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Abstract 
 
 
This research investigates how temporal cartographic animations can be created from an 
insufficient amount of input images.  
 
An animation shows a sequence of static images. Therewith the illusion of continuous change 
is established. This illusion, however, does not occur when the amount of images shown per 
second (frame rate) is too low. Since the number of available images is often not high enough 
to produce an animation of acceptable length with an appropriate frame rate, many new 
images need to be created in order to make an animation. These images can be created by 
performing an interpolation technique and by choosing the total duration of the final 
animation.  
 
Many different maps exist and the point, line and polygon symbols on these maps can 
represent all kinds of phenomena. Besides that, these symbols can change in many different 
ways during an animation (e.g. rotate, shrink or move). Furthermore, when symbols in an 
animation change too slow, this change will not be noticed since humans are not able to 
perceive these changes.  
 
Therefore, the main objective of the research is to investigate what the optimal techniques and 
durations are to avoid perceptual problems in all kinds of temporal cartographic animations, 
created from an insufficient number of input images. 
 
The thesis contains three main parts. The first describes the types of animations that exist and 
the different ways in which objects can change during the animation. Spatial behaviour (the 
behaviour of the objects; e.g. rotation or change in thickness of a line) and temporal behaviour 
(the behaviour of the phenomena in time; e.g. rough change like wind direction or smooth 
change like increasing population) are dealt with. 
 
The second part contains the descriptions of interpolation techniques. A distinction has been 
made between interpolation for relatively simple changes (like growth of an object) and 
interpolation for deformations (changes in the shape of an object). It is shown how the results 
from the interpolation techniques can be visualized in graphs and how the techniques can be 
compared. Furthermore; the advantages, disadvantages, limitations and possibilities of the 
techniques are described. An initial suitable technique for the different phenomena and 
behaviours of the maps objects can be chosen based on these descriptions. 
 
However, when the technique chosen is only based on the changing phenomena and its 
representation; problems of perception may occur since it is not known how fast the objects 
should change. These perceptual problems are dealt with in the third main part of this thesis. 
Here it is described that it is important to pay attention in order to see change. It is shown that 
the minimum speed of a changing object that is still capable of capturing the attention of the 
viewer depends on many variables. These variables are the sizes of the changing objects, the 
amount of the changing objects, the behaviour of the changing objects (described in the first 
part), the amount and types of surrounding graphics (background maps) and the 
characteristics of the viewer (e.g. experiences, education).  
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Tests animations have been created with different values for these variables which have been 
shown to people with different user characteristics. By interpolating and showing the results 
of these tests in graphs, it became possible to give an indication of the minimum rate of 
change for many types of animations. 
 
Finally recommendations have been given to indicate the suitable techniques and settings for 
the duration when someone wants to create a temporal cartographic animation from an 
insufficient amount of input images. 
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1 INTRODUCTION 
 
 
1.1 Context 
 
The world in which we live changes constantly as time passes by. We build new suburbs, 
hospitals and roads, a tsunami reshapes the coastlines and boundaries disappear. 
 
Maps are very useful for providing information about spatial phenomena and their coherence 
in space but most of the maps show information that is only valid for a single moment in time.  
 
Because of the fact that phenomena change in time, maps that represent these phenomena 
need to be changed or redrawn; otherwise the information, extracted from the map would not 
be relevant for present time anymore. Due to the constant production of new maps, many 
maps may become available showing differences in time for the same spatial area and 
phenomena.    
 
These maps can be used to extract information about the changes. According to Kraak and 
Ormeling (2003) it is possible to distinguish three types of representations of changes in time 
and space of which the creation of a series of static maps is the first. It is also possible to add 
the aspect of time to a single map by using a specific graphic variable or symbol for this 
purpose; this is called a change map. The third distinguishable representation is the animated 
map or cartographic animation. The following definition of animations in general has been 
found on the internet: 
 
“Animation is the optical illusion of motion created by the consecutive display of images of 
static elements” (URL 1) 
 
In case of cartographic animations these images of static elements are maps. We can 
distinguish temporal- and non temporal animations. The latter shows a sequence of images 
that are not related to time (e.g. an animation showing the provinces of a country one by one 
or an animation with blinking objects to get the attention of the viewer). 
 
In temporal animations the sequence of the displayed images is related to a certain time period 
(usually chronologically). Temporal cartographic animations can provide the viewer with 
information about many kinds of changing (geographically related) phenomena. Examples 
are: the expansion of the Roman Empire, the ever-increasing amount of traffic jams, the 
changing amount of countries with a dictatorial regime or the weather forecast. This research 
focuses on these kinds of temporal animations. 
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In animations, the individual images are played for a short time. This means that viewers do 
not have much time to see what is shown on these images. Therefore, the amount of 
information that can be visualized on a single image is limited in animations compared to 
static maps.  
 
However, in many situations animations are potentially better capable of providing 
information about the changes compared to the other types of representation because they can 
contain a high amount of time-frames (sequentially displayed images) representing different 
moments in time. Compared to an animation, a series of static maps is limited because 
humans cannot recognise the differences when the amount of information (maps) becomes 
high. Moreover, the differences between maps are harder to see when they are not overlaying 
each other like they do in an animation. In a single static map it is not possible to add a lot of 
information while keeping the map readable at the same time. Another disadvantage of single 
static maps is the fact that they can only show changes in one direction (e.g. it is not possible 
to visualize a city that shrinks after some time of expansion).  
 
An animation can contain a higher amount of information from different moments in time and 
can show these at the same physical location; therefore they can be very useful to clarify 
trends and processes, as well as to explain or provide insight into spatial relations (Kraak and 
Klomp, 1996). When the trends or patterns are known it will improve the quality of the 
decisions made based on the information shown in the animation. According to Peterson 
(1995); animations are especially useful for providing insight in the changes between the 
timeframes. The following quotation illustrates the value of an animation: 
 
“Just as a picture is worth a thousand words, an animation is worth much more than the input 
static images” (Acevedo and Masuoka, 1997 pp 424). 
 
 
1.2 Background of the research questions 
 
There are many potential problems which have to be dealt with when someone wants to create 
an animation based on static map images. This research deals primarily with the problem of 
unavailability of input images.  
 
In order to see the illusion of motion it is necessary to rapidly show the individual images of 
which the animation consists.   
 
Frame rate (also known as frame frequency) is a measurement to show how many unique 
consecutive images (frames) are displayed in one second (URL 2). 
 
According to Foley (1990) it is effective to use a frame rate of 15 fps (frames per second). 
Others state that a frame rate equal or above 10 will be enough to create the optical illusion of 
continuous movement (URL 2). In the movie/cartoon industry they usually use 24 frames per 
second (URL 2). 
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If there are only a few images available and these are played with an effective frame rate it 
might result in a very short animation or there will be some gaps in the animation (timeframes 
for which no image is available). In these cases the patterns recognized by the user will not be 
optimal which will probably give a wrong impression of reality. It is also possible that the 
images are irregularly distributed over time which results in an animation with a non-linear 
timeline when all images are added sequentially. In this case there is no direct link between 
world time and the display time in the animation which results in a misleading pattern. 
 
Because an animation shows changes dynamically, some dynamical variables can-, and have 
been defined by Dibiase et al (1992) and MacEachren (1994); five of these relate to single 
animations and therewith to the types of animations focussed on in this research. These are: 
 
- Moment of display (position of a state or change in the images) 
- Order  (structured sequence of states or changes) 
- Duration (length or the display time of an image (frame rate)) 
- Frequency (repetition of identical states in a unit of display time (e.g. blinking)) 
- Rate of change (difference in magnitude of changes per unit of display time) 
 
According to Blok (2005), rate of change should not be seen as an independent dynamical 
variable but as an effect of any change in the representation or in the interaction with the 
animation (e.g. changing the speed of the animation).  
 
The changes seen in the animations depend on the dynamic variables (and the rates of 
change). When these are not optimal, the patterns recognized by the user are also not optimal.   
 

1.2.1 Interpolation 

In order to deal with the problem of availability of input images, additional images might 
have to be created by using an interpolation technique on the available images.  
 
Interpolation can be defined as a mathematical method of creating missing data (URL 3).  
 
In case of a time series of static maps, the interpolation creates maps in between 
(chronologically) the existing, initial maps. The interpolated maps are thus constructed by 
using mathematical formulas which use the initial maps as input.  
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Figure 1 shows an example of an animation created from eight input images. In the figure the 
images are shown next to each other while in a true animation they will be shown at the same 
location for a chosen duration.  
 
The upper part of the figure shows the problem of the irregularly available initial images. 
When put in chronological order and shown sequentially with the same display speed, sudden 
‘jumps’ in the patterns will occur because there are no images available for all moments in 
time (missing images, shown in black in figure 1).  
 
The lower part shows the solution of interpolation. Here the missing images are created in 
some mathematical way based on the available input images. The techniques for interpolation 
are described in chapter 3.   
 
 

 
Figure 1 Example of interpolation  

 

1.2.2 Perceptual problems 

Like a map, an animation can only approximate the real world processes since the real world 
is very complex and humans are not able to distinguish gigantic amounts of map information. 
Maps and animations are also relatively small compared to reality. Therefore it is important 
not to add too much information to the animation and choices have to be made about what to 
show and what not. When an animation shows many changes it might not be possible for 
humans to perceive these changes. 
 
The reason for this is the fact that visual perception of change in an object only occurs when 
that object is given focused attention (Rensink et al., 1997) and it is not possible for humans 
to constantly focus on many changes in an animation. Not focussing can lead to unwanted 
visual perception phenomena, referred to as change blindness and inattentional blindness. 
 
Change blindness (CB) and inattentional blindness (IB) might occur due to the contents of the 
animation and the capabilities of the viewer. CB and IB have been investigated in this 
research since the different techniques and the choices for the dynamic variables (including 
rate of change) that can be used to solve the primary problem of unavailability of input 
images will result in different animations. By choosing an appropriate technique with 
appropriate settings for the dynamic variables, the chance of perceptual problems can thus be 
lowered. 
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CB occurs when one fails to detect change in the visual field (Rensink et al., 1997).  This can, 
for example, happen when one blinks (or moves) the eyes. It also occurs when object change 
too slow. 
 
IB refers to the inability to detect (even big) unexpected changes (Mack & Rock, 1999; Blok, 
2005). It occurs when the viewer focuses on particular (map) objects because he or she 
expects these objects to change or when the viewer is mostly interested in these objects. Due 
to this, other objects can easily be missed. The objects that a user sees or misses can depend 
on the characteristics of that user (e.g. age, experiences, background). 
 
Perceptual problems are described more in-depth in chapter 4.  
 

1.2.3 Phenomena and representation 

The phenomena shown in the input maps for the animation and the way these are represented 
(e.g. by using coloured lines or hatched polygons) determine the way the maps change in time 
and therefore might have their influence on the solution for the unavailability of input images 
as well. 
 
In the example of figure 1, the images show a polygon of which the shape changes in time. 
This might, for example, be an island that changes due to a rising sea level or a part of a 
country where a certain animal lives. Other phenomena will be mapped differently. A road 
network is usually represented by connected lines, land use classes can be displayed by using 
polygons in different colours. Since phenomena are mapped differently, the behaviour of their 
representation over time is also different (e.g. colour change, size change, location change) 
which might influence the usefulness of the techniques that can be used for interpolation. The 
possible behaviours of map objects are described in chapter 2. 
 
 
1.3 Focus of the research 
 

1.3.1 Problem definition 

From paragraph 1.2, it becomes clear that the problem of unavailability of input images for 
temporal cartographic animations can not be solved well without knowing the perceptual 
problems that might occur and the nature and representation of the phenomena shown in the 
animation. This leads to the following problem definition:  
 
“The most suitable techniques and animation durations to avoid perceptual problems when 
creating a temporal cartographic animation based on insufficient input maps of any 
phenomena are not known” 
 

1.3.2 Main objective  

The main objective is to investigate what the optimal techniques and durations are to avoid 
perceptual problems in all kinds of temporal cartographic animations, created from 
insufficient input images. 
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1.3.3 Research questions 

 
The following research questions have to be answered in order to reach the main objective 
 
·  How do phenomena behave over time and how are they represented in temporal 

cartographic animations? 
 
·  When do perceptual problems occur per phenomena/representation? 
 
·  What are the potentially useful existing interpolation techniques for temporal 

cartographic animations? 
 
·  What influence do the interpolation techniques have on the perception of change?  
 
·  What techniques can be recommended for the creation of animations from an 

incomplete input? 
 

1.3.4 Limitations 

Phenomena 
 
For some phenomena it is not suitable to create interpolations since it is necessary that their 
behaviour is more or less natural (e.g. changing temperatures, animal habitat or coastlines). If 
this is not the case (like in cadastral maps or municipal boundaries where the changes are 
based on human decisions) it is impossible to predict interpolation values unless the 
“unnatural” (e.g. human decision) influences are negligible due to the usage of a small map 
scale.  
 
This research therefore only focuses on phenomena representations of which the change is 
(more or less) predictable.  
 
Graphical representation 
 
In geographical information systems (GIS), spatial- and attribute (thematic) information is 
stored in databases. When geo-information from a GIS is shown on the screen, graphical 
representations, chosen by a cartographer, are assigned to the spatial database objects and the 
attributes that belong to them (e.g. population densities). In GIS it would be possible to 
interpolate the data which would then change the graphical representation in a way that 
depends on preferences of the cartographer. Thus, the interpolation technique used on the data 
would also influence the final outcome.   
 
Therefore, not the data, but only the graphical (vector) representation is used for interpolation 
in this research (for example: when interpolating images that represent population densities by 
using different shades of grey, these shades are interpolated, not the population densities).  
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Classification 
 
The objects shown on thematic maps are usually shown in different colours, grey values or 
sizes. Since it would be impossible to quickly distinguish many graphical properties of 
objects, the objects are often classified and represented by a limited number of clearly 
distinguishable graphical properties (e.g. five different sizes or six different colours). This 
means that a single property represents a range of attribute values. This might lead to 
problems when these objects are used to create an animation. Figure 2 illustrates this problem. 
 

 
 

Figure 2 Example of an interpolation problem due to the classification of the original images 

 
In the example of figure 2 there were two original images. Both images show the population 
of two villages (respectively in 1940 and 1980). By using interpolation of the size of the 
objects, a third image has been created for the year 1960. Since the size of the upper object 
does not change, it looks as if the number of citizens did not grow. However, it might be that 
this amount did grow (from 120 persons in 1940 to 200 in 1980) but it is not visible in the 
animation because of the classification that had been applied to the original images. Even 
though the lower object represents a village population that only grew from 200 to 210 
inhabitants, it looks like a bigger growth than that of the upper object. 
 
Thus, classification of the input images can have a negative influence on the outcome of the 
animation. Therefore the values of objects on the input images are assumed to be unclassified 
for this research.  
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Map content 
 
Maps can be used to visualize any kind of data that is spatially associated. They do so by 
showing objects (points, lines and/or polygons) in, for example, different shapes, sizes, 
colours or hatches. All these objects can change in different ways when they are used in an 
animation. 
 
Maps usually consist of many of these objects and any composition of them is possible. In 
time, all these objects could also behave differently and independently.  
 
Since it is impossible to investigate the perceptual problems for all possible combinations of 
changing objects this research is limited to animations of input maps where there is only one 
type of change (e.g. only polygons where the grey value changes or only lines of which the 
thickness changes). Furthermore, animations in which objects change in the graphical variable 
of grain/texture are not dealt with. 
 
