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The potential for physical flora collections to support scientific research is being enhanced by rapid
development of digital databases that represent characteristics of the physical specimens held in those
collections and make this information available remotely. One example is the unified database of California
flora observations from the Consortium of California Herbaria that was developed to support the exploration
of plant diversity patterns, distribution ranges of species, and vegetation associations for specimens held in
physical collections. Many of the records in the herbaria database, and in complementary databases
elsewhere, are geo-referenced; but, current web tools for accessing the data do not take advantage of that
georeferencing. In this paper, we report on development and implementation of a web-based client–server
map interface to facilitate open mapping and exploration of the dataset. Three research objectives were
addressed: (1) develop a method for efficient web-map client–server interaction involving large volumes of
spatiotemporal point data, (2) develop a symbology and symbol scaling method for representing those
spatial–temporal data in the client, and (3) develop an interface for client–server interactions and data
exploration. With a focus on cartographically-sound visualization and user-friendly interaction, we introduce
HerbariaViz, a web mapping application that provides space–time–species data query responses efficiently.
Following a discussion of relevant literature, we present open-source methods for aggregating point data
spatially and temporally, outline our approach to sound cartographic representations of those data, and detail
the design of a client interface for making requests and mapping responses. A focus group session involving
domain experts was performed to provide user evaluation of the application. In our discussion, we present
potential avenues of future work, including: facilitating query response comparisons, handling incomplete
and inaccurate data, and generalizing the method presented here.
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1. Introduction

Geovisualization research in the past 15 years has directed sub-
stantial effort toward improving dynamic, interactivemaps, especially
those intended for internet distribution (MacEachren et al., 2008). The
number of these applications has grown exponentially in recent
years with the advent of application programming interfaces (APIs),
such as the Google Maps APIs and the OpenLayers open-source API.
Complementary research in exploratory geovisualization has resulted
in substantial efforts to understand the use and improve the usability
of web-based interactive map applications (Bhowmick et al., 2008;
Lienert et al., 2009). While interest in generating both exploratory
geovisualization applications and web-based interactive maps grows,
it is important to apply principles from research on map use and
design to yield results that are both useable and useful.

Advances in both exploratory geovisualization and in web-
mapping more generally are occurring in parallel with dramatic
increases in the availability of data that contain geographic referenc-
ing. These increases result from a combination of advances in remote
sensing, integration of GPS into a wide array of devices, and advances
in computational methods to extract place references from text
sources. Commercial distributors, such as Oracle and MySQL, and
open-source distributors, such as PostgreSQL, all now support spatial
data storage, analysis, and retrieval natively or through extensions.

Web-based map applications can play an important role in
facilitating the analysis and communication of spatially-enabled
datasets. But, many current systems allow only for relatively static
display of large datasets. Systems often have no capability to deal with
spatio-temporal data. The next generation of web-map tools will
require unique solutions to navigating, querying, displaying, and
interpreting millions of data points in both time and space.
Additionally, existing cartographic design principles must be adapted
to cope with on-the-fly generation of custom maps associated with
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large volumes of data and to provide intuitive filtering pathways for
discovering and comparing spatiotemporal patterns. A goal in the
work presented here is to adapt and apply map design principles that
focus onminimizing the cognitive and perceptual burden of exploring
large, complex data sets.

Complementary to a focus on effective design, web-mapping
technologies are likely to have the most impact if they adopt open
standards in order to enable interoperability of services, allowing
components to be easily mixed, matched, and upgraded over time
without the need to re-engineer the entire application. In 1999, an
effort was begun by the Open Geospatial Consortium (OGC) to
establish Web Map Services standards. Version 1.0.0 of the standard
was released in 2000 (OGC, 2000) with a draft specification of the
Web Feature Services following in 2002 (OGC, 2002). While the OGC
Web Map Service (WMS) allows ‘a client to overlay map images for
display served from multiple Web Map Services on the Internet,’ the
Web Feature Service (WFS), ‘allows a client to retrieve and update
geospatial data encoded in Geography Markup Language (GML) from
multipleWeb Feature Services’ (OGC, 2005, p. 10). The latter provides
more flexibility with geospatial web-mapping products than merely
overlaying maps as images. The impact of retrieving and updating
geographic information on demand via a client interface opens the
door for web-mapping capabilities to be much more flexible for both
the designer and the user of any web-mapping application. An open
standards approach is particularly effective when coupled with open
source software that allows developers to customize technology to fit
application needs and to share development resources easily.

