 12 months in 2003 are evenly assigned on the X-axis. The Y-axis is used to address 
the five variables, which are introduced in the last paragraph. The height (Z-axis) indicates the 
different value scope for different variables. in the model (chapter 3), the Z-axis indicates time, and 
the surface of attribute values is almost a vertical one on which changes in value are shown as far or 
close to the viewer. So using Z-axis here to indicate values has the advantage of low and high vertex 
on an undulation surface that characterizes an object. It gives more sense about the changes of the 
values than the other representation. Based on this design, cube reference is realized in ArcScene by 
creating edges of the cube only, because this will allow other objects inside the cube (surfaces and 
polylines) to be visible. Furthermore, 12 T-PCP planes and 5 V-time planes are created also as 
reference to identify different time and variables. 
 

4.4.1.2. Re-calculate the value to cube height 

Because different variables have different values ranges, and the height of the cube is fixed, the values 
for different variables should be re-calculated to adapt to the height of cube. Furthermore, if several 
valued of variables have the same units, and a relationship between these variables is expected, these 
several variables can be re-calculated with the same function based on the value range of these 
variables. In this case study, the five variables have different range of values, so they should be re-
calculated individually based on their maximum and minimum value. The function is:  
 

)(
)(

Minx
MinMax

h −×
−

 

 
Where h is the height of cube; the Min and the Max are the maximum and minimum values of  the 
variable, and the x is the original value. 
 

4.4.1.3. Overview  

After all the values are normalized to the height of cube, based on the reference which is defined 
before, the surfaces are created. Figure 39 shows an overview of PCP-Time-Cube and the surface is 
the data of Hainan province in China and Figure 40 shows the framework of the surface. The purple 
lines indicate variable changes over time, and they are called V-Hainan-time lines which are the 
intersections of surface with V-time plane. The green lines indicate states of Hainan province at 
different months, and they are called T-Hainan-variable lines which are the intersections of surface 
with T-PCP plane. The intersection points of V-Hainan-time lines and T-Hainan-variable lines are the 
vertexes of surface which correspond to a certain value of the variable of the object at a certain time. 
In fact, the variable is the V-time plane on which the point is, and the time is the Time-PCP plane on 
which the point is. For example, in figure 39, the red vertex point is on the V3-time plane and t1-PCP 
plane, and it is the intersection of t1-Hainan-time line and V3-Hainan-variable line. The height of this 
point indicates the transport-coefficient of Hainan province at December 2003. The V-Hainan-time 
lines, T-Hainan-variable lines and the vertexes form the framework of the Hainan surface. As showed 
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in figure 39, transparency can be chosen by user to get clear view (figure 40-b). Using the tools in 
ArcScene, user can get different views from different perspective, and zoom in, zoom out to find 
information. Figure 40 (a, b) shows different view of cube from different perspective. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 39 Overview about Hainan province in PCP-Time-Cube 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 40  View the cube from different aspect 
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Provinces have different surfaces in PCP-Time-Cube (See figure 41). By viewing the surface from 
various perspectives, different information can be obtained. For example, figure 42 shows a view from 
the top of the cube. Colours indicate the surfaces of the provinces. The right part of figure 42 is a 
legend of the graphic.  From this graphic it is easy to see which province has the highest value of a 
variable at a time. For example, along the time line of the third variable: transport-coefficient, the 
highest values belong to, from January to December in turn: Chongqing province, Guangdong 
province, Chongqing province and Hainan province. In the same way, a graphic, viewed from the 
bottom, will provide the information about lowest value.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 41 Overview of PCP-Time-Cube about three provinces 
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Figure 42 Overview of PCP-Time-Cube from top 
 
 

4.4.2. Interface of prototype design 

After the PCP-Time-Cube is realized in ArcScene environment, interactive tools are necessary to 
explore data and get detailed information. Figure 43 is toolbar of PCP-Time-Cube 
 

4.4.2.1.   2D map and 2D graph view  

As mentioned before, Space-Time-Cube is good at viewing the movement of the object. However, the 
relative positions of provinces are invariable, and there is no movement of the object. So the 2D map 
is selected to show the geo-relationship of objects in this case study. The boundary of provinces will 
be highlighted at same time when the surface is highlighted. If the “selection” option is chosen (fig. 
43), user can select the province in 2D map, 2D graph or 3D graphic and the corresponding surface, 
line and section will be highlighted. See figure 43, in PCP-Time-Cube toolbars, you can choose to 
show 2D map or 2D graph, and then the corresponding new window will appear (see figure 44, 45). 
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The 2D graph view (see figure 45) is used to show the T-PCP planes and V-time planes which are 
extracted from the PCP-Time-Cube. There are two ways to open this window. One is selecting “show 
2D graph” in PCP-Time-Cube, and selecting the graphic in the new window. The other one is double 
clicking the point which identifies the month or variables in PCP-Time-Cube 3D view.  
 
 
 
 
 
 
Figure 43 PCP-Time-Cube toolbars 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 44 2D map view in PCP-Time-Cube  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 45 An example of 2D graph view about trade-coefficient-time plane 
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4.4.2.2. 3D view 

PCP-Time-Cube is in the 3D view. All the tools that are supplied by ArcScene can help user to get 
different view of the cube: navigate, fly, zoom in/out, centre on target etc. In this way, the user can get 
different information about the data 
 

4.4.2.3. Identify result window and selection tools 

The identify result window is used to give the detailed information about the vertex point, T-Object-
variable line, T-object-time line or surface which is selected by the identified tools (see figure 47). 
Only if the identify button is active and select any point, line or surface, the identify result window 
will show the detail value about attributes of each object. The selection tools are used to select surface, 
lines and point in 3D graphic, 2D map or 2D graph. 
 
 
 
 
 
 
 
 
 
Figure 46 Identify result window 
 
 

4.4.3. Questions about multivariable spatio-temporal data in PCP-Time-Cube 

After the visualization prototype is designed in this case study, the four components of multivariable 
spatio-temporal data mentioned in chapter two, will be identified at first. In this case study, the 
objects are provinces which are visualized as different surfaces. Temporal variable, i.e. twelve months 
in 2003, are addressed on X-axis, and five variables are on Y-axis. Based on this reference and the 
interactive tools, the typical questions to the Space-Time-Cube will be addressed in this section one 
by one. 
  
 

4.4.3.1. What����where+when+how 

 
As mentioned before, the provinces are identified by different surfaces. All information about the 
province should be on the surface. User can choose the surface or the framework of the surface: time 
lines, variable lines and vertex points to view the changes of variables of provinces with time. For 
example, in figure 47, the yellow surface identifies Hainan province, five time-lines (highlight lines in 
fig.47) for different variables of Hainan province are selected in PCP-Time-Cube, the boundary of 
Hainan province is highlighted also in 2D maps that shows “where”. The overview about “when”+ 
“how” can be viewed in PCP-Time-Cube. When the identify tool is active, the corresponding value 
about “when” and “how” can be obtained in identify result window by clicking the points or lines. 
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What 

When 



NEW METHODS OF VISUALIZATION OF MULTIVARIABLE SPATIO-TEMPORAL DATA 

54 

Furthermore, the user can choose whether other surfaces or frameworks are shown, and relationship 
between the selected provinces with other provinces can be viewed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
  
 
 
 
 
 
 
 
  
 
 
 
 
Figure 47 Hainan province is characterized in PCP-Time-Cube, 2D map and identify window. 
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4.4.3.2. When����where+what+how 

 
 