Overlapping objects 
 
Since a temporal cartographic animation will often contain more than one graphic object and 
since these objects can change in time independently from each other, it is possible that 
objects will (partly) overlap each other in the interpolated images.  
 
Figure 3 shows examples of these problems for point symbols or polygons. Every example 
exists of two or three objects of which at least one changes in time. In figure 3, overlap 
problems occur in the middle frame which is created by an interpolation of the other frames.  
 
 

 
Figure 3 Examples of overlap problems for point symbols and/or polygons 

 
Since it would require studying relations between multiple changing objects, overlap 
problems are not researched in this thesis. 
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Simple animations 
 
Animations in which not only the map objects change but where also the base map changes 
(e.g. rotating globes or animations where the map scale is variable during play (zooming)), are 
not investigated.   
 
Interpolation techniques 
 
Many interpolation techniques exist and new ones will probably be developed. Since it is 
impossible to describe all of them, the techniques dealt with in this research are limited to 
some of the most commonly known. 
 

1.3.5 Implications of the research 

Since the 1980s computer based animations have been created and research has been done 
about this topic (Kraak & Ormeling, 2003). Creating animations and performing 
interpolations have also been studied in computer sciences (e.g. Magnenat Thalmann & 
Thalmann (1985) or Foley (1990)). The knowledge gained in these studies is often used in the 
movie- and gaming industry. 
 
Specific research on temporal cartographic animations has been performed by Blok (2005), 
Andrienko et al. (2003) and Ogao & Kraak (2002), amongst others. 
 
However, the outcomes of these studies do not easily provide information that creators of 
animations can use to know what techniques (and what settings for the dynamical variables) 
they should preferably use in case of an insufficient amount of input maps. 
 
This research can contribute to the existing knowledge by providing a methodology and 
results that can be used as recommendation for the creation of animations when the input 
images are available.  
 
Other researchers should be able to use the results of this research for further investigations 
about the possibilities of animations, for instance for animations based on more complex 
maps. 
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1.4 Research methodology 
 
The methodology, used to reach the main objective of this research is visualized 
schematically in figure 4. 
 

 
   

Figure 4 Thesis methodology scheme 

 
The first steps are the investigation of the existing, potentially suitable techniques for 
interpolation and the investigation of the possible behaviours of map objects in time. These 
steps are both theoretical and based purely on literature study.  
 
The investigation of the techniques results in descriptions containing advantages, 
disadvantages, possibilities and limitations. 
 
With the different behaviours of map objects known, it is possible to investigate the 
perceptual problems that may occur for each of these behaviours. Based on literature about 
perception, criteria are created that form the basis for the user tests that are performed with 
real animations. These tests result in descriptions and visualizations that show when problems 
may occur for each of the defined behaviours of map objects. 
 
With the possible behaviours, the techniques and the occurrence of perceptual problems per 
behaviour known, it is possible to recommend suitable techniques and durations to all of the 
behaviours of map objects. The relation between the techniques, duration and the possible 
occurrence of perceptual problems is explained by the example of figure 5. 
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In figure 5 the initial images (upper left part of the figure) show different grey values that 
represent certain population densities (one of the possible behaviours of map objects in time).  
 
The bottom four images of figure 5 show the results of two different interpolation techniques 
(technique A and B) and two different settings for the duration of the animation (speed 1 and 
2) in a graph where the x-axis represents the time and the y-axis represents the variable (in 
this example grey value). The known images are visualized here as round black dots while the 
interpolated values are shown as squares (in reality many interpolated images per second are 
needed but only one per second has been visualized here). The slopes of these graphs show 
the rate of change of the animation at the different time-steps (if the slope becomes steeper, 
the rate of change becomes higher).    
 
By performing user tests, the rates of change at which perceptual problems occur for this 
situation (e.g. sizes and amounts of the changing objects) have been investigated. In the 
upper-right image of figure 5 the slopes for which there is a risk of a perceptual problem (for 
this particular situation) are shown. In this way it is possible to indicate in the graphs of the 
techniques where perceptual problems may occur (indicated with XXX).  
 
In the example of figure 5 the result of both techniques might thus cause perception problems 
when the animation plays for 10 seconds (speed 1). When played for 5 seconds, technique A 
might be preferable since technique B still results in an animation where perceptual problems 
will occur. 
 

 
Figure 5 Relation between techniques, display speed, rates of change and perceptual problems 
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Finally, when the techniques that are suitable are known and when it is known when and how 
they can be used with a smaller risk of perceptual problems, it is possible to write the final 
recommendations for the creation of temporal cartographic animations.  
 
 
1.5 Organization of the thesis 
 
This thesis consists of five chapters and some appendices. The contents of the chapters 
(except this introduction chapter) are briefly described here: 
 
Chapter 2 
 
This chapter describes the different behaviours of map objects based on classifications of 
cartographic animations. The distinction is made between spatial and temporal behaviour. The 
spatial behaviours that can be interpolated are described. For each of these behaviours, graphs 
are constructed that can visualize the temporal behaviour. Therewith tools are provided to 
show the rates of change of the objects. Furthermore; the chapter also describes the limitations 
in change for the different spatial behaviours. 
 
Chapter 3 
 
The interpolation techniques are described in chapter three. A distinction between techniques 
for relatively simple changes and techniques for complex changes (changes of shapes) is 
made.  
 
Chapter 4 
 
Chapter four is about perceptual problems that may occur when animation are being played. 
It contains an overview of important aspects. Besides that, it contains the description of tests 
that have been performed in order to measure when perceptual problems occur for the 
different behaviours defined in chapter 2. The main results of these tests are also included 
here. 
 
Chapter 5 
 
The final chapter contains the answers to the research questions and the conclusions and 
recommendations for the creation of temporal cartographic animations from an incomplete 
input. Additionally, it provides recommendations for testing perception. 
 
 
A short summary is added to chapters 2, 3 and 4.  
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2 BEHAVIOUR OF MAP OBJECTS IN TIME 
 
 
2.1 Introduction 
 
There are many maps that can be used as input for the creation of a cartographic animation. 
These maps can contain all kinds of geographical information. In vector graphics, the 
geographical information is represented by objects (e.g. a dashed line or a coloured polygon). 
These objects can change in many ways during the animation. In order to recommend an 
appropriate interpolation technique (interpolation techniques are described in chapter 3) it is 
necessary to describe these different behaviours in which the objects can change in time. 
Some techniques for interpolation may not be suitable for certain behaviours. 
 
Paragraph 2.2 contains a description of classes (created by other researchers) of different 
types of cartographic animations. These classes provide a structure for paragraph 2.3 and its 
subparagraphs which contain the changes that may occur in the spatial dimension. The 
possibilities of change in the temporal dimension and the way to visualize these are described 
in paragraph 2.4. Apart from the behaviours of objects in space and time, another aspect can 
influence the appropriate techniques for interpolation. This aspect is the limitation in which 
the behaviour can change. It is described in paragraph 2.5.  
 
 
2.2 Classification of cartographic animations 
 
There are different types of cartographic animations in which the images might change in 
time. There have been some attempts to classify these. Kraak & Klomp (1996) mentioned 
three different classes based on a classification by Dransch (1993). These classes are: “time-
series”, “successive build-up” and “changing representations”. Differences in world time are 
only visible in time-series animations. Successive build-up animations show changing 
attributes or locations while time is fixed (e.g. showing the number of inhabitants from 
different educational backgrounds subsequently). In case of changing representations; time, 
attributes and locations are fixed and only differences in representation are visible (e.g. 
different classifications or different map projections).   
 
Another classification of cartographic animations has been created by Lobben (2003). In this 
classification, there are three different classes that contain animations that show changes in 
time. Since temporal cartographical animations are the ones dealt with in this research, this 
classification is better capable to provide a structure for this chapter (although it looks a bit 
strange). 
 
Lobben’s classification is based on three characteristics (time, variable and space) that can be 
either dynamic or static. Table 1 shows the relation between these characteristics and the 
different classes. 
 
 

 

 

 



 26 

 

Table 1 Characteristics of cartographic animation classes (Source: Lobben, 2003)  

 
 
 

Table 2 Explanations of states of characteristics by Lobben   

Static Images represent the same moment in world time Time 
 Dynamic Images represent different moments in world time 

Static Objects are of equal value after change (no differences in order)  Variable 
 Dynamic Differences in order 

Static Base map stays the same during the animation Space 
 Dynamic Base map changes 

 
 
Table 2 shows the meaning of the states (static or dynamic) of the characteristics defined by 
Lobben (2003).  
 
Time is considered dynamic when the animation contains images with objects that represent 
phenomena at different moments of world time, otherwise time is static. Table 1 shows that 
time is always dynamic in time-series and process animations. In thematic animations it can 
be either dynamic or static.  
 
It is important to realise that what is referred to as time-series animation by Kraak and Klomp 
(1996) can thus be time-series-, process- or thematic animations according to Lobben (2003).    
 
Maps consist of many objects (e.g. roads, houses, administrative boundaries) that can be 
displayed as point symbols, lines or polygons. Attribute information belonging to these 
objects (e.g. amount of traffic or temperature within a certain area) can be visualized by using 
graphic variables (e.g. different colours). Variable is considered dynamic when these graphic 
variables represent quantitative changes in time. In this case the order of the attributes is 
variable (e.g. temperature ranging from low to high). 
 
Variable is considered static when the changes do not affect the order of the attributes. This is 
the case when qualitative changes occur (e.g. the type of land use changes and therewith the 
colour of the polygons) and when the geometry of the object changes. 
 
When space is dynamic, objects that do not change in reality can still change in the animation 
that represents this reality. In these cases, the base map changes during the animation (e.g. 
zooming, panning or rotation of the entire animated map). 
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Based on their characteristics, the different classes (called animation methods in table 1) have 
been described here:  
 
- Time series animation 
 
In time series animation the total map area stays the same while locations or existence of a 
given phenomenon may change. The different images played sequentially represent different 
moments in time. In time-series animations the time scale is not restricted (e.g. change can be 
visualized over seconds or centuries). Time-series animations show only the different objects 
on the maps and qualitative information about these objects (e.g. buildings, roads, different 
types of crop fields) but do not show quantitative thematic information attached to those 
objects by using graphical variables like (grey) values or graduated symbols.   
 
- Aerial animation 
 
An aerial animation does not show differences in time but has a moving base map (e.g. a 
rotating globe or an animation following the coastline). Since time does not change here, 
phenomena do not change either. However: it is possible that the representation of the 
phenomena does change. For example; the level of detail will increase when zooming in on a 
certain area. The word fly-through can also be used for this kind of animation (Kraak and 
Klomp, 1996) 
 
- Thematic animation 
 
In this type of animation quantitative thematic information is represented by a graphical 
variable, used for the objects in the map (e.g. different (grey) values for population density 
within municipalities). In these animations time can be either static or dynamic. When time is 
static, the animation can show the differences between classification methods for the thematic 
information. When time is dynamic the animation can show quantitative changes like the 
increasing population density or the changing average temperature in different provinces.   
 
- Process animation 
 
Process animations follow the movement or trajectory of certain phenomena. Since movement 
is only possible when time passes by, these are temporal animations. In process animations 
the base map also changes. An animation showing continental drift is an example of a process 
animation.  
 
When animations have to be created based on an incomplete set of input images and the base 
maps of these images are different (e.g. different parts of the world when the animation would 
follow the flight of an airplane), interpolating the changing objects based on their absolute 
locations would not be sufficient. The locations should be related to the base maps and 
therefore relative locations are needed. Since it would require transformations to calculate the 
relative locations for interpolated images, it is not feasible to deal with these animations in 
this research. These animations are therefore not dealt with in this research. 
 
In the next paragraphs, the different behaviours of map objects in time are described for time-
series- and thematic animations. 
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2.3 Spatial changes in temporal cartographic animations 
 

2.3.1 Time-series cartographic animation changes 

Figure 6 shows the basic geometrical changes for polygon, line and point objects in a time-
series animation. 
 
In case of deformation, the object can change from any shape to any other shape. It is also 
possible that more objects merge into one object or that one object splits into more objects. 
Deformation is therefore more complex compared to the other geometrical changes and is 
discussed separately in paragraph 2.3.1.2. Examples of the other changes are given in 
paragraph 2.3.1.1. 
 
Basically, any combination of the changes, mentioned in figure 6, is possible (e.g. an object 
can simultaneously grow and rotate or disappear while its shape deforms). However; since 
there would be an enormous amount of possible combinations, it is not feasible to deal with 
all of them in this research.  
 
Apart form the geometrical changes, time-series animations can also show qualitatively 
changing phenomena (see paragraph 2.2.). These are described in paragraph 2.3.1.3. 
 
 

 
Figure 6 Object changes in time-series animation (Source: Claremont & Theriault, 1995) 
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2.3.1.1 Simple geometrical changes 
 
Examples of different changing phenomena in time-series animations that are represented by 
the geometrical changes (except deformation), mentioned in figure 6, are shown in the 
following figures (7, 8, 9, 10 and 11) where question marks indicate that an image is missing 
and a solution has to be found for this incompleteness by using an interpolation technique, if 
possible. 
 
 

 
Figure 7 Example of appearance 

 
 

 
Figure 8 Example of disappearance  

 
 

 
Figure 9 Example of displacement 

 
 

 
Figure 10 Example of rotation 
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Figure 11 Example of expansion 

  
By turning the sequence of images of figure 11 around, it could represent a shrinking city 
which would be an example of contraction. 
 
 
2.3.1.2 Deformation 
 
Figure 12 gives an example of a coastline of which the shape changes. 
  

 
Figure 12 Example of deformation 

 
There are many other examples that can be mentioned (e.g. shape of an animal habitat or city 
boundary) that all can change in any possible way. 
 
Point symbols can also change their shapes during an animation (e.g. the symbol for a church 
becomes a symbol for a museum or a park becomes a zoo). This, however, is qualitative 
information and can therefore not be interpolated (this is explained in paragraph 2.3.1.3). 
Therefore, only the deformation of lines or polygons is investigated in this research.  
 
Polygons can have (or deform into) more complex shapes containing holes which might make 
the interpolation more complicated. Figure 13 contains an example of such a deformation.   
 

 
Figure 13 Polygon with hole 
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Apart from deformations where one objects deforms in another object, it may also occur that 
the amount of objects changes due to the deformation. The example of figure 14 shows a 
polygon that splits in two (at time = 3). This might for example be an island which coastline 
changes due to the rising water level. It is also possible that the amount of polygons lowers 
due to deformation. In that case two or more objects merge into one. 
 
 

 
Figure 14 Splitting of a polygon 

 
 
2.3.1.3 Qualitative changes 
 
As discussed in paragraph 2.2, animations in which qualitative changes occur are also 
considered as time-series animations (Lobben, 2003). Qualitative changes are variations in 
thematic information where the value or order at time x is not higher or lower than at time y 
(as it would be in case of quantitative changes like high- or low temperature or population 
density).  
 
