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Abstract. In geographic hypermedia, maps and other information displays 
are jointly used for the purpose of communicating information. We con-
sider another role of maps: maps as instruments for data exploration and 
analysis. In this function, maps are also used in combination with other in-
formation displays. In order to establish links between multiple displays, 
various mechanisms have been developed. Some of these mechanisms 
might be useful in geographic hypermedia in addition to classical hyper-
links. 

We propose a taxonomy of generic mechanisms for linking complemen-
tary information displays and, in broader terms, complementary tools for 
data exploration and analysis involving maps and graphics as well as que-
rying, data transformation, and computation-based analysis techniques. We 
give an example of exploration of geographically referenced data in which 
different mechanisms are used in cooperation. 

16.1 Introduction 

Geographic hypermedia is conventionally defined as integration of maps 
with other media (text, graphics, animation, sound, images, and video) 
through hyperlinks. Geographic hypermedia is used primarily as a way to 
organise complex information for the purposes of communication. The 
role of any component of a hypermedia presentation is to carry a certain 
portion of information or a specific message the designer of the presenta-
tion wants to convey to the audience. This refers, in particular, to maps, the 
most appropriate medium for communicating geographical information. 

However, the functions of maps are not restricted to communication 
only. Maps are also used for exploration and analysis of geographical in-
formation (MacEachren and Kraak 1997). In these functions, maps are also 
used together with other information displays, most often with graphics 
such as scatterplots, parallel coordinate plots, time graphs, histograms, etc. 
A general requirement is that multiple displays must be somehow inter-
linked in order to help the user to reconstruct the whole picture from the 
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partial views. Not only hyperlinks but also other ways of display linking 
are used in such systems, which are conventionally called “geographic 
visualisation systems ” rather than “geographic hypermedia”. 

This chapter is about various ways of linking displays in geographic 
visualisation systems and, more generally, about linking tools that are 
jointly used for visual exploration of geographic as well as non-geographic 
data. While it is not strictly related to the main topic of the book, it can still 
be interesting to the readers by broadening their eyesight to other uses of 
maps and related displays and other ways of display linking than they are 
accustomed to. It is quite possible that some of the techniques applied in 
geographic visualisation can be also effectively used in geographic hyper-
media for information communication. 

The ideas concerning the use of multiple linked displays for data com-
munication and exploration come from the pre-computer era. Thus, the 
well-known representation of Napoleon’s Russian campaign of 1812 cre-
ated by Minard as early as in 1861 combines a map and a time graph1. In 
order to refer locations on the map to the marks on the graph showing the 
temperatures at the time moments when these locations were visited, 
Minard connected them with lines. 

It is needless to say that computer technologies provide much broader 
opportunities for display linking than what was possible to do on paper. 
This encourages the designers and developers of visualization tools to 
build various display combinations and look for novel ways of linking 
them. Display coordination (i.e. linking between interactive displays si-
multaneously present on a computer screen) is currently a hot topic in in-
formation visualisation, geographic visualisation, and statistical graphics. 
Dedicated international conferences are convened (CMV 2003-2005) and 
special journal issues published such as (InfoVis 2003). 

The most popular method of display coordination is known as “brush-
ing” (this term seems to originate from the paper (Newton 1978)). The ba-
sic idea is that the user selects some items in one of the displays by direct 
manipulation through the mouse, and this results in the corresponding 
items being highlighted in other displays present on the screen. Since this 
idea was introduced, various more sophisticated forms of brushing have 
been suggested, for instance, multi-colour brushing: the explorer can use 
distinct colours for marking different selections. 

