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Abstract quently tested. Later, if they prove to be useful, they will

There is a large number of interactive visualization be implemented in an optimized way within the scope of a
tools, however no universal tool exists that covers all rele- more mature tool, and for a specific application domain.
vant aspects for all possible application domains. We have  Itis interesting to take a look back after developing such
developed a tool, ComVIs, which was intended to be useda tool and identify what issues and solutions are relevant
as a research prototype for new visualization techniques. for other tools. In this paper we describe lessons learned
We have identified some interesting aspects from develop-and discuss some of the most important design aspects and
ers and users point of view during tool development. In this share them with the visualization research community.
paper we describe lessons learned during the process, and  In the remainder of the paper we first discuss the related
share our findings with visualization research community. work and concepts, followed by an overview of the system
Examples at the end prove the usefulness of the developedesign and related issues. A description of several success-
tool. One particular example, the concept of families of ful case studies and related experiences conclude the paper.
function graphs and application to analysis of fuel injec > Related Work

tion concludes the paper.

A complete survey of available interactive visualization
tools (commercial and academic) exceeds the scopes of
this paper so we only discuss some selected tools. The
) related work section of Yang’s dissertation [15], however,
1 Introduction provides a very good survey.

Coordinated multiple views are a well established and  Many of these tools cope with multidimensional data
proven technology for interactive visual analysis [10] and, and can visualize large data sets. However, no universal
at the same time, an active area of research. A numbertool exists that covers all relevant aspects for all possible
of available tools and systems successfully capitalize on applications, since the requirements and goals are very dif-
this approach, ranging from research prototypes to com- ferent in different application domain. Still, there are some
mercially available tools. Some of these systems are de-very good and useful systems we would like to mention.
signed with a specific application domain in mind while The department of Computer Oriented Statistics and
the others are more general. Data Analysis at the University of Augsburg offers very

The system design is very much dependent on the in- powerful visualization tools. The tool used for exploratory
tended use. The commercial tools undergo strict design analysis of large multidimensional data is called Mondrian
and specification phases, after which there are no signifi- [13]. It is a general purpose tool which supports multiple
cant changes. On the other hand, the research tools followlinked views and interactive brushing.
more evolutionary, or even rapid-prototyping development  Another well known tool is GGobi [11] (and its prede-
process. They will almost never reach stability of the com- cessor XGobi). GGobi supports multiple linked views and
mercial tools, but can be used as a prototype to quickly can be connected to the R statistical analysis system.
evaluate new ideas. The development of Xmdv tool [14] started in 1993.

We had decided to design such a research tool calledXmdv supports multiple linked views and advanced inter-
ComVis that would allow rapid prototyping and testing of actions like brushing and linking or zooming and panning.
new interactive visual analysis techniques and paradigms. The IVEE system [1] was a research platform which
Therefore, the tool and the development team (students)later became Spotfire. Spotfire is probably the best known
may change often while new ideas and designs can be fre-and most widespread commercial visualization tool today.
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There are various products in the Spotfire suite, tailored for
different application domains and they certainly set a high
standard for commercial interactive visualization tools.

Inxight [3] is a spin-off from Xerox PARC and they of-
fer StarTree, Table lens and Time Wall tools. An interest-
ing comparison of commercial tools (Spotfire, Table lens
and InfoZoom) is provided in [5].

The Tableau Software [12] is another commercially suc-
cesful and very inovative tool.

The visualization group at the University of Konstanz
offers solutions for huge data sets. The solutions range
from VisBD [4] developed in the mid 1990s to recent work
including large displays and pixels based techniques.

The NVAC developed several tools used to analyze huge
data sets such as In-Spire and Starlight [9]. They are in-
tended for visual analytics customers with high demands.

Finally there are also toolkits which make it possible
to design new information visualization systems based on
generally useful functionality. The InfoVis toolkit [2] is 4 Selected Design Solutions
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Figure 1: High level system design of ComVis tool.

one of the best known relevant examples. Since it is not possible to describe in this paper all the
. aspects of the system design, we will illustrate the most in-
3 Overall Design Goals teresting aspects and describe the lessons learned that can

Even though a number of tools already exists, new tools be useful to other researchers.
are created over and over due to some specific requirements

and design goals. Our initial design goal was rapid proto- Data  Data Data Data
typing of new visualization techniques within the scientific item 1 item2 item 3 item n
context. New ideas should be easy to test, and it should X
be possible for students to start coding easily. In order to  Record i | ‘ | | | |
support these basic requirements, the system has to be: Soriad
¢ flexible in a way that adding new views and support- IData‘ lDa{a.
ing new data types is easy, ltem 1 ffem 1
Record 1 35 2)
e intuitive to use and at the same time also supportad-  p..owd 2 T 3
vanced interaction (multiple, iterative brushing), -
Record 3 13 5
o easy to use for domain (_experts from different do- Record 4 18 4
mains (medical, engineering, etc.), and
Record 5 14 m
e able to read generally used data formats to provide
access to existing data Record m 16 1