In case of qualitative changes it is not useful to interpolate in time since there is no value to 
predict. This is illustrated by the following example: Consider maps of a city showing the 
changing land-use. In these maps, commercial areas are visualized in red and residential areas 
are shown in yellow. If the land use changed from commercial to residential and some images 
in between are missing, they can be visualized as orange but there is no meaning assigned to 
that colour.  Since any value can be the outcome of the interpolation, the amount of potential 
unknown meanings (and in this case: colours) will be infinite. Therefore; although graphics 
software might be capable to interpolate graphic representations of qualitative information 
(different shapes, colours or orientations, which are the graphical variables applicable to 
qualitative change according to Bertin (1983), see paragraph 2.3.2.) these interpolations are 
not useful.  
 

2.3.2 Thematic cartographic animation changes 

Thematic information is displayed on a map by using graphical variables to represent an 
attribute value of the individual map objects.  Bertin (1983) separated variables into two 
types; the planar dimensions and the graphical variables. He defined the following graphical 
variables: size, (grey) value, grain/texture, colour hue, orientation and shape. The 
measurement scales for which the different graphical variables can be used properly 
according to Bertin are shown in table 3. Nominal refers to qualitative information (e.g. 
different land-use types or habitats of different animal species) while ordinal, interval and 
ratio refers to quantitative information. In case of an ordinal measurement scale, the order is 
known but the differences are not quantitatively expressed (e.g. sizes of buildings in a city 
that are small, big or large). In case of interval and ratio, the differences are quantitatively 
expressed.  
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The difference between the two is that in case of ratio data the zero is the absolute lowest 
possible value (e.g. a temperature of 0 Kelvin). An interval measurement scale has a relative 
zero point (e.g. 0 degrees temperature in Celsius is arbitrary set at the point at which water 
changes from a solid into a fluid). 

 

Table 3 Relations of graphical variables to perceptual characteristics (Source: Bertin, 1983) 

 
 
 
In the classification by Lobben (2003), thematic cartographic animations show quantitative 
changes. The applicable graphical variables for these animations are thus: size, (grey) value 
and grain/texture. In case of grain/texture differences are made visible by using different 
hatches with an equal black/white ratio.  
 
Examples of animations that use these graphical variables are shown in the following figures 
(15, 16 and 17).  
 
Note that the size of the road, shown in figure 15, has not changed. Only the amount of traffic 
on this road (and the graphic representation) has changed (otherwise the scale had changed 
and it would be a time-series animation (according to Lobben, 2003)).  
 
 

 
Figure 15 Example of size change 

 

 
Figure 16 Example of (grey) value change 
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Figure 17 Example of grain/texture change 

 
Grain/texture is rarely used in cartography practice. It is also difficult to produce animations 
with variable grain/texture and the risk of perceptual problems when animating grain/texture 
is assumed to be very high. Therefore, it has not been investigated further in this research. 
 
The graphical variable of size is different for point, line or polygon objects. In case of point 
symbols it is equal to expansion/contraction. The symbol simply gets bigger or smaller. In 
case of lines, the line itself does not grow (its start and endpoint stay at the same location) but 
the thickness of the line changes (see figure 15). For polygon objects, the location of the 
polygon also stays the same. Size change for polygons means change of objects within the 
boundary of the polygon (an example of polygons with differences in the graphical variable 
size is shown in figure 18). 
 

 
Figure 18 Polygons of which the graphical variable size is different 
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2.4 Differences in the temporal dimension 
 

2.4.1 Introduction 

The speed with which map objects change in time may differ between animations, between 
objects within those animations and also for every object within single animations while 
playing.  
 
Objects can change fast or slow, smoothly or roughly. Their rate of change (difference in 
magnitude of changes per unit of display time (DiBiase et al, 1992, MacEachren, 1994) can 
increase, decrease or do both within a single animation. Basically the speed of a changing 
map object can be constantly variable. Figure 19 visualizes these differences; here the 
changing phenomena (might be represented by any variable) is shown at the y-axis while the 
different moments in time are shown at the x-axis. The phenomena visualized with the filled 
dots change smoother than the one that is represented by the empty dots. The latter might for 
instance be the changing temperature during the year which usually changes roughly while, 
for instance, the amount of citizens in city usually increases more regular during the year. 
 

 
 

Figure 19 Different regularities of change in the temporal dimension 

 
The most appropriate technique for interpolation partly depends on the fluctuation of the rate 
of change (e.g. rough change or repeating change). Therefore it is necessary to not only 
consider the different types of spatial representation of the objects but also the different 
behaviours in the temporal dimension.  
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Different interpolation techniques and different settings for the duration of the animation 
result in different graphs. By comparing these graphs, a suitable technique and duration can 
be chosen based on the behaviour of the phenomena and its representation and the risk of 
perceptual problems (see chapter 4). It is, however, not always possible to calculate/draw the 
fluctuation of the rate of change, including quantifiable values for the y-axis, in the same way 
as in figure 19. This depends on the geometrical or thematic behaviour of the objects. These 
behaviours have been described in paragraph 2.3 and its subparagraphs. The graphs to 
visualize their temporal change are shown in the following paragraphs.    
 

2.4.2 Visualizing rate of change 

 
2.4.2.1 Expansion, contraction, size change and value change 
 
For expansion/contraction, size change and (grey) value change it is possible to show rate of 
change in a graph like the one of figure 19. Examples of the latter two are given in figures 20 
and 21. The example for size can also represent expansion/contraction. 
 

   
Figure 20 Graph for (grey) value change            Figure 21 Graph for size change 

 
For (grey) value, the values are between 0 (black) and 255 (white) when an 8-bit greyscale is 
used. For size (and expansion/contraction), the maximum depends on the actual object in the 
animation, therefore a question mark is used in figure 21. 
 
Since the size of an object changes in x- and y direction, the square root of the sizes have to 
be used as value on the y-axis of the graph for expansion/contraction and size change. The 
reason for this is illustrated in figure 22. 
 

 
Figure 22 Linear size change of an object 
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In figure 22, an object changes in size linearly (at timeframes t1...t4). When the sizes of the 
object would have been used in a graph (like the example of figure 21) this linear change 
would not be represented by a linear line (since the values are 1, 4, 9 and 16 square 
centimetre). Therefore the square root of these sizes is used; the linear change will then be 
displayed as a linear line (values 1, 2, 3 and 4 centimetres). 
 
 
2.4.2.2 Deformation 
 
In case of deformation it is more difficult to draw such a graph because it is not easy to 
calculate values for the y-axis.  
 
For polygon objects these values can be approximated by an overlay operation. The objects 
from two subsequent time frames are then overlaid and the size of the area that is part of only 
one of the two objects is calculated (by using GIS software). Figure 23 illustrates this. Here, 
one object (a) deforms into another (b). By overlaying these two objects (c) and erasing the 
part that belongs to both objects, only those parts that have changed (parts that belong to 
object a or object b but not to both) will remain (d). By calculating the size of this remaining 
object an indication of rate of change can be given. Since deformation is a two dimensional 
change, the square root of the resulting sizes has to be used for the rate of change (like in 
expansion/contraction and size change, see paragraph 2.4.2.1.) 
 
This could then be drawn in a graph similar to the graph for size change (figure 21). In this 
case, there is also no maximum rate of change. 
 

  
Figure 23 Approximation of rate of change for deformation by overlaying objects 

 
For deformation of lines it is not easily possible to approximate the calculation of the rate of 
change.  
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2.4.2.3 Appearance and disappearance 
 
In case of appearance or disappearance, the object is either visible or not visible (figure 24, 1 
is visible, 0 is not visible). The rate of change between two subsequent frames is therefore 
either zero or infinite.  
 

 
Figure 24 Graph for (dis)appearance change 

 
 
2.4.2.4 Rotation 
 
In case of rotation, the shapes of the object may influence the rate of change perceived. This is 
illustrated by the images in figure 25. 
 

  
Figure 25 Relations between shapes and perceived rotation 

 
When the object is a square, like shape 1 in figure 25 there is no difference visible between an 
object and the same object after rotating 90 degrees. If these two objects would be played 
subsequently in an animation, the rate of change would therefore be perceived as zero. 
However; if another shape would rotate by 90 degrees differences might be visible and there 
will be a higher rate of change. After (any multiply of) 360 degrees of rotation, every object 
looks the same as the original but for other rotation angles it depends on the shape whether an 
object is identical to the original or not. For example; there is no difference between an 
original equilateral triangle and one that rotated 60 degrees. For straight lines or rectangles 
(figure 25, shape 2) an object rotated by 180 degrees is not distinguishable from the original. 
Furthermore, the direction of the rotation does not influence the rate of change. For example; 
a rotation of 90 degrees has the same impact on the rate of change as a rotation of 270 degrees 
(which can be seen as 90 degrees in the opposite direction, see shape 3 in figure 25). 
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This means that visualizing change in rotation like in figure 26 does not provide a good way 
to show the variability in the speed with which the object rotates. It is, however, useful in the 
process of finding a suitable technique for interpolation (see chapter 3).   
 

 
Figure 26 Graph for rotation (not useful for rate of change visualization) 

 
Figure 27 shows a graph in which it is possible to compare the rates of change for a rotating 
object. Therewith a tool is provided to check the trend with which the object changes. Since 
the maximum rotation angle depends on the shape of the object (see figure 25), there is no 
maximum value added to figure 27. 
 

 
Figure 27 Graph for rotation (useful for rate of change visualization) 

 
In figure 27, the starting point of the lines is set to zero every time a new frame is reached. 
Since it only looks at the difference between two subsequent frames, the direction of the 
rotation is not important.  
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2.4.2.5 Displacement 
 
In figure 28 a displacement is visualized. A point moves from t1 to t4, via t2 and t3 (at times 
t1-t4).  The image shows distances (d1, d2, d3) between the subsequent locations of the point. 
 

  
Figure 28 Displacement distances between timeframes 

 
The rate of change for deformation is the distance travelled by the object. In the example of 
figure 28, the rate of change between time t1 and time t2 is (d1/(t2-t1)).  
 
The temporal behaviour of a displacing object can be visualized in a graph with the changing 
value (distance) on the y-axis and the time on the x-axis (like the one for size change in figure 
21) but this is not preferable. This is due to the fact that the distance travelled can never 
become lower when time goes by. This would therefore result in a graph with an ever-
increasing value on the y-axis. When there are many timeframes in the animation this graph 
would become very large and not easy to produce and/or use. Therefore the graph for 
displacement (shown in figure 29) should look similar to the graph for rotation.  
 

 
Figure 29 Graph for displacement change 
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2.5 Limitations of change 
 
The different behaviours have different ranges in which the objects can change. These might 
limit the number of techniques that can be used for interpolation. We can distinguish absolute, 
readability and location limitations. Absolute limitations can be the impossibility of negative 
amounts and the impossibility to have a grey value darker than black. A readability limitation 
occurs when the map objects become too small to see (it is not an absolute limitation since it 
is still possible to calculate these sizes). A third problem is based on the limitation of the 
spatial size of the monitor or the animation. In the interpolated image, some objects might be 
located outside of the screen because of the technique used. Table 4 shows the situations in 
which absolute-, readability- and location limitation problems might occur.  

 

Table 4 Possibility of absolute-, readability- and location limitations 

 Absolute Readability  Location 
Appearance No No No 
Disappearance Yes No No 
Expansion No No No 
Contraction Yes Yes No 
Deformation No No No 
Displacement No No Yes 
Rotation No No No 
    
Size Yes  Yes No 
(grey) value Yes  No No 
 
In case of the graphical variable size there is only a minimum absolute limitation because 
negative sizes are not possible. For (grey) value there are both maximum and minimum 
absolute limitations (black and white). In case of expansion, deformation, rotation and line 
size change there is a small chance of objects that fall partly outside of the location range but 
since large parts will still be visible this is not considered a major problem. In case of 
polygons, changes in the graphical variable size are limited by the size of the polygon.  
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2.6 Summary 
 
This chapter describes the existing types of cartographic animations, how these animations 
can be classified and the possible behaviours of individual map objects in temporal 
cartographic animations. It explains that interpolation of changing objects that represent 
qualitative information is not useful.   
 
In table 5 the spatial behaviours in temporal cartographic animations (time-series and 
thematic animations) that can be interpolated are shown with an indication of their possible 
occurrence for point-, line-, or polygon objects. 
 

Table 5 Summary of spatial behaviours of map objects in time 

Behaviours Type of animation Point Line Polygon 
     
Appearance Time-series X X X 
Disappearance Time-series X X X 
Expansion Time-series X X X 
Contraction Time-series X X X 
Deformation Time-series  X X 
Displacement Time-series X X X 
Rotation Time-series X X X 
Size change Thematic X X X 
Value change Thematic X X X 
 
Change in the graphical variable size (in thematic cartographic animations) is different for 
points, lines or polygons. In case of points it is equal to expansion/contraction while for lines 
it is change in the thickness of the line and for polygons it is change in the sizes of objects 
(e.g. points) within the polygons rather than the size of the polygons themselves. 
 
The chapter separates the spatial behaviour and the behaviour over time (temporal behaviour) 
and showed that the latter can be visualized in graphs which can be used as a guideline for 
choosing an appropriate interpolation technique and/or settings for the length of the animation 
since it can show the rate of change of the objects. However, for rotation, this graph does not 
provide an immediate indication of the rate of change but has to be converted first. The 
needed conversion step is also described. For displacement it is convenient to use the same 
conversion step since the change in distance is ever-increasing which would result in a very 
large graph when the conversion would not be used. 
 
This chapter also discusses the limitations in which objects can change. 
Disappearance, contraction, size change and (grey) value have absolute limitations. 
Contraction and size change have readability limitations. 
Displacement has location limitations. 
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3 INTERPOLATION TECHNIQUES 
 
 
3.1 Introduction 
 
In order to be able to recommend a certain interpolation technique that can be used to deal 
with the problem of unavailability of input images in temporal cartographic animations, it is 
necessary to investigate and describe the available techniques. For all behaviours that are 
defined in chapter 2, the interpolation techniques are described in paragraphs 3.2 (simple 
changes) or 3.3 (deformation). At the end of both these paragraphs an overview is added to 
make comparison between the discussed techniques (and their advantages and disadvantages) 
possible. 
 
Not all existing techniques are described here and new ones will probably be developed in the 
future. A well known technique that is not dealt with in this research is Kriging. This is a 
geostatistical interpolation method that uses statistical analysis which provides a minimum 
error-variance estimate of any unsampled value (Li and Revesz, 2004). In Kriging, a 
variogram that is specific to the attribute and field under study is used as a measure of spatial 
(or in time: temporal) variability (Deutch and Journel, 1998). Since the geostatistical methods 
require knowledge of the attributes and fields (or phenomena) under study and since there are 
many different phenomena that might be visualized in animations, it is impossible to 
investigate these methods. Therefore geostatistical interpolation is not described in this thesis.  
 
Furthermore, the creator of animations can also manually interpolate images based on his own 
expertise and knowledge about the phenomena represented in the animation.  
 
It is therefore of importance to realize that the techniques described in this chapter should not 
be seen as absolute recommendations for dealing with the problem of unavailability of input 
images. They are described to provide suggestions and to show their advantages and 
disadvantages. Furthermore it is of importance to explain the techniques to emphasize on the 
fact that the choice of a technique can influence the final outcome largely.    
 

3.1.1 Techniques for continuous spatial data used for cartographic animations 

Interpolation is the process of determining the values of a function at positions lying between 
its samples (Miklós, 2004).  
 