The twelve time-PCP planes in PCP-Time-Cube address this question. Clicking the point, which 
identifies one month on X-axis or selecting the T-PCP plane in 2D graph window, the corresponding 
PCP plane of this month will be shown in 2D graph view. The left T1-PCP in figure 48 shows the 
state of provinces at January 2003. It should be mentioned that if any province is selected, the 
corresponding line about the province will be highlighted also in 2D graph, and if the line is selected 
in 2D graph, the surface of the same province will be highlighted also. In the T-PCP plane, the value 
of all provinces at T1 time can be addressed. To get further information about “where”, a user can 
select a line in 2D graph, and the boundary of the selected province will be highlighted in 2D map 
(see right map in figure 48).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 48 Chongqin province is highlighted in January-PCP plane and 2D map  
 
 

4.4.3.3. Where����when+what+how 

 
As mentioned before, in this prototype, the 2D map is used to address the “where”. To answer this 
question, a province or several provinces can be selected in 2D map. The corresponding surfaces will 
be highlighted in PCP-Time-Cube, and the state or relationship among multivariable of province(s) 
can be viewed and further studied. For example, selecting provinces which are near Beijing (figure 
49), results in the corresponding surfaces shown in PCP-Time-Cube. They all have relative high value 
on the number of patients and the economic situations are relatively bad in April, May and June. This 
indicates that Beijing may be the centre of SARS, i.e. the key location for spreading SARS. 
Furthermore, the irregularities can also be found in PCP-Time-Cube. For example, in figure 50, the 
highlight of time lines belong to Hainan province, and the 2D map shows that it is far away from 
Beijing. However, the transport-coefficient is affected badly, which can be viewed in PCP-Time-Cube 
of figure 50.  This irregularity is because that the Hainan is a tourist city, and May is the best travel 
season in this province. Because of SARS, almost all travel projects are stopped, and therefore the 
decrease of transport is sharp. 
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Figure 49 Identify provinces which near by Beijing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 50 Hainan province in PCP-Time-Cube and 2D map 
 
 

4.4.3.4. How ����when+ what+ where  

 
In PCP-Time-Cube, Variable-time-planes identify different variables. User can click a variable point 
on Y-axis, and the corresponding variable plane will be shown in 2D graph. For example, figure 51 
shows the information about trade-coefficient of some provinces with time. The vertical black lines 
indicate different months and the colour lines indicate the value changes of trade-coefficient of 
different provinces. Users can also find any interested vertex point in PCP-Time-Cube, as figure 52. 
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The left figure shows the view from left side of the cube, and five variables are shown together. If an 
interesting value is discovered, a click at the 2D graph or 3D PCP-Time-Cube, will identify the object. 
In the right graphic of figure 52, all the frameworks about the identified province will be highlighted. 
At the same time, the boundary of the identified province is highlighted also in 2D map and the 
relationship between the variables can be viewed also. For example, in figure 53, the province with 
higher values on the trade-coefficient, food-coefficient and transport-coefficient have lower values for 
the number of patients. It indicates that the affection of SARS is obvious. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 51 Trade-time plane for different provinces extracted from PCP-Time-Cube  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 52 A province of Shandong is highlighted 
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 Figure 53 An overview of 4 provinces 
 

4.4.4. Summary of PCP-Time-Cube  

PCP-Time-Cube combines all the information about multivariables of an object with time in one cube. 
So both the value about individual variable and the relationships between variables of the objects can 
be viewed together. In PCP-Time-Cube, the vertex points identify “what+when+how”, the time-lines 
identify “what+how”, the variable lines identify “what+when”, the time-PCP planes identify “what”, 
the V-time planes identify “how” and the surfaces identify “what”. All these points, lines and planes 
form PCP-Time-Cube that provides an overview of all multivariables of objects with time. Table 7 
shows how the components of multivariable-temporal data are addressed in PCP-Time-Cube. 
However, to get geo-information, the PCP-Time-Cube should be linked to 2D map in this case by 
“what” component. The usability evaluation will be further discussed in the chapter five.   
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Component  Is visualized in PCP-Time-Cube 
What surface 
When  T-PCP plane 
Where V-time plane 
What+when surface + T-PCP plane =T-object-variable line 
What+how surface +V-time plane=V-object-time line 
What+when+how T-object-variable line+ V-object-time line= vertex point 
Table 7 The multivariable spatio-temporal components in PCP-Time-Cube  
 
 

4.5. Realize the Multivariable-Time-Cube 

 
In Multivariable-Time-Cube, two variables, two user-defined variables replace the geo-X and geo-Y 
coordinates of Space-Time-Cube. Accordingly, the geo-space is replaced also by a variable space. 
While in Space-Time-Cube, the trajectory of an object indicates the change of geo-location; in the 
Multivariable-Time-Cube it indicate the value change. However, only two variables can be 
represented in one cube. Two solutions are proposed in this research to this problem. One is to 
introduce more Multivariable-Time-Cubes, and the other is the option for a user to define any 
attributes on X-axis and Y-axis. The later method is realized in this research. 
 
In this case study, the data about twenty SARS patients is used. It includes the movement of patients 
and the state of patients at different time, and the duration is 80 days from 20 April to 30 June 2003. 
As mentioned before, the Space-Time-Cube is used to show the movement of the patients and the 
multivariables which include the body temperature, infection, resistance, environment temperature etc. 
in Multivariable-Time-cube.  
 

4.5.1. Realization of Multivariable-Time-Cube with SARS case study 

4.5.1.1. Reference and re-calculated the valued with the cube size 

For time variable, to maintain the synchronism of different cubes, the Z-axis of each cube is defined 
with the same scale of time by days, and the duration is 80 days from 20 April, when the SARS Office 
of Ministry of Health People’s Republic of China began to publicize the data, to 30 June when no new 
patient appeared. As with the PCP-Time-Cube, the value should be recalculated to adapt to the size of 
the cube. In Space-Time-Cube, the scope of China is limited in cube size, all the distance between city 
and scope of provinces are at the same scale. For Multivariable-Time-Cube, the size is the same as the 
Space-Time-Cube, and all the value ranges of variables should be re-calculated to adapt to the cube 
size by the function mentioned before. The reference is showed in figure 54. 
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Figure 54 Reference of Multivariable-Time-Cube 
 

4.5.2. Prototype interface  

After the Multivariable-Time-Cube is realized in ArcScene environment, interactive tools are 
necessary to explore data and get detailed information. 
 

4.5.2.1. Toolbar of multivariable-Time-Cube 

Figure 55 shows the toolbar of multivariable-Time-Cube. A user can open any table in the database by 
using the first tool, then the corresponding attributes will automatically be stored on the list of option 
for cubes. Figure 56 shows the interface after a user opened the table and clicked the “option for 
cubes” on the toolbar. The Z-axis is defined as time by default, and the X-axis and Y-axis of the first 
cube are defined as geo-X and geo-Y by default also. So the first cube is basic Space-Time-Cube. For 
the second cube a user can define any attributes included in the selected table. After each axis is 
defined, the cube will be created in 3D view.  In 3D view, based on the ArcScene environment, the 
view tools, which are mentioned in PCP-Time-Cube, are available also.  
 
 
 
 
 
 
Figure 55 Toolbar of Multivariable-Time-Cube 
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Figure 56 Parameters option for cubes 
 

4.5.2.2. Synchronism link and identify selection 

After the cube is created, a user can choose synchronism link by clicking “synchronism reference” on 
the toolbar. Then the window will open (see figure 57-a). All the potential value of the attributes is 
available when the attribute option is selected. In this figure, “what” component is selected, and the 
patient’s id can be chosen from 1 to 20. Figure 58 shows the result in 3D view after “what” is selected 
and patient 1 is identified. The X-axis is defined as SARS situation, and Y-axis is defined as body-
temperature (BT). Figure 57-b shows identify selection window used to identify “where” or “how”. 
As mentioned before, “where” and “how” cannot be a synchronism link, so this window help user to 
identify a location or a exact value of selected variable in 3D and 2D view ( the identified section will 
be highlighted). In fact, this function is similar with the “what+when” selection in synchronism 
reference define window, because the identify results of “where” or “how” are section of trajectory in 
both Space-Time-Cube and Multivariable-Time-Cube about “what+when” and “what+when” is use to 
transport link information to other cube. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 57 Synchronism reference definition window and identify section window 
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Figure 58 Patient whose id is “1” identified in Multivariable-Time-Cube 
 
 

4.5.2.3. 2D map and 2D graph 

As in PCP-Time-Cube, 2D map is used to supply geo-information. After the 2D map button is clicked, 
the 2D map will be shown. The 2D map is mainly used to select the location. The trajectory, which 
passes through the selected location, will be highlighted. 
 
