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The GeoViz Toolkit: Using component-oriented coordination
methods for geographic visualization and analysis

Abstract

In this paper we present the GeoViz Toolkit, anmepeurce, internet-delivered program for
geographic visualization and analysis that featardwerse set of software components which
can be flexibly combined by users who do not hawg@mming expertise. The design and
architecture of the GeoViz Toolkit allows us to eek$ three key research challenges in
geovisualization: allowing end users to creatertbein geovisualization and analysis
component set on-the-fly, integrating geovisualmatnethods with spatial analysis methods,
and making geovisualization applications sharabteveen users. Each of these tasks
necessitates a robust yet flexible approach to-to coordination. The coordination strategy
we developed for the GeoViz Toolkit, calledrospective Observer Coordinatipleverages
and combines key advances in software engineeromg the last decade: automatic
introspection of objects, software design patteans, reflective invocation of methods.

Keywords: Software design, coordination, geograptgaalization

Introduction

The GeoViz Toolkit (GVT) is a geovisualization eronment that lets users easily create and
modify custom palettes of coordinated exploratorgt analytical tools. GVT users can build a
custom geovisualization application by adding nésws interactively, requiring no
understanding of programming languages or techdetalils. Exploratory views such as

scatter plots, choropleth maps, cartograms, arallpbcoordinate plots, are augmented with
spatial statistics tools like a spatial autocotrefaexplorer, and cluster detection methods

from Proclude (Conlegt al.2005) to help users develop and evaluate hypath8shind the
scenes, a sophisticated coordination architectusares that views can be added or taken away
while retaining datasets, and visual charactessiie color and classification settings.

In the following sections we describe relevant pviork, the software architecture and design
of the GVT with special attention to th&rospective Observer Coordinatadvantages that
this coordination strategy enables, and an exanepleworld application using the GVT. We
conclude with thoughts on our future plans for Gdévelopment, dissemination, and
evaluation.
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Figure 1: A bivariate map, univariate map, scatterplot, jp@raoordinate plot, and hisotgram
showing 2008 Presidential Election Results in tM'GThe scatterplot and bivariate map
show the percentage of votes for Obama and Mc®hie @nd red axes, respectively).
Program available dittp://www.geovista.psu.edu/g\gource code available from
http://code.google.com/p/geoviz/

Geovisualization Software Environments

Our interest in developing a new, user-friendly\gegalization environment is inspired by a
wide array of previous work to develop geographstialization and information visualization
systems. Earlier examples of full-featured geovigaton application development
environments include Descartes (Andriemtal. 1999) and its successor, CommonGIS
(Andrienkoet al.2002), which were designed to automatically sugtgeds and
representations based on user tasks and availatagahd GeoVISTAStudiowhich

implements a visual programming interface thatvedl@ophisticated users to assemble
applications using a data-flow paradigm. The GVajgut is in large part derived fro8tudio
An extension to the GVT designed to support coltation, called GeoJabber, is described in a
recent paper (Hardisty 2009). A wide range of otfemvisualization projects have included
Studiocomponents, including the VIT (Chen 2006) and ESTR®binson 2007a) projects,
which contain novel multivariate analysis techngyuees well as the VIS-STAMP (Gt al.
2006) and ICEAGE (Guo 2003) projects, which areabla for allowing interaction with

highly multivariate data spaces. Thé&teadiotools were preceded by other GeoVISTA work
on combining statistical and geographic views. 88d999) The Improvise system (Weaver
2004) also provides highly-coordinated visualizatiacilities, as well as meta-visualization
views. The GAV Toolkit (Jeret al.2007) provides a set of geovisual analysis todie GAV



Toolkit's functions and appearance echo the easlistems referenced above. Source code for
the GAV Toolkit is currently unavailable for usnwake direct comparisons to the GVT.
These environments offer multiple, coordinated @é¢hat feature dynamically-linked
interaction behaviors that allow users to highljigiglect, and brush spatio-temporal data.
GeoVISTAStudiois an open source toolkit that provides the méamsnstruct custom
geovisualization applications using views and co@tion mechanisms implemented as
discrete JavaBeans (Gahegdral.2002). In practiceStudioworks best for expert users who
have a solid understanding of Java programming €Gatet al.2008).The GVT is in many
ways an evolutionary step beyond the GeoVISHtAdioapplication construction environment.
The design philosophy for the GVT was to take thmgonents developed for GeoVISTA
Studioand wrap them in a coordination mechanism thatalloon-expert users to simply
select the views they desire and create a custgiicapon.