It is often used in geographical information systems (GIS) and there are many techniques 
available. These techniques are usually developed to create continuous (raster) surfaces from 
point input data. They estimate the values for unsampled locations. Examples of this are: the 
creation of a DEM (digital elevation model) from measured height points or a map showing 
groundwater quality based on some samples taken from random locations.  
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Interpolation for these purposes has been researched and described in many scientific articles 
and books (e.g. Burrough and McDonnell, 1998). Common GIS software like ArcGIS has 
specific tools to perform these types of interpolation. 
  
In temporal cartographic animations the interpolations are needed to calculate values for the 
objects on the newly created time-frames by using the values of the objects in available time-
frames. Figure 30 illustrates the difference between raster cell interpolation, used for the 
creation of continuous fields and temporal interpolation needed for cartographic animations. 
The question marks indicate the location or time frame (timeframe t3 in the example) for 
which the values have to be calculated by using an interpolation technique based on the 
surrounding values (indicated by the word “value”).  
 

 
Figure 30 Difference between spatial point interpolation and temporal interpolation 

 
According to Li and Revesz (2004) the amount of (scientific) papers that consider the topic of 
spatio-temporal interpolation is surprisingly low. Searching for articles on this topic confirms 
this conclusion. Only literature for the interpolation of deformations has been found. 
 
For continuous raster data, the n-dimensional interpolation function can be described as the 
product of n one-dimensional interpolation functions (Miklós, 2004). This fact, together with 
the lack of literature, is the basis for the chosen methodology for the interpolation part of this 
research (except for paragraph 3.3 which deals with interpolation for deformation). The 
different interpolation methods that are described for the simple changes in temporal 
cartographic animations are based on literature for the creation of continuous surfaces from 
point data. 
 
Although the described techniques are initially meant for continuous spatial data there is a 
possibility to use them in spatio-temporal vector graphics. The reason for this is that the time 
dimension is also continuous (we can theoretically calculate an interpolation for all moments 
in time). The main difference is the fact that time (the continuous aspect in discrete spatio-
temporal data) is one dimensional, unlike space, which is two (or three) dimensional. Table 6 
shows the differences between interpolation for continuous (non-temporal) spatial data and 
discrete (vector) spatio-temporal graphics (cartographic animations). 
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Table 6 Difference in interpolation: Continuous non temporal data vs. discrete spatio-temporal graphics 

 Continuous non- 
temporal spatial data 

Discrete spatio-temporal graphics 

What is available Sample points Sample maps (vector objects) 
What is interpolated Space (2D) Time (1D) 
What is estimated Attribute value (1D) Attribute value(1D) or Space (2D) 
 
In temporal cartographic animations, time is interpolated instead of space. The value, 
predicted by the interpolation can be an attribute value (e.g. grey value) or a value 
representing geometry change (changes in 2D space like rotations or displacements).  
 
This is different from the spatial interpolation of continuous spatial data where the location is 
interpolated and only (one dimensional) attribute values can be predicted. In animations, 
changes with multiple variables can occur in case of moving (displacement) and deformation 
(all other changes, described in chapter 2, consist of only one variable). The former consists 
of a single shift in the x- and/or the y direction which can be considered as being one or two 
one-dimensional displacements (visualized in figure 31). Interpolation for displacement 
therefore requires more calculation steps but the basic techniques for simple (one 
dimensional) interpolation can theoretically be used. In case of deformation many x- and y- 
transformations are necessary since a vector shape consists of many vertices (points of which 
the x- and y values are stored, that are connected with each other by lines) that might move 
independently from each other. Interpolation techniques for deformation are thus more 
complex and are dealt with separately in paragraph 3.3. Paragraph 3.2 contains the techniques 
that can be used for the other, simpler changes (as defined in chapter 2). 
 

 
Figure 31 Displacement in time divided in displacement in x- and y- direction 
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3.2 Interpolation for simple changes 
 
Burrough and McDonnell (1998) describe the different interpolation methods for continuous 
spatial data. These can be divided into global and local interpolators. Global interpolators use 
all available data to provide predictions for the whole area of interest while local interpolators 
operate within a small zone around the point being interpolated to ensure that estimates are 
made only by data from locations in the immediate neighbourhood. 
 
For interpolation of temporal cartographic animations the global interpolation techniques 
would not provide results for the whole area of interest (2D), but for the whole time domain. 
The local interpolators can be used for estimating values or locations within a certain time 
interval. The distinction of global and local interpolations is used in the next paragraphs. 
Since the terms global and local refer to space these are translated into respectively time 
domain- and time interval interpolations. 
 

3.2.1 Time domain interpolations, using regression methods 

Regression methods explore a possible functional relation between attributes at known 
moments and the attributes to be predicted (Burrough and McDonnell, 1998).  
 
Regression methods try to model the variation by using a smooth mathematical function. 
Therefore they can use polynomials that approximate the variation as much as possible. Least 
squares adjustment is used in order to find the best fitting polynomial (minimizing the sum of 
the squares of the difference between real values and estimated values). In figure 32 this is 
illustrated. The vertical axis represents the changing phenomena here (for example: changing 
size or changing rotation angle). The different timeframes are shown at the horizontal axis. 
The value for the variable of the map object for the different available images is represented 
by the black dots. The values for the time frames for which no image exists (the dots with a 
hole) are calculated by fitting a polynomial by using least squares adjustment. In figure 32, d 
is the difference between the polynomial and the real value. By applying least squares 
adjustment, the sum of all d values is as low as possible. 
 
 

 
Figure 32 Regression method (linear) 



 47 

When the variable does not change approximately linearly in time, quadratic or higher order 
polynomials can be used. Figure 33 shows some of those curves and the formulas used to 
produce them. As can be seen in figure 33, the estimated values in between the known values 
might be higher or lower than the maximum/minimum initial value when polynomials of a 
degree higher than one are used (since the direction of the line can change). 
 
 

 
 

Figure 33 Polynomials of higher degrees (source: URL  4) 

 
There are basically two different types of change over time that can be modelled by using 
regression methods. These types were mentioned by Muehrcke and Muehrcke in 1992. They 
defined a trend as being a structured but non-cyclical pattern and a cycle which refers to a 
periodical return to a previous state/condition. Both terms are also mentioned by Blok (2005). 
 
The polynomials mentioned before can be used to model a trend (e.g. the movement of an 
airplane or an increasing population. For cycles, it is possible to use Fourier series. These 
functions approximate by overlaying a series of sine and cosine waves (URL 5). Due to the 
characteristics of those waves these functions are only applicable to animations when the 
phenomenon is cyclic (e.g. when the animation shows the sea level rising and lowering during 
some days). Figure 34 shows an example of a Fourier series. 
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Figure 34 Example of a Fourier series (source: URL  6) 

 

3.2.2 Time interval interpolations 

 
Time interval interpolation techniques do not use all the available images like regression 
methods do; they use those images that are close in time. 
 
Based on the descriptions by Burrough and McDonnell (1998), the following techniques are 
dealt with in the next paragraphs: nearest neighbour interpolation, the pycnophylatic method, 
linear interpolation, splines and b-splines.  
 
3.2.2.1 Nearest neighbours 
 
This type of interpolation simply assigns the value of the objects in the nearest (in time) 
available image to the object for the unknown timeframe. It is also the simplest interpolation 
from a computational standpoint (Miklós, 2004). When the amount of images that need to be 
interpolated between two known images is uneven, a choice has to be made for the middle 
frame since there are two nearest available images. This choice can be made manually or 
automatically (e.g. always assign the value of the closest image that is ahead in time) .In a 
sense this type of interpolation can be seen as an aggregation since it does not increase the 
amount of change in the animation. By using the nearest neighbours technique the rate of 
change of the static images within the animation will decrease (since nothing happens 
between at least two sequentially displayed images). If there are relatively many unavailable 
images within a single animation the perceived duration of changes will be variable which 
will probably cause perceptual problems (see chapter 4). Therefore this technique is not 
suitable for most temporal cartographic animations. 
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3.2.2.2 Pycnophylatic method 
 
An extension of the nearest neighbour method is the pycnophylatic method which smoothes 
the abrupt changes at the boundary of the intervals between the changing images. This is done 
by keeping the average value equal to that of the nearest neighbour method. This implies that 
usually the original available objects have to change as well. The pycnophylatic method was 
developed by Tobler (1979) who designed this method (for spatial interpolation of continuous 
fields) for counts of population within administrative areas to deal with the problem that 
people are not uniformly spread over an administrative area but tend to congregate in certain 
parts (Burrough and McDonnell, 1998). In the case of population it was necessary that the 
total amount of population would stay equal while the population spread would change. In 
temporal interpolation of spatial objects this method can also be used if it is necessary that the 
average value within the time neighbourhood of an original image has to stay equal to the 
known value of that image. Compared with the nearest neighbour method it has the advantage 
that the perceived duration of static images during the animation will not be variable since 
there will never be sequentially played images which are exactly the same. The major 
disadvantage is the fact that the values of the original images will very likely change as well. 
This method is only applicable when a single original image represents a time period (e.g. 
average population in different provinces during the year 2006) instead of a unique moment in 
time. This technique can than be used to create many images for this time period while 
keeping the average equal. For the population example, these images can than show the 
population for all provinces per month in 2006 (and therewith creating 12 images in stead of 
one). 
 
3.2.2.3 Linear interpolation 
 
A linear interpolation is easy to compute, it simply calculates the new values by assuming that 
the process between the known values, is changing at a constant rate. When one interpolated 
image is created, the changing objects on that image will thus get the average value of the 
corresponding objects in the images before and after the newly created image. This means that 
changes can be very abruptly in linear interpolation, all of a sudden the direction of the 
function can change. 
 
Therefore, in computer animations, linear interpolations often provide an unrealistic outcome 
(Foley, 1990).  
 
3.2.2.4 Splines and B-splines 
 
Splines 
 
Spline functions are piece-wise functions that are fitted to a small number of known values 
exactly while at the same time ensuring that the joins between one part of the curve and 
another are continuous (Burrough and McDonnell, 1998). The pieces of the spline are 
polynomials of variable order (see paragraph 3.2.1.). Figure 35 shows an example of a spline 
created from polynomial pieces (connecting the dots). Note that the slope of the end of a 
polynomial line is equal to that of the beginning of the next. Therefore motion looks smooth 
when using splines. The smoothest motion is created when the amount of control points is low 
(Foley, 1990).  
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Figure 35 Line constructed by splines (source: URL  7) 

 
Note that with splines the maxima and minima do not necessarily occur at the data points 
(Burrough and McDonnell, 1998). Creating splines requires extensive mathematical 
knowledge and is often not feasible in practice.  
 
B-splines 
 
B-splines (letter B stands for basic or basis) can be used to make it easier to use the theory of 
splines in practice (Miklós, 2004).   
 
A fundamental theorem states that every spline function of a given degree, smoothness and 
domain partition can be represented as a linear combination of B-splines of that same degree 
and smoothness, and over that same partition (URL 8).  
 
B-splines allow local fitting from low-order polynomials (Burrough and McDonnell, 1998) 
 
Because (in practice) it is only feasible to fit low-order polynomials, the lines constructed by 
B-splines will approximate the real values but they will not necessarily pass through them 
(Miklós, 2004). Another disadvantage of B-splines is that they can only deal with positive 
values.  Figure 36 shows an example of a line constructed by b-splines. 
 

 
Figure 36 Line constructed by B-splines (source: URL  9) 
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3.2.3 Overview of interpolation techniques for simple changes with (dis)advantages 

 
For the techniques for simple changes, possible resulting graphs are shown in figures 37 – 42 
in order to make comparison possible. The dots in these figures represent the time frames for 
which the value is known (thus contains an image). Note that these dots are equal in each of 
the figures (37-42). Some techniques can not produce functions that will pass exactly through 
those known points (regression, pycnophylatic and b-splines). These techniques thus change 
some of the original images. 
 
 

 
Figure 37 Example regression (trend)   Figure 38 Example regression (cycle)   

 
Figure 39 Example nearest neighbour   Figure 40 Example pycnophylatic  
   

 

 
Figure 41 Example Linear   Figure 42 Example splines / b-splines 
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In table 7, the advantages and disadvantages of each of the techniques are summarized. 

 

Table 7 Advantages and disadvantages of interpolation techniques for simple changes 

Technique Advantages Disadvantages 
Regression -One computational operation 

 
-Smoother than reality 
-Difficult if higher order 
polynomial or complex Bezier 
curve. 
-Minimum and maximum 
values might by different from 
those of the original images 
(except first order polynomial) 
 

Nearest neighbor -Very easy to compute 
-Maximum and minimum stay 
equal 
 

-Unrealistic results 
-Variable duration 
-Problem when two images are 
equally close 

Pycnophylatic -Average values within time 
zone stay equal 

-Original values very likely to 
change 
-Only useful when original 
images represent a time period 
-Maximum and minimum 
change 
 

Linear  -Easy to compute 
-Maximum and minimum stay 
equal 

-Unrealistic sudden changes 
 

Splines -Realistic result -Difficult to compute, 
especially when higher order 
polynomials are needed 
-Maximum and minimum 
might change 
- Choice of break points 
necessary 
-Overlapping objects possible 

B-Splines -Realistic result 
-Relatively easy to compute, 
compared with splines 

-Do not always pass through 
original values 
-Only positive values possible 
-Overlapping objects possible  
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3.3 Interpolation for deformation 
 

3.3.1 Introduction 

In this paragraph, the term shape interpolation is used for the interpolation of deforming 
objects. 
 
Shape interpolation, also known as shape blending or morphing, has been widely applied to 
various aspects of the computer graphics industry (Xu et al, 2005). Shape interpolation is also 
sometimes referred to as in-betweening (Magnenat-Thalmann & Thalmann, 1985) or 
tweening (Macromedia Flash manual). 
 
Interpolation of shapes between key-frames is a difficult problem (Foley, 1990). 
Any shape can change into any other shape and as shown in chapter 2, it is also possible that 
shapes contain holes or split/merge during the deformation process.  
 
Figure 43 gives some examples of deforming objects  
 

 
Figure 43 Possible shape transformations of a single object 

 
Researchers in computer graphics usually propose interpolation techniques for a small number 
of objects with particular shapes that they have tested the technique on (e.g. Yan et al, 2004, 
Xu et al, 2005 or Reilly and Inkpen, 2004). These techniques are not always producing useful 
interpolation results for other shapes. However, some techniques have been described here to 
give an indication of the possibilities and difficulties of shape interpolation. 
 
Both polygons and lines are stored in computers as smaller segments of straight lines. These 
straight lines consist of a start- and endpoint of which the x- and y coordinates are stored.  
 
The traditional techniques for interpolation of shapes are based on these points (which are 
referred to as vertices, visualized as small squares in figure 43). These techniques are 
described in paragraph 3.3.2. 
 
More recently, other (more advanced) techniques have been established. In paragraph 3.3.3, 
two of them are described. 
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3.3.2 Shape interpolation by using vertices 

The transformation of shapes can be seen as displacement of its vertices. Interpolations can be 
calculated based on these vertices. Basically, the in-between technique works as follows: the 
animator specifies two key drawings and the computer calculates additional drawings between 
them by computing distances between corresponding points (Magnenat-Thalmann & 
Thalmann, 1985). 
 
However, the process cannot work properly if the correspondence between both key-drawings 
is not well defined (Magnenat-Thalmann & Thalmann, 1985). 
 
Morphing is thus composed of two steps: correspondences and path interpolation (Lee et al, 
2003).  
 