As mentioned before, the projections of trajectories on the bottom, back face and side face in 
Multivariable-Time-Cube are all meaningful. 2D graph view is used to show the information about the 
projection of trajectory. In 2D graph window, selecting the V1-V2, V1-t or V2-t, the corresponding 
graphic will be shown. The figure 59 shows V1-t graph and is this case the V1 is SARS variable. 
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Figure 59 SARS variable change with time graphic 
 

4.5.2.4. Identify result window and selection tools 

 Same as is PCP-Time-Cube, the identify result window will provide detailed information depending 
on the user selection and the existing data if the identify tool is active and the selection tools help user 
to select trajectory or different projection in 3D view and 2D view. And the selected object will be 
highlighted. 
 

4.5.2.5. Option in Space-Time-Cube 

As mentioned before, to visualize more variables, one method for user is to define the X and Y axis. 
In fact, the colour and size of trajectory can be variables also. In figure 60, the red lines show the 
duration in which a patient has fever. The blue lines indicate the non-fever duration. In figure 61, the 
red line shows the highest infection. It means that the person was infected with SARS, but he or she 
did not stay in hospital. A user can choose different variables and different classification methods to 
explore the information by himself.        
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Figure 60 Fever state is represent as red and un-fever is represent as blue 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 61 Danger trip is represent as red line. 
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4.5.3. The questions about Multivariable spatio-temporal data in Multivariable-
Time-Cube 

In this case study, the objects are patients which are visualized as trajectories in two cubes. Temporal 
variable, 80 days from 10 April to 30 June 2003 is addressed on Z-axis, the first cube is Space-Time-
Cube, and X-axis and Y-axis of Multivariable-Time-Cube can be defined by a user. This section 
discussed how the simplest four questions of multivariable spatio-temporal data are dealt with in 
Multivariable-Time-Cube. 
 
 
 

4.5.3.1. When ���� how + what+ where  

 
This question can be answered by identifying the temporal variable. The method defines “when” 
component as synchronism reference, and enables selection of a day in the synchronism reference 
window, or a click on the Z-axis at any cube. Then the corresponding T-planes appear in two cubes 
(see figure 62).The geo-information of objects can be viewed by intersection of the trajectories with 
the T-plane. The values of the variables can be got from the Multivariable-Time-Cube. However, only 
the values of the variables which are defined on X and Y axes can be gotten. A user can define 
different variables on X and Y axes to get the other values.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 62 A time plane identify a time in Multivariable-Time-Cube 
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4.5.3.2. What ����when+ how + where  

 
A patient should be first identified to answer this question. Clicking a trajectory one cube, the two 
trajectories, which identify the same patient in both cubes, will be highlighted at the same time. The 
other way is to define “what” component as synchronism reference and selected id of the patient. The 
“when+ how” can be derived in Multivariable-Time-Cube or 2D graphs of projections, and the 
“when+ where” can be answered in Space-Time-Cube. In figure 63, the “patient 1” is highlighted in 
two cubes and on 2D graph. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 63 A patient is highlighted in Multivariable-Time-Cube and 2D graph. In 2D graph (V1-time), the 
patient dead because the body-temperature become 0 at 25/5/2004 
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4.5.3.3. Where ����when+ what+ how 

 
As mentioned before, a 2D map is used to select a location and the synchronism reference can also be 
used by selecting the name of a province. The trajectory sections, which are inside the area, will be 
highlighted in Space-Time-Cube. Furthermore, based on the information about the patient and time, 
the corresponding information will be highlighted in Multivariable-Time-Cube. 
 
 
 

4.5.3.4. How ����when+ what+ where  

 
This question can be answered by using optional colors in Space-Time-Cube. See the example in 
4.5.3.6.  The second method is to select “how” component in identify selection window. After the 
variable is selected, the corresponding potential values of this selected variable will be shown in the 
list. Select the value and the trajectory sections which is the value will be highlighted, and the 
corresponding information about “when+what” can be viewed in Multivariable-Time-Cube and the 
corresponding information about “when+what+where” can be derived in Space-Time-Cube. 
 

4.5.4. Summary of Multivariable-Time-Cube 

In Multivariable-Time-Cube, the object is represented by polyline, which indicates the value changes 
of the selected variables. Table 8 shows how the four components of multivariable spatio-temporal 
data are addressed in Space-Time-Cube and Multivariable-Time-Cube.  
 
Component  In Space-Time-Cube In Multivariable-Time-Cube 
What Trajectory  Trajectory 
When  T-plane T-plane (V1-V2 plane) 
Where Vertical lines  
How   Vertical lines 
How+when  V-time plane 
What+when Intersection of trajectory 

and T-plane 
Intersection of trajectory and T-plane 

Where+how   
When+where Intersection of time plane 

and the vertical line 
 

What+how  Intersection of time plane and the 
vertical line  

What+when+where Point  
What+when+how  Point  
Table 8 Four components of MSTD and addressed in Space-Time-Cube and Multivariable-Time-Cube 
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In this case study, two aspects are different from the PCP-Time-Cube. The first one is using Space-
Time-Cube to represent geo-information because 2D map is difficult to show spatio-temporal data. In 
this case study, the Space-Time-Cube is linked to Multivariable-Time-Cube to represent Multivariable 
spatio-temporal data. The second one is using synchronism link to link two cubes. Based on the 
prototype, the questions about multivariable spatio-temporal data can be addressed. The evaluation of 
the two prototypes will be discussed in the next chapter. 
 

4.6. Summary 

In this chapter, PCP-Time-Cube and Multivariable-Time-Cube are realized as prototypes using SARS 
data. The interactive environments for two models are designed and developed. In these two 
prototypes, 2D map and Space-Time-Cube are used individually to provide geo-information. However, 
whether the model can be understood and multivariable spatio-temporal data are represented properly 
is another important part in this research? Therefore, the usability evaluation will be discussed in next 
chapter.  
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5. Usability evaluation of prototypes 

5.1. Introduction 

Based on models which are designed in chapter 3, two prototypes PCP-Time-Cube and the 
Multivariable-Time-Cube are designed and realized in chapter 4 in ArcScene using SARS data. 
However, a usability evaluation is necessary because the objective of this research is a usable 
visualization solution. In recent years usability of GIS products and specifically geo-visualization 
tools has received considerable attention and it is increasingly the focus of a number of research 
activities in the GIS-science field (Koua 2005).  Increasing research interest in the usability of geo-
information systems has been demonstrated by Mac Eachren (2001), Tobon (2003), Fuhrmann (2004)  
and Koua (2004). ISO9241-11 defines usability as the extent to which a product can be used by 
specified users to achieve specified goals with effectiveness, efficiency and satisfaction in a specified 
context of use (Bevan 1994). In this evaluation, 9 persons who are in different professional fields are 
grouped to three groups to evaluate the PCP-Time-Cube and Multivariable-Time-Cube. The 
evaluation results are summarised and analysed to get the usability information.    
 