Many initial web-mapping applications have been directed at
producing regional atlases (Cobb and Olivero, 1997; Richard, 2000) or
supporting public health (Boulos, 2004; Croner, 2003; Kobayashi
et al., 2009; Lu, 2004; MacEachren et al., 2008). Recently, other efforts
have applied web-mapping methods to environmental and biodiver-
sity data projects (Best et al., 2007; McGuire et al., 2008). Demand
exists within these latter communities for methods to support web-
mapping for biodiversity data management and knowledge discovery
(Guralnick et al., 2007). The focus of the work reported here is on
development and implementation of client–server web-mapping
technologies to support mapping and analysis of a biodiversity-
relevant dataset of California flora made available by the Consortium
of California Herbaria (Moe et al., 2009).

1.1. Goals and objectives

The overall goal for the research presented here is to develop
flexible, user-centered client–server web-mapping solutions that
support information retrieval and knowledge discovery with large,
spatiotemporal biodiversity datasets. In this paper, we focus on three
specific objectives within this goal: (1) to develop a method that uses
spatial and temporal data aggregation to support efficient web-map
client–server work with large volumes of spatiotemporal point data,
(2) to develop a symbology and symbol scaling method for
representing those data in the client map, and (3) to combine the
developments above into a flexible, extensible user interface for
client–server interactions that facilitates exploration of the Consor-
tium of California Herbaria data set. The third objective, more
specifically, focuses on developing interactive display capabilities
that allow researchers and others to explore the geographic
distribution in species represented by the collection and its relation-
ships to ecoregions (or other relevant data) along with the temporal
components of the data that represent trends in collection patterns
over time as well as seasonality. In addition to developing and
implementing strategies to meet each of the objectives above, we
obtained structured input from a group of domain experts using a
focus group method as an initial assessment of interface usability and
utility. The remainder of this section describes the dataset that we use
and the approaches taken in addressing these objectives.
1.2. Dataset

The work presented here addresses two challenges related to the
growing repositories of geographically and temporally indexed data.
First, we address scaling web-mapping methods, most of which were
developed for merging overlays, generating push-pin type maps of
relatively small data sets, or for representation of pre-aggregated data in
choropleth maps (those that are represented by color fill typically
representing low to high data values with light to dark colors). Second,
we address cartographic design for interactive maps to support
exploratory geovisualization. Most past research and development
directed at interactive maps has focused on interacting with relatively
small geographic data sets in desktop applications. Specifically, we focus
on client–server web-mapping methods for interactively investigating
the spatial history of a large, rich dataset of plant collections provided by
the Consortium of California Herbaria (CCH). Currently, the CCH “is a
gateway to information fromCalifornia vascular plant specimens that are
housed in herbaria throughout the state” (Data provided by the
participants of the Consortium of California Herbaria (ucjeps.berkeley.
edu/consortium/)). As of December, 2009, users are able to generate
push-pinwebmaps of specieswithmouse-over access to selected record
information (accessed through the Jepson Interchange: http://ucjeps.
berkeley.edu/consortium/). Map-based analysis beyond specimen loca-
tion plotting requires download of data and substantial effort to import
data into a desktop geographic information system (GIS) for analysis.

We seek to enhance the potential to use spatially-enabled species
distribution information, whether from the CCH or other sources, by
creating a user-friendly and powerful web application for querying
and displaying attributes of spatiotemporal flora data. In the research
presented here, we have created a prototype interactive web-
mapping application to demonstrate the potential for direct, map-
based exploration of spatio-temporal herbaria data without the
need to first download and process the data. Our prototype relies
upon a copy of the CCH data that is limited to the data containing
georeferencing; the copy was obtained in mid-2008. This subset of the
complete dataset contains over 377,000 spatially-referenced plant
samples collected in California between 1860 and 2007.

The challenge of accessing a large volume of records is addressed
by creating query pathways that take advantage of the hierarchical
nature of taxonomic data, allowing the user to drill down through the
natural categorical breaks of the phylogenetic hierarchy and increas-
ing levels of attribute detail. In the following, we provide background
context for our approach to addressing this challenge.

1.3. Background

In this section, we present background and literature on methods
for handling theweb delivery and representation of large, point-based
spatiotemporal datasets and provide the context within which we
developed the novel techniques presented here. Related to our first
objective, we first provide brief background on flexible spatial data
aggregation strategies. To contextualize our second objective, we
discuss existing cartographic methods for representing aggregated
point data. Third, we outline key interface design and web-mapping
environments for online delivery that we leveraged and/or modeled
methods upon as they relate to our third objective. Finally, we provide
background on the use of the focus group method for assessing
geovisualization tools.

1.3.1. Custom regional aggregation
The generation of spatiotemporal data is currently outpacing the

development of methods to analyze, synthesize and communicate
those data (Chen et al., 2008). In relation to the specific challenge of
facilitating the exploration and analysis of massive spatiotemporal
data collections, Andrienko and Andrienko (2007) identify, “a need to
combine visualization with computational analysis methods, data-
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base queries, data transformations, and other computer-based
operations”. The interactive, client–server, web-mapping methods
described here address this need.