A figure drawn as a polyline can be interpolated between key frames by interpolating each 
vertex of the polyline from its start- to end position. As long as the key frames do not differ 
too much, this is adequate (Foley, 1990). Change b in figure 43 is an example of such a 
deformation. In these cases the amount of vertices in both images is equal. 
 
Pre-processing 
 
If the number of strokes (polylines) of both images is the same and the numbers of points 
(vertices) of the corresponding strokes also match, in-betweens can be calculated (Magnenat-
Thalmann & Thalmann, 1985). However, often the amount of vertices and/or strokes is not 
equal for the different timeframes (e.g. figure 43 a, c, e and f).  
 
In these cases a pre-processing step is required: pre-processing of strokes and points on those 
strokes. (Magnenat-Thalmann & Thalmann, 1985).  
 
Figure 44 shows an example of a pre-processing step for polylines; the upper and lower 
polylines are the available images. In order to interpolate, the number of vertices must be 
equal. Therefore additional vertices are added to the polyline with the lowest amount of 
vertices. The result of this pre-processing step has been added in the middle of figure 44. The 
shape of the polyline in the middle is equal to the shape of the lower polyline but the amount 
of vertices (points in figure 44) is equal to the amount of points in the upper polyline. By 
using the upper- and middle polyline, it is possible to create in-between images. For polygons, 
similar pre-processing techniques exist. Therewith it is (theoretically) possible to deal with 
polygons with holes and splitting/merging polygons. Magnenat-Thalmann & Thalmann 
(1985) describe such a pre-processing step. 
 

 
Figure 44 Example of pre-processing for a polyline (Source: Magnenat and Magnenat-Thalmann, 1985) 
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3.3.2.1  Linear shape interpolation 
 
Once the number of polylines and vertices are equal and correspondences have been 
established, linear interpolation between the corresponding vertices can be performed. This is 
equal to the linear interpolation for other types of change. 
 
However, in morphing, linear interpolation fails when the two shapes have different 
orientations. (Johan et al, 2000). Even though the correspondence map has been correctly 
established, shape interpolation may suffer a shrinkage problem (Xu et al, 2005). In those 
cases the size of the interpolated shapes is too small. The reason is that the large scale 
rotations, as non-linear factors, cannot be correctly expressed by linear interpolation (Xu et al, 
2005). This is shown in figure 45 were a triangle rotates. The images at t = 1 and at t = 3 were 
available. The middle image was created by linear shape interpolation based on the vertices 
(with Macromedia Flash 8). It can be clearly seen that the size of the middle image is smaller. 
Normally rotating objects will not be created by performing linear shape interpolation but by 
specifying a rotation angle. However, by using a rotating object for this example, the 
shrinkage problem is better visible since the object sizes can be compared more easily when 
the shapes of the objects are equal.  
 

 
Figure 45 Shrinkage problem in linear shape interpolation 

 
Apart from the shrinkage problem, other problems exist with linear shape interpolation. 
Undesired local wrinkles may appear due to the inconsistent displacement of neighbouring 
vertices. (Xu et al, 2005). 
 
Besides that, linear interpolation is not suitable for producing classical movements involving a 
modification of location (Magnenat-Thalmann & Thalmann, 1985); this problem can be 
solved by programming all physical laws that drive this movement. However, this approach 
requires thorough knowledge of both physics and computer science. Moreover, physical 
equations for many motions are difficult to express. 
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3.3.2.2  Skeleton techniques 
 
It is clear that there are problems with the technique of basic linear in-betweening based on 
the vertices (described in paragraph 3.3.2.1).  
 
There are two reasons for these problems. The first is that the motion of each point in the 
image is along a straight line and the same law is applied to each point. The second is that 
motion design requires several key frames and there is discontinuity at these frames 
(Magnenat-Thalmann & Thalmann, 1985).  
 
A skeleton, or stick figure, is a simple image composed of only a few points, describing only 
the form of movement required. The idea behind the skeleton technique is that skeletons of 
the figures, rather than the figures themselves can be used as a basis for in-betweening 
(Burtnyk and Wein, 1976). The figures (objects) are represented in a coordinate system based 
on the skeleton. After the interpolation of the skeleton, the new locations of the figures can be 
recalculated in the original coordinate system. 
 
With skeletons, the computer can create much better in-betweens because the key-frames are 
much more similar. (Magnenat-Thalmann & Thalmann, 1985).  Shapira and Rappoport 
performed an interpolation with a skeleton. The result is shown in figure 46 (The upper part 
shows the result of in-betweening with a skeleton and the lower part shows the result of the 
same input (first and last object) with simple linear interpolation, the shrinkage problem can 
easily be seen here). 
 

 
Figure 46 Result skeleton- versus linear shape interpolation (Source: Shapira & Rappoport, 1995) 
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3.3.3 Advanced shape interpolation techniques  

 
3.3.3.1  Meshes 
 
When shapes are more complex, it is convenient to divide the total into a finite number of 
smaller parts which have triangular or quadrilateral shapes (Li and Revesz, 2004). These 
shapes are referred to as triangular (or quadrilateral) meshes. Figure 47 shows an example of 
animals represented by meshes. When some features are desired, special rules or parameters 
should often be applied (Yang, 2004). Topological rules are used in order to make sure that 
lines (from the triangles of quadrangles) do not cross in the interpolated images. Therewith 
the total structure of the shape becomes more stable and problems like shrinking are less 
likely to occur. 
   
 

 
Figure 47 Animals represented by triangular meshes (source: Yan et al, 2004) 

  
There are different techniques to create meshes. A popular technique is the Delauney 
triangulation (Li and Revesz, 2004) but also mesh representations using the mathematical 
equations of Laplace or Poisson have been established (Xu et al, 2005). 
 
Yan et al. (2004) developed a method using strain fields which is based on physics. Since real 
world deformation often takes place in accordance with physical principles, it seems sensible 
to try to apply these to computer generated morphing. By using physics as a tool it is possible 
to analyze deformation of objects in a measurable way. Shape shaking and squeezing, which 
often happen when using linear interpolation for morphing, do not arise in this approach (Yan 
et al., 2004). Meshes generated by this method have much fewer triangles than other methods, 
which decreases calculation loads. (Yan et al., 2004). 
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3.3.3.2 Interpolation by direction map (LIDM) 
 
Deformation methods have been created that use the edge length and angles between adjacent 
edges rather than vertices in order to deal with the problems of trajectory (path interpolation) 
(Xu et al. 2005) 
 
Xu et al (2005) describe Linear Interpolation by Direction Map (LIDM). In LIDM, a polygon 
(upper parts of figure 48) is represented by a circular list of direction vectors (lower parts of 
figure 48), which is referred to as a direction map.  
 

 
Figure 48 Polygons and their direction maps (Source: Xu et al, 2005) 

 
In-between polygons can be calculated by the average of two direction maps, each of which 
represents different shapes. Figure 49 shows an example of this. The lower part shows the 
direction map (arrows) where the lengths of the direction arrows are the average of the lengths 
of the same arrows at the surrounding images. When the direction maps have been created, 
the in-between images can be drawn based on the new direction arrows.    
 
 

 
Figure 49 Interpolation by using LIDM (Source: Xu et al, 2005) 

 
An advantage of LIDM is the possibility that the degree of dominating feature can be changed 
by changing the length of direction vectors using group scaling operation based on all kinds of 
mathematical functions (Xu et al, 2005). Therewith the perceived speed of the change can be 
variable. 
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3.3.4 Overview of shape interpolation techniques with (dis)advantages 

In table 8 techniques for shape interpolation and their advantages and disadvantages are 
summarized. 
 

Table 8 Advantages and disadvantages of special techniques for shape interpolation 

Technique Advantages Disadvantages 
Linear shape 
interpolation 

-Relatively easy to compute 
-Good results with simple shapes 
 

-Problems when shapes have 
different orientations (shrinkage, 
undesired wrinkles) 
 

Skeletons -Skeleton is a simple shape and can 
be easy interpolated 
- Shrinkage problem and wrinkles 
less likely to occur 
 

-Skeletons need to be defined, 
different skeletons give different 
results. 
-Compute images in skeleton 
coordinate system necessary 

Meshes - Shrinkage problem and wrinkles 
less likely to occur 

-Technique for the creation of 
meshes has to be chosen 
-Difficult to perform 

LIDM - Based on lengths and directions, 
not on vertices 
-Variable degree of dominating 
feature 
- Shrinkage problem and wrinkles 
less likely to occur 

-Direction maps need to be created 

 
 
3.4 Summary 
 
This chapter described different techniques that can be used to create temporal cartographic 
animations from an incomplete input. Deformation is more complex than the other possible 
behaviours of map objects and is dealt with separately.  
 
For the other (simpler) behaviours of map objects, the translation is made from the techniques 
that are often used for the creation of continuous field data (from point samples) to techniques 
that can be used for time interpolation. These techniques can be divided in time domain 
interpolations (regression methods, dealing with an overall trend or cycle) and time interval 
interpolations (nearest neighbour, pycnophylatic, linear, and splines/b-splines). Possible 
results of the techniques for simple behaviours of map objects are shown in two dimensional 
coordinate systems (with the variable at the y-axis and the time frames at the x-axis) to give 
an indication of the possible outcomes. 
 
An interpolation of shapes (deformation) is more difficult since shapes consist of many parts 
(lines and vertices, connected to each other). Some of the techniques that can be used for 
deformation have been described (linear shape interpolation, skeleton techniques, meshes and 
LIDM). 
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4 PERCEPTION OF CHANGE 
 
 
4.1 Introduction 
 
When someone wants to create a temporal cartographic animation from an incomplete series 
of input images, he or she can be helped in finding the most appropriate technique based on 
the characteristics of the phenomena and its representation. The possible changes in these 
representations have been described in chapter 2. Chapter 3 provides a summary of available 
techniques. The most suitable technique for creating interpolated images would be the one 
that creates images that most likely represent reality based on the natural behaviour of the 
phenomenon mapped. However, since these images are shown rapidly in animations, 
problems of perception may occur even if the individual images would be equal to reality. 
Due to the content and speed of the animation and the human perceptual capabilities, viewers 
might miss certain objects or changes. 
 
This chapter describes the perceptual problems that may occur. By knowing these for all 
possible representations of changing map objects, animations can be created by using a 
technique in such a way that these problems are less likely to occur. 
 
According to Peterson (1995); the processing of visual information, particularly the 
recognition of patterns is not completely understood. However, in order to understand when 
perceptual problems may occur, it is important to know how graphical information is 
processed by the human mind. Therefore the aspects that are known are described briefly in 
paragraph 4.2.  
 
As mentioned in chapter one, two general visual perception phenomena are responsible for 
changes to go unnoticed (Rensink, 2002; Blok, 2005). These are change blindness and 
inattentional blindness. They are described in paragraph 4.3. Researching these phenomena 
has demonstrated convincingly that human perception of change is far from complete (Blok, 
2005).  
 
Paragraph 4.4 provides an overview of the important aspects of perception for the creation of 
temporal cartographic animations. 
 
Based on these aspects, tests with real animations have been performed in order to measure 
when perceptual problems are likely to occur. These tests (including design choices made, 
methodology and results) have been described in paragraph 4.5. 
 
Some screenshots of the test animations are added to this report as appendix 1 and the 
animations themselves are stored on the accompanying cd-rom (appendix 8). 
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4.2 Human visual information processing 
 
Compared to the computer, humans are particularly adept at processing visual or spatial 
information (Peterson, 1995).  
 
In order to describe how this information is processed, Klatzy (1975) defined the stage model. 
This model serves in identifying three distinct and largely verifiable memory stores in 
information processing (visualized in figure 50). For visual information processing these three 
are referred to as iconic memory, the short-term visual store (STVS) and long-term visual 
memory (LTVM). 
 
 

 
Figure 50 Memory systems of information processing (Source: URL  10) 

 
Information processing begins in the iconic memory (called sensory register in figure 50) that 
is thought to hold information in sensory form for about 500 milliseconds (Humphreys and 
Bruce, 1989). Iconic memory is a type of physical image within the retina that is of relatively 
unlimited capacity and is unaffected by pattern complexity (Peterson, 1995). STVS is of much 
longer duration but is of limited capacity. If information in STVS is rehearsed often it will be 
stored in LTVM. Therefore learning requires rehearsal. 
 
Moving information from iconic memory to the short-term visual store requires attention 
(Peterson, 1995). Without attention, the contents of memory will be overwritten or displaced, 
but when attention is focussed on it, the object can be further processed (Blok, 2005). 
 
Attention is the process that brings a stimulus into consciousness. It is, in other words, the 
process that permits us to notice something (Mack and Rock, 1999). It makes it possible to 
mentally focus on information in LTVM.  
 
Visual pattern recognition converts the contents of iconic memory into something more 
meaningful through a matching process with previously acquired knowledge stored in LTVM 
(Peterson, 1995). 
 
Since knowledge stored in long-term memory depends on experiences of the user, the 
information extracted from animations might depend on aspects like age, education and 
culture. 
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4.3 Perceptual problems 
 

4.3.1 Inattentional blindness 

 
Rensink et al. (1997) indicated that the key factor of seeing change is attention. Without it, 
observers are blind to change even if the changing objects are in their field of view. 
 
Inattentional blindness (IB) refers to the inability to detect unexpected changes. When 
observers are actively engaged in a task they are focussing on particular objects and changes 
to other objects or parts of a scene go unnoticed. However, if attention is not diverted, these 
changes are easily seen (Blok, 2005; Rensink et al. 1997). 
 
Simons and Rensink (2005) mentioned that attention can be distributed to 4-5 items at a time. 
IB can thus be explained by the fact that only a few changes can be given focussed attention 
at any one time (Simons & Chabris, 1999). 
 
Mack and Rock (1999) performed research about the relationship between visual perception 
and attention. Their research is incomplete and raises more questions than it answers. 
Nevertheless they described their results because the subject of inattentional blindness seems 
important and full understanding may not be achieved, at least not in the near future.    
 
Conclusions by Mack and Rock are: 
 
- When the inattention stimulus falls outside the area to which attention is paid, it is much 

less likely to be seen. 
 
- The perception of location might be perceived without attention because it seems to be the 

basis for the deployment of attention and so ought to be independent to it. 
 
- Size would appear to be the critical difference, which implies that large size is an attribute 

that can capture attention. 
 
Another important aspect, mentioned by Simons & Chabris (1999), is that the likelihood of 
noticing unexpected changes of objects seems to be related to the similarity to the objects that 
viewers are expecting to change. 
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4.3.2 Change blindness 

 
Change blindness has been defined by Simons and Rensink (2005) as the striking failure to 
see large changes that normally would be noticed easily. 
 
It occurs when one fails to detect change in the visual field (Rensink et al, 1997). This may 
happen when the changes are extremely slow or when the view is interrupted (Blok, 2005). 
According to Simons and Rensink (2005) observers often fail to notice displacement or the 
change in shape if the change occurs during an eye movement.  
 
Identification of changes becomes extremely difficult when brief blank fields are placed 
between alternating displays, even when changes are large and made repeatedly (Rensink et 
al., 1997).  
 
Rensink et al. (1997) found that observers were poor at detecting change if old and new 
displays were separated by an interstimulus interval (ISI) of more than 60 to 70 milliseconds. 
In their research experiments, they displayed photo images for 240 ms with ISI’s of 80 ms. 
They checked how many alternations where needed for observers to detect the change for 
objects changing in presence, colour and location. A distinction between objects of marginal 
interest (MI) and objects of central interest (CI) was made. Objects mentioned by three or 
more observers where considered of CI, objects mentioned by none where considered of MI. 
The results are visualized in figure 51. 
 