Figure 1 illustrates the high level system design of de-
veloped ComVis tool. There are two main components, the Figure 2: Column sorting and table lookup.
data manager and the list of views. The data manager takes
care of data storage and retrieval. It also stores brushes in- In a multivariate tabular dataset, all data items in a col-
formation. umn are of the same data type while different columns
Each view has two main parts, the view data and the can contain different data types. Therefore, it makes more
window itself. The view data depends on the view settings sense to store data organized in columns than in rows. That
and contains actual data to display. Such an organizationespecially applies to general purpose visualization tools
makes it possible to efficiently implement new views. All where the attributes of the data records are not known dur-
implementations are based on a common abstract view im-ing the design process. If we sort the columns first, data
plementation that takes care of the common view tasks.  query can be very efficient. In order to keep the original



row information we use an additional indexed column for ite brush is appreciated by all users. The default brushing
each column. The idea is illustrated in Figure 2. mode is the single brush mode. Once the user gets used to
There are many characteristics common to all views. the single brush mode, it is easier to switch to the compos-
One example is the use of axis and scales. We designedte brush mode that is sometimes too complicated for the
general axis and scale components to take care of mappingovice users. There is also a possibility to exactly specify
from absolute values to relative, pixel based, view values. brush values but that seems to be a feature used only by
The components are also used to map the values duringthe most experienced users, although not often. Figure 3
zooming and to support logarithmic mapping. General axis Shows various views and one user selection.
and scales components make the view design much easier An important aspect of every tool that can handle data
as data maping is already solved for virtually all cases. is interoperability with other programs. While visual data
We identified many aspects and features that were ap_analysis tools like ComVis are dedicated to visualizing
preciated by the users. Without those features the usergnultidimensional datasets, there is often the need to edit
would not be likely to use the system. The ease of use for datasets, perform various calculations and conversions.
visualization non-experts is crucial if the tool is to be used. Such operations are often carried out in spreadsheet ap-
The ComVis supports multiple views, but all of them are plications and therefore data have to be imported from and
fixed inside the main window. The user can choose from €XPorted to common formats.
about dozen predefined settings and maximize each view, Ve use the comma separated values (CSV), because
but can not arbitrarily arrange all the views. Although this it can be opened and saved by many applications. Be-
might seem as a drawback, the domain experts from vari- Sides data exchange through the CSV files, ComVis sup-
ous fields were very satisfied with this solution. ports copy and paste with common spreadsheets. This is
Besides various visualization views, we have imple- an essen_tlal feature for the expe_rlenced spre_adsheet users
mented data view as well. It is a table displaying original US€d t0 Simply select data, copy it and paste it somewhere
numbers. It has been often stressed out that the users neeglse' This is also true n the opposﬁe direction, copying
details at the end which is supported by our findings. The dat@ from a spreadsheet into ComVis. If the users identify
users start with numerical data and, although they use vi- 2" interesting data selection using ComVis, they can just
sualization for analysis and understanding, they need theCOPY the selection and they paste it to a spreadsheet for
exact numbers during the whole visual analysis process. [Urther processing. Many of the users would certainly not

The ability to save and load the current status of use ComVis without this feature.

the analysis (complete data, settings, view configuration, 5 Examples

brushes, etc.) is also necessary. We have often exchanged \ye have implemented ComVis, based on the design
project files among the team members and one could easyyinciples described in Section 4. There are currently about
ily continue where someone else stopped. This would not 5 (ozen available view types. Besides conventional views
be possible using the screen-shots only. Of course, imagegch as histogram, 2D or 3D scatter plot, and parallel co-
export for reporting is welcomed, but nearly not as much qrginates, ComVis supports more advanced views. We
as project saving. have implemented the curve view [7], the segmented curve

We allow the user to configure all the views and set var- view [6], and the color lines view [8] that support families
ious parameters, e.g. point size or color. This feature was of function graphs.

often used by the eXpeI’ienced users. Usable defaults and We have also included Support for Set_typed data

automatic selection based on data amount help here a lotthrough extensions of conventional views and the new view
An average user wants to start as soon as possible. If thecalled set-o-gram. Special attention paid to various data
default settings are inadequate, there is a great danger otypes (families of curves, set-typed data, families of sur-
loosing a user, or at least getting an unsatisfied one. faces) proved to be very useful. We have analyzed a wide

Brushing is one of the essential features of every coor- variety of problems together with domain experts from var-
dinated and multiple view system. ComVis supports two jous fields ranging from ECG curves of pregnant sheep, or
types of brushes, the single brush and composite brush. transplanted heart, up to design of common rail injection

The composite brush allows the user to combine severalsystem in modern diesel engines. Due to the limited space
brushes using Boolean operations in a iterative way. The we cannot describe all these cases in detail. However we
user selects a Boolean operation to be used with the nextwould like to describe one additional feature, the concept
brush. The operation is then applied to the current selec-of families of function graphs. This idea was extensively
tion and the new brush. In this way the user can easily used in almost all advanced analysis we made. It is not a
broaden (OR) or narrow (AND, SUB) the selection. The straightforward one, but after some time all domain experts
ease of use and intuitiveness of such an iterative compos-were impressed with possibilities.
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Figure 3: An example ComVis configuration. Eight views, scatter plot, parallel coordinates, histogram, color lines, curves,
segmented curve view and bar charts, are used to analyze meteorology data. The user selected three histogram bins using
the mouse, and all views highlighted corresponding items. The context, not selected items, are depicted in gray.