The aforementioned geovisualization applicationstaction environments draw from
information visualization application constructienvironments like like the InfoVis Toolkit
(Fekete 2003), the Visualization Toolkit (VTK) (Azedoet al.2000), and prefuse (Heet al.
2005) provide libraries of ready-to-use componémas can be assembled and extended by
software developers. Additional motivation for euwrk on the GVT is to couple coordinated,
interactive geovisual representations with advarspedial analysis techniques. In previous
research (our own and completed by others) we learaed that many of the users who might
want to work with geovisualization software woukklto see visually-led exploratory
approaches augmented with quantitative spatialaisainethods to confirm or reject
hypotheses they generate (Rinner 2007, Robinsof®0We also draw upon related software
development efforts that have successfully coupltstactive geovisual representations with
spatial analysis methods like the Space-Time AmalysSRegional Systems (STARS) toolkit
(Reyet al.2006) and GeoDA (Anseliet al.2006).

Common Software Architectures for Geographic aridrination Visualization Environments

Information visualization and EDA strategies relgreasingly on use of two or more software
applications to achieve desired functionality. Epéen include the linking oArcView® with
XGobi(Cooket al.1997),Snap-together VisualizatigiNorth et al.2000), andDrca
(Sutherlanckt al.2000). To be fully effective, these systems neeslipport cross-application
object selection with linking, and a consistentegance, as well as linking of statistical
attributes (Unwin 1999). This means, for examgiaf it should be possible to examine data in
a map, a parallel coordinate plot, and a spreatisivbée linking important visualization
behaviors across program components, even whea toesponents were developed
independently.

Linking and brushingJoining different views on a set of informatiop\asually highlighting
the same objects on different views) can be trbeet to (Fisherkelleet al. 1974) and
(Newton 1978). Initial applications to geospatiatalwere proposed by (Catral. 1987) and
(Monmonier 1989) and applied subsequently in mapfieations, e.g., (Cookt al. 1996,
Dykes 1997, Haugt al. 1997, Andrienkeet al. 1999, Andrienkeet al.2007). These studies
provide evidence that coordinated views for infainravisualization and query (focused on



standard linking and brushing) are effective tdotsaccess and analysis of complex
information (Edsalkt al.2001).

Strategies for visual coordination across appliceti(as well as views) beyond linking and
brushing have been implemented usirgpeeline metaphor in several scientific visualization
packages (e.g. AVS (Advanced Visual Systems)(Hahat. 1994), IBM Data Explorer
(Abramet al. 1996)). Scientific visualization environments gthe pipeline-based visual
programming approach have been applied frequemidxploration of geospatial data (Treinish
1995, Woocet al. 1997, Gahegan 1998, Mastetsal. 2000). Within scientific visualization,

the focus of work on coordination has emphasized#velopment of multi-user environments
for collaborative work (Brodliet al. 1998, Watson 2001). A related project, which edtetine
notion of object-orientation into “actor-orientegfogramming, is Ptolemy (Liat al.2003).

Overall, our work is motivated by the need for ateyn which can bring together novel
geovisualization and spatial analysis methodsueable manner. The GVT architecture
presented below allows analysts to easily add ahttact components from their analysis
environments, while allowing software developergasily create or adapt new components.

The “Introspective Observer” Coordination Design ofthe GeoViz Toolkit

This section describes our approach for extendiagpbtential for coordination among visual
and computational components in a geovisualizagionronment. As noted above, the
approach builds on earlier work implemented intaea-based visual programming
environment of GeoVIST/Atudio(Gahegaret al.2002). We begin by describing the basic
features of Introspective Observer CoordinatiomxtNee describe the coordination
mechanism that supports application constructicBeoVISTAStudio(the

St udi oCoor di nat or) as a basis for comparison against our currenk wodevelop an
improved coordination mechanism for the GeoViz kadoNext, we describe how the
Introspective ObserveaZoordinatorwas implemented in the GeoViz Toolkit (the

Gvt Coor di nat or). This is followed by an examination of how thése types of
coordinators perform the crucial task of inter-cament registration. Finally, we describe the
advantages (and potential disadvantages) obifteéCoor di nat or ., compared with the

St udi oCoor di nat or .

Introspective Observer Coordination

Introspective Observer Coordination connects coraptmusingntrospectionto determine at
runtime which interfaces and methods each compamgéments. This information is used to
see if the objects could conform to a particdesign patterr{the Observerpattern). Then,
reflective invocations used to connect the components appropriatetye¥ylain these terms
(introspection, design patterns, the Observer dgsagtern, and reflective invocation) below,
since they may not be familiar to all readers, sinde the concept dfitrospective Observer
Coordinationis a natural outgrowth of their combination.