                                                      
1 This visualisation is frequently cited; see, for example, (Tufte 1983). It can also 

be found in the Web, e.g. at http://www.edwardtufte.com/tufte/posters. The site 
http://www.math.yorku.ca/SCS/Gallery/re-minard.html contains many refer-
ences to various citations of Minard’s graphics as well as suggested revisions of 
it with the use of modern technologies. 
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Besides numerous variants of brushing, there are many other ways of 
display linking. This prompts some researchers to systemise the existing 
approaches and develop general frameworks of data visualisation through 
multiple views. Thus, Buja et al. (1996) classify visualization techniques 
into three categories: focusing, linking, and arranging views. Focusing in-
cludes the selection of subsets and variables (projections) for viewing and 
various manipulations of the layout of information on the screen: choosing 
an aspect ratio, zooming and panning, 3-D rotations etc. Focusing results 
in conveying only partial information and, therefore, must be compensated 
by showing different aspects of data in multiple views. These multiple 
views need to be linked so that the information contained in individual 
views can be integrated into a coherent image of the data as a whole. The 
method of linking depends on whether the views are displayed in sequence 
over time or in parallel. In the first case, linking is provided by smooth 
animation; in the second case, brushing may be used. The purpose of ar-
ranging multiple views is to facilitate comparisons. A possible approach is 
to display each view in a separate window and allow the user to arbitrarily 
arrange the windows. 

North and Shneiderman (1997) suggest a “taxonomy of multiple win-
dow coordinations”, which organises the strategies for display coordina-
tion along two dimensions. First, the user can perform two types of actions 
in one of the displays, selecting items or navigating the view. These ac-
tions can trigger automatic selection or navigation operations in another 
display, with three different combinations being possible: selecting items 
↔ selecting items, navigating views ↔ navigating views, and selecting 
items ↔ navigating views. Second, two or more displays can represent ei-
ther the same collection of information items or different collections. This 
gives a 3×2 matrix of possible variants of display coordination. 

Recently, Roberts has published a comprehensive survey of the state-of-
the-art in display coordination (Roberts 2005). The author touches upon 
various aspects of coordination: 

• what tools for interaction are available to the user, e.g. sliders and but-
tons or direct manipulation facilities; 

• how a new view resulting from user’s actions is positioned with respect 
to the previous view, with three possible strategies: replacement, over-
lay, and replication; 

• what conceptual models and architectures for coordination exist2; 

                                                      
2 Roberts himself advocates a layered approach based on the dataflow model. 

Visualisation is considered as the flow data → selected feature set → abstract 
visualisation object (data features mapped onto visual features) → rendered im-
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• how multiple views can be managed in order to avoid overwhelming 
and disorienting the user; 

• what role multiple linked views play in the exploration process. 

It should be noted that Roberts, like many other researchers dealing with 
display coordination, presents software developer’s perspective on the 
topic and concentrates primarily on technical issues. In our book (An-
drienko and Andrienko 2006), we have considered the topic in a more 
user-oriented way. Our goal has been to instruct the potential users on how 
they can consciously combine various tools for the purposes of data explo-
ration. We have extended the scope from “pure” coordination of data dis-
plays to the combined use of various exploratory tools including, in addi-
tion to visualisation, data transformation, querying, and computation-based 
analysis techniques. 

In the present paper, we briefly introduce our taxonomy of tool linking 
modes and demonstrate an example of exploration of geographically refer-
enced data in which different modes and mechanisms of tool linking are 
used complementarily. 

16.2 Taxonomy of Tool Linking Modes 

There is no tool for data exploration and analysis capable of everything. 
Each tool has different capabilities and, hence, a variety of tools have to be 
applied in the process of exploring a dataset. On the other hand, datasets 
that need to be analysed are often very large and consist of many compo-
nents. It may be necessary to process data piecewise and link the fragmen-
tal information thus obtained into a coherent (mental) model of the data 
and the underlying phenomenon. Therefore, an explorer does not only 
need to apply different tools but also to apply one and the same tool sev-
eral times, sequentially or concurrently, to different portions of data. 

There are two basic modes of linking tools or multiple “instances” of the 
same tool in data analysis: 

1. Sequential mode: a tool is applied to outcomes of another tool. The sec-
ond tool starts its operation and produces results only after receiving the 
output of the first tool. 

2. Concurrent mode: two or more tools or tool instances run simultane-
ously and independently from each other; the analyst needs to compare 

                                                                                                                          
age → window to manage the image. Coordination may occur at any level of 
the visualisation flow. 
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and/or relate their results. The tools or tool instances may be applied to 
the same data portion or to (partially) different data portions. 