The concept of aggregation is central to our first objective of
developing a method for efficient web-map client–server interaction
involving large volumes of spatiotemporal point data. Geographic
aggregation involves the collection of data at one level of detail into
regional or areal features at a coarser level of detail. As described by
Andrienko and Andrienko (2005, 2007) and implemented by Kraak
and van de Vlag (2007), aggregation can be used in geovisualization as
a way of exploring large datasets, making their management easier,
and facilitating visual exploration of the data. Taking advantage of
aggregation for managing large databases, Fredrikson et al. (1999)
work around large volumes of data in drill-down map interfaces by
aggregating at broad scales, providing more information as the user
zooms in, subscribing to the “overview first, details on demand”
mantra popular in both info- and geo- visualization (Chen et al., 2008;
Plaisant et al., 1995; Shneiderman, 1996).

Data form has a significant impact on aggregation methods and
output. In GIS analysis, data are often aggregated to a grid, counting
the number of points that fall within each cell, to build a surface
(Andrienko and Andrienko, 2007). While this method is general, our
target here is support for spatiotemporal point data, to support
exploration of the CCH flora dataset. In that data set, each instance is a
field sample or observation of a plant species at a given location at a
given time, made by an observer or group of observers. For typical
uses of these data and similar flora specimen data, we contend that
using more domain-relevant, vector-based polygon collection units
(e.g. ecoregions, management units, conservation regions) can make
the resulting aggregations more meaningful for many applications.

Aggregation can be based on space, time, and/or attribute.
Andrienko and Andrienko (2007) suggest implementing support for
temporal aggregation by existing divisions of time as a way of
managing temporal exploration when there is a large temporal extent
and high temporal resolution. Similarly, Edsall et al. (2000) demon-
strate that the aggregation of objects by available time intervals can
facilitate temporal pattern and periodicity discovery. For data such as
California flora, which can display meaningful temporal patterns at
multiple scales (e.g., across years, or by season), supporting data
aggregated to months is particularly relevant.

The data of interest here have not only high temporal resolution,
but also high spatial resolution. Spatial aggregation provides a
solution to the visual overload that would be created by displaying
thousands of data points at the same time (e.g., Scrophulariaceae
Mimulus, with 6503 specimen locations around the state on a push-
pin map would produce a completely illegible set of over-plotted
symbols). Using spatial aggregation, query results of user-selected
attributes can be aggregated spatially by their presence within one of
a set of contiguous, pre-defined sub-regions of a polygon layer, such as
simple 5 km grid cells or thematically relevant units such as
ecoregions and census tracts.

1.3.2. Symbolizing aggregated data
The second objective of the research reported here is to develop

and implement strategies to symbolize aggregated data appropriately
to support interactive exploration of space, time, and species.
Commonly used methods for symbolizing positional data (e.g., field
samples) aggregated to contiguous polygons (census tracts, ecor-
egions, etc.) include choropleth mapping (maps in which numerical
data for contiguous polygons are represented by color fill that
typically represents low to high data values with light to dark colors)
and proportional point symbols (maps in which size of discrete
symbols is used to depict the magnitudes of the data values) (Slocum
et al., 2008). There are four reasons for symbolizing aggregated data as
point symbols (that no longer represent the original positional data,
but instead represent the aggregated regions). First, since the original
phenomenon is composed of points, representing the aggregated data
with point symbols maintains the conceptual link between the two.
Second, point symbols can be more practically used to represent
multiple subcomponents of the data at the same time as they
represent the whole (such as temporal divisions in the data, a topic
discussed later). Third, it is practical with point symbols to separately
symbolize potentially relevant covariates and/or contextual variables
represented by continuous polygons (e.g., ecoregions). This allows
users to visually relate the phenomenon depicted by the points
symbols (the primary focus) and the one depicted by the polygons
(the related variable); when both are depicted as polygons, paired
maps are typically used, making comparison harder. Fourth, Brewer
and Campbell (1998) support proportional symbol mapping for count
data aggregated to polygons because it does not suffer from the
variation of enumeration size common with choropleth mapping,
while it preserves spatial structure across the entirety of the map
(thus point symbols do not exaggerate the importance of polygons
that happen to be geographically large even though they may have a
small count).

The use of proportional symbols presents three challenges for
mapping. First, a data-to-display mapping algorithm (the method
used to translate data values into symbol sizes or temporal divisions)
must be selected. Second, a standard scaling size, which determines
how large or small the symbols for the largest and smallest data values
will be, must be selected. Third, proportional mapping methods for
use with large, spatiotemporal datasets must cope with extreme
ranges of values present in the data. The remainder of this subsection
will address these three issues.