Introspectionis the ability to discover information about oligeat run-time. For example, we
could ask of any class what its type is, and whattames and types of its properties and



methods are. The ability to conduct introspectiaralh objects is a distinguishing feature of
modern object-oriented languages like Java andr@#spection has been used in many
contexts, such as grid computing (Badetehl. 2007), automatic software testing (Simons
2007), and computer security (Kassdtal. 1998).

Design patternslescribe commonly used combinations of objectd,farm a common
vocabulary of programming constructs in an objecrded context. The most popular
definition of design patterns is given in the sesthitook by Gamma et. al: “A design pattern
systematically names, motivates, and explains argédesign that addresses a recurring
design problem in object-oriented systems.” (Ganeira. 1995).Perhaps surprisingly, there
are few descriptions in academic literature of gsimrospection with design patterns (for one
exception, see (Neumamt al.2002)).

TheObserver design pattemtefines a one-to-many dependency between objed¢taswhen

one object changes state, many objects receivicatibn and are updated automatically. It
relies onSubject(the one) an®bserver(the many) interfaces and concrete classes. Tae ex
relationship and communication mechanism spechiiethe Observer pattern is described later
in this paper.

Reflective invocatiors an extension of the introspection process desdrabove. It means
that automatically discovered fields, methods, emustructors can be programmatically
invoked. In the case of the Introspective Obse@@ordination architecture, it means that the
methods conforming to the Observer pattern whictewdéscovered during introspection are
invoked to connect the components.

The Introspective Observer Coordination architectue have designed and implemented for
the GeoViz Toolkit helps support the following usentered goals for analytical
geovisualization:

1. End-users should be able to make their own apmitabmponent sets
2. Geovisualization applications should integratettigvith spatial analysis methods
3. Geovisualization applications should be easily ssitde and sharable between users

A description of how the Introspective Observer @amation furthers these goals is provided
in the “Advances and Advantages of the GeoViz Tiwb#lection below. First, we provide a
detailed description of what this coordination @etture is.

The GeoViz Toolkit Component-Based Coordinat@vtCoor di nat or

The component-based coordinator we have desigmeétdddseoViz Toolkit coordinates
arbitrary types of events between two or more carepts. It does so by requesting
registration (and deregistration) of componentebdam their class information using
introspection In contrast to the object-orient&tudiocoordinator (described below), the
component-based coordinator (the main class fochwisi theGvt Coor di nat or ) works by



registering objects with each other. Events are Hant from object to object without the
coordinator interceding in any way. T@et Coor di nat or relies on introspection to
discover which components should be coordinateduaed reflective invocation to
automatically connect them. It relies on tieserversoftware design pattern to know which
components are listeners, and which are broadsa3tee Java programming language makes
available extensive and automatically derived ctastadata available for any object. This
enables meta-programming based on class metadatex&mple, we can ask any Java object
to report which class defines it. For any classces ask what methods, fields, and
constructors that it has. In addition, classesregort the interfaces they implement. These
automatic reporting mechanisms make powerful metgfpmming approaches possible, such
as the coordination explained here, the deployrokptograms as web services, as well as
incorporation of tools in many other programmingtexts (Cazzol&t al.2002).

The Introspective Observer pattern described hengdthe advantages of Inversion of
Control (IoC) (Fowler 2004) to multi-component usgerfaces. While in procedural
computing, program flow is controlled by a cenpigce of code, with a central controller
invoking operations on components, using Inversib@ontrol, control is dispersed to those
components. loC allows each part of the systenfaars on its particular job. The observer
pattern itself enables I0C, while the introspectma reflective invocation parts of the pattern
enable the many couplings necessary for a largef etordinated components.