These two basic modes can be combined in various “hybrid” construc-
tions; a detailed example is given in the next section. From the two modes, 
the sequential mode seems less relevant to geographic hypermedia except 
for cases when one or more of sequentially linked tools is dynamic, i.e. can 
change its results, for example, in response to user’s actions or updates of 
the data. Such a dynamic tool is used in the example presented in the next 
section: the output of the tool is dynamically modified as the user interac-
tively changes the tool parameters. 

In general, if “Tool 1” is dynamic (i.e. may change its outputs) and 
“Tool 2” is applied to its results, it is necessary that any changes of the re-
sults of “Tool 1” are properly accounted for in “Tool 2” and further along 
the chain. This means that “Tool 2” must be re-applied to the modified re-
sults of “Tool 1”, the tool following “Tool 2” in the chain of tools must be 
re-applied to the new results of “Tool 2”, and so on. Modern software 
packages often do such re-application automatically. When some tool 
modifies its results, it notifies all other tools using these results about the 
change occurred. In response, these other tools automatically update their 
own results and, in turn, notify the following tools in the sequence, and so 
on. In particular, result displays are also updated. 

Automatic tool re-application is not always a benefit. It may be easier to 
compare results of several tool runs with different input settings when the 
results of the previous runs remain unchanged (until the user explicitly per-
forms certain actions for changing them) than when all the tools are very 
reactive, so that all the results along a chain immediately change after even 
a slight interaction of the user with the first tool. 

In the case of concurrent tool linking, an analyst can compare and relate 
results of two or more tools if they are appropriately visualised and, more-
over, the visual displays can be seen simultaneously. This possibility to 
view several displays in parallel provides an elementary level of support to 
the analyst’s work on comparing the results and linking the information 
portions provided by the distinct tools into a coherent mental image. 

Various mechanisms and tools can raise this level of support. We sug-
gest the following taxonomy of the most common mechanisms for concur-
rent tool linking: 

• Display coordination on the basis of a data subset selection: Several dis-
plays show information related to a selected subset of data records in 
such a way that the user can readily discern it from the rest. Different 
methods may be used to achieve this: 
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- Highlighting, i.e. special marking of display items corresponding to 
the selected records to make them easily discernible from the remain-
ing items, e.g. by changing their colour or increasing the size. 

- Focusing or zooming: a display is adjusted so that the information 
relevant to the selected subset is shown with the maximum possible 
expressiveness and legibility at the cost of the rest of the information 
being omitted or reduced in its conspicuousness. 

- Filtering, i.e. removing the display items that do not correspond to the 
selected records or “muting” the visual appearance of these items and 
restricting the user interaction with them. 

For example, classical brushing involves a query tool allowing the user 
to perform various selections through direct manipulation with display 
items. Highlighting is applied to the user-selected items in this display 
and to the items in the other displays corresponding to the same data re-
cords. Another example is an animation tool, which selects a particular 
time moment and, consequently, all data records involving this time 
moment. Thus, if the data are spatial time series, the animation tool se-
lects all such pairs <location, time> in which time equals the currently 
chosen time moment. 

• Display coordination on the basis of a data set division: the data set is 
divided into two or more non-overlapping subsets (for example, using a 
classification tool), and, in response, several displays show the informa-
tion relevant to each subset so that it is easily recognisable and distin-
guishable from the information related to the other subsets. This can be 
achieved in following ways: 
- Multi-colour marking: each subset receives a certain unique earmark 

(typically a colour), which is used for marking the display elements 
corresponding to this subset in all coordinated views. 

- Display multiplication: a display is replaced or supplemented by sev-
eral displays of the same type so that each display represents informa-
tion related to one of the subsets. 

- Re-arrangement of display items: display items are positioned within 
the display space in such a way that the items corresponding to the 
same subset are situated close to each other. 

• Linking on the basis of a common visual encoding of data in several 
displays such as:  
- Common scales along the display dimensions;  
- Common meanings of colours, sizes, symbols, etc. throughout the 

displays. 
When the encoding is changed by means of display manipulation, the 
changes must affect all the linked displays.  
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For example, data about earthquake occurrences can be represented 
on a map and in a space-time cube (Gatalsky et al. 2004) by identical 
circles with the sizes being proportional to the earthquake magnitudes. 
When the user switches from the linear to logarithmic or exponential 
scale of encoding of the magnitudes by circle sizes, the new scale is ap-
plied both in the map and in the space-time cube. 