Data-to-Display mapping algorithms translate values in the
dataset into symbol sizes on the map. Research on and discussion of
such mapping methods for scaling proportional symbols has a long
cartographic history, with a starting point generally considered to be
an empirical study by Flannery (1971). Building from that and
subsequent research, authors of current cartographic textbooks
discuss the relative advantages and disadvantages of mathematical,
perceptual, and range-graded scaling methods (Kraak and Ormeling,
2003; Slocum et al., 2008). Although early research (and past
textbooks) advocated symbol scaling methods that attempted to
account for human vision (that, on average was found to result in
underestimation of differences in symbol size), current texts advocate
for range-graded scaling, where raw data are grouped into classes and
each class is represented with a different sized symbol. They consider
range-grading advantageous, since map readers are better able to
discriminate between symbol sizes and more easily match map
symbols to the legend. However, web-mapping makes this advantage
less useful for two reasons. First, selecting pre-defined, or automat-
ically-generated, range classes is difficult in the face of undetermined
and highly variable data ranges generated by user queries. Second,
interactive maps no longer rely on the abilities of users to match map
and legend symbols, as interactivity allows users to retrieve precise
data values from map symbols directly by mousing-over them.
Despite these detractors to the use of range-grading, it has specific
advantages related to symbol readability, extreme data values, and
data distributions.

A common issue with scaling map symbols is ensuring that while
the smallest symbol is visibly readable, the largest symbol does not
overwhelm the map. This is one problem that the range-grading
solution above addresses indirectly. With range grading, the range in
data value from the smallest value being depicted to the largest is
reduced to that representing the range from the median of the lowest
category to the median of the highest category. If data have a very
large range, even range grading will not eliminate the problem of
impractical size for the smallest or largest symbols, if the symbols are
scaled in proportion to their data value or that of the range's median.
This issue is commonly addressed by setting an arbitrary maximum
size, scaling all other symbols based on that size, but grouping all
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values that would result in a symbol smaller that a specifiedminimum
into a common “low” category.

Large spatiotemporal datasets often contain a broad range of
values, including extremes. Presenting a solution similar to the one
above, Kraak and Ormeling (2003) discuss the issue of handling data
extremes, suggesting the use of a threshold below which all values
would be represented differently. This type of solution is especially
relevant in the context of dynamic web-mapping, where a user may
generate multiple maps with different value ranges, and implement-
ing a single scaling scheme, consistently applied across multiple data
generations, might result in a confusion of relative scale by the user. A
more developed solution would be to map values above or below a
threshold (e.g., a box plot) differently (thus range-grading a portion of
the values), while mathematically scaling values that do not fall above
or below the threshold. This scheme could then be applied
consistently across multiple dynamic generations of the dataset.

1.3.3. Interface design and query structures
Our third objective is to combine the above developments into a

flexible, extensible user interface for client–server interactions that
facilitates exploration of the California flora data set (or other similar
data sets). An approach to this goal needs to support multiple levels
of aggregation for geography, time, and taxonomy. First, using drill-
down (or multi-scale) interface navigation, data in both geograph-
ically aggregated and un-aggregated forms can be displayed,
depending on map scale. Second, using temporal filtering tools, the
entire time span or subsets of time can be specified, depending on the
user's demands. Third, the phylogenetic hierarchical structure of
flora can be leveraged to guide query design flow in the interface.

Fredrikson et al. (1999) acknowledge the difficulty that exists in
creating interactive aggregated representations from spatial, tempo-
ral and categorical data for use in data exploration interfaces.
However, they recognize the utility of such interactive methods for
handling the representation of large data sets, especially those that
have rich spatial, temporal, or attribute breadth. Using a drill-down
interface, the authors take advantage of aggregating data by spatial,
temporal, and attribute dimensions individually, progressively dis-
playing more data as a user “drills down” through levels of
aggregation.

Kumar et al. (1997) discuss the importance of “iterative refine-
ment” or “progressive querying” in the process of navigating a
hierarchy of data choices. This idea builds on the notion of first
providing an overview of the data in question and then, on-demand,
the details of that data (Shneiderman, 1996). Designing a query
structure around a phylogenetic hierarchy conforms to this concept,
starting with the broadest attribute category aggregations first (i.e.,
plant family) and progressively refining to more detail (i.e., plant
genus, species or subspecies), based on user demands. While using a
hierarchy such as that found in taxonomy achieves the goal of
“progressive querying”, hierarchies used in query structures should be
flexible and allow user-definition for optimal success.

The concept of “drilling-down” or “overview first, details on
demand,” also applies to temporal and spatial data. Temporal data can
be treated in this manner, by providing an interface element that
provides control of time (Andrienko et al., 2000; Harrower and
Fabrikant, 2008), through a “time slider” or “temporal navigator” that
allows a user to select ranges of time easily. The application of this
concept to spatial data results in an interactive, multi-scale map that
generalizes target data at a broad scale, revealing detail upon zooming
in to a finer scale, as Fredrikson et al. (1999) use.