5.2. Evaluation objective  

As mentioned before, usability evaluation is necessary because the objective of this research is a 
usable visualization solution, and evaluating the usability of prototypes is addressed in one of the 
research questions.  ISO9241-11 defines usability at three levels - effectiveness level, efficiency level 
and the degree of satisfaction with which users achieve their tasks with the test object in question. 
ISO9241-11 defines effectiveness, efficiency and satisfaction as follows: 

• Effectiveness: The accuracy and completeness with which users achieve specified goals. 
• Efficiency: The resources expended in relation to the accuracy and completeness with which 

users achieve goals. 
• Satisfaction: The comfort and acceptability of use. 
 

Starting from the three levels of usability, the more detail questions in this evaluation were; 
1. Are the two models user easily understood by users? 
2. Which model is good at answering which multivariable spatio-temporal questions? 
3. Which geo-visualization functions are useful for users to explore multivariable spatio-

temporal data in PCP-Time-Cube and Multivariable-Time-Cube?  
4. Which prototype gives more sense about multivariable spatio-temporal data: the one link with 

Space-Time-Cube or 2D map? 
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5.3. Evaluation 

Although there are many evaluation methods: Card sorting (Nielsen, 1993), Verbal protocol analysis 
(VPA) (Ericsson, 1993), Focus group (Morgan, 1998) and questionnaire etc., the focus group and 
questionnaire method have been selected and combined in this research to evaluate the prototypes, 
because focus group is even faster than VPA and generates a similarly large amount of data. In 
general, focus groups allow users to share their experience with an application and develop 
hypothetical situations/ideas in a quick and efficient manner (Anthony, 2005). A questionnaire 
follows the focus group to gather subjective opinions about the usability of the prototypes. Then better 
justify the choice, e.g. by emphasizing that the models and visualizations are rather complex. A good 
initial impression of user reactions can be effectively obtained via the focus group and questionnaire 
methods. Results of the focus group and questionnaire could be used to improve models/prototype, 
which could then be subjected to detailed evaluation with many potential users. However, because of 
time constraints this detailed evaluation cannot be done within the current research.  
 

5.3.1. Focus groups evaluation 

Focus groups (Morgan 1998) is an evaluation method that solicits ideas and feedback through a group 
discussion (Robinson 2005), it is a seemingly informal technique that can be used to evaluate the user 
requirements and feelings about a prototype (Nielsen 1993). It is actually a quick way of evaluating a 
prototype (Faulkner 2000). Focus groups belong to the branch of qualitative research methods 
(Morgan 1998). Therefore data elicited from a focus group session can be used to qualitatively discuss 
the advantages and disadvantages of prototypes, and the users’ attitude towards the interface of a 
prototype or towards the test object in the prototype: in this case visualization solutions for 
multivariable spatio-temporal data. Focus groups work optimally when the group members have an 
interest in the subject of the research (Morgan 1998). Such members are usually a group of six to nine 
(Nielsen 1993) who can openly discuss the issues put forward by the moderator about the prototype. 
One criterion to predict a permissive environment to all members for full participation in the 
discussion is equality of status (Monmonier 1994), especially, of background regarding the topic of 
discussion.  
 

5.3.2. Questionnaire evaluation 

Questionnaires are old and established methods, which do not directly study the object of evaluation 
(here the prototypes), but rather the user’s opinions about the object (Tšoene, 2003). As a 
consequence, in this work, after the prototypes were applied it was supplemented by a questionnaire 
wherein questions about ‘subjective’ issues were put forward to the user pertaining to the usability of 
the visualization techniques in the prototypes. The issues addressed in the questionnaire (Appendix A) 
were the usability merits recommended by ISO 9241-11 (1998) as outlined in chapter 2; effectiveness, 
efficiency, and the degree of satisfaction with which the test subjects achieved their test tasks.  
 

5.3.3. Evaluation plan and overview 

The evaluation plan was divided into five parts. 
� Evaluator gives an opening speech for less than 5 minutes to welcome the persons who take 

part in this evaluation and introduce the objective of this evaluation.   
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� Evaluator gives a presentation for 10 minutes to introduce the prototypes and basic concepts 
about multivariable spatio-temporal data. 

� Evaluator gives a demo with explanation about PCP-Time-Cube and Multivariable-Time-Cube 
for 5 minutes.  

� Participants discuss and carry out the task with prototypes and evaluator record the time 
� Participants discuss and filling-out a questionnaire about their feeling about the prototypes. 
� Participants discuss and give suggestions. 

 

5.3.4. Evaluation members 

The members are grouped into three groups based on their speciality: the first group consisted of three 
ITC students who in Geo-visualization. They have experiences and knowledge about visualization 
solutions. The second group consisted of three ITC students who in different programs: Nature 
Resources Management, Urban Planning and Land Administration and Environmental Management. 
They have some work experiences in their own fields but have not much visualization experience. The 
last group consisted of three experts who are engage in meteorology, geology and environmental 
study. The reason for this grouping is that they have different experience level regarding the 
multivariable spatio-temporal data visualizations. The members of the first group know basic concepts 
about multivariable spatio-temporal data, and the existing visualization solutions, but they have little 
chance to deal with application, so they analysed the prototype on conceptual level. The members of 
the second group deal with a lot of data in their fields but have less experience in visualization. They 
are blank users who evaluate the degree of intelligibility based on their own experience. The members 
of the last group have experiences in both data and visualization solutions. They compare the models 
with more convention representations, to which they are used, and evaluate the usability of the 
prototypes developed in this research by filling in the questionnaire. 
 

5.3.5. Tasks design 

Based on the evaluation objective, questions are designed to help participants to make sense of the 
models. It helps them to fill in the questionnaire and their answers will be more meaningful. The time 
needed to which they answer the following questions is used as measure of efficiency.  
 
Tasks are designed at three levels. The first level is an overall level to test the understanding of 
graphics and ability to make different views. The second level is filtering information from the 3D 
views and 2D graphics and understanding relationship between them. The third level has detailed 
questions about the four components: when, where, what and how to test the effectiveness of the 
prototypes. Although, different data are used in PCP-Time-Cube and Multivariable-Time-Cube, with 
the tasks designed on the three levels, I try to keep balance between two prototypes. To compare the 
tasks easily, the tasks are listed in table. 
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 PCP-Time-Cube Multivariable-Time-Cube 

How to make a view about Beijing, 
Hebei and Heilongjiang? 

How to make a view, which about two 
interested attributes 

Tasks 1: Overall 
How to get different views of a cube 
from different aspects of the cube? 

How to get different views of a cube 
from different aspects of the cube? 

How to get the relationship between 
different variables about Hainan? 

How to get the relationship between 
different variables of patient 1? 

How to get the relationship between 
different provinces about transport-
coefficient-time? 

How to get the relationship of change 
between different patients on body-
temperature? 

Tasks2: 
Intermediate 

How to get the information about the 
states of provinces at April 2003? 

How to get the information about the 
states of patients on 30 April 2003? 

How 
Which province has the highest value of 
trade-coefficient? Where is it? When? 

When and where is the trip most 
dangerous for infection? 

What 
What is the value of food-coefficient of 
Hainan in August 2003? Where is it? 

What is the value about SARS 
situation of the patient-11 at 23 May 
2003? Where is he? 

When 
What are the states of provinces in 
September 2003? 

How are certain SARS patients on 25 
April 2003, and where are they? 

Tasks3: 
Detaile
d 

Where 
How is the situation of the province near 
Beijing? 

Who are on the train from Beijing to 
Shanxi? And what are the in states? 

  
Table 9 Task design in evaluation: The how, what when and where means the simple questions of 
multivariable spatio-temporal data, which was mentioned before. How ����when+where+what, 
What����when+where+how, When����what+where+how and Where����when+what+how 
 
During tasks fulfilment, the members of each group discuss together and give the solution for 
questions.  The task 1 is simple process of prototype and task 2 ask participant understand the data 
structure in visualization. These two tasks have not exact answer, so the participants practise on 
computer and explain it to evaluator and only the time cost is recorded. The task 3 has exact answer, 
so both the correctness and time cost are recorded. 
 