• Linking on the basis of a common data transformation: one and the 
same transformation technique is applied to data represented on several 
displays. When the user changes the transformation, this affects all the 
linked displays.  

For example, several maps may represent values of various attributes 
referring to a particular time moment. The user may apply a tool trans-
forming the original values to differences with respect to the values for 
the previous time moment. The transformation takes place simultane-
ously on all the maps. When the user switches the tool to computing the 
ratios to the previous moment instead of the differences, each map is 
updated to reflect the change. 

Besides these generic methods of tool linking, there are also methods 
specific for particular display types. For example, some visualisation tech-
niques such as a map with bar charts may use colours to distinguish be-
tween attributes. If there are several displays using colours for attributes, a 
special coordination mechanism can maintain the consistency of the as-
signment of the colours to the attributes throughout these displays. 

Not only sequential and concurrent modes of tool linking are often used 
together but also different mechanisms of sequential and concurrent link-
ing can work simultaneously, for example, filtering together with multi-
colour marking and common transformation of attribute values. 

16.3 Cooperation between Sequential and Concurrent 
Linking: An Example 

In this example, an analyst explores data concerning the health care in dif-
ferent counties of the state of Idaho (USA)3 in order to determine which 
counties are the most in need of support for improving the availability and 
accessibility of health care facilities for the population. The explorer needs 
to evaluate the counties on the basis of multiple attributes, specifically, 

                                                      
3 The example dataset was provided by Prof. Piotr Jankowski from the University 

of Idaho, USA. The data are described in more detail in (Jankowski et al. 
2001). 
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• N of estimated unmet visits: the estimated number of unmet doctor visits 
when people coming to see a doctor cannot be attended due to doctor’s 
overload;  

• Low-weight birth rate: the percent of infants born with insufficient body 
weight averaged from a multi-year interval; 

• Burden on on-call providers: the number of hours on call for each pro-
vider; 

• Population in >35 miles from hospital: the number of individuals resid-
ing outside the influence zone (i.e. the 35-mile radius, according to the 
national standard for rural areas) of the nearest hospital. 

To make the values of all attributes comparable, the analyst has trans-
formed them into z-scores, which express the relative deviations of the 
values from the mean values of the respective attributes. Positive z-scores 
signify the original values being worse than the average values for the state 
of Idaho. 

Now, the transformed values of the multiple attributes need to be some-
how combined into integral scores characterising the situation in each 
county in general. For this purpose, the analyst decides to apply a special 
evaluation support tool capable of attribute integration. We shall not de-
scribe the specific algorithm of value combination applied in the tool since 
this is not relevant to our discussion. It is only important that, first, the tool 
produces new attributes and, second, the tool is dynamic, i.e. changes the 
values of these new attributes when the user modifies tool settings. 

One of the new attributes produced by the tool is the integrated scores of 
all counties expressed as real numbers from 0 to 1; the higher the score, the 
more problematic is the situation in the county. Additionally to the scores, 
the tool produces an attribute reflecting the ranking of the counties from 
the most problematic (i.e. with the highest score) to the least problematic 
(i.e. with the lowest score). The ranks are specified as integer numbers 
from 1 to 44, which is the number of the counties in the state of Idaho. 

The settings influencing the tool outputs are relative weights assigned to 
the attributes being integrated. The weights are specified as real numbers 
between 0 and 1. The sum of the weights of all attributes participating in 
the computation must equal 1. By default, all attributes receive equal 
weights. In our example, there are four attributes; accordingly, each of 
them receives the weight 0.25. The evaluation tool provides a direct ma-
nipulation interface for changing the weights. When the user modifies the 
weights, the tool dynamically re-computes the values of the derived attrib-
utes. 