A method for guiding the design of an application interface such as
the one presented in this paper is to develop application scenarios
that detail potential uses for the application (Zhang et al., 2007).
Having developed prototypical user scenarios early in the develop-
ment of our application, we extend these in the next section to
provide example user perspectives that helped guide interface design
and that can be used to help evaluate the success of the completed
application.

1.3.4. Usability and utility assessment methods
Given the intended use of the interface by scientists and other

experts, assessment using qualitative methods and expert partici-
pants is more appropriate than a traditional controlled laboratory
study based on accuracy and response time for narrowly defined
tasks. Thus, an initial assessment using the focus group method was
carried out. Focus groups are used frequently to provide input on
usability and utility of computer technology in a range of domains
(e.g., Tremblay et al., 2010). For the assessment of geovisualization
tools, specifically, they have been used to provide a systematic means
for soliciting opinions of typical users, in this case herbaria experts, on
the utility and usability of an application (Kessler, 2000; Monmonier
and Gluck, 1994; Weaver et al., 2007). A discussion facilitator leads
the group through a sequence of questions targeting a small number
of topics and attempts to keep the discussion purposefully informal
and on topic with probes to prompt elaboration when needed. The
approach can provide a good understanding of user preferences, likes,
dislikes and reasoning behind these reactions, and overall trends and
patterns in participant impressions of the tool (Monmonier and Gluck,
1994). Limitations to focus group effectiveness include less control
over discussion than one-on-one interviews (e.g. repetitive state-
ments, off-topic comments), difficulty in analyzing data, and
challenges to recruitment and scheduling of participants.

The remainder of this paper will present our application context
(the dataset and user scenarios), methods, and results for addressing
the three objectives presented in this section. First, the application
context is presented with a focus on the data and their pre-processing
and on application scenarios that guided interface design. Second, we
present the approach and implementation of our solutions for
aggregation, symbol scaling, and interface design, including subsec-
tions on client–server architecture, query structure, symbology, and
interface design. Third, we reflect on insights gained from a focus
group session with domain experts to evaluate the application
interface, linking back to the application scenarios that were
presented as user task exercises in the focus group session. Fourth,
we make suggestions for future work. Finally, a summary of our
efforts will be given.

2. Application context

Here, we present the materials used in the process we applied to
develop a web-based application that utilized aggregation of
spatiotemporal point data for exploratory analysis of a large dataset.
This includes description of the original dataset and the process for
preparing it for use in the web-map interface, as well as presentation
of the user scenarios that guided development and design of the
interface. Our database management approach adopts open standards
for handling geographic data and our implementation leverages open
source methods. The combination is intended to make it practical for
others to build on our approach.

2.1. Data processing

The design of both the database and query structure was driven by
the underlying hierarchical nature of the species taxonomy present in
the CCH data. This suggested a drill-down approach to attribute
querying as the most effective method for navigating the contents of
this large, branched dataset, acting as the guiding influence in the
concurrent development of both the interface and database construc-
tion. In order to implement a logical, stepped query approach,
additional attributes were added to the original dataset. As a result,
preparing the database for the client–server web-map involved
four overlapping stages: 1) formatting and cleaning the spatial and
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temporal data, 2) separating and adding additional levels of
taxonomic detail, 3) importing the dataset into a PostgreSQL database
for access via GeoServer, and 4) defining the query structure.

The raw data were received in mid-2008 from the CCH as a comma
separated text file containing 888,227 individual records. As of
October 2009, the CCH database contained 1,083,390 records, with
approximately half containing coordinate location. Of the records
received in 2008, 488,730 were missing latitude/longitude informa-
tion and were removed from the set used to demonstrate the
prototype described here, leaving 387,881 records with spatial
reference. The spatially-referenced point locations had varied preci-
sion and accuracies, as a result of various geolocation methods,
resulting in a large number of the samples having high location
uncertainty Aggregation to a broader spatial scale mitigates much of
the uncertainty associated with fine-scale, individual point location.
The dataset also contained some points lying outside the California
border. These were removed, leaving the final set of 377,977 sample
point locations. Table 1 details the attribute information fields present
in the data table.