5.3.6. Evaluation sessions 

As mentioned before, the participants are assigned to three groups, and the evaluation sessions are 
hold per group. Table 10 shows the time and location of the evaluation sessions.  
 

 Time Location 
Group 1 28/01/2005 3:40 pm Room 2061 of ITC 
Group 2 28/01/2005 5:30 pm Room 2061 of ITC 
Group 3 29/01/2005 10:30 am Room 2061 of ITC 
Table 10 The evaluation sessions   
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Same opening speech was given to the three groups to address the objective of this evaluation: the 
method used, and the tasks of participants in this evaluation. Then a presentation about the concept of 
model and environment of prototype and the presentation highlighted the following issues: 

• The basic concepts on multivariable spatio-temporal data; 
• The basic concepts on Space-Time-Cube and PCP; 
• The basic concepts on PCP-Time-Cube and Multivariable-Time-Cube. It includes the 

definitions of V-time plane and T-variable plane projection plane etc.; 
• The data used in this case study;  
• The interactive environments of the two prototypes. 
 

Based on the presentation, a demonstration of the case study was given in the interactive environment 
of PCP-Time-Cube and Multivariable-Time-Cube. Realized interactive tools were explained one by 
one to show how the tools in both prototypes are used and what can be done supported by the 
prototypes. Then participant discussed the prototypes to promote the understanding each other and 
share opinions. 
 
Then the participants are asked to perform the tasks. The time, spent on each tasks,  and correctness 
are recorded. Furthermore, a questionnaire has to be filled in by participants. The detailed information 
about questionnaire is shown in Appendix A. Five grades are defined to standardize the answers:  

0~1: very poor 
1~2: poor 
2~3:  fair 
3~4: good  
4~5: excellent  

 
After questionnaire part, the last part of evaluation is discussions and suggestions. Then the results of 
discussion are submitted by each group. The summary of results and discussion of the evaluation are 
discussed in following section. 
 

5.4. Evaluation results 

The most important part of a focus group is the discussion of the issues pertaining to the usability of 
the object under evaluation (Tšoene 2003). During the evaluation, the participants discuss the 
understanding of prototypes and try to finish tasks. Their discuss results are concluded with the result 
of questionnaire. Should be mentioned is the results obtain in this evaluation is only initial 
information about prototypes because only 9 participants in total. So the results will be used to 
improve the prototypes (will be mentioned in further work). These prototypes will be again tested (but 
objectively) with a larger sample of users.  
 

5.4.1. Intelligibility and manoeuvrability 

In the questionnaire, two questions address the issue of intelligibility of the prototypes.  One is the 
impression of the two prototypes: how much do you understand PCP-Time-Cube and Multivariable-
Time-Cube. The other is a detailed table that ask participants to fill value about three usability 
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measures: effectiveness, efficiency and satisfaction. The consistency of two results of the two 
questions which address the intelligibility issue, confirm on creditable of results.  The impression 
result for PCP-Time-Cube is 4.5 and for Multivariable-Time-Cube is also 4.5. The more detailed 
results for intelligibility are shown in Table 11. The columns show some initial information (average 
results from questionnaires) which given by three groups 
 
 
 PCP-Time-Cube Multivariable-Time-Cube 
 Group1 Group2 Group3 Group1 Group2 Group3 
Effectiveness 4 4.3 4 4 3.6 4.3 
Efficiency 4 4.3 4.6 4 3.6 4.3 

Satisfaction 3.6 4.6 4 4.3 4 4.3 

Table 11 The results of intelligibility of prototypes 
 
The detailed results, which shown in the Table 11, accord to the summary impression, so the results 
are creditable. The results give the impression that two models are not difficult to understand. 
However, the values provided by the second group Multivariable-Time-Cube are relatively low. The 
members explain that trajectories in 3D give less sense when the two variables, which are defined on 
X and Y axes, are not relevant to each other.  However, the expert group thinks that Multivariable-
Time-Cube is good for studying the relationship between two variables when the relationship is the 
objective of study. The question about manoeuvrability of the prototypes is that if they had use their 
own data in two prototypes and Table 12 shows the results of their opinions. The columns show 
results (average results from questionnaires) which given by three groups 
 

 PCP-Time-Cube Multivariable-Time-Cube 
Effectiveness 4.6 4.6 4.5 4.3 3.6 4 
Efficiency 3.3 4 4 4 4.6 4.5 

Satisfaction 3 4.3 4.3 4 4 4.5 

Table 12 The results of maneuverability of the prototypes 
 
In table 12, effectiveness of PCP-Time-Cube is relative high. The members explained that the PCP-
Time-Cube can visualize more variables with time together and it is a powerful integration of data. 
However, the efficiency and satisfaction is relatively low which can be explained by the fact that 3D 
graphic in PCP-Time-Cube looks complex, especially, when the number of objects is large. The third 
group (geo-visualization professional) is interested in Multivariable-Time-Cube. They think 
Multivariable-Time-Cube is flexible and it is a natural combination of Multivariable-Time-Cube and 
Space-Time-Cube. They said when a user defines the variables on X and Y axes, it become more clear 
what to study. From the results, it seems that the PCP-Time-Cube is more effective and Multivariable-
Time-Cube is more efficient and satisfying. 
 

5.4.2. Efficiency 

The time, used for finishing the tasks, provides further information on the efficiency of the prototypes. 
The average results are shown in table 13. The detailed tasks are mentioned in section 5.3.3.  
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 Task 1 Task 2 
PCP-Time-Cube 3.5 14 20 50 45 
Multivariable-Time-Cube 60 11  18 45 
Table 13 (unit: seconds) The average time used on task 1 and task 2 by all participants 
 
 
Although different data is used in different prototypes, the tasks designed for the two models are 
similar to get meaningful results.  The blank cell in Table 13 means that the participants cannot 
answer the questions and the reason will be discussed following below. As mentioned before three 
levels of the tasks provide different levels of understanding of prototypes. The task 1 and task 2 are 
overall and intermediate tasks and the objective of these tasks is testing whether the participants 
understand the 3D graphics and know how to use the interactive tools of prototypes. So the 
participants are asked “how to” and only the time spend on answering is recorded. Task 3 is to answer 
detailed questions about multivariable spatio-temporal data and each question has exact answer. So 
not only the time is recorded, but also whether the answer is right or wrong is recorded.  
 
In the first tasks, the reason for the different times used between two modes on task 1-1 is that 
Multivariable-Time-Cube requires user define variables on the X and Y axes, which cost time, and 
PCP-Time-Cube doesn’t. In fact, this definition can be realized also in PCP-Time-Cube, and some 
participants have already suggested it. Task 1-2 cost similar time in both prototypes. Task 2-1 with 
Multivariable-Time-Cube cannot be finished because in a Multivariable-Time-Cube, one cannot view 
several variables together at the same time. The only solution is to create more cubes and each cube 
has one variable that is the same as in another cube to compare two variables. To finish task 2-2, a 
variable-time plane should be extracted in PCP-Time-Cube, and in Multivariable-Time-Cube, this task 
can be finished by just changing the view of the cube. However, the variable should be defined at 
fixed axis first; otherwise the time which is needed for the definition should be added.  
 