 
Figure 51 Results change blindness experiment (Source: Rensink, 1997) 

 
Figure 51 shows that changes of central interest are seen more easily in case of flicker 
conditions while especially location change of marginal interest is not easily seen. 
 
Although the animations created by interpolation will usually not contain an artificial 
interstimulus interval like in the research by Rensink et al. (1997), their results are of 
importance for these animations. This is due to the fact that humans blink their eyes and 
therewith automatically create a natural interstimulus interval. 
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Eyes normally blink spontaneously about 15 times per minute and blink duration is about 0.3-
0.4 seconds (URL 11). This duration is even longer than the interstimulus interval used by 
Rensink et al. (1997).  
 
For cartographic animations it is important to realise that seeing change depends partly on the 
behaviour of the map objects. 
 
Other conclusions from research performed by Rensink et al. (1997):  
 
- Changes to moving objects seem easier to detect than changes to stationary objects  
 
- Changes to semantically central items are detected faster than changes elsewhere  
 
Change blindness is often considered surprising because many people have the intuition that 
changes in visual scenes should be easy to detect (Levin et al, 2002). In other words: many 
people are blind to change blindness. Therefore the term “change blindness blindness” was 
introduced by Levin et al (2002). It is of importance to be aware of the fact that people will 
usually overestimate the amount of change one can see when creating an animation. 
 
 
4.4 Overview of important perception aspects 
 
 
The important aspects of visual perception for the creation of temporal cartographic 
animations are listed here: 
 
- The information extracted from animations might depend on characteristics and 

background of the user. 
 
- Attention is required to see change; it can be distributed to no more than 4 or 5 items 

at a time. 
 
- Large size is an attribute that can capture attention. 
 
- The likelihood of noticing unexpected changes of objects seems to be related to the 

similarity of the objects that viewers are expecting to change. 
 
- When changes are too slow change blindness may occur. 
 
- A distinction can be made of objects of marginal- and central interest. Changes in the 

latter are seen more easily. 
 
- The risk of change blindness depends on the behaviour of the map objects in the 

animation. 
 
- Changes to moving objects seem easier to detect than changes to stationary objects. 
  
- Changes to semantically central items are detected faster than changes elsewhere. 
 
- People will usually overestimate the amount of change they can see 
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From these aspects we can conclude that in creating an animated map, from an incomplete 
input, it is important to capture the attention of the viewer for changes that are considered to 
be important. This can best be done by using not more than 5 changing objects that are 
preferably large. Making these objects change with an acceptable rate of change and in a 
location that is central to attention will also increase the chance of capturing attention.  
 
It is of importance not to put too much non-moving objects in the animation since these might 
be expected to change. 
 
What people see differs per person and their characteristics. Animations should therefore be 
designed for specific persons or groups. Furthermore, the designer should be aware of the fact 
that humans (including the designer himself) overestimate the amount of change they can see. 
 
 
4.5 Testing perception 
 

4.5.1 Questions to be answered 

Questions rise from the overview in paragraph 4.4. It is impossible to answer all of them since 
human perception of change is not fully understood. However, some questions can be 
answered by performing tests. These tests are described in this paragraph and deal with the 
following questions: 
 
- What is the minimum rate of change that is still capable of attracting the user’s 

attention? 
- What is the minimum size of changing objects when they need to capture attention? 
- What is minimum difference in rate of change, needed in order to be able to compare 

changing objects? 
- How well are the different behaviours of map-objects in time (as defined in chapter 2) 

in capturing attention? 
- How big is the influence of surrounding static objects that are added to the animation 

in seeing the changing objects? 
- How big is the influence of the characteristics of the user? 
 
When the answers to these questions are known, it becomes possible to give 
recommendations for the creation of temporal cartographic animations from an incomplete 
input of graphics. 
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4.5.2 Wanted results 

Since the research is limited due to (mainly) time restrictions, it is not possible to find 
accurate answers to all the questions mentioned in paragraph 4.5.1. Therefore a distinction is 
made between an ideal- and a feasible, simplified situation. The description of the ideal 
situation can be used for further testing, when more time is available. 
 
4.5.2.1  Ideal situation 
 
The aspects concerning capturing attention are correlated somehow. For example, when the 
size of a changing object becomes bigger, the surrounding static objects will be relatively 
smaller and will thus have a smaller impact on distraction of attention. The relations between 
the different aspects are visualized in figure 52.  
 

 
 

Figure 52 Ideal result: 3D space of perception 

 
 
In the 3D space of figure 52, the three axes represent rate of change, object size and the 
amount of other (static) objects. Note that the axes for rate of change and size are reverse. 
This is done because in this way the optimal situation for perception (big-, relatively fast 
changing objects without surrounding static objects) is visualized in the origin of the three 
dimensional coordinate system.   
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As shown in figure 52 it is possible to draw polygons (simplified as triangles in figure 52) in 
this 3D space that represents the behaviours of map objects (e.g. location change). The 
polygons are drawn at borders that show where perceptual problems can (above/right of the 
polygon) and can not (below/left of the polygon) occur. To indicate that the rate of change can 
also be too high too see clearly what happens with the object, the x-axis (rate of change) does 
not start at the origin but further to the left (where rate of change becomes too high).  
 
By performing tests it becomes possible to find the location of the polygons for each of the 
object behaviours (as defined in chapter 2). The influence of the user’s characteristics results 
in multiple polygons for all object behaviours. When the locations of the polygons are known, 
the creator of an animation can check what will be a suitable rate of change for the animation 
(since he/she already knows the object’s behaviour in time and the size, target audience, and 
types and amount of surrounding objects). This can be done by drawing a line at the correct 
location for size and amount of surrounding objects and by viewing what rates of change on 
this line are at the left side of the polygon that corresponds with the user’s characteristics and 
the behaviour of the objects.  
 
With this knowledge he/she can be helped in choosing an appropriate interpolation technique 
and/or an appropriate setting for the length of the animation.  
 
In order to find the locations of the boundary polygons (between the visible and invisible 
parts) an enormous amount of tests would need to be performed to find out what is visible for 
many different sizes, rates of change, amounts of static objects and user characteristics.  
 
Furthermore, when polygons like the ones in figure 52 are created it is still not known how 
big the differences between the changing objects in an animation should be in order to let 
people notice these differences. That would require even more testing. This could result in an 
extension of figure 52 where additional polygons will be added at a small distance from the 
original ones. This distance can represent the needed differences in rate of change.   
 
Since it is impossible to perform such an enormous amount of tests within the limitations of 
this thesis, the situation has been simplified and described in the following paragraph.  
 
 
4.5.2.2 Simplified situation 
 
In the simplified version, the border between the visible and invisible changes is 
approximated by performing a feasible amount of tests. Unlike in the ideal situation, the 
results are not shown in a three dimensional space but in two dimensions. The effects of the 
amount of static, surrounding objects are not shown in the same figure but there are two 
versions of the simplified figure. One of them shows the results when the total amount of 
objects in the animation is five (the maximum amount to which attention can be distributed, 
see paragraph 4.4) and the other shows results when the amount is higher (approximately ten, 
depending on the sizes of the objects). Furthermore, the maximum rates of change are not 
investigated and there are no different results for all kinds of user characteristics for all kinds 
of map object behaviours (only for some easily measurable characteristics, see paragraph 
4.5.3.). 
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Figure 53 shows an example of the simplified version of the results wanted (for one of the 
behaviours of map objects).  

 
 

Figure 53 Feasible result: two 2D spaces of perception 

 
Additional graphs can be produced to show when differences between changing objects are 
visible. The needed differences are assumed to depend only on the rates of change and the 
behaviour of the map objects. Figure 54 shows an example of such a graph. On the y-axis, the 
people that performed the test are represented (in percentages). On the x-axis the difference 
between the rates of change (ROC) of the changing objects is shown (e.g. object A changed 
10mm in size per second and object B changed 25mm in size per second, this makes the 
difference 15mm/sec). For each of the differences that exist in the test animations, it is 
possible to count the percentage of people that saw that difference. Therewith an indication 
can be given that shows which differences can be seen. 
 

 
Figure 54 Graph showing when differences between rates of change are visible  
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4.5.3 Test methodology and design 

 
4.5.3.1 Amount of animations 
 
In order to construct graphs that show where change is perceived for all behaviours of map 
objects in animations, it is necessary to test many animations with differences in rates of 
change and sizes. A minimum amount of 144 animations has been considered to be necessary. 
This amount is based on the following: 
 
- There are eight behaviours of map objects (appearance/disappearance, 

expansion/contraction, deformation, displacement, rotation, two types of size change 
(for polygons and lines) and (grey) value change, see chapter 2) 

- At least three different rates of change need to be tested (in order to construct lines) 
- At least three different sizes of objects need to be tested (in order to construct lines) 
- All tests should be performed for a small amount and a higher amount of objects 
 
Multiplying these amounts results in 8*3*3*2 = 144 animations 
 
 
4.5.3.2 Methodology 
 
For testing the perceptual capabilities of many different persons within a relative short period 
of time, sending the test environment over the internet is the most efficient method. Therefore 
a website has been created and a test environment (that can be downloaded from the website) 
has been developed in Macromedia Flash. Screenshots of the tests have been added in 
appendix 1.  
 
Figure 55 shows the methodology scheme for the test environment. 
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 Figure 55 Methodology for the test environment 

 
As shown in figure 55; first some characteristics of the user are asked for (see first image in 
appendix 1) and stored (he/she has to click on a button that corresponds with age (0-15, 16-
30, 31-50, 51-70, 71+), gender (male, female) and educational background (no 
education/primary school, secondary school, bachelor’s degree, master’s degree/higher). 
Furthermore, the user is asked to indicate the size of the monitor on which the animations are 
played. This is important since the size of the monitor influences the size of the changing 
objects (since the animations are played full-screen, the resolution does not influence the size 
of the objects). It is, however, not possible to detect the physical size of a monitor 
automatically and the distance between the monitor and the user is also unknown. Therefore, 
the monitor sizes indicated by the user do not provide a very good estimation of the sizes of 
the objects seen. The indicated monitor sizes are only used to see if there are any differences 
in the results for users with bigger screens compared to users with smaller monitors. 
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Once the information about the user and the monitor is stored, the animations can start. In 
order to make the user familiar with the test methodology two example animations are shown. 
Two multiple choice questions are shown after both of them. The first concerns the amount of 
changing objects the user saw and in the second question the user has to indicate the slowest 
changing object that has been seen by clicking on that particular object (or on a additional 
button if the user does not know what the slowest changing object was or if he/she thinks 
there were no changing objects). Since the first two animations are examples, the answers 
given by the user are not stored here. 
 
After the examples, the real test animations are shown (in a random order of behaviour) and 
the same questions are being asked after every animation (an example of an animation and the 
questions is given in appendix 1). The only exception is the testing of appearing and 
disappearing objects since the rate of change for appearing/disappearing is always zero or 
infinite. Therefore the slowest changing object does not exist and the second question is used 
for different purposes. Sometimes it is used to see if people can remember the order and 
shapes of appearing and/or disappearing objects. In three other cases it is used to see if the 
user still sees the changes when some unexpected object appears during the animation (image 
of an elephant, a fork-lift truck and a map of Australia). It is also possible that (for 
appearance/disappearance) the second question is used to check if the user is paying attention 
to the tests by asking something everybody knows (e.g. what is the sum of 2 and 2?). This 
makes it possible to delete all (unreliable) results from people who did not pay attention 
(people that gave the wrong answer to the simple question) and are just clicking somewhere to 
finish the test. 
 
Finally, when all animations have been shown, the characteristics of the user and the answers 
he or she gave are shown on a final page (see appendix 1, last image) and the user is asked to 
send these results by e-mail for further processing.  
 
 
4.5.3.3 Animation environment design 
 
The animations and the environment in which they are played are created with Macromedia 
Flash 8 and ActionScript 2.0. 
 
All animations contain some changing objects. The amount of changing objects can be 
anything between 1 and 5 (maximum amount of changing objects towards which attention can 
be distributed, see paragraph 4.4). During the creation of the test animations, the sizes and 
rates of change of the changing objects have been chosen. Objects that are obviously too 
small or that change extremely slow have not been added to the tests. The objects change 
linearly during the animation (rate of change of single objects is thus not variable). 
 
Since there are many animations to be tested (144), these have been divided into six parts of 
24 animations. These parts are available in both Dutch and English. The animations are 
played for a short time (3,75 seconds). This makes it possible to finish one part within 
approximately 5 minutes which is considered to be an acceptable amount of time for the test 
persons. Furthermore, during the animation testing, the user is constantly informed about the 
amount of animations that will appear after the current animation. The accompanying cd-rom 
(appendix 8) contains the animation test environment. 
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4.5.3.4 Website 
 
The website from which the animations can be downloaded provides some basic background 
information about the research and the purpose of the tests. Apart from that information, it is 
stated here that there are six parts of animations and the user can choose to download any 
amount of these in any order. For the convenience of the test persons the website is available 
in both Dutch and English. 
 
The website can be found at URL12 and is also stored on the accompanying cd-rom (appendix 
8).  
 

4.5.4 Measuring size and rate of change 

Before being able to process the test results it is necessary that the sizes and rates of change of 
all changing objects in the animations are known. Therefore these have to be measured and/or 
calculated.    
 
The size of the objects is the area (square centimetres) occupied by the object on the computer 
screen. Polygons in which the graphical variable of size is variable are exceptions where not 
the size of the polygon is measured but the sum of the sizes of the objects (circles) within the 
polygons (which is what changes, see paragraph 2.3.2).  
 
Since the size of objects change in both expansion/contraction and size change, the average 
sizes of these objects during the animation are used (calculated by first measuring the size of 
the object in the first frame of the animation and measuring the size in the last frame of the 
animation and taking the average of these two values). 
 
The sizes are calculated by using ArcGIS. This is necessary because it is not easily possible to 
calculate sizes of objects in Flash and it is also not feasible to measure and calculate objects 
manually due to the amount and complexity of the shapes. Using ArcGIS for size 
measurement of Flash objects is explained in the following paragraph. 
 
 
4.5.4.1 Using ArcGIS for size measurements 
 
By exporting the objects from Flash as *.dxf file, they can be imported in ArcGIS. After that 
they need to be converted again to shapefile format to enable the possibility of area size 
calculation. 
 
In the next figures the objects from one of the animations are converted. The left side of 
figure 56 shows the objects in Flash while the right side shows them as shapefile in ArcGIS. It 
can be clearly seen that some of the objects might deform somewhat in the conversion process 
(in this example the circle becomes an octagon in the conversion process). 
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 Figure 56 Unwanted deformation during conversion from Flash to ArcGIS 

 
This obviously makes the size calculation less accurate but it is considered to be unavoidable. 
 
The sizes calculated by ArcGIS are not necessarily equal to those in the animation since the 
calculated size depends on the scale- and coordinate system settings in ArcGIS. Without any 
coordinate system settings (which is the case with importing *.dxf files), the coordinate 
system is assumed (by ArcGIS) to be planar. Therefore the calculated sizes only need to be 
multiplied by a certain scale-factor in order to find the correct sizes. This factor has been 
calculated by measuring a square object on a 17” computer screen manually and dividing the 
size calculated for the same object in ArcGIS by the measured size.  
 