Using class metadata queries, whenever an oboeXbmplegeoMapOne) is registered to
an instance oBvt Coor di nat or, the coordinator examingeoMapOne’s classGeoMap,
for methods that can add and remove referencegddaces, for example, the

Sel ecti onLi st ener. Then, all previously added components are exantmsde if they
implement that interface. If any previously addedhponents do implement this interface,
thenMet hod. i nvoke() is called using the appropriate object identifgrence and
arguments. In this case, the methoddsiSel ect i onLi st ener ( Sel ecti onLi st ener

| ) declared by the clasd&oMap, usinggeoMapOne and the previously added component
which implements$el ect i onLi st ener as arguments. The presence of these methods
indicates that these components are followingtieerversoftware design pattern. After this
is done, any selections created and passed geblyhpOne will be passed on to the
listening object. SimilarlyieoMap will be queried to see if it implements any ingexds for
which previously-added components have listeneidgaoMapOne will be registered with
them if any are found. Therefore, events such aa@és in selections or color choices will be
received bygeoMapOne with no user intervention. This registration pregeés illustrated in
Figure2, using a generic “Java Bean” nomenclature.
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Figure 2: UML activity diagram comparing the processes dafiag a component to the
GeoViz Toolkit component-based coordinator (GvtG@aamator, top) and th&tudioobject-

based coordinator (StudioCoordinator, bottom)

The mechanism outlined above is more complicatad the process implementedStudio
where each component is simply registered wittctwrdinator. There is a payoff for this



slightly more difficult process of registration,ever. When events are sent, they are sent
directly to the receiving component, with no inession by the coordinator. In fact, the
coordinator could be removed after registrationd@sirred, and the components would
function just the same. In a typical analysis seggiegistration of each component occurs only
once, while hundreds or thousands of events mapbelinated between components. It
makes sense to have the coordinator do a littiaexdrk on set-up to save effort while the
program is running.

The Studio Object-Oriented CoordinatoSt-udi oCoor di nat or

GeoVISTAStudio(Gahegaret al.2002) allows fine-grained control and almost liess
flexibility in how components (implemented as deterJavaBeans) can be connected, and
therefore coordinated. This begs the question agothere is the need for an improved
coordinator for the GeoViz Toolkit. One reasonaseduce the burden on the application
designer. If we have 15 components in a designeact one can coordinate in 6 ways, then
we will need 15 * 6 * 2 = 180 links for bi-directial association. Considering thatStudio

one must use a GUI and make connection choices m&ing each link, the process is
tedious and time consuming. It is desirable to tgwvea coordinating component that does
some of the wiring automatically. In general a cator simplifies an application design,
even one with only a few components. Since the murabconnections expands exponentially
with the number of coordinated components, thisaathge can be substantial for designs with
many components.

The basic design of the object-oriented coordinased inStudiois that of a multi-caster;
coordination events are fired by objects being do@ted, intercepted by the coordinator, and
then sent by the coordinator to all listening otgeé& new component is simply added to a list
of components that are being coordinated. Thisqe®és illustrated in Figure 3. One negative
consequence of using one master list for all coatibn is that as this list grows, it needs to be
traversed an increasing number of times as the aunfltcomponents and types of coordinated
events grows. For example, the sequence that oadwes a user initiates a coordinated
interaction between two component$;eoMap and aScat t er pl ot , is as follows. First,

the two components are added to the coordinatodt, Ne=Scat t er pl ot receives an
interaction from the user. It passes this inforprato the coordinator, and the coordinator fires
an event to th&oMap. Note the “busy” nature of the coordinator durthig sequence: all
coordination events are sent by the coordinatois process is illustrated in Figure 3, which
contrasts the two coordination mechanisms opemtioiming program use.
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Figure 3: UML Sequence Diagram showing event firing duringlagation use, between the
GeoViz Toolkit component-based coordinator (GvtClmator, top) and th8tudioobject-
based coordinator (StudioCoordinator, bottom). Tigisre illustrates the run-time advantages
of using introspection and reflective invocation.

Comparing Registration Processes Betweerstheali oCoor di nat or and the
Gvt Coor di nat or

10



The advantage of the component-based approachwnsh Figure 3 which shows the
sequence of a selection change propagated fro@eth®hp to theScat t er pl ot . The user
initiates the change, and tBeat t er pl ot receives it, because it was previously registered
with theGeoMap. Figure 3 also shows the more elaborate proces®tturs when the same
sequence happens using the object-orieStedli oCoor di nat or . The selection change is
initiated by the user, and ti@&oMap informs theSt udi oCoor di nat or that the selection
has occurred. Thgt udi oCoor di nat or then rebroadcasts the event to the
Scatterplot.