Text fields in the data file provide location information, which was
often based on descriptions of the sample locations or township/
range/section information. When included, the specific tool or
method of providing latitude/longitude from this location information
was listed as a separate text field, typically one of the following:
Maptech, Biogeomancer, Terrain Navigator, or TRS2LL (township/
range/section to latitude/longitude converter). Of the points contain-
ing datum information, approximately half specified the NAD 27
datum and half specified the WGS 84 datum. While the data file
carried a field used to indicate the datum that latitude and longitude
were based on, a large number of records had no datum specified. To
compensate, records indicating that they used the NAD 27 datum or
records that were older than 1984 without datum information were
transformed from the NAD27 datum to the WGS 84 datum. Records
from or after 1984 or records that used the WGS 84 datum were left
untransformed. Transformation reduced linear error to approximately
10–15 m, compared to the 200–300 m of error that would have been
introduced if the records using the NAD27 datum had been left
untransformed. Final client–server interactions were based on the
WGS 84 datum.

Once spatial cleaning was accomplished, temporal information
had to be transformed to enable easy sorting and querying on the
client. Three different date fields were present for each sample: one
containing the original date information in more than 10 different
Table 1
California flora dataset fields.

Field Example

Record Number CDA100002
Taxonomy Acer glabrum var. torreyi
Observer(s) G.F. Hrusa, B.Smith, T.D. Wilfred
Collection number prefix PNF
Collection number 15174
Collection number suffix b
Early Julian Date 2449193
Late Julian Date 2449193
Text Date July 16 1996
County Pumas
Elevation (varied units) 1900 m
Comments Sierra Nevada Flora – Plumas National Forest |

Base of partially shaded talus slope on USFS
23N11A. Large colony, in site apparently moist,
at least seasonally. Shrub, 3 m tall. W/Prunus
emarginata.

Lat 39.86667
Long −120,.633
Datum WGS84
Geolocation method Biogeomancer
Township and range 20N06E24
formats (e.g. 2-Jun-76, 04-23-1937, May 26 2000, Sep 1884, etc.), and
two fields containing start and end Julian date codes, which were
created by previous researchers. For use in client–server communi-
cation Julian dates were transformed to epoch milliseconds (both
Julian and epoch formats have similar behavior but different temporal
origins), using a linear equation to compute the transformation.

To enable a guided, drill-down attribute query, it was necessary to
add additional levels of taxonomic detail to the “cleaned” set of
records. The taxonomy specification in the source data was formatted
as a single text field with combined Genus, species and sub-species
(where applicable) information for each sample. To support hierar-
chical query, the Genus and species+sub-species information was
split apart into two separate fields, and an additional Family field was
added, representing the top level of the hierarchy. The Family name
that corresponded to each Genus in the dataset was added to each
record using semi-automated methods. The necessary information to
assign each record to a family was obtained through the U.S.
Department of Agriculture State Plants Checklist for California
(http://plants.usda.gov/dl_state.html). This listing of all known plants
in California was parsed for the Family and Genus information, and a
list of all unique Family/Genus pairs was created. From this array, a
Microsoft Excel VLOOKUP command was used to fill in the missing
Family information by matching the Genus in our dataset to the
Family/Genus USDA pairs. The result was 3 separate levels of
taxonomy for each sample: Family–Genus–Species (+sub-species)
(Table 2).
2.2. Application scenarios

As discussed above, we developed application scenarios to guide
application and interface design. Two application scenarios are
presented below. These application scenarios provide example user
situations and their resulting demands on the interface of the
application. More specifically, the scenarios illustrate how users can
browse the California Flora dataset, execute queries with space–time–
species constraints, and prompt hypothesis generation about space–
time patterns. In addition to their use in guiding application and
interface design by helping to identify key tasks that the interface
must support to be successful, these scenarios were incorporated as
user tasks carried out by expert participants as input to the focus
group assessment. Insights derived from participant performance of
these tasks are discussed in the assessment section of the paper
below.

In the first scenario, a botanist at a small university would like to
visually analyze the seasonal distribution of a single flowering plant
species in California. To start, she wants to confine her search to a
single species, Orange Bush Monkey-Flower (Mimulus aurantiacus),
using only samples from the most recent twenty years. With this
information mapped, she wants to study, specifically, where the
species is distributed throughout the state, making visual connections
between the samples and where they are found in California's
ecoregions. Digging deeper, she wants to understand how the species
varies seasonally and how that seasonal variation differs across the
state of California. To adequately support this goal, she needs the
ability to flexibly select her target species and time range, generating a
map that displays the result using a symbology that allows her to
explore seasonal variation geographically.
Table 2
Original taxonomic information (“Before”) is expanded to include Family, Genus, and
species as separate hierarchical fields (“After”).