 How What When Where 
 Accur

acy 
Time Accur

acy 
Time Accur

acy 
Time Accur

acy 
Time 

PCP-Time-Cube 89% 60 100% 360  80 89% 90 
Multivariable-Time-Cube 78% 420 100% 120  79 100% 25 
Table 14 (unit: seconds) The time cost and accuracy of task 3 
 
Task 3-1 addresses a typical question that is to find “where+what+when” for the highest value. In 
PCP-Time-Cube, making a view from above the cube can finish this work easily. However in 
Multivariable-Time-Cube, user should define the variable which is asked in question at first, then 
view the highest value in Multivariable-Time-Cube and find the corresponding point in Space-Time-
Cube. PCP-Time-Cube is better than Multivariable-Time-Cube to answer the question 
how�where+when+what, because the PCP-Time-Cube cost less time and has higher correctness. 
Task 3-2 addresses “what” questions, because a surface identifies an object in PCP-Time-Cube, and it 
costs more time to find the surface, the intersection of variable line and time line, and then the exact 
value. Although 100% of the participants gave the correct answer in task 3-2, the efficiency of solving 
“what” question in PCP-Time-Cube is not ideal. However, the participants said it is not easy to 
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confuse different objects by using different colour surfaces to identify objects in PCP-Time-Cube. In 
Multivariable-Time-Cube, along the trajectory which identifies patient-11, the exact value about 
“when” and “where” shows automatically on X and Y axes, so it is quick and furthermore the 
correctness of answer is high also. The task 4-3 asks participants to make a view at a certain time and 
get the information about the state of object at that moment so there is no certain answer for this 
question. However, the time spent on it is similar in PCP-Time-Cube and Multivariable-Time-Cube. 
Task4-4 shows the power of Space-Time-Cube is visualizing Spatio-temporal data, all patients who 
are in the same trip (be on the same trajectory) are shown in the identify window, and their situation is 
highlighted in Multivariable-Time-Cube. All participants give the correct answer and the efficiency of 
answering this question by Multivariable-Time-Cube is satisfied. However, the limitation of 
Multivariable-Time-Cube is that only several variables can be viewed at the same time and it difficult 
to view all the state of the patients. In PCP-Time-Cube prototype, the provinces, which are near 
Beijing are selected first, then the corresponding surfaces are highlighted in PCP-Time-Cube, then the 
state of provinces can be viewed. 
 

5.4.3. The evaluation of the geo-visitation environments  

In this evaluation, all the interactive tools are listed in the questionnaires designed to collect 
information on the feelings of the participants about the interactive tools. The detailed results are 
shown in Table 15. It shows which tools might be useful, which tools are probably more powerful and 
which ones are probably not necessary. 

 Effectiveness Efficiency Satisfaction 
3D view tools 3.55 3.8 4.1 
2D graph 4.5 4.3 4.7 
2D map 4.3 4.2 4 
Selection and highlight together 3.5 4 4.1 

 
PCP-Time-
Cube 

Identify result window  3.7 4 4.2 
     

Option for axis of cube 4.2 4.2 4.6 
Synchronism reference 4.2 4.5 4 
3D view tools 4 4.3 4 
2D graph 4 4.2 4 
Selection and highlight together 4 4 4.3 

Multivariable
-Time-Cube 

Identify result window  3.9 3.5 3.6 
 
Table 15 Evaluation of functions in prototypes 
 
Table 15 shows that the 2D graphs in both in PCP-Time-Cube and Multivariable-Time-Cube are the 
most welcome to the participants. The participants explained that 2D is the most familiar view for 
them, and 2D graph, which is extracted from 3D the graphic, give them clearer concepts about what is 
the graph about and what is the relationship between the graphs with the whole data. Furthermore, 
viewing the Multivariable-Time-Cube in different aspects can supply similar 2D graph and supply 
more sense about variables with time. The 3D view tool in Multivariable-Time-Cube is more useful 
than in PCP-Time-Cube. The options for axis of cube and synchronism link in Multivariable-Time-
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Cube are also accepted. Some participants suggest that these tools can be used also in PCP-Time-
Cube.  
 

5.4.4. Evaluation about addressing multivariable spatio-temporal data in two 
prototypes 

 PCP-Time-Cube Multivariable-Time-Cube 
 Effec. Effic. Sa. Effec. Effic. Sa. 
What�when+where+how 3.5 3.4 4 4 4 4 
When�what+where+how 4.1 4.1 4.2 4.2 4.5 4.1 
Where�when+what+how 3.9 4.1 4.1 4.1 3.8 4.5 
How �when+where+ what 4.2 4.3 4.4 3.8 3.5 4.1 
Table 16 Evaluation of prototypes about addressing multivariable spatio-temporal data 
 
Table 16 shows usability aspects of two prototypes when multivariable spatio-temporal data questions 
are answered. The PCP-Time-Cube is good at answering “How �when+where+ what” on three levels 
of usability. Multivariable-Time-Cube is more proper to answer ‘What�when+where+how” question 
because it gives a simpler view about the object than PCP-Time-Cube do. A member said: “it is 
difficult to find the exact month in 3D PCP-Time-Cube after I identified a province”. The main reason 
for this is that the PCP-Time-Cube is a complex 3D graphic, and a user can easy get lost in 3D and 
cannot find the exact plane or line of interest. Furthermore, view is the cube from different aspects, 
the months and the variables have opposite sequence. Figure 64 shows the different sequences of 
months in different views of PCP-Time-Cube. In fact, PCP-Time-Cube has a simple structure for 
multivariable temporal data. “Label” for lines and planes can solve problems. The results of 
“Where�when+what+how” question shows the power of 2D map and Space-Time-Cube. The Space-
Time-Cube is more effective and satisfied but less efficient. For “When�what+where+how” 
question, both prototypes have similar functions to answer the question.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 64 Views from different aspect in PCP-Time-Cube  
 

 Jan.    Mar.      May.       Jul.       Sep.      Nov.       Dec.  Nov.     Sep.     Jul.      May       Mar.      
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5.4.5. 2D map and Space-Time-Cube 

In this evaluation, the participants are also asked to compare the 2D map and the Space-Time-Cube in 
supplying geo-information. The 2D map is the most familiar method for people to get geo-
information. However, it shows more and more limitations when it is necessary to visualize the spatio-
temporal data. The results in Table 16 show that Space-Time-Cube (3D graphic) seems to be accepted 
by the user. When comparing these two methods, the Space-Time-Cube is more effective and 
satisfactory. However, the efficiency of 2D map can not be ignored, so an interactive tool which is 
used to supply the 2D map is useful also in 3D model.  
 
 

 2D map Space-Time-Cube 
Effectiveness 3.5 4.2 
Efficiency 4.5 4 
Satisfaction 3.5 4.2 

 
Table 17 Compare 2D map and Space-Time-Cube  
 

5.5. Summary  

Based on the selected evaluation method; i.e. focus group and questionnaire, information on the 
usability of two models was gathered in this research. The three groups of participants give the similar 
answers in questionnaire and give useful suggestions about the prototypes. The test results indicate 
that PCP-Time-Cube and Multivariable-Time-Cube are both acceptable new models to visualized 
multivariable spatio-temporal data. However, due to the time constraint, only a few peoples were able 
to participate in the preliminary evaluation. The most important preliminary results are listed here. 

• Most of participants can understand PCP-Time-Cube and Multivariable-Time-Cube. 
• PCP-Time-Cube is more effective to visualize multivariable spatio-temporal data. 
• Multivariable-Time-Cube is more flexible and efficient.  
• Labels are very important in 3D models, especially in PCP-Time-Cube. 
• Useful interactive tools to help user finding interested information from multivariable spatio-

temporal data include the 2D graphic, and an option for axis of cube, synchronism reference, 
and 3D view tools.  

• Space-Time-Cube seems a better choice than 2D map to link with PCP-Time-Cube and 
Multivariable-Time-Cube for suppling geo-information. 
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6. Conclusions and further work 

This research proposed “visualization” of multivariable spatio-temporal data based on the existing 
multivariable graphic and Space-Time-Cube model. The objectives were to develop new models and 
prototypes to visualize multivariable spatio-temporal data, and to evaluate the usability of the 
prototypes. Two models are designed: PCP-Time-Cube and Multivariable-Time-Cube. Based on the 
designed models, the prototypes were developed to attempt to address multivariable spatio-temporal 
questions (determined from a literature review) through the case study conducted in ArcScene 
environment. The usability evaluations of these two prototypes are discussed in chapter 5, and the 
results are shown and analysed. This chapter will review important conclusions in this research. 
 