 
4.5.4.2 Calculating rate of change 
 
The rate of change is the amount of change in time. Therefore if differs per behaviour of 
change of the map objects. It is listed here for the different behaviours: 
 
Appearance/Disappearance 
 
For appearing or disappearing objects the rate of change is either zero or infinite (see 
paragraph 2.4.2.3). However, the amount of objects appearing and/or disappearing within the 
duration of the test animations are used here in order to see how many distinguishable 
appearing/disappearing objects can be noticed in a short time period (the duration of the 
animations: 3,75 seconds).    
 
Expansion/Contraction 
 
The rate of change for expansion/contraction has been found by calculating the difference 
between the square root of the sizes (see paragraph 2.4.2.1.) of the objects in the first- and the 
last frame of the animation and dividing this value by the total duration of the animations 
(3,75 seconds). 
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Deformation 
 
For deformation of polygons, the rate of change was approximated by overlaying the 
polygons from the first and last frame of the animation and calculating the square root of the 
total area size (in millimetres) of the parts that belong to only one of the two input polygons 
(see paragraph 2.4.2.2). By dividing the outcome by 3,75 (duration of the animations), the rate 
of change per second was found. 
 
Rotation 
 
The rate of change for rotation is calculated by measuring the difference in angle (in degrees) 
between the object at the first and the same object at the last frame of the animation and by 
dividing this angle by the duration of the animation. 
 
Size change for lines 
 
The difference in (square root of) the area size of the line (in the first and last frame), divided 
by 3,75 is used as rate of change. The area size is calculated by multiplying the length of the 
line (measured automatically by ArcGIS) by the thickness of the line. 
 
Size change for polygons 
 
The difference in the sum of the square root of the area sizes (in millimetres) of the objects 
within the polygons is used (first frame versus last frame and dividing by 3,75) to calculate 
the rate of change. 
 
(Grey) value change 
 
Rate of change for values is the difference between the grey values (ranging from 0 to 255, 
black to white) at the first and last frame of the animation, divided by 3,75 seconds (duration 
of the animation). 
 

4.5.5 Processing the test results 

With the rates of change and the sizes of all changing objects and the results from the test 
animations known it is possible to create graphs in which the needed rates of change for all 
kinds of temporal cartographic animations can be seen. 
 
The test results for the first question consists of answers about the amount of changing objects 
that a user saw. The assumption is made that these objects were the fastest changing objects in 
the animation. If, for example, a user indicated he saw two changing objects in an animation 
while in reality four objects changed in that animation, the assumption is made that the user 
saw the two fastest changing objects and did not see the two slower changing objects. 
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The answer to the second question the user gave (about the slowest changing object he/she 
saw) is compared with the first answer. If these answers match (which means that the slowest 
object indicated in the second question was the slowest of the objects seen by the user as 
indicated in the first question), the difference between the slowest object seen by the user and 
the faster changing object is considered to be enough for seeing differences between rates of 
change. 
 
Figure 58 shows these processing steps for an example that is shown in figure 57 where three 
out of five objects change in size (objects B, C and D with rates of change of 10mm/sec, 
20mm/sec and 40mm/sec). 
 

 
Figure 57 Example for explanation of result processing steps in figure 58 

 
Figure 58 Result processing steps for the example from figure 57 



 77 

When the user indicates that the amount of objects he or she has seen is zero, the conclusion is 
made that the fastest rate of change in the animation (in this example this is 40 millimetres per 
second) is too slow to see (for this person). If the user indicated that he/she saw more 
changing objects than the amount of objects that changed in reality (in this example 4 or 5 
object), the answers for this animation are considered unreliable and are not further processed. 
 
When the amount of objects seen is between one and the maximum possible for this 
animation (three in the example), the assumption is made that the fastest changing objects 
have been seen (object D changed fastest, therefore it is assumed that the person saw this 
object when he/she indicated that only one object changed; the second fastest was object C, 
thus C & D have been seen when the user indicated that two object changed). Therewith it is 
known what the slowest changing object is that the user saw (and what the rate of change of 
this object is). 
 
The next step is to check if the answer that the user gave for the second question corresponds 
to the number of objects that this user saw (see figure 58; if the user saw two changing 
objects, object C should be the slowest but if the user saw three changing objects, object B 
should be the slowest). 
 
When the answer of question two does not correspond to the answer of the previous question, 
the differences between the rates of change (of the assumed two slowest changing objects 
seen) are not big enough to be seen. When there is only one changing object that has been 
seen, this object is also the slowest changing object seen. Therefore the results are considered 
unreliable when the answer given to question two does not correspond with the changing 
object seen.    
 
 
4.5.5.1  Interpolation of the results 
 
The results are available for a limited amount of rates of change and object sizes since it is not 
feasible to perform an enormous amount of tests. Furthermore, the different test persons have 
not all given the same answers. Therefore the tests results are expressed in percentages of 
people that indicated that they saw the changes of certain objects. When these percentages are 
mapped in a 2D graph with rate of change on the x-axis and the object sizes on the y-axis it 
looks like figure 59.  
 

   
Figure 59 Example: Graph with percentages of changes seen for many rates of change and object sizes 
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In order to create a line that can indicate the needed rates of change for all object sizes, an 
interpolation technique can be used. Since the graph show the percentages in a two 
dimensional space, an interpolation technique for continuous spatial data can be used. The 
linear regression technique is considered the most appropriate since the amount of dots that 
can be interpolated is relatively low and the resulting percentages may contain outliers due to 
a relatively low amount of test persons. The interpolation results in percentages for every 
position in the 2D coordinate system. 
 
These percentages have been reclassified in such a way that the all the points where the values 
are approximately 100%, 90%, 80%, 70% or 60% are shown in black. All other calculated 
values are shown in white (not visible). This creates lines for those percentages. The higher 
the percentage, the more people will be able to see the changes. The designer of animations 
has to decide what percentage is acceptable for the specific animation he/she is designing.    
 
Since a regression method is used, the interpolated results are created by applying least 
squares adjustment. This results in lines for the percentages that approximate the original 
values as much as possible but do not match exactly. By calculating the root mean square 
error (RMSE) for the interpolated results, an indication can be given that shows how well the 
calculated percentages (from the interpolation) correspond with the percentages of the input 
points (results from the tests).  
 
The root mean square error is determined by calculating the deviations of points from their 
true position, summing up the measurements, and then taking the square root of the sum 
(URL13).  
 
The formula for RMSE is: 
 

 (URL13)  
 
SSE is the sum of errors (measured percentages from the tests minus estimated percentages by 
the interpolation technique) and n is the number of pairs (errors).  
 

4.5.6 Final test results 

 
4.5.6.1 Response 
 
The 144 test animations have been divided into six parts of 24 tests. The response per part 
(and user characteristics/monitor sizes) is shown in appendix 2.  
 
The number of female test persons is slightly higher than the number of male test persons 
(approx. 10 males and 14 females per part). This makes it possible to compare test results per 
gender. 
 



 79 

No test person indicated he/she was younger than 16 or older than 70. Therefore only the age 
categories of 16-30, 31-50 and 51-70 can be seen in the graph in appendix 2. Since the group 
of responding people between 51 and 70 years old is rather small (2 or 3 persons), the test 
results for this group are probably not very reliable. Therefore the results have been calculated 
for two age categories: people younger or older than 31 years.  
 
The results mainly came from people that indicated they finished education at bachelor’s 
degree (see graph in appendix 2). The amount of people with a higher or lower education than 
this degree is small and therefore their results are considered not reliable enough to compare. 
Since there is only one category with enough response, there is no reason to calculate results 
per education level. 
 
Appendix 2 also shows the monitor sizes with which the animations have been viewed. 46% 
indicated they used a 17” monitor. The amounts of tests performed on other monitor sizes 
(14-, 15- or 19 inch) are quite low. Since nobody used a monitor larger than 19”, the sizes of 
the test objects are not recalculated for the different monitor sizes but their differences are 
assumed to be negligible. 
 
 
4.5.6.2 Results for the changes that can be seen per map object behaviour 
 
Appendix 3 shows the results of the changes that can be seen for all defined behaviours of 
map objects (see chapter 2). For appearance/disappearance the rate of change is not variable, 
therefore it is only shown how many persons (in percentage) were able to indicate the correct 
amount of (dis)appearing objects during the animations (that lasted for 3,75 seconds). The 
results for animations with- and without background images can be compared. 
 
For all other behaviours, the resulting interpolated graphs for all results and the resulting 
graphs for the different user characteristics (male/female, younger/older than 31) are shown in 
such an order that they can be easily compared. On the left side of the page the result for 
animations with 5 objects (either changing or static) can be seen. The results for the same 
animations but with more static objects (total amount of objects approx. 10) are shown on the 
right side of the page. By combining and/or comparing the different graphs it becomes 
possible to see the influence of amount of objects or user characteristics. The root mean 
square values of the interpolations have been added to all of the graphs in appendix 3. In order 
to be able to compare RMSE values for the different graphs, these values are also added in 
separate column charts in appendix 4. 
 
As an example, figure 60 shows the results for rotation of both 5 objects and approximately 
10 objects. It shows the interpolated lines where 80% of the test persons indicated they saw 
the change. It also shows the points on which the lines are based (the percentages are not 
shown here but are shown in the appendices). It can be seen that, for example, a rotation of 10 
degrees per second by an object of 500 square millimetres will probably be fast enough to be 
seen by 80 percent of the people when the amount of static object is low. The same object 
however, will probably not be noticed when there are more static, distracting objects.   
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Figure 60 Interpolated test results for rotation (for animations with few and many objects) 

 
The resulting graphs (shown in appendix 3) are briefly discussed here for each of the object 
behaviours:  
 
- Deformation 
 
The graphs for deformation look strange because the size of the object seems to have a 
negative influence on the perception of change. When the object is large, the rate of change 
necessary to see the objects is higher than when the object is small. 
 
The reason for this is the fact that the rate of change for deformation has been calculated 
based on the sizes of the non-overlapping parts when the before and after objects are overlaid 
(see paragraph 2.4.2.2.).  The rates of change are thus not influenced by the size of the 
overlaying parts. Big objects have bigger overlaying parts when deforming than smaller 
objects (also when their rate of change is equal). Therefore deformation for a certain rate of 
change is more difficult to see for a big object.  
 
It can be clearly seen that people can see deformation better when the amount of objects is 
low. A remarkable result for deformations is the fact that females seem to be better in seeing 
deforming objects when many (approximately 10 of which at least 5 static objects) objects are 
shown. The RMSE values for deformation are relatively low (approximately 10%). This 
means that the approximation by linear interpolation of the test results is quite good, 
especially when compared to the resulting RMSE values for the interpolation of the results for 
the other behaviours of map objects (which are usually around 20%).. 



 81 

- Displacement 
 
The amount of objects in the animation is also important for seeing displacement (for every 
class of users). Size seems not important in seeing displacement (the resulting lines are almost 
vertical). The graphs for the different user characteristics do not show big differences. 
According to the graphs, 90% of the people (regardless of their characteristics) will see a 
change of 3,5 mm/sec when the amount of objects is low. When there are approximately 10 
objects, still 80% of the people can see this change. RMSE values are quite high for 
displacement (average approximately 25%), indicating that linear interpolation of the test 
results does not provide a very good approximation.  
 
- Expansion/Contraction 
 
For expanding/contracting objects the resulting lines also have a strange direction (like the 
lines for deformation) due to the fact that the rate of change has only been calculated based on 
the differences in size (which is relatively smaller when the object is big).  
 
For rate of change for expansion/contraction, the square root of the change in sizes has been 
used in order to be able to use a linear scale on the x-axis (see paragraph 4.5.4.2.). A change 
of 3,5mm/sec will be seen by everybody (right side from the 100% line), this corresponds 
with 12,25 mm2/sec.  
 
A remarkable result for expansion/contraction is the fact that there is no big difference visible 
between the positions of the lines for a few objects and the positions of the lines for many 
objects. This indicates that changes in expansion/contraction are seen, even if there are many 
static, distracting objects.  
 
- Grey value 
 
The percentages indicating that change has been seen for grey value are very low compared to 
the results for the other behaviours. Females seem to be better in seeing this change. 
 
Lines for 80%, 90% and 100% can often not be constructed (since no changes where seen by 
these percentages of people), especially when there are more static objects. 
 
A rate of change of 30 (grey value change per second) is often not noticed. Grey value has 
absolute limitations from 0 to 255 (see paragraph 2.5).For most of the graphs for grey value, 
the RMSE is below 20%. 
 
- Line size change 
 
For changing line sizes, the influence of the amount of static objects seems large. 
Females and people above 30 seem to be better in seeing this change. 
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- Polygon size change 
 
For polygon size changes the results for a few objects are very different from the results for 
many objects. It seems that the size of the changing objects is of big importance when there 
are only a few changing objects while it does not seem important when there are many 
changing objects. Females and older people seem to be slightly better in seeing this change. 
RMSE values are around 20%. 
 
- Rotation 
 
The graphs for rotations show a clear difference between the results for animations with a few 
(5) or many (approx. 10) objects. Furthermore, women seem better in seeing rotation than 
men and older people seem better than younger people. 
  
-  Appearance/disappearance 
 
The results for appearance/disappearance show that background maps have a negative effect 
in seeing the amount of objects that appear and/or disappear. It seems easier to see 
disappearing objects than appearing object. Usually people don’t always remember the 
amount of objects when more than 5 objects appear or disappear within 3,75 seconds. Since 
there is no slowest changing object in appearance/disappearance, the second test question was 
use to check if people can remember the shapes of the changing objects and/or if unexpected 
objects where seen. The amount of people that could remember the shape of the objects 
depended on the object that was asked for. When the shape of the first appearing object was 
asked, 55% indicated they saw this shape. For the second object, 36% remembered the shape. 
The shape of the third appearing object was seen by 31%. This means that shapes are 
remembered better if the object (dis)appears in the beginning of the animation (before other 
objects are (dis)appearing). The unexpected objects that appeared during some animations 
were seen by most of the test persons (appearing map of Australia by 91%, appearing fork-lift 
truck by 93% and the appearing image of an elephant by 100%). Due to these unexpected 
objects, the results of the amount of (dis)appearing (square) objects seen in these animations 
was lower than the results for the animations without these objects. On average, the number of 
people indicated the correct amount of (dis)appearing objects in animations was 10% lower 
when unexpected images appeared during the animation.  
 
For all the behaviours it seems that it is more difficult to see changes when the amount of 
static objects becomes higher, except for expansion/contraction. Furthermore, user 
characteristics might be of importance; women tend to be better in seeing change than men 
and people older than 30 sometimes see more than younger people. 
 
4.5.6.3 Results for the differences that can be seen per map object behaviour 
 
Appendix 5 shows the differences in rate of change that have been seen for each of the 
behaviours of map objects in time (except appearance/disappearance). The y-axis of the 
graphs shows the percentages of users that indicated they saw the change. The x-axis shows 
the difference in rate of change for the changing object that the user saw.  
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These results are based on the outcomes of the second question of the test environment (see 
paragraph 4.5.5.). The number of people that indicated they saw the difference in speed of 
change between two objects depended on the answer for the first question (amount of 
changing objects seen) as can be seen in figure 58, paragraph 4.5.5. Since sometimes not more 
than 19 persons performed the tests (for parts 4, 5 and 6 of the test environment) and since 
these people gave different answers to the first question; the number of people indicated that 
they did (or did not) see a certain difference was sometimes very low. Therefore the results 
shown in appendix 5 do not show very clear patterns and do not seem to be very useful. 
 