We have placed a few restrictions on the compohaséd coordination process to improve its
functionality. First, objects are not registerednvithemselves. Secondly, interfaces defined in
Javapackageggrouped classes in a common namespace) thatrdyimancern within-object
communication, rather than between-object communicaare excluded Rackagesare

groups of related classes suclgasvi st a. geovi z. nap orj avax. sw ng.) The
packages currently excluded for this reason jaaa. awt . event and

j avax. sw ng. event . If these packages are not excluded, then gelwevitevel mouse
clicks and window resizing events, for example, lddae duplicated across objects, which is
(usually) undesirable behavior. Thirdly, tBet Coor di nat or restricts itself to discovering
public methods only. If this restriction is remoyéaen theGvt Coor di nat or violates

Java’s security rules for applets (web-deliveregliaptions running inside other programs).
With this restrictionGvt Coor di nat or can operate in applets with no security violations

Advantages of the Component-Ba&ed Coor di nat or over the Object-Oriented
St udi oCoor di nat or

The component-baséalt Coor di nat or has four software architectural advantages ower th
object-orientedst udi oCoor di nat or, listed here in order of importance.

1. Stable Coordination
2. Stable Clients

3. Runtime Control

4., Granular Control

Each of these four advantages is explained witlatthef UML diagrams. Each advantage is
explained, and the general relationship to compbhased coordination techniques is
identified. We also describe how these softwarbitecture advantages enable visual-
analytical advances in the GeoViz Toolkit.

Stable Coordination

The source code of thévt Coor di nat or does not require modification to be extended to a
new type of event. In the object-oriented desigBtaidi oCoor di nat or, if a new type of
coordination is desired, the source code for tlwrdinator needs to be changed, and the class
recompiled and redistributed. Thet Coor di nat or, by contrast, can work with future

types of coordination that have not been thouglyetfand th&vt Coor di nat or can work
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with them without modification or even re-compitatiof the coordinator, as long as the future
coordination types are presented to the coordingimg the same code-naming patterns. The
Gvt Coor di nat or can do this via the automatic introspection meigms mentioned

earlier. We can call this the advantagetaible coordination

The St udi oCoor di nat or has eight event types, and eight corresponditenks lists. If

a non-programmer end- user wanted to add an additevent type to this list, she/he would

be unable to. A programmer would be able to adevamt type by modifying the source code,
which makes application extension a non-triviaktd$heGvt Coor di nat or has only two
member variables, a list of firing components, aridt of listening ones. Any new types of
events are automatically discovered and coordinatddng as there are sending and receiving
components for that event type — no modificatiosdarce code is required.

Stable Clients

Thestable clientadvantage is that the coordinated objects do @ed to be modified if events
are modified or extended. In the object-orientesigte if a new type of event were used,
clients would not be able to handle them withoeirtsource code being modified. Because
events are passed directly from client to cliemashe component-based

Gvt Coor di nat or, the events themselves can be extended or otleemaoslified without
changing old clients or the coordinator. For examwpé could change the selection event to
extend what a selection means from a single subsatiltiple subsets with attached authors
(i.e., to support multi-user interaction with apglésy). As another example, we could change
the indication event, which is a transient selectbbjust one observation, to include all items
in the class of the indicated observation. In lmatbes, neither the old clients nor the
coordination manager would need to be modified.calethis the advantage sfable clients

This advantage is a function stiable coordinationand stems from similar design
considerations. Classes that are coordinated b$tthdi oCoor di nat or have a
dependency oBt udi oCoor di nat or C i ent Li st ener, which specifies which events to
listen for. Classes that are coordinated3sy Coor di nat or also have dependencies,
however these dependencies are not directly tidlgetgoordinator. The clients of

St udi oCoor di nat or, in addition to the coordinator itself, dependtioa interface

St udi oCoor di nat or C i ent Li st ener . In order to add a new event type to those being
coordinated this interface must be extended, aaddlirce code of all clients changed. If we
hypothesize that we would like our components &ot gtoordinating conditioning, which
enables filtering by a variable, then those cliemsild need to have their source code
modified accordingly. However, the other coordioatclients would remain unaffected. In our
current toolset, we have sixteen coordinated comapisn It would negatively impact program
stability to change all of them to add a singleetyid coordination to a single client, which
would be required if we were using t8eudi oCoor di nat or .

Both advantages of stable clients and that oflaestaordination derive their stability from

limiting dependencies. Limiting dependencies helpsure application stability. Coordination
must be performed in a way that does not resudtriors that impact effective user interactions.
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The more classes the coordinator class depende@more likely it is that the coordinator
will break unexpectedly if these classes change.

Limited dependencies make t@et Coor di nat or more robust than the object-oriented
St udi oCoor di nat or . TheGvt Coor di nat or has dependencies on only two other
classes besides the core Java libraries. BotregEthlasses are in the same package
(namespace) as tla@t Coor di nat or . The object-oriente8t udi oCoor di nat or
design depends on nine custom classes and imple@enistom interface.