The table display in Fig. 16.1 shows the evaluation scores and ranks of 
the Idaho counties obtained with the attribute weights 0.3, 0.3, 0.2, and 
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0.2, respectively. The table rows are arranged in the order of decreasing 
evaluation scores and, consequently, increasing ranks. Additionally to 
showing the attribute values as numbers, the same values are also repre-
sented visually by dark grey shading within the cells. The left edge of the 
shaded area indicates the relative position of the value contained in the cell 
between the minimum and the maximum values of the respective attribute: 
the higher the value, the larger the shaded area. To save the space, we did 
not include all the 44 rows of the table in Fig. 16.1 but only the top and 
bottom parts of the table. However, it may be clearly seen how the ranking 
is related to the evaluation scores. 

Let us suppose that some limited funding for health improvement is 
available and can be divided between at most five counties in need. Some 
extra funding is expected in near future, which will allow the state admini-
stration to support additional five counties. Accordingly, the task of the 
analyst is to divide the 44 counties of Idaho into three classes: 

1. The most needy counties, which will receive an immediate financial 
support. 

2. The counties that will be supported later, when the additional funding 
comes. 

 
Fig. 16.1. The table display represents the results of evaluating the counties of 
Idaho on the basis of four attributes with the weights 0.3, 0.3, 0.2, and 0.2. The ta-
ble columns show the values of the source four attributes (previously transformed 
into z-scores), the evaluation scores derived, and the ranking of the counties ac-
cording to the scores. The table rows are arranged in the order of decreasing 
evaluation scores and, consequently, increasing ranks. 
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3. The counties where the state of the health care is satisfactory so that 
they will not be funded. 

A convenient way to do this division is to apply a tool for classification 
on the basis of a numeric attribute to the results of ranking of the counties. 
The counties with the ranks from 1 to 5 will be the candidates for immedi-
ate funding, the counties with the ranks from 6 to 10 will be included in 
the waiting list, and the remaining counties will not be funded. 

This classification is shown on the map display in Fig. 16.2. The class 
breaks specified by the analyst are 5.01 and 10.01. The analyst uses these 
values rather than 5 and 10 in order to ensure that the county with the rank 
5 is included in the first class and the county with the rank 10 in the second 
class. The counties on the map are coloured according to the classes they 
belong to. The black colour corresponds to the first class, the dark grey 
colour – to the second class, and the light grey – to the third class. 

Fig. 16.3 demonstrates the effect of the classes being propagated to the 
table display. The display responds to the classification by appropriate col-
ouring of its rows. Additionally, the rows of counties belonging to the 
same class are put together. At the top of the table, we can see 5 black 
rows, which correspond to the counties included in the first class. These 

 
Fig. 16.2. Counties of Idaho are classified according to their ranking into the 
counties with the ranks from 1 to 5 (the candidates for receiving an immediate 
support), those with the ranks from 6 to 10 (to receive a support later), and the 
rest, which will not be supported. 
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are followed by five dark grey rows corresponding to the second class of 
counties. The remaining rows of the table are coloured in light grey. 

Since the effect of grouping is hardly visible when the rows are ordered 
according to decreasing evaluation scores or increasing ranks, another at-
tribute, “Low-weight birth rate”, has been used in Fig. 16.3 for sorting the 
table rows. This resulted in a different order of the rows as compared to 
Fig. 16.1. Grouping of table rows has a priority over ordering: the rows are 
first grouped according to the current division of the set of counties, and 
then the specified method of ordering is applied to each group individu-
ally.  

In our case, the rows in each section of the table (i.e. black, dark grey, 
and light grey) are arranged in the order of decreasing low-weight birth 
rates. It can be seen that the row with the highest value of this attribute, 
2.774, is put on the sixth position in the table, after a row with a much 
lower value, -0.138. This can be explained by the priority of grouping over 
ordering: the row with the value -0.138 corresponds to the county Madi-
son, which belongs to the first class, and is put together with the rows of 
the other counties from the same class. The row with the value 2.774 cor-

 
Fig. 16.3. The classes of counties from Fig. 16.2 have been propagated to the table 
display. The rows of the tables are grouped according to the classes the corre-
sponding counties belong to. The grouping is accompanied by colouring of the 
rows. 
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responds to the county Gooding, which belongs to the second class. Ac-
cordingly, this row is put at the top of the dark grey section of the table. 

