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1. Introduction
All objects and phenomena on the earth can be described based on their temporal and spatial characteristics. Such spatio-temporal data is currently collected anywhere and anytime by all kinds of sensors to monitor changes. This results in huge amount of digital geo-data with various temporal characteristics, and spatial overlap for a wide diversity of applications. Searching, exploring and analyzing these vast volumes of data have become increasingly difficult.
For example, to study a region’s changes in climate as much data as possible will be collected. It might include  temperature data, collected over the last 30 years with a temporal resolution of four hours, and  remote sensing data collected over the last twenty years but from different platforms with a, over the years increasing spatial resolution and with different temporal resolutions. Data from similar organizations but with a different conceptual model applied during the collecting will be added. It will be obvious that the analysis based on these data is not straightforward, even though the software might allow any combination. Especially since it is realized that the (potential) spatial and temporal irregular granularity of the data does not contribute to balanced decisions. 
From a GIScience perspective visual exploration is considered a useful approach to analyze and understand these large amounts of spatio-temporal data. Traditionally the questions one likes to answer during exploration are based on “what”, “where” and “when” (Peuquet’s Triad model), but the questions based on “what” and “where” dominate. The “where” is based on entry via location-space (maps to show the spatial distributions). The “what” is approached via attribute-space (graphs and diagrams are used to show the multivariable characteristics). For both questions attention has been given to differences in resolution, uncertainty, and distribution. 
This dominance is often due to capability of current tools, and results in a limited attention for the data’s temporal characteristics, temporal distribution and temporal relationship,  but time can affect the outcome of the analysis process and influence the interpretation of the resulting data at least as much as the spatial or attribute component. In an on-going research project attention is focused upon the 'when'. In other words the problems are approached from the 'time-space' perspective (Figure 1). This paper in particular studies the visualization of uncertainty in 'time-space'. 
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Figure 1. The view on spatio-temporal data from different perspectives: location space, attribute space and time space
2. Spatio-temporal uncertainty and visualization
Uncertainty has been a focal point of research for many years. It arises as soon as one tries to conceptualize reality, and even increases in measurement and representation phases, and during analysis and even display (Longley, Goodchild et al. 2005). Uncertainty can be defined as the 'knowledge of a possible deviation from a true value, without precise knowledge of the magnitude' (Davis and Keller 1997). Spatio-temporal data can be characterized by its three components: location, attribute, and time. Peuquet (Peuquet 1984) specifically links the questions “where”, “what” and “when” to the components. These three components of spatial data also result in positional, attribute and temporal uncertainty in any of the above mentioned sources of uncertainty (conceptualization, measurement & representation, and analysis & display). 
A growing attention for uncertainty can be witnessed (Goodchild and Gopal 1989; Burrough and Frank 1996; Goodchild and Jeansoulin 1998; Heuvelink 1998; Fisher 1999; Zhang and Goodchild 2002) Nowadays, uncertainty is recognized as an inherent factor in every phase of the spatial data handling process, which  has resulted in attention from specific angles, such as fuzzy theory (George 1992; Liu 1997; Tang 2001), error propagation (Dilo 2005), modeling, and its application in different domains ((Lark and Bolam 1997; Kangas and Kangas 2004; Romano, Bernetti et al. 2004; Rubio, Hall et al. 2004).
The visualization of uncertainty should give users a better understanding of for instance the data at hand of the results of a spatial analysis. Several classic techniques are available all based on cartography’s graphical variables expressing the models of uncertainty representation applied. Experiments are discussed by (MacEachren 1992; Hootsmans and Wel 1993; Wel, Hootsmans et al. 1994; Jiang and Brown 1995; Hengl 2003). They also work with ‘new’ graphic variables like focus and transparency.  Technological advancement offers new opportunities like the application of the third dimension (Shi 2005; Stein 2005), animation  and sound (Fisher 1994; Ehlschlaeger, Shortridge et al. 1997; Evans 1997; Lucieer and Kraak 2002).
In these discussions temporal uncertainty is discussed, if at all, from the spatial domain. In today’s world of geodata infrastructures temporal uncertainty cannot be neglected because of the distributed, heterogeneous nature of this environment with its many participants. According Guptill & Morrsion (Guptill and Morrison 1995) temporal accuracy should be discussed from three perspectives, accuracy and precision of time measurement, temporal validity, and temporal consistency. (Li, Wu et al. 2002) use fuzzy set theory to analyze temporal uncertainty. Similar to spatial uncertainty there are three aspects to be distinguished in temporal uncertainty: conceptualization, measurement and representation, and analysis and display. 
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Figure 2. Sources of temporal uncertainty
In figure 2 a case study of temperature is described. The meteorologists have decided to set-up a network of weather stations and arrange for measurement over a certain time interval. When and how to measure is a conceptual decision. It is obvious that if one decides to measure only once a day, for instance at midnight or noon that the result will vary much, and to judge an area’s temperature on a single observation only doesn’t tell anything about temporal variation during the day. The measurement interval has it influence, especially if one works with accumulated temperature. It is an accumulated excess of temperature above a given standard temperature in one year. Both maps shown in figure 2 demonstrate two outputs of AT distribution in Shaanxi province in 2005. Both of the datasets are based on same conceptual and measurement conditions, but are based on different temporal resolution. The dataset used in the upper map was collected 4 times a day, and the lower map 8 times. The difference between both maps is due to the datasets with different temporal resolution. Similar with the spatial and attribute uncertainty, the temporal uncertainty exists in every step of the above process and is inherited from one step to the next. For the visualization of time one has basically three approach at disposal: express all changes in a single map, using a set of maps (small multiples), or use an (interactive) animation. Of course it is possible to combine any of these approaches with other graphics that improve the understanding of the changes (Kousoulakou and Kraak 1992; MacEachren 1994).
In most of visualization methods, time is considered as a one dimensional linear entity. Examples are the timeline in traditional cartographic representations such as the animation (Kraak, Edsall et al. 1997) or the Space-Time-Cube(Hägerstrand 1970)), but also in different representations such as the perspective wall (Mackinlay 1991) and lexis pencils (Brian and Pritchard 1997). There are also several methods to visualize the cyclic time, such as Polar Coordinate System (Chen 2005), the Circle-segment (Keim 2003) and spiral visualization (Carlis and Konstan 1998). When is comes to the visualization of temporal uncertainly less fundamental research has been done. Literature  only reveals some geo-related application (Kardos, Benwell et al. 2005; Zuk, S. et al. 2005) and applications outside the geo-domain. The objective of this paper is to make a start with a more fundamental spatio-temporal approach to temporal uncertainty spatio-temporal data from the 'time-space' perspective. 