Runtime control

TheGvt Coor di nat or enables end users to modify how components coatelimhen users
interact with an application in the GeoViz Toolkihe St udi oCoor di nat or does not
allow the user any such control without rebuildihg application in the design mode of
GeoVISTAStudio We can call this the advantageroftime control

This advantage reflects one of the primary goalfaein developing the component-based
coordination design for the GVT. Wistudio,applicationend-usergio not use or see the
visual programming environment thatudioprovides for applicatiodesignerqsee Figure 7).
But this means that the application end-user hasayoof controlling how components
interact at runtime, because those mechanismsnyrawailable on the visual programming
side of theStudioenvironment. Thé&vt Coor di nat or overcomes this limitation and allows
application end-users to redesign their toolkitstwafly.

Granular control

TheGvt Coor di nat or in the GVT allows a fine level of control over h@aemponents
interoperate. In th8t udi oCoor di nat or, a component connected to the

St udi oCoor di nat or would send and receive all the possible coordthgtees of event.
TheGvt Coor di nat or allows individual components to send or not samg@mbination
of potentially coordinated events. We call this #ldeantage ofranular control

A graphical user interface suppogtsnular control This interface allows users to to connect
and disconnect listeners from each other usingttteCoor di nat or GUl . This allows a user
to share some types of events, while excludingrstiiéheSt udi oCoor di nat or does not
have this capability, because the linkages betweerponents are defined at compile time
(object-oriented), not run-time (component-bas&ianular control is offered by some other
coordination architectures, but they do not aslyealiow third-part components to participate,
partially or wholly, in this advantage.

Figure 4 illustrates how granular control can befuis In this design, there are two instances
of theGeoMap. The two maps are coordinated in their color selacbut not in their data
sources. This allows the user to determine whethtterns evident at one scale are evident at
another. Here, using a bivariate color scheme,amesee that the general patterns of counties
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who voted proportionately more heavily for Obanmsbdknded to be those states with |
populations but low areas.
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Figure 4: Coordination between twGeoMap instancs. The color scheme is coordina
between the two maps, but the data are not codedi This figure illustrates how viewin
data at multiple scales can be coordinated anstiite each scal

Limitations ofintrospective Observer Coordinati

There aresome limitations of the compon~basedovt Coor di nat or thatdeserve
attention. Two particularlymportantlimitations are discussed heférst, there is a tendency
pass references to objects as fields of eventghadieates shared referenceshe objects,
which can break encapsulation if internal represt@ns are expos. Second, componer
may become “ovecoordinated” if components are broadcasting ewsittssimilar effects

The first limitation stem$&om the fact that the easiest way to include imfation in an ever
is to add a field that provides access to it. kameple, our currerSel ect i onEvent
functions just this way, having a methget Sel ect i on() that returns an array of intege
notated nt [ ] The potential problem is that multiple coordinatbents may acquire
reference to the same array. Arrays in Java arabfeibbjects, thus any of the coordine
clients can change the array, or assign it a rallle; potentially breaking the er coordinator
clients A safer approach would be to impose a ruleeventshave a method that returns

| t er at or, which is an interface that specifies a mefor reading the valut of an array.
Using anl t er at or would allow for rea-only access to amnderlying array. Th

I t er at or approach would be slower tt the unsafe shared array approach, but prot
faster than another safe alternative, which woelddturning a “defensive copy” of the ari
(returning a copy of an object, to prevent theinal from being modified) whenever the fie
is accessed.
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Another potential limitation of thintrospective Observer Coordinati@pproach is that it

relies on each component sending and receivinggpeopriate kinds of events. The default
behavior is to coordinate in all possible ways thatcomponents are capable. This can lead to
an “over-wiring” situation, with more connectiortgah are desired. Events that have similar
meanings are especially problematic, becauseafigponent subscribes to multiple events
with similar meanings, later events will undo oanfe the effects of the first to arrive, without
the user being aware of what has happened. Forg&aiha component is listening for color
arrays as well as classes that contain color pic&lgorithms, one may interfere with the other.
A solution to this is less obvious than to thetfpsoblem. One option may be to have types of
coordination assigned to particular types of taski have the coordination change to fit the
user’s needs (Gahegan 2003).

Although the approach has the limitations outlihede, we believe thietrospective Observer
Coordinationbased coordination strategy is a sound one dmkilemonstrated to be fairly
robust in practice. Next, we elaborate on its athwges are embodied in working software.

