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1. Introduction
In epidemiological research incorporating the concept of time is very important as it can result in an improved perspective on the progression of epidemic events in relation to space and time. Health scientists would like to understand spatiotemporal relationships and associated patterns of such events to be able to take appropriate actions. The visualization of the distribution and propagation of the epidemics can be very supportive in this process. However, previous attempts to visualize temporal relationships in health studies had been hampered by several limitations. After a study of epidemiological and related giscience literature it proved that the often erratic and incomplete data collections, the availability of suitable data representations, as well as the problem to disseminate clear results had a negative influence on research activities.  

This paper suggests an alternative visualization method for highlighting spatiotemporal relationships in epidemiological research by putting the space-time-cube in the centre of multiple coordinate view environment. In this approach, the traditional space-time-cube, which includes space (x-y plane) and time (the z-axis), is extended with the third spatial dimension to represent the terrain. The other views include the parallel coordinate plot, the scatter plot and bar graphs. Data from the Black Death case study recently made available was used for showing the usability of suggested approach for health studies. This Black Death data has interesting characteristics since at that time, when it occurred in the 14th century, there was no proper recording of events resulting in data characterized by uncertainty and incompleteness.  In our approach we tried to incorporate these deficiencies into temporal visualizations which are based on statistical and other computational methods. To allow more insight into the data, the alternative visualization approach provides for user interaction with the data and the views offer brushing functionalities. The studied approach has been compared with existing traditional visual representations. In addition work was done to make the approach also useful for real time data entry to allow health scientist to monitor today’s epidemics as well.

2. Visualization and epidemiology
Epidemiologists are interested in understanding the characteristics of epidemics and other public health problems. They would like to know how the epidemics propagate in space and in time, the characteristics of the propagation and other factors that might be affecting the propagation of the epidemics. Visualization can enhance their knowledge about the problems, but finding a proper visual tool is the challenge. Some visual tools and techniques do not provide adequate information that can assist in research. This paper suggests a solution to this problem by introducing a particular combination of methods and techniques and their use. In selecting the tools and techniques for visualizing spatiotemporal epidemiological data, typical questions that are of interest to researchers in epidemiology should be answered:
· Where is the origin of the epidemic?
· What is its spatial/temporal propagation speed?
· When did it start?
· When did it stop?
· Where did it go to?
· Where did it come from?
· What are its characteristics?
But of course there are many more questions which are related to for instance the health and composition of the population in the affected area, the standard of health care and available vaccines, etc. In the research project presented here it is tried to be able to address these question simultaneously by offering a coordinated multiple view environment with at the heart a space-time-cube.
Visualization in epidemiological research is not new. Some where successful but most previous attempts to use visualization in this field were discouraged by the incapability of the visual tools to handle multivariate data. The classical map example that is revisited often is John Snow’s map of London depicting a cholera epidemic [http://www.ph.ucla.edu/epi/snow.html]. Snow’s map displays the individual cholera deads as well as the water pumps in the area. Snow linked the cause of cholera to the quality of water, and by closing the Broad street pump which was located in the vicinity where most victims were found the epidemic was ended. The case can be seen as one of the earlier spatial analysis operations and is referred in both geographic as well as in medical literature (McLeod 2000; 2001). Maheswaran and Massimo (2004) state it was the first map-supported spatiotemporal analysis into inductive infectious disease research. The map has also been used to ‘prove’ modern GIS techniques. Tobler [http://www.ncgia.ucsb.edu/pubs/snow/snow.html] created Thiessen polygons to indicate the area of influence of each pump and executed a point-in-polygon operation to determine around which pump most victims where found. Monmonier used the example to demonstrate how the choice of basic geographic units can influence the outcome of a spatial analysis by selecting different combinations of street blocks as basic unit (Monmonier 1991). The Snow-case demonstrates the strength of maps and the different roles they can play. Medical geography and maps go hand in hand and have assisted each other in many other cases. 
Over the years many research project have been executed using the latest visualization tools. For instance in the nineties research was done on the occurrence of prostate cancer mortality in the United States, from 1970 to 1994, focusing on space time analysis of spatial patterns of cancer incidents (Goovaerts 2005). The objective of the project was to look at the disparities between the black and white community’s prostate cancer mortality over space and time. In order to address this limitation, Terraseer Space-Time Information Systems (STIS) technology was used. This system incorporates temporal information into the spatial data structures and it can handle epidemiological queries that are not possible with spatial GIS systems. In STIS time is an integral part of the data and the software interface. Thus, all views of the data can be animated, from maps to histograms to tables, giving the user a natural, intuitive understanding of data changes through space and time. STIS links chosen data views together, and helps make statistical inference about patterns in the data as well. It allows interaction with and analysis of space-time data [http://www.terraseer.com/products/stis.html]. The result of this project was the Atlas of Cancer Mortality in the U.S., covering the period 1950-94 and it provides interactive maps, text, tables and figures showing geographical patterns and time trends of cancer death rates for the whole period. A related publication can be found at [http://www.cdc.gov/nchs/products/pubs/pubd/other/atlas/atlas.htm].
Another cancer related research project developed the Spatio-Temporal Analysis Toolkit (ESTAT). It was developed with the aim assisting in the exploratory visualization of multivariate spatiotemporal cancer data. Exploratory Spatio-Temporal Analysis Toolkit (ESTAT) follows the multiple coordinated view approach.  The views contain a scatter plot, a bivariate mapping tool, parallel coordinate plot (PCP), and a time series graph. These four frames are linked and the toolkit has a brushing functionality (Robinson 2005).  