6.1. Conclusions and disucssions 

Based on the content of this research, there are three main sections in this conclusion and discussion 
which pertain to the multivariable spatio-temporal data, PCP-Time-Cube and Multivariable-Time-
Cube. Some of the conclusions come from this research but do not belong to any provided sections, 
therefore a new section is created to conclude and discuss them. 
 

6.1.1. Multivariable spatio-temporal data 

Peuquet (1994) distinguishes three components in spatio-temporal data: “where”, “when” and “what”. 
In fact, the “what” component not only indicates the object itself, but also includes the many 
important characteristics of the object, and these characteristics are described as multivariable (see 
figure 3).  The “how” is distinguished from “what” in this research to describe multivariable spatio-
temporal data. Based on “where”, “when” “how” and “what” components, the questions about 
multivariable are addressed as:  

• How�what + when + where 
• What �how + when + where 
• When�where + what + how 
• Where �what + when + how  

 
The above four questions form the foundations of my research.  The existing visualization solutions 
were analysed based on these questions. Furthermore the visualization models developed in this 
research attempt to answer all of these questions and they are also used as the standards to evaluate 
the prototypes. 
 
Furthermore, analysing the change of “how”, some of the characteristics do not change, but some of 
them do over the time. Some of the characteristics change sometimes, and sometimes not. Some of the 
characteristics change with only time and some of them change with both time and space. They are so 
complex that it is difficult to describe all changes. However, there is a simple rule in representation. 
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For one object, at a certain point in time, it exists at a certain location, and in a certain situation. In 
other words, under a certain value of time, all variables of an object have certain values. Using a 
formula, it can be represented as A (x, y, t, a1, a2….an). The “A” identifies the object; (t) is the 
temporal variable, the (x, y, z) is the spatial variables and the (a1, a2….an) is the multivariable. This 
rule is the reason why that the newly designed models can be linked with the Space-Time-Cube with 
the synchronism links “what”, “when” or “what + when”. 
 
After analysing the multivariable spatio-temporal data, existing visualization solutions were sought. 
Two multivariable graphics were combined with Space-Time-Cube to visualize multivariable spatio-
temporal data. They are PCP-Time-Cube, Multivariable-Time-Cube. 
 

6.1.2. PCP-Time-Cube 

PCP-Time-Cube is a solution for visualizing multivariable spatio-temporal data. In the PCP-Time-
Cube prototype, 2D map is used to supply geo-information in this research because the location of an 
object in the case study does not change. However, as mentioned in chapter 3, PCP-Time-Cube can be 
used in combination with classical Space-Time-Cube which represents spatio-temporal data, and at 
the same time, time synchronizes both cubes. In the Space-Time-Cube, the movement of an object can 
be viewed clearly, and it is easy for a user to find “when”, “what” and “where”. However, the “what”, 
in the Space-Time-Cube, only refers to objects, and the state of the object (characters) can not be 
shown. The PCP-Time-Cube provides relative information which shows the characters of the object, 
and how they change over time.  
 
PCP-Time-Cube combines all the information about multivariable of an object in one cube, so both 
the value of individual variable and the relationships between variables of the objects can be viewed 
together. In the PCP-Time-Cube, the vertex points identify “what+when+how”, the time-lines identify 
“what+how”, the variable lines identify “what+when”, the time-PCP planes identify “what”, the V-
time planes identify “how” and the surfaces identify “what”. All these points, lines and planes form 
the PCP-Time-Cube that provides an overview of all multivariable of objects in time. Table 18 shows 
how the components of multivariable-temporal data are addressed in the PCP-Time-Cube. However, 
to get geo-information, the PCP-Time-Cube should be linked to a 2D map in this case by the “what” 
component.   
 
 
Component  Is visualized in PCP-Time-Cube 
What surface 
When  T-PCP plane 
Where V-time plane 
What+when surface + T-PCP plane =T-object-variable line 
What+how surface +V-time plane=V-object-time line 
What+when+how T-object-variable line+ V-object-time line= vertex point 
Table 18 How the multivariable spatio-temporal components are viewed in PCP-Time-Cube  
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Advantages:  
• The PCP-Time-Cube provides a high degree of integration for different variables of different 

objects with different time.  
• PCP-Time-Cube is more effective than Multivariable-Time-Cube to visualize multivariable 

spatio-temporal data 
• In PCP-Time-Cube, all the information about the object is included in the polyline and the 

surface. It is easy for the user to link the object and find the information of interest. 
• In theory, any number of variables can be represented, because the vertical axes in PCP plane 

have no limitation. 
• The prototype provides a good interface for the user to get detailed information by using the 

zoom in and extraction tools. Because it is an overview for different variables of different 
objects with different time. The two cubes give a clear data structure for user, and it is easy to 
find the interesting points (intersection, highest value, strange point, etc.) 

• 2D graph are a useful tool in PCP-Time-Cube to get more detailed information. 
• Time reference is continuous and it is effective to define any time scale with the axis. 
 

Disadvantages 
• On the surface, only the points which are on the V-object-time lines are meaningful. It may 

lead to misunderstanding and confusion.  
• In practice, if there are too many objects in PCP-Time-Cube, the cube becomes too complex. 

 
 

6.1.3. Multivariable-Time-Cube 

Multivariable-Time-Cube uses multi cubes to form different variable spaces with time to show the 
object trajectory in the “variable space”. It indicates the change of the variables of the object with 
time. The options for X, Y axes of different cubes, give more interactive functions for user to put their 
views on the relationship which they are interested. Furthermore, the synchronism link provides the 
synchronism information for users. The option which is provided through the synchronism link gives 
the chance for user to view the relationship between variables. Table 8 shows how the four 
components of multivariable spatio-temporal data are addressed in Space-Time-Cube and 
Multivariable-Time-Cube.  
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Component  In Space-Time-Cube In Multivariable-Time-Cube 
What Trajectory  Trajectory 
When  T-plane T-plane (V1-V2 plane) 
Where Vertical lines  
How   Vertical lines 
How+when  V-time plane 
What+when Intersection of trajectory 

and T-plane 
Intersection of trajectory and T-plane 

Where+how   
When+where Intersection of time plane 

and the vertical line 
 

What+how  Intersection of time plane and the 
vertical line 

What+when+where Point  
What+when+how  Point  
Table 19 How the multivariable spatio-temporal components are viewed in Multivariable-Time-Cube 
 
Advantages 

• The variables-time space (Field) is useful to show how the object changes with the time and 
how fast does the change occur the according to variables which are selected as reference. 

• Multivariable-Time-Cube is more flexible and efficient than PCP-Time-Cube.  
• To find a variable change with time, viewing the cube from a suitable aspect is enough 

without extra action. 
• Z axes in different cubes represent the time in the same scale. It is easy to link these two 

cubes, and the synchronism link provides a unified feeling for the user. 
• Some variables are plug-in to the trajectory itself. The colour, size and texture are familiar 

representation for user to understand. 
• Time reference is continuous. It is effective to define any time scale with the Z-axis, 
• The representation is simple and easy to understand. 
• The option for the axes reference and the synchronism link is useful for user to view the 

relationship of different variables with time. 
• The object has different trends in different variable-time space, so it is useful for the users to 

find the different changes with different variables. 
 
Disadvantages 

• It is impossible to view many variables in one cube. Compared with PCP-Time-Cube, which 
can combine limitless numbers of variables with time and space with two cubes only. The 
multi-space-time cube is less integrated. 