Advances and Advantages of the GeoViz Toolkit

Thelntrospective ObserveZoordinationstrategy described above pays off in the following
advantages in the GeoViz Toolkit: End users are abmake their own applications,

interactive geovisualizations are tightly integdateth spatial analysis methods, and
geovisualizations are sharable between usersidséiction, we describe the above advantages
of the Introspective Observer Coordination strataigng with some additional advantages of
the GeoViz Toolkit that implements it.

Thelntrospective ObserveCoordinationstrategy allows users to assemble a unique caliect
of visualization and spatial analysis tools inreg#, tightly coordinated framework. The GVT
advances the state of the art by providing a setev¥s that can be added to or taken away
from the application using menus and mouseclickisd#ta and representational coordination
happens automatically in real-time, so that usarseasily pursue real work. The component-
based coordination of the GVT represents a subatavblution beyond the visual
programming environment of GeoVIST3tudiobecause allows application users to work as
application designers without knowledge of prograngprinciples or limitations. Simply put,
the software makes reasonable decisions aboutioatich without requiring user
involvement.

Thelntrospective Observer Coordinatiatrategy also allows for the integration of sgatia
analysis methods. Because the strategy is so deseitsvare developers can work on separate
parts of the GeoViz Toolkit environment, and thregparate efforts do not conflict with each
other. For example, we have integrated four cluggenethods from the Proclude (Conkety

al. 2005) suite of clustering tools into the GeoVialkit. These tools work well together
because they share tlitrospective Observer Coordinati@esign method. This coordination
strategy also helps to integrate geovisualizatimhspatial analysis methods, because it allows
long-running processes to remain connected tordyghgcal user interface without preventing
interaction. It does this by relying on eventsdommunication, which facilitates having
multiple centers of control. Additionally, the Gei@\loolkit has explicit support for spatial
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topology, spatial extents, and projection informatbuilt into the event communication
framework.

Introspective Observer Coordinati@iso allows end-users to create and work with
geovisualizations in an open-source, web-distritletéormat. By leveraging Java to XML
marshalling tools (XStream (Walnesal.2008) in particular), representations of software
components and their relevant states can be tunb@XML documents. These documents can
then be stored or shared appropriately. Keepingdfievare pieces as separate components
makes what could be an unmanageable problem iméxi@ble one.

The development methodology for the GeoViz Toddkso incorporates a number of best
practices from open source and commercial softdavelopment. These include unit testing,
code coverage, and continuous integration (ChedrLaavens 2001) (Roubtsov 2001). These
technigues can be (and should be) used in coreemprove their effectiveness.

Finally, we have incorporated tools for importirgtal from SEERStat (Surveillance Research
Program 2008), as well as other sources. Thesee®include popular data formats such as
Excel spreadsheets and comma-delimited tables.a¥e &lso incorporated data export
facilities, in the hopes that users can performdidata handling tasks without having to use a
commercial GIS. In the next section we describe hdmspective Observer Coordination
helps enable geovisual analysis.

Exploring the 2008 U.S. Election With the GeoViz Tolkit

We have identified four advantages of G Coor di nat or — stable coordination, stable
clients, runtime control, and granular controlthe following example, we demonstrate how
these advantages relate to a real world applicati@ample. A version of the GeoViz Toolkit
with the election data included is accessible fidgtp://www.geovista.psu.edu/gvt

To begin, we compiled a dataset of county resoltshfe 2008 U.S. Presidential Election. A
user might wish to explore election results to caregrecent results to previous elections and
to evaluate possible relationships to socioecon@mitbehavioral covariates. The initial task
in this scenario could involve merging together tiple existing datasets — something that the
GVT handles easily through having registered dataces with th&vt Coor di nat or . At

the interface level, a user simply clicks on thedl Data” file menu option and can choose
datasets in common formats like CSV and XLS to mevgh a boundary shapefile. The GVT
identifies common keys and merges data sourcesnatitzally, using inner-join, left-hand

join, and right-hand join semantics from relatiodatabases.