3. The Black Death

This research project was executed based on a dataset made available by the authors of the book written in 2005: ‘Interdisciplinary Public Health Reasoning and Epidemic Modelling: The Case of Black Death’, (Christakos, Olea, Serre, Yu & Wang 2005). The data collected are based on many different sources which also have different quality and trustworthiness. Among them ecclesiastical records and parish records. These turned out to be very useful and some of them give a good picture of the impact of the epidemic on the population. The only missing item in all of these records is the total population of each area. Other sources are testaments, tax records, court rolls, chronicles, financial transactions. 

Studies have been carried out to determine the effect of the geography on the propagation and the severity of the epidemic. Many argue that the epidemic hit harder at the ports and large cities and along trade routes. While ports and trade centers were in many cases the focal point or the beginning of the epidemic in a region, there is no evidence that receiving the epidemic first made it more virulent (Christakos, Olea et al. 2005). Also there is no evidence of it having affected those with a lower standard of living as compared to those with a higher. Results from the studies carried out indicated no co-relation between poverty and severity of the disease. Some chroniclers reported that in some places it affected the affluent and powerful more than it did to the lower classes (Christakos, Olea et al. 2005)
The Black Death was an epidemic which is understood to have come to Europe in October 1347 and was active till around January, 1351. Europe, in the mid 14th century, was occupied by fewer people than today present and they did not move around as much as today either. But poor hygienic conditions prevailed, and there was no significant medical advances made during this period. The epidemic started in Sicily, Italy, in October 1347. It moved to Austria and Switzerland in 1348. From Austria it moved to Germany and the Czech Republic. In Scandinavia it started in April. Marseille, France was the origin of the epidemic in France in December 1347. In June 1348 another front originated in France. The two fronts in France started moving in the opposite direction and they met in November 1348. It then almost disappeared in winter and resurfaced in May 1349 in Belgium and in June 1349 in Switzerland. At the same it then entered Germany. It appeared for the first time in the Iberia Peninsula in April 1348. Another front then came later in May of the same year from France. A third front started in the north-western part of Spain. The three fronts met in central Spain around October 1348. The epidemic entered into Germany from France, Austria, and Switzerland. The forth front to enter Germany came from Luxemburg in early 1350. Ireland got its first bout in August 1348. 
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Figure 1. The spread of the black death according to (Christakos, Olea et al. 2005). Map represent situation at July 1348. Left total spread, centre the order of spread, and right the intensity during spread.