Before Abies concolor var. lowiana
(Genus+species)

After Pinaceae Abies concolor var. lowiana
(Family) (Genus) (species)

http://plants.usda.gov/dl_state.html
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In the second scenario, a field crew leader for an invasive plant
species control project is planning a field season for mapping existing
and new areas of invasion and for directing control efforts. He needs to
find locations where Purple Loosetrife (Lythrum salicaria) has already
been found and where a field crew might find more in an area that is
at the edge of the plant's existing range in California. First, he wants to
start at a broad scale, to identify regions in California where the plant
has been collected and during what time of year the plant has been
collected frequently. Second, he will need to study the distribution of
samples at the landscape scale, to see exactly where the plant has
been collected, so that he can direct his field crew to potential
locations formore detailedmapping of new areas of invasion, to direct
control efforts, and to monitor for further expansion. In supporting
this goal, the interface needs to provide drill-down capabilities, giving
him the ability to generate, first, broad-scale maps to identify range
boundaries, and second, fine-scale maps to identify specific locations
for directing action.

3. Implementation

This section presents our implementation of the methods used to
accomplish the primary research objectives identified above. Specif-
ically we detail methods implemented to perform aggregation of
spatiotemporal point data, symbolize that aggregated data, and design
and build a client interface for data exploration. We first discuss the
specifics behind aggregating the point data in the database and
structuring the database to facilitate hierarchical querying and
temporal focusing in the client. Second, we discuss solutions to the
symbol scaling problem and how those were implemented in the
client. Then, we present an overview of our client and its use.

3.1. Client–server structure

PostgreSQL, PostGIS, and the GeoServer open-source database and
server-side software were employed to efficiently process query
requests and serve results to the client, which was built using Adobe
Flex and compiled for a web browser into an Adobe Flash application.
The completed, cleaned Microsoft Excel data table was imported to
PostgreSQL. This open-source relational database provides powerful
search, query, update, and management tools and can support
databases several orders of magnitude larger than the 377,977
records managed here. Access to the database by the Flex application
is in turn provided by GeoServer, which acts as a gate-keeper web
service to the actual PostgreSQL data table. Based on the user-
specified query, a WFS request is sent from the Flex-based client to
GeoServer using GML filter tags. GeoServer then translates this
request into an SQL statement that queries the PostgreSQL database.
The results of the SQL query are then gathered and returned to
GeoServer, which converts the resulting data to GML. These results are
then sent back to the Flex-based client to be parsed and displayed as
graphics.

Following a straightforward PostgreSQL import of the cleaned
dataset, a geometry type field was created from the latitude and
longitude values for use by the PostGIS extension of PostgreSQL.
Creating a geometry type field, instead of storing the geographic data
in simpler numeric type fields, allows for easier spatial analysis within
the database and retrieval through GeoServer.

A set of polygons for aggregation were selected from the four-tier
(province, region, subregion, and district) system of ecologically-
defined units from The Jepson Manual (Jepson and Hickman, 1993).
Within California there are only 3 provinces and 10 regions, which
would have made for overly generalized aggregations of the data.
However, the 35 sub-regions (referred to by the data provider and
hereon as “sub-ecoregions – see below) made a suitable level of
aggregation as it provided distinct regionalization within the state,
but did not occlude an overview of the entire region with too many
map symbols. We were unable to find an enumeration of districts, but
it would have likely produced too long of a list of regions to feasibly
aggregate and display.

An ArcGIS polygon shapefile of Jepson sub-ecoregions was
acquired from the Information Center for the Environment at the
University of California, Davis. It was loaded into the database using
the PostGIS utility (shp2pgsql) and an SQL script tagged each point
spatially according to which region/polygon it fell within. An arbitrary
numeric code corresponding to each sub-ecoregion, based upon the
results of the previous script, was added to the PostgreSQL table for
each point in the dataset and served as the basis for the spatial
aggregation and display of the query results. This numeric code allows
for an efficient direct lookup instead of the intensive spatial lookup.
Database performance was further enhanced by indexing sub-
ecoregion and point geometry values, improving query efficiency.
Prior to indexing, database queries took as long as three to 4 min to
complete, compared to just a few seconds after indexing, greatly
improving usability.

Aggregation of the data to Jepson sub-ecoregions, regions
pertinent to this dataset, was done for three reasons: (1) to
demonstrate a key capability of the system – to aggregate field-
collected point data to user-defined contiguous regions using regions
of interest to ecologists who use the herbaria collection; (2) to reduce
large volumes of web client data transfer, making it possible to
generate maps on-the-fly in response to user-supplied choices; and
(3) to generate useful overviews of a dataset that is too large to make
the display of all raw data at once practical, from both a data transfer
and visual display perspective. Regarding the third point, plotting raw
data is inconvenient considering commonly available user internet
bandwidth and the sheer number of sightings in the database that
could be delivered in response to a given query. While it is technically
possible to display all the data, the volume here would fill about 1/3 of
the pixels of a 1280×720 display if only 1 pixel was used to depict
each point and many locations are closer together than a one-pixel
width at display size; thus abstraction is needed. In addition,
aggregating to sub-ecoregion expedites server–client delivery such
that drawing in the client can happen in a reasonable amount of time
(b15 s) with access to decent bandwidth (DSL or better).