The majority of visualization tools use multidimen- up parameters and run the simulation. Control parameters
sional data where each dimension can be a scalar valueare usually (in our case) scalar values and represent various
(numeric, categorical, ordinal, etc.). The time series data control parameters of injection system. Output parameters
is usually considered as a multidimensional space whereare scalars and families of function graphs.
time is one scalar dimension and some time dependant at-
tribute another. However, there are many practical situa- . .
tions where each function graph (not necessary a time se- _ 11€re are many (often conflicting) goals of Diesel en-
ries) has some additional attributes. gine _de5|gn_ m_cludmg h|gh power, g(_)od fuel eff|C|en_cy,

. . . meeting emission regulations, low noise levels and drive-
Imagine temperature curves for meteorological stations _, - : T . . .
. . : bility. The fuel injection system is the key Diesel engine
in a country. Each station has a temperature curve assigne . iy
. . . component to achieve those goals. The common rail injec-
and numerous scalar attributes, such as longitude, latitude,; : .
. . . .~ “tion system can be controlled in a very flexible way.

elevation, maximum temperature, station ID, to name just
a few. All stations put together form a data set, and one
attribute, the temperature curve, can be observed as afam- The common rail injection system have several attrac-
ily of function graphs. Still, each curve belongs to arecord tive characteristics: injection pressure and quantity can be
with many other parameters. When the user selects anycontrolled with a high degree of flexibility, multiple fuel
parameter or the curve itself, the user wants to see the corinjections are possible within one injection cycle and the
responding records W|th all scalar attributes and function time and duration of the injections can be controlled pre-
graphs selected. ComVis supports such a data model, anisely by the engine control unit based on the engine speed
the curve view, segmented curve view and color lines view and load. These characteristics are key factors in meeting
can be used to depict families of function graphs. current and future very stringent emission regulations. In

The common rail injection system follows that data our case study we use the simulation results for the com-
model. System designers, engineers, create a model, semon rail Diesel fuel injection system.
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Figure 4. A typical shape of the fuel injection rate graph
is highlighted in red. There is a short pilot injection first,
followed by the main injection. The graphs resulting from
other combinations of control parameters are gray.

The injection shape depends mainly on three factors:
the nozzle geometry, injection pressure and timings for
valve opening and closing procedures. The injection pres-
sure is controlled by the injection pressure modulation de-
vice. The characteristics of the pressure on the injector’s
inlet are described by three parameters. The injector valve
actuator that controls the injection timing is described by
its opening/closing times and velocities. Consequently, we
have five different control parameters. We varied each pa-

rameters in several steps and run simulation for every pos-

sible combinations of parameter values. The total number
of variations of the independent variables (different sets of
simulation boundary conditions) wad875.

For each combination of the independent variables the

simulator computes three sets of time-dependent results:

Qin;(t): injection rate,P;,;(t): injection pressure, and
A, (t): needle lift. In other words, there are three fami-
lies of function graphs in this data set. Furthermore, some
time-dependent results are computed.

The typical shape of the injection curve is shown in Fig-
ure 4. There are usually one or two small peaks cadlkd
injectionsduring the first quarter of the injection procedure
in order to reduce combustion noise andNémission in
combination with the main injection. As Figure 4 shows,
there was one pilot injection in our case.

Arbitrary shaped injection rate graphs cannot be pro-
duced in simulation because of the physical requirements
of the combustion in the engine. The engine will not run
properly if the injection rate function graph does not follow
shapes similar to the ones in Figure 4. The goal is to find
combinations of simulation parameters that control the vol-
ume of the pilot injection and produce the desired shape of

the main injection. In this example we have gained a valu-
able insight into the fuel injection simulation data set and
thereby into the fuel injection process, too.

We also showed the usefulness of the tool in many other
cases as well. Timing Chain Drive analysis was illustrated
in [6], interactive visual analysis of traffic sensing data was
described in [7], meteorology data and a new view were in-
troduced in [8], to name just a few.

Conclusions

We have identified many interesting aspects during de-
velopment of our tool. We hope they can help developers
of similar tools. The developed tool, ComVis, facilitates
fast development, prototyping and testing of new ideas for
visualization techniques. We have tested it in various con-
texts, with domain experts from many fields. The ease
of use, useful default settings, easy data exchange with
spread sheets were the key aspects which helped novice
users to quickly start using the tool and then detect all ad-
vanced features. Extensive collaboration with domain ex-
perts from various application domains yielded important
feed-back and experience that was used to further refine
ComVis. Future works will focus on multi-user and col-
laborative features, as well as on the support for large scale
displays. Since ComVis lends itself well to experiments,
an added bonus is that it can be used as an educational tool
where students can use different visualization techniques
and add their own techniques. ComVis was used in our
lectures and for various student projects in Vienna (Aus-
tria), Zagreb (Croatia), Bergen (Norway), and Blacksburg
(USA).
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