4. The Space-Time-Cube as the core of a visualization solution
To visualize changes one has generally three options available. The first contains a design that includes the whole narrative of change in a single map. The second is made up by a small series of maps each representing a single snapshot of a moment of change. The third is the (interactive animation). Each of these has their (dis)advantages, depending on the task at hand. In our approach we intent to somehow combine the above options in a set of view of which the Space-Time-Cube is the core view, allowing for an overview and detailed temporal question in one representation. It is complemented by other relevant graphics which will be discussed later on.  
At the end of the sixties Hägerstrand (1970) introduced a space-time model to study individuals in their day to day activities. The model can represent people’s physical mobility network, and is based on a Space-Time-Cube. From a visualization perspective the Space-Time-Cube is the most prominent element in Hägerstrand’s approach. In its basic appearance these images consist of a cube with on its base a representation of geography (along the x- and y-axis), while the cube’s height represents time (z-axis). It features elements such as a Space-Time-Path, and a Space-Time-Prism, respectively related to movement and potential movement of individuals. His model is often seen as the start of the time-geography studies. Throughout the years his model has been applied and improved to understand our movements through space. Problems studied can be found in different fields of geography, and range from those on an individual movement to whole theories to optimize transportation.
Although applications in most traditional human-geography domains have been described, only during the last decade we have witnessed an increased interest in the Space-Time-Cube. Miller (1999) applied its principles in trying to establish accessibility measure in an urban environment. Kwan (2000) has used it to study accessibilities differences among gender and different ethnic groups. Forer has developed a interesting data structure based on taxels (‘time volumes’) to incorporate in the cube to represent the Space-Time-Prism ((Forer 1998; Forer and Huisman 1998). Hedley (1999) created an application in a GIS environment for radiological hazard exposure. Improved data gathering techniques have given the interest in Time geography and the Space-Time-Cube again a new impulse. Recent examples are described by Mountain and his colleagues (Mountain and Raper 2001; Dykes and Mountain 2003) who discuss the data collection techniques by mobile phone, GPS and location based services and suggest visual analytical method to deal with the data gathered. The application of sensor technology is also discussed by Laube et al. The Space Time-Path or geospatial life lines as they are called by (Hornsby and Egenhofer) (2002) are object of study in the framework of moving objects. Analytical application have been discussed by Andrienko (2003) and the cartographics by Kraak and Koussoulakou (2004).
The prototype discussed has several traditional and non-traditional Space-Time-Cube applications. For all cases it is assumed that a better (visual) exploration and understanding of temporal events are possible in the environment presented. Prominent keywords are interaction, dynamics and alternative views which each have their impact on the viewing environment proposed. Interaction in needed because the three-dimensional cube has to be manipulated in space to find the best possible view, and it should be possible to query the cube’s content. Time, always present in the Space-Time-Cube automatically introduces dynamics. The alternative graphics appear outside the cube and are dynamically linked. The combination should stimulate thinking and potentially lead to new insights and explanations. However, the question if this indeed works will it experimentally known but waits for a more definite answer.
The available functionality can be distinguished in display & query functions and in viewing functions. The first include option to switch content on or of, change content appearance and query display objects. The second include options to manipulate the cube in three-dimensional space (rotate and translate) and the possibility to zoom in and out. As a special function one can move the base map (by default at the bottom of the cube) along the time axis. This allows one to 'follow' the space-time-path and keep track of it geographic position over time. The prototype has been developed in JAVA 3D and makes use of the Udig open source GIS environment. Figure 2 shows the prototype at work.
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Figure 3. The coordinated multiple view setting of the Space-Time-Cube in the Udig environment. On top a bar graph, parallel coordinate plot, and map of Europe with the location of cities for which black death data is availabl,. Below the  Space-Time-Cube with the based map moved along the t-axis to the situation in 1349. 
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 Figure 4. Creating a space time path: upper left: the cities in alphabetical order and year of first black death case;lower left:  as the alphabetic diagram but ordered on starting date; right: the Space-Time-cube with a path based on the order of starting date.
This example the Space-time-cube is not used to display moving humans or objects, but the Black Death epidemic.  Available data includes locations (see map in Figure 2) for which a start en end date of the epidemic and the number of deaths are known or estimated. In the Space-Time-Cube terminology the locations are considered stations with attributes. The cube in Figure 2 displays them with their attribute values. This results in stations that vary in thickness depending on the number of death and they appear only between start and end date of the epidemic at that particular location.  The cloud of stations gives an impression of how the epidemic spread through Europe one. Since the epidemic started in southern Europe and move northward the location in northern Europe are found in the upper half of the cube. If one looks from above on top of the cube one can creates a station-animation, by moving the base map along the time axis. 

The upper graph in figure 3 contains all location in alphabetical order with the starting date of the Black Death as attribute. It is possible to sort the graph based on this starting date. The resulting sort order as seen in the lower graph can be used to create a Space-Time-Path. This would result in a path through the cube giving an impression of the temporal spread of the epidemic (see Figure3). Of course one has to realize that this is not necessarily the real spread of the disease of Europe, as can be derived from the description earlier in this section. Similar one could swap the station's attributes in the graph to for instance the number of death, and generate a path starting with the lowest to the highest number of death. Such a path might not really have a meaning and would result in a chaotic path going back and forth in time. However, let’s not forget that new ideas come from unorthodox actions. Another such action would be to display the terrain model in the cube to see if the terrain had some influence of the spread of the disease. Back in that time the means of transport were much simpler and slower. A real interpretation of the view would be the task of epidemiologist, but also they can benefit from an orthodox view on their data. 
5. Conclusion

This project combined the different alternative visual representations to deal with ‘epidemic’ space-time data and centered these around the Space-Time-Cube. It was demonstrated that the concept of the Space-Time-Cube can be ‘expanded’ by making use of the notion of ‘station’ to display quantitative attribute data by varying them in size over time. Similarly qualitative characteristics could be represented by the colour of the stations.  Interesting would be the inclusion of the sometimes uncertain and vague nature of the data. 

With this relatively complex system the question remains how effective are these representations? During the ‘design phase’ of the prototype a few elementary usability test were executed during which students had execute some pre described tasks and we adopted a few functionality based on the user behavior and comments. Since it is unlikely that non-expert will use them a certain learning curve seems acceptable.
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Figure 4. Some examples: Left, the Space-Time-cube’s x-y-plane as terrain model of Europe which can be moved along the time axis; right a path of the spread of the epidemic in Northern Europe.
In today’s dynamic and fast moving world it would be a challenge to make the tools suitable for real-time monitoring, allowing the points to be captured in the field immediately displayed in the system. Events like the mad cow disease, bird flew and SARS would benefit from analytical monitoring systems like these. This process will result in information about public health being transmitted simultaneously while captured. The analytical monitoring system can be designed so that it can be shown on various platforms around the globe to stimulate a healthy geo-collaboration.
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