 
4.6 Summary 
 
This chapter consists of two main parts. The first part describes problems of perception that 
may occur when animations are being viewed. It shows that it is important to pay attention in 
order to see changes and that seeing change depends on characteristics of the viewer. 
Furthermore it lists the important aspects that have to be taken into account when someone 
wants to create an animation for which it is necessary that viewers stay focussed. 
 
The second part describes tests that have been performed in order to measure when perceptual 
problems occur for each of the behaviours of map objects that have been defined in chapter 2. 
The methodology, animation/website design and the processing of the results are described. 
The final results of the test are also briefly mentioned. The complete results are added to the 
report in the appendices. 
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5 CONCLUSIONS AND RECOMMENDATIONS 
 
 
5.1 Conclusions 
 
 
This research was focussed on the creation of temporal cartographic animations from an 
incomplete amount of input graphics. The conclusions of the research are listed here based on 
the research questions as earlier mentioned in chapter 1: 
 
·  How do phenomena behave over time and how are they represented in temporal 

cartographic animations? 
 
Phenomena can behave in many different ways, based on natural physical laws or based on 
human decisions (or combinations). The different representations of changing phenomena are 
described in chapter 2. A distinction has been made between quantitative- and qualitative 
thematic information. It has been shown that interpolation of the latter is not useful; the 
representations for these changes are therefore not dealt with in this research.   
 
The behaviours of map objects that can be interpolated and have been dealt with in this 
research are: disappearance/appearance, expansion/contraction, displacement, rotation, 
deformation, size change (for polygons and polylines) and grey value change. 
 
·  When do perceptual problems occur per phenomena/representation? 
 
This has been described in chapter 4. Some answers to this question have been found based on 
literature. The most important are: perceptual problems occur when the viewer is not able to 
pay attention to the changing objects, no more than 4-5 changing objects can be seen at the 
same time, larger objects are better in capturing attention than smaller objects, slow changing 
objects may result in perceptual problems and the fact that the risk of perceptual problems 
depends on the behaviour of the objects. Furthermore, seeing change depends on the 
experiences of the viewer (stored in his/her long term memory). Therefore, seeing change 
depends on the characteristics of the viewer. The following new questions where created 
based on these answers. 
 

- What is the minimum rate of change to attract attention? 
- What is the minimum size of objects to capture attention? 
- What is minimum difference in rate of change, needed in order to be able to 

compare changing objects? 
- How well are the different behaviours of map objects in capturing attention? 
- How big is the influence of surrounding static objects? 
- How big is the influence of user characteristics? 
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By performing tests with real animations and test persons with different characteristics 
answers have been given to these questions. This resulted in graphs. Graphs for the different 
behaviours that show what minimum rates of change can be seen for different object sizes are 
shown in appendix 3. These graphs have been created for some different user characteristics 
and for animations with a few (max 5) objects and animations with many objects 
(approximately 10). Other graphs (appendix 5) have been created to show how much 
difference is needed in the rate of change of object in order the see this difference. These 
graphs do not show usable results since the amount of test persons and the duration of these 
tests was too low. 
 
From the graphs for changes that can be seen (appendix 3) it can be concluded that it seems 
that women and people above 30 years of age are better in seeing change than men and 
younger people. This means that animations, created for women or older people, may contain 
smaller objects or objects that change with a lower speed.  
 
Furthermore, it can be concluded that it seems that, especially when compared to the other 
changes, changes in (grey) value are not very well seen. 
 
The results of this research show that testing perception is very complex. Many variables and 
uncertainties are involved .Therefore these results can only be used as an indication and 
further research is necessary to be able to describe more precisely when problems of 
perception can occur (see recommendations).  
 
·  What are the potentially useful existing interpolation techniques for temporal 

cartographic animations? 
 
The techniques for interpolation that have been found in the literature are described in chapter 
3. A distinction is made between techniques for deformation (since it is more complex) and 
techniques for all other (simpler) behaviours described in chapter 2. 
 
Techniques for the simpler changes can be divided in regression methods (approximating the 
change of the object by a certain trend or cycle for the entire animation) and interval 
interpolations (calculation of the interpolated values based on the values of the closest (in 
time) available objects). The interval interpolation techniques that have been described are 
nearest neighbours, pycnophylatic, linear interpolation, splines and b-splines. All techniques 
for simple changes can be visualized in graphs where the y-axis represents the changing value 
and the x-axis represents the time-frames. With these graphs it becomes easily possible to 
compare the different results for the techniques (examples are shown in paragraph 3.2.3.). The 
pycnophylatic interpolation method can only be used when the available images represent an 
average value for a certain time period (e.g. average population in a year). It can create 
additional images for shorter time periods (months, days etc.). 
 
Techniques for deformation are more complex since many deformations are possible. 
Deformations of simple objects can be calculated by linear interpolation of the vertices (might 
require pre-processing when the amount of vertices or lines is not equal between the 
corresponding objects on the available images). When objects become more complex, linear 
interpolation will result in unrealistic deformations. Therefore other techniques are available 
using skeletons, meshes or LIDM. The usability of these techniques depends on the shape of 
the deforming objects. It is not easily possible to say what shape can be interpolated by what 
technique. 
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·  What influence do the interpolation techniques have on the perception of change?  
 
The chosen interpolation technique and the choices made for the duration of the animation 
defines the rate of change of the objects at any time in the animation. Since perception 
depends partly on the rate of change of the object, the technique and settings chosen will 
influence the changes seen. As can be seen in the graphs in the overview of techniques for all 
behaviours except deformation (paragraph 3.2.3), the different techniques may result in very 
different rates of change (slope of the graphs).  
 
For deformation, the results of the techniques will also be different but it is not possible to 
show these in graphs before the interpolated images are created and the rate of change 
between those images is calculated (approximated by overlaying). This is due to the fact that 
the rate of change in deformation depends on many changing vertices and not on one variable 
value that can be shown on the y-axis of the graphs.  
 
 
·  What techniques can be recommended for the creation of animations from an 

incomplete input? 
 
The answer to this research question is added in the recommendations section (paragraph 
5.2.1). 
 
5.2 Recommendations 
 

5.2.1 Recommendations for the creation of animations 

Animations should not be created when the number of changing objects on the input images is 
more than 5 since that is the maximum amount of changing objects to which attention can be 
distributed (see paragraph 4.4).  
 
For other input images the technique that results in the best approximation of the natural 
behaviour of the changing phenomena should initially be recommended (some of the well 
known techniques are described in chapter 2). The duration of the animation should be chosen 
in such a way that the rate of change will be high enough to avoid perceptual problems. This 
depends on many variables (behaviour, users, amount of objects) and can be checked by using 
the graphs created during this research (shown in appendix 3).  
 
Figure 61 visualizes the necessary steps. In the example of figure 61, images are available 
with objects that represent a certain phenomena in world time (in figure 61, an object 
representing a phenomenon by using differences in size for the years 1920, 1950 and 2000). 
In the first step (upper left part of figure 61), the values of this object are represented by dots 
in a graph with the values (sizes) of the objects on the y-axis and the (world) time on the x-
axis. In step 2, the curve that is the result of the most suitable interpolation technique for this 
phenomenon is shown. At that moment it is not known how fast the object should change to 
avoid perceptual problems (display time is unknown, see figure 61). Therefore, at step 3, the 
suitable rates of change are checked from the test results of this research (corresponding with 
the user’s characteristics, amount of objects and behaviour of changing map objects). When 
this is known, the final animation can be created (step 4). 
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Figure 61 Steps in choosing a suitable technique and duration 

 
The slopes of the graphs that show the changing values on the y-axis and the timeframes on 
the x-axis show the rates of change that result from the different interpolation techniques.  
 
An exception is rotation, for which the graph needs to be converted first (as described in 
paragraph 2.4.2.4.). This is because the rate of change for rotation depends on the shape of the 
rotating object (e.g. a rotation of 90 degrees results in a perceived rate of change of zero when 
the object is a square but it results in a high perceived rate of change when the object is a 
line). 
 
For deformations such a graph can only be created once the actual interpolation has been 
performed and the rates of change have been calculated. Furthermore, the different techniques 
for deformation do not clearly show differences in resulting rates of change. Therefore for 
deformation the recommended technique is only based on the shape of the deforming object. 
If this is a simple change, linear shape interpolation can be used. Otherwise more advanced 
techniques should be used (skeletons, meshes or LIDM), depending on the shapes of the 
objects. For deformation it can be recommended to create an animation with many images so 
that the duration of the animation can be changed after the interpolation has been performed 
(when only a few images are created, a longer duration cannot be created anymore since the 
frame rate will than become too low). 
 
Due to the limitations of the changes for the different behaviours (described in paragraph 2.5) 
it is not always possible to use all techniques (e.g. spline interpolations may result in values 
that are higher or lower than the initial values; when the animation contains grey value change 
and the initial objects are almost black, the in-between images can not be created since it is 
impossible to make a grey value darker than black). 



 89 

 
Furthermore; sometimes there is not a single best suitable interpolation technique purely 
based on the natural behaviour of the phenomenon or this technique cannot be used without a 
high risk of perceptual problems (e.g. a very smooth trend is best according to the natural 
behaviour but due to this smoothness the rate of change is too low, even if the duration of the 
animation is short). In those cases it might be better to compare resulting graphs for different 
interpolation techniques and choose the best suitable technique based on the possible 
occurrence of perceptual problems.  
 

5.2.2 Recommendations for testing perception 

Improvements can be made for testing perception. First of all; more tests need to be 
performed with a high amount of test persons and animations in order to find more reliable 
results for many possible rates of change, object sizes, amounts of changing and static objects, 
background maps and user characteristics. Ideally, these tests could result in a figure that can 
show what rates of change can be used for any situation (described in paragraph 4.5.2.1.). 
 
When many more test results become available, these results can probably be interpolated by 
using a better technique than the technique used in this research (linear regression, which 
results in relatively high RMSE (error) values).  
 
The tests will be improved when they are performed in a laboratory setting where only one 
size of monitor is used and where the distance between viewer and monitor is always the 
same. This would also make it possible to check if people are seriously paying attention to the 
tests (which is impossible over the internet). 
 
In order to make it possible for viewers to really recognize differences in the speed of 
changing objects, the animations should be played for a longer duration than the 3,75 seconds 
used in this research. Furthermore; it would be better if single animations could be played 
many times (in the tests it was not possible to replay an animation).  
 
By making it possible to click on the changing objects a user saw instead of indicating the 
amount of objects the user saw (and assuming that these where the fastest of the changing 
objects), the test results will be more reliable.  
 

5.2.3 Recommendations for further research 

Apart from the improvement that can be made in testing perception that are mentioned in 
paragraph 5.2.2. There are other recommendations that can be given.  
 
First of all, the changes in temporal cartographic animations can be more complex than the 
changes dealt with in this research. Objects can for instance grow and deform at the same time 
and in the same animation there might be a rotating object as well.  These kinds of 
combinations of behaviours of map object in animations have not been investigated in this 
research and can be interesting for further research.  
 
From this research it is only approximately known when perceptual problems occur due to a 
low rate of change. It is not known when objects change too fast to see. 
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In order to give good advice for the creation of animations with deformations, it is necessary 
that the rate of change for deformation can be calculated more precisely and that rate of 
change calculation for line deformation becomes possible. 
 
Objects in animations will usually appear/disappear according to a spatial pattern. From this 
research it is only known how many appearing/disappearing objects can approximately be 
seen during an animation but it is not know where these objects should appear/disappear. 
Therefore further research should be performed.  
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12 Animation test environment download page, 

<http://www.roylammers.net> 
 
13 GIS Lounge, 

<http://gislounge.com/glossary/bldefroot.shtml> 
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Appendix 1 Screenshots test environment 

 

Start page 

 

Start button for next animation 
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Playing one of the animations 

 

First question for animation above 
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Second question for animation above 

 

Final page 
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Appendix 2 Test response 
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Appendix 3 Test results: Changes seen 
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RMSE = 22% 
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RMSE = 20% 
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RMSE = 21% 
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RMSE = 21% 
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RMSE = 22% RMSE = 31% 
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Appendix 4 Test results: RMSE values for interpolations of percentages of changes seen 

 
Meaning of the abbreviations on the x-axis: 
 
FA = Few objects, All test persons 
MA = Many objects, All test persons 
FM = Few objects, Male test persons 
MM = Many objects, Male test persons 
FF = Few objects, Female test persons 
MF = Many objects, Female test persons 
FO = Few objects, Older test persons (31 and older) 
MO = Many objects, Older test persons (31 and older) 
FY = Few objects, Younger test persons (30 and younger) 
MY = Many objects, Younger test persons (30 and younger) 
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Appendix 5 Test results: Differences seen 
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Appendix 6 List of test persons 

 

Li Xia 
Ellen-Wien Augustijn 
Mahnaz Narooie 
Ronald Bausch 
Roel Koot 
Odin Banning 
Derek Karssenberg 
Peter van de Koppel 
Odawe Muzan 
Matija Vidicek 
Hermien Lammers 
Karin Simon 
David Simon 
Steven Keijzer 
Milan Djordjevic 
Laurent de Borman 
Robert Haarbosch 
Rob De Wolff 
Jolanda Oonk 
Henk Assinck 
Marleen van der Heijden 
Liza Groenendijk 
Johan Buitenkamp 
Eddie Poppe 
Wim Toebes 
Abe Klaas de Jong 
Annelies Klanderman 
Daniëlle de Winter 
Henk Roerdinkholder 
Maarten Klanderman 
Bram Boot 
Erik Morrema 
Anita Roerdinkholder 
Luciel Buil 
Frans te Brake 
Frank Capis 
Rob Breukers 
Hendrik Lammers 
Jonas van Schrojenstein Lantman 
Christiane Sürken 
Sijmen Wesselingh 
Ellen Toebes 



 115 

Appendix 7 Software used 

 
Microsoft Word 2002 
Used for writing this thesis. 
 
Microsoft Excel 2002 
Used for processing of the test results and creating graphs. 
 
ESRI ArcGIS 9 (spatial analyst) 
Used for calculation of test object sizes and rates of change for deformation. 
Used for interpolation of test results. 
 
Marcomedia Flash 8 and ActionScript 2.0 
Used for creation (drawing and programming) of test environment animations. 
 
Macromedia Dreamweaver 8 
Used for website creation. 
 
Adobe Illustrator 9.0 
Used for the creation of the illustrations in this thesis. 
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Appendix 8 Accompanying: CD-ROM with website, test environment and digital version of the thesis 

 
 
The CD-ROM contains four directories containing the following files: 
 
The website is stored in the directory “website” and consists of three files. 
 
index.html contains links to english.html and nederlands.html (respectively the English and 
Dutch version of the download page for the tests). 
 
The tests for Windows pc’s are stored in the directory “animations” 
The tests for Apple Macintosh are stored in “animations_mac”  
 
The test files can be simply opened by double-clicking. Filenames that start with “part” refer 
to the tests in English. Filenames starting with “deel” refer to the Dutch versions. 
 
The digital version of this thesis is stored in the directory “thesis”  