Once the appropriate dataset has been assemlde@d\/fh lets users add components on the
fly to create an application. The advantage ofimatcontrol allows this capability. There is

no need to select tools and then launch the apiolica the process occurs in real time and can
involve as many modifications as the user deskifesexample, the user may first choose to
add a bivariate choropleth map, a scatter plot,pandllel coordinate plot tool (Figure 1). After
working with the views for awhile, the user mayrldecide to remove the parallel coordinate
plot and add a table viewer, a histogram tool, anaivariate map (Figure 5). The
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coordination design of the GVT ensures that thereiinterruption to work due to changes in
the number or types of components.
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Figure 5: The GVT has been reconfigured on-the-fly to remibeeparallel coordinate plot
and scatterplot, and add a table viewer, histogomt) and univariate map. The table viewer
shows the entire raw dataset. The histogram andtiate map are showing different
representations of the percent of people currénilyg under the poverty line. Randolph
County, West Virginia is highlighted in each of tviews. It has a high percentage of
impoverished residents and McCain won by 14 points.

Let us assume the user would like to explore pagtar both the bivariate map and the
univariate map. The advantage of granular contloa the user to set up different color and
classification schemes for each map, while stilintzaning highlight and selection
coordination (Figure 6). If at some point the usecides to synchronize color and
classification schemes between the two maps, theyick them via a context menu.
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Figure 6: At top left, a univariate map shows the percent#dg@atholics by county. At top

right a bivariate map shows the percentage of iote®bama and McCain. The GVT allows
granular control so that users can set up differgmtesentations of their data while still
allowing coordination between views. At bottom géestion and highlight has been performed
and both maps reflect the change.

In this example, the advantages provided by stadxdedination and stable clients are less
visible, but remain quite important. These advaesagnsure that the application is unlikely to
crash or behave erratically while in use, assurthiagthe individual components are stable.
Our testing with the default set of components shthvat broadcasting selections remain stable
over a period of days, with hundreds of thousarigvents generated and processed. This
architecture also allows for the addition of cotgrfor highlighting behavior, letting the user

set the degree of transparency for de-selecteditem

Conclusions and Future Work
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We suggest that future projects to develop geolimien tools would benefit from adopting
the approach outlined in this paper. This coulditsee by designing software in components
that can be separately instantiated, while expasiaiy behavioral capabilities by using design
patterns. Research and application areas that vibeuédded by this approach include
geocomputation and data mining, recording analessions, and sharing analysis sessions or
analysis artifacts.

One research area where this architecture is gl@alving advantages is in the GeoJabber
project, which supports geovisual collaborationrtgty 2009). GeoJabber relies on the
GeoViz Toolkit for its user interface, and visualion and analytic functions. The
coordination system described in this paper allmusote collaborators to participate in a
user’s analysis session as additional componeiitsput any fundamental changes in the
system.

The core advance presented here, of using intriepeo search for and leverage commonly
used software design patterns, could be extendedibg other software design patterns
besides th®©bservermattern. Candidates include thgategypattern and th¥isitor pattern.
The Strategy pattern would allow for a GUI to béoanatically generated to apply alternative
algorithms to a common task, such as differenttetusy methods. The Visitor pattern would
allow arbitrary operations to be performed on sétsbjects, for example adjusting all color
schemes in an application to change the saturafittose color schemes.

There is also a need for future research in metfadsvercoming the limitations in the
Introspective Observer pattern identified earlidre two most serious limitations identified
were breaking encapsulation and over-wiring. Tiodlem with breaking encapsulation might
be overcome with adding automatic indirection oexpose deep copies of the data structures.
Over-wiring could be overcome by allowing for dié@t topologies of coordination (Gahegan
2008). The current coordinator could be descrilzed eomplete graph. Limiting the
coordination topology to a tree structure mightveraseful for tasks which benefit from a
data-flow paradigm. A bipartite coordination gragguld aid in analysis tasks that have
distinct sets of tasks, such as sets of visuatingtols on the one hand, and analysis tasks on
the other.

A key future means of extending the GeoViz Tookit be through the G-EX Portal
(Robinsonet al.2007). The G-EX Portal is a website intended kmvalsers to upload and
collaborate on geographic analysis sessions. The @V leverage the G-EX project in two
primary ways: first, GeoViz Toolkit projects wilkebexported to the G-EX Portal, allowing

them to be retrieved and worked on later. Secamalysais artifacts such as screen captures will
be published to the G-EX Portal. Conversely, comsiereated in the G-EX Portal will be
integrated into the projects that the GeoViz Tdalises.

The GeoViz Toolkit features advantages for applcatiesigners and end-users of
geovisualizations. For designers, the GVT embaaliesbust yet flexible software architecture
for coordination that allows novel types of cooation to be added at run-time. For
visualization users, that flexibility and robusteésanslates into a software package that
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contains leading edge geographic visualizationsasnadlysis tools, yet remains usable without
programming expertise.
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