Let us now suppose that, after some deliberation, the analyst decides to 
change the weights of the attributes so as to increase the influence of the 
attribute “Population in >35 miles from hospital”. She increases the weight 
of this attribute to 0.25, and the evaluation tool decreases automatically the 
weights of the other attributes proportionally to the values they had before 
the operation. The resulting weights are 0.28, 0.28, 0.19, and 0.25. 

In response, the evaluation tool immediately re-computes the integrated 
scores and re-ranks the counties. In the result, the values of the derived at-
tribute “Ranking” change, and the classification tools needs to re-classify 
the counties. The results are shown in Fig. 16.4. It may be seen that the 
class breaks have not changed as compared to Fig. 16.2 but the content of 
the classes is slightly different: the neighbouring counties Latah and 
Clearwater on the north have exchanged their classes. 

In Fig. 16.5, we can see the effect of propagating the new division of the 
set of counties to the table display. In the result, the rows of the counties 
Latah and Clearwater have changed their colours and have been moved to 
other sections. 

  

Fig. 16.4. After changing the attribute weights to 0.28, 0.28, 0.19, and 0.25, the 
counties have been re-evaluated and re-ranked, and the classification re-applied to 
the new ranks. In the result, the content of the classes has slightly changed. 
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This example demonstrates a joint use of four different tools: 

• the evaluation tool; 
• the classification tool, which is applied to the output of the evaluation 

tool; 
• the cartographic visualisation tool, which shows the output of the classi-

fication tool on a map display; 
• the visualisation tool producing the table display, which shows, along 

with other attributes, the results of the evaluation tool. The table visuali-
sation tool is linked to the classification tool by means of the class 
propagation mechanism. 

The links between the tools are schematically represented in Fig. 16.6. 
The solid arrows represent the sequential tool linking, when results of one 
tool are used as an input to another tool. In this case, the evaluation tool 
produces new attributes, which are supplied to the table visualisation tool 
and to the classification tool. The latter two tools are used concurrently and 
coordinated by means of propagation of the division of the set of data re-
cords into subsets, or classes (in this case, there are 44 data records corre-
sponding to the 44 counties of Idaho). This link, which is signified by the 
dotted arrow, allows the analyst to compare and relate the information 
provided in the table display (i.e. the characteristics of the counties) to the 

 
Fig. 16.5. The altered classes of counties have been propagated to the table dis-
play, which resulted in re-colouring and re-grouping of the rows. 
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results of the classification. Besides, this link also allows the analyst to 
compare and relate the information provided by the table to the informa-
tion contained in the map display, which shows the geographical positions 
of the counties belonging to the different classes. 

16.4 Conclusion 

Comprehensive data exploration and analysis essentially requires multiple 
tools to be used in combination. This includes diverse visual displays of 
various aspects of data as well as tools for data transformation, querying, 
computational analysis, etc. In this paper, we have tried to define the ge-
neric mechanisms of how different tools can be used together. We expect 
this taxonomy to be helpful not only for users of data analysis tools and 
developers of such tools but also for designers of geographic hypermedia. 

In the suggested general framework of tool linking, we pay a particular 
attention to dynamic tools, which may change their results in response to 
user’s actions or other events. If the results are used or reflected in other 
tools, it is necessary that the changes were properly accounted for. Tool or 
hypermedia designers should care about this by devising appropriate 
mechanisms of change propagation.  

The suggested framework does not only address spatial and temporal 
data but is more general and applicable to other types of data as well. 
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Fig. 16.6. The links between the tools in the example with evaluating the counties 
of Idaho. The solid arrows represent the sequential mode of tool linking, and the 
dotted arrow indicates the coordination of the concurrently used tools. 
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While spatial and temporal data may require specific analysis tools (e.g. 
maps, animated displays, time graphs, space-time cubes, etc.), the modes 
and mechanisms of tool linking and coordination are basically the same as 
for tools oriented to other data types. Moreover, the generic tool linking 
mechanisms allow specific tools for analysis of spatial and/or temporal 
data to be used together with tools that do not assume the spatial or tempo-
ral nature of the data. For example, maps or time series graphs can be used 
in combination with scatterplots, histograms, table displays, and so on. 
This provides complementary views of various data aspects and features 
and increases the comprehensiveness of analysis or information presenta-
tion. 
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