• If more variables are needed to be visualized, more cubes are needed. Although there is 
synchronism information, it is difficult for the user to notice a lot of cubes at the same time. 
It is difficult to find the relationships among multi-variables.  
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6.1.4. Other conclusions in this research 

In this research, based on the existing visualization solutions, two models are designed. During the 
research and prototypes development, evaluation which gives me chance to discuss with experts from 
different background, some opinions are formed epically. 

• Two models are 3D visualization. 3D does provide more space for data visualization than 2D. 
It means that a user can view more data in 3D than in 2D. At the same time, some people 
think 3D is more complex and un-familiar to some users. However, the result which shows 
partly that the Space-Time-Cube (3D graphic) is accepted by the user which means that 3D 
graphics can be accepted and familiar to the user. 

• The geo-visualization provides new power in 3D. The interactive tools, such as navigation, 
zoom in/out to help a user to make different view to explore the data. Highlighting is a good 
function to identify and link relational objects. Furthermore, help with geo-visualization, the 
2D graph can be extracted from 3D graphic if a user favours a 2D graph. 2D and 3D is not 
opposites and they can be combined in an efficient way to make the data more clear. 

• Labelling is very important and useful in a 3D model because it can decrease complexity and 
“loses” in 3D graphic. 

 

6.2. Further work 

As a visualization tool for examining data with multivariable, and in space and time simultaneously, 
this research realized two prototypes to represent change through multivariable, time and space. 
However, based on the models, a lot of works still need to be done 

• The option for axes in PCP-Time-Cube are designed in the model but have not been realized 
in the prototype. Same as in Multivariable-Time-Cube, the option for variable axes can be 
realized and the user can define any variable from a table on the axes and the sequence can 
be changed. Furthermore, the value of variables will be re-calculated automatically to adapt 
the height of cube. 

• In PCP-Time-Cube, a 2D map is used to provide geo-information because the location of the 
object is not changing. Combining the Space-Time-Cube and PCP-Time Cube should be 
realized and evaluated to visualize the more complex change in multivariable spatio-temporal 
data. 

• The participants evaluation indicate that the synchronism link is useful to identify “what”, 
“when”, or “what+when” in Multivariable-Time-Cube. It can be realized in PCP-Time-Cube 
to increase the efficiency. 

• In the Multivariable-Time-Cube prototype, if two people have the same trip, it is visualized 
as the same line in the Space-Time-Cube. However, it is not visualized correctly if the two 
people are on the same train but in different compartments. A more reasonable solution is 
using a zoom in tool, and the cube disappears at a certain scale and the cube shows more 
detailed information about the positions of the people on this train. The same solution can be 
used also in an airplane, bus and ship to show the exact seat of a person.  

• To visualize more variables in the Multivariable-Time-Cube, one solution is to link several 
Multivariable-Time-Cubes together. This solution hasn’t been realized in this research. It can 
be realized and its usability can be evaluated. 
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• The new models should be further compared with existing visualization solutions for 
multivariable spatio-temporal data and more objective evaluation should be done with large 
larger sample of users. 

• Chernoff face Space-Time-Cube model is an interesting model to visualize the multivariable 
spatio-temporal data. However, due to the limited time, the prototype about Chernoff face 
Space-Time-Cube model was not realized in this research. Some problem should be solved to 
realize this prototype. The first one is about scale of the 3D view, because the face is small in 
Cube and Space-Time-Cube provides an overview for spatio-temporal data. Whether the 
expression of faces which indicate state of object can be viewed clearly in the overview and 
supply interested point which the user looks for should be considered. Furthermore, the 
evaluation should be carried out on the Chernoff face Space-Time-Cube prototypes. 
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Appendix  

 
Appendix A  

  
Questionnaire design 

 
How much degree do you understand PCP-Time-Cube? 
1[   ]      2 [   ]      3[   ]      4[   ]      5[   ]     
 
When you performance the tasks, what do you think about PCP-Time-Cube  
Intelligibility  
 1 2 3 4 5 
effectiveness      
efficiency      
satisfaction      
 
Suggestion: 
 
How much degree do you understand Multivariable-Time-Cube?  
1[   ]      2 [   ]      3[   ]      4[   ]      5[   ]   
 
When you performance the tasks, what do you think about Multivariable-Time-Cube 
Intelligibility  
 1 2 3 4 5 
effectiveness      
efficiency      
satisfaction      
 
 
Based on the tasks and prototypes, which tools are your favours? (Fill in 1-5) 
In PCP-Time-Cube 
 effectiveness efficiency satisfaction 
3D view tools    
2D graph    
2D map    
Selection and    
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highlight together 
Identify result 
window  

   

 
In Multivariable-Time-Cube 
 effectiveness efficiency satisfaction 
Option for axis of 
cube 

   

synchronism 
reference 

   

3D view tools    
2D graph    
Selection and 
highlight together 

   

Identify result 
window  

   

 
To address question, which tool would you choose to use? 
What� when+where+how 
PCP-Time-Cube 
 effectiveness efficiency satisfaction 
Option for axis of 
cube 

   

synchronism 
reference 

   

3D view tools    
2D graph    
Selection and 
highlight together 

   

Identify result 
window  

   

 
Multivariable-Time-Cube 
 effectiveness efficiency satisfaction 
Option for axis of 
cube 

   

synchronism 
reference 

   

3D view tools    
2D graph    
Selection and 
highlight together 

   

Identify result 
window  
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When� what+where+how 
PCP-Time-Cube 
 effectiveness efficiency satisfaction 
Option for axis of 
cube 

   

synchronism 
reference 

   

3D view tools    
2D graph    
Selection and 
highlight together 

   

Identify result 
window  

   

 
Multivariable-Time-Cube 
 effectiveness efficiency satisfaction 
Option for axis of 
cube 

   

synchronism 
reference 

   

3D view tools    
2D graph    
Selection and 
highlight together 

   

Identify result 
window  

   

 
Where� what+when+how 
PCP-Time-Cube 
 effectiveness efficiency satisfaction 
Option for axis of 
cube 

   

synchronism 
reference 

   

3D view tools    
2D graph    
Selection and 
highlight together 

   

Identify result 
window  

   

 
Multivariable-Time-Cube 
 effectiveness efficiency satisfaction 
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Option for axis of 
cube 

   

synchronism 
reference 

   

3D view tools    
2D graph    
Selection and 
highlight together 

   

Identify result 
window  

   

 
How � when+where+ When 
PCP-Time-Cube 
 effectiveness efficiency satisfaction 
Option for axis of 
cube 

   

synchronism 
reference 

   

3D view tools    
2D graph    
Selection and 
highlight together 

   

Identify result 
window  

   

Multivariable-Time-Cube 
 effectiveness efficiency satisfaction 
Option for axis of 
cube 

   

synchronism 
reference 

   

3D view tools    
2D graph    
Selection and 
highlight together 

   

Identify result 
window  

   

 
Which solution do you like to represent the geo-information 
2D map 
 1 2 3 4 5 
effectiveness      
efficiency      
satisfaction      
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Space-Time-Cube 
 1 2 3 4 5 
effectiveness      
efficiency      
satisfaction      
 

Summary 
Based on your own experience, which model will you choose to visualize your data? 
PCP-Time-Cube 
Intelligibility  
 1 2 3 4 5 
effectiveness      
efficiency      
satisfaction      
Manoeuvrability  
 1 2 3 4 5 
effectiveness      
efficiency      
satisfaction      
 
Multivariable-Time-Cube 
Intelligibility  
 1 2 3 4 5 
effectiveness      
efficiency      
satisfaction      
Manoeuvrability  
 1 2 3 4 5 
effectiveness      
efficiency      
satisfaction      
 
Suggestion: 
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