3. Temporal uncertainty

As illustrated in figure 2 there are three major phases in the spatial data handling process that can result in uncertainty about the data. For each of these phases it would be possible to create graphics to indicate the kind and value of uncertainty. However, in this paper we are not concerned with the potential problems in the conceptualization phase, nor in the measurement and representation phase, but we concentrate on the uncertainty due to activities in the analytical / display phase.

When looking at the visualization options available three possibilities are recognized. First it is possible to judge the data set as a whole and use a kind of overall metadata symbology to give users an indication of the temporal uncertainty in the data set. Second it is possible to use the maps interface, e.g. legend or time indicators like a slider to inform about uncertainty in the map. Thirdly it is possible to use the traditional graphic variables in the map image itself to show the temporal uncertainty. The last two options are very much interrelated and their appearance will differ depending on the map representation selected: a single map, a set of maps or an animation.

Figure 3 demonstrates the 'schematic' visualization option of the uncertainty based on metadata information. It is based on the well known triad displaying the individual components of spatio-temporal datasets. It not only provides a global view on the (temporal) uncertainty of the data, but is also possible to distinguish between different temporal metadata elements as given by ISO 19115 or FGDC 1998, such as lineage, positional accuracy, attribute accuracy, logical consistency, completeness, temporal accuracy and semantic accuracy. For the overall quality the traffic light red-yellow-green approach can be applied. For a more quantitative approach fuzzy symbols can be used or alternatively a 'timeline' showing the range of uncertainty. A similar approach could also be applied for the location and attribute components.  
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Figure 3. Temporal metadata visualization. Left the overall approach applying the traffic-light metaphor, in the centre the application of fuzzy symbols and right the use of a timeline.
The visualization of temporal uncertainty in the map image is schematically illustrated in Figure 4. From left to right the temporal visualization option in a map are shown: a single map, a set of maps, and a representation of an animation. For both the single map and the set of maps graphical variables, often explain in a legend, to represent the temporal uncertainty is visualized in the map. Examples are symbols varying in size or value, and applying fuzzy symbols. Many variations exist. Since the maps will appear in a digital environment mouse over techniques can be used as well providing a notion of the uncertainty. Responses to these mouse movements could be for instance sound, blinking symbology or text with warnings. In an animation similar approaches could be applied to the individual snapshot of which the animation is composed, but are likely to be less effective because of the moving images. Here one could apply the graphical variable on the map background to indicate an overall impression of temporal uncertainty. One could change the colour or value of the background for instance to distinguish between snapshot based on measurements and interpolation over time.
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Figure 4. Representing temporal uncertainty via the map image
Visualization of temporal uncertainty can also be done via the map interface. This seems only useful in case of the animation, where the time line or time wheel is used to inform about time. However, the wheel and line can be included in interactive map images. The graphic variables are used in the ‘design’ of the time line and time wheel. The actual graphic representation can depend on the user action which are links to temporal question they might have, in figure 5 the four most common questions ''when?", "how long?", "how often?", and "in what order?" are given with a possible graphic representation of the time wheel and timeline. The graphical variable value is used in the examples to indicate the level of uncertainty. For instance for the ‘When?’ question a in both wheel and along the time line a colour zone gives the answer and the darker the value the more certain about the answer. A similar approach has been followed for the ‘How long?’ and ‘How often?’. For ‘In what order’ the same principles are used and one can see the temporal elation between the two events. The more they would overlap the less certain one can be on their order.
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Figure 5. Representing temporal uncertainty via the map interface based on temporal questions asked.
It is also possible to combine the approaches of figure 4 and 5. In that case the timeline or wheel is incorporated in the map images. In figure 6 an example is given and the suggested solutions are represented in a Space-Time-Cube environment. For certain location the so-called stations are given (the vertical lines parallel to the time-axis) with on those lines an indication of uncertainty at that location at a moment in time. This image presents an overall situation over space and time. Querying a station brings local detail over time. If interested in the situation at a particular moment in time the map can be moved along the time axis, which can have the time line characteristics as described earlier included, and local detail are revealed. The background colour of the map can be used to get a global impression of uncertainty at the time. 
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Figure 6. Integrated approach to the visualization of temporal uncertainty in a Space-Time-Cube environment. 
4. Discussion & Conclusion 
In this paper we have tried to systematically approach the visualization of temporal uncertainty. Three basic solutions have been suggested. An overall indicator based on meta data information and two solutions directly related to the map image and map interface and paired to user tasks (e.g. temporal question asked). It is realized that this approach is currently far from complete but it should start a discussion on the often neglected temporal aspect of geospatial data, especially for the uncertainty that surround this type of data. It is also realized that the solutions suggested have to be tested on their usability to be sure that they indeed are solutions.
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