3.2. Query structure

An underlying goal for our web-map application is to support
flexible, on-the-fly map generation based on user-specified con-
straints. Each of the four primary data categories were possible entry
points for user driven filtering: taxonomy (family, genus, species, and
sub-species), time (sample collection date), space (latitude/longitude,
elevation, county, Jepson sub-ecoregion), and observer. While
querying within each of these fields provides a unique and valuable
method of focusing the data, our prototypical application scenarios
indicated that typical users, such as botanists, are likely to focus first
on a specific plant Genus or species, secondly constraining the data
displayed by time, place, or observer. This assumption, combinedwith
the hierarchical structure of the taxonomic data suggested that the
query process should start with higher-level (Family) plant informa-
tion and then provide the ability to filter additional attributes once a
subset of plants has been selected. Hierarchies such as this are one of
many possible standard hierarchies that could be used to guide query
structure. In our case, alternative family classifications do exist. An
ultimately flexible query structure design would allow users to define
the hierarchy itself.

The inherent phylogenetic hierarchy present in the California flora
dataset presented a challenge for interfacing with such a large
database, as plant taxonomy categories (family, genus, species, etc.)
are not logically queried independently (one would not want to
search for all records based on species name alone, but instead genus
and species, after family). However, this hierarchy also presented an



Fig. 2. All possible query combinations, including unique values for each field and each
selection hierarchy.
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opportunity to design a natural progressive query that started with
plant families and offered more detail as users selected into the
hierarchy. The concept of a hierarchical menu, itself, was adapted
from Bhowmick et al. (2008), who, based on user studies, judged it to
be a successful interface organization.

As few users know the family of a given plant species, requiring the
user to start a query by selecting a family name is not ideal. A flexible
structure would use a more general entry point, allowing the user to
select a familiar and general category, such as life form (tree, shrub, etc.)
or common name group (chestnuts, orchids, etc.), with subdivision of
the query proceeding based on user selection. For example, the Jepson
Interchange (http://ucjeps.berkeley.edu/interchange.html) allows
users to search by scientific or common name, list by county or
bioregion, and browse by thematic qualities (e.g., native, endemic, or
new). While a structure of this kind supports the notion of a user-
defined query structure, datasets are rarely laterally-flexible enough to
provide a number of linked categories from which to choose. To help
guide the user in their initial selection of a family, we have placed a
button linking to the Jepson Interchange near the family selection
dropdownmenu so that theymay go off-site and use the Interchange to
find a specific, scientific family name, returning to the client to find it in
the dropdown menu. Providing further taxonomic context, buttons are
placed to the right of both the family and genus dropdown menus,
linking to Wikipedia entries for selected items in those menus.

Within the client, the queries for the subdivisions of the taxonomic
data are arranged in a logical, top–down order, beginning with the
broadest division, Family, then progressing through Genus and
species. At each level of query, once a selection is made, the request
is submitted to the GeoVISTA servers at Penn State and the next level
of results are returned to the Adobe Flex-based client for further
querying. The total number of samples matching the query at any
stage is reported in the “Current Feature Count” and informs the user
of the effects of each query choice on the total set of matching
features. At any step in the Family/Genus/Species selection, the results
can be plotted on the map pane by clicking on “add”. These results are
plotted on region centroids for the Jepson sub-ecoregions, with the
data having been previously aggregated to those sub-ecoregions as
described above. Within the map pane itself, the user can query the
names of individual Jepson sub-ecoregions by mousing-over the
symbol of interest. If a user progresses through the hierarchical query,
selecting a single species, results can be further filtered by the names
of individuals who have collected that particular species.

Temporal filtering can be done at any point in the selection
process. There have been a wide array of novel temporal interface
tools proposed to support query and analysis of time series data (e.g.,
André et al., 2007; Hochheiser and Shneiderman, 2004; Javed and
Elmqvist, 2010). However, since the temporal controls in HerbariaViz
are intended primarily for simple filtering that supports subsequent
exploration of the spatial patterns in data retrieved, we opted for a
minimalist temporal control. The Herbaria dataset contains plant
sample data collected between 1860 and 2006, and the results can be
focused using the two time sliders in the interface. To give a simple
visual overview of the temporal distribution for the selected
attributes, the interface incorporates a time-series sparkline (Fig. 1);
Fig. 1. The time-series graph, with sparkline, drawn at each query step.
a sparkline is a small schematic graph that provides a quick but
unobtrusive overview of a data distribution. For detailed a discussion
of sparklines as an information visualization tool providing quick data
summaries in small spaces, see Tufte (2006). A sparkline is drawn and
updated at each query step, providing an easy way to visualize and
interact with the time domain to focus on specific collection histories.
While dynamic update of the map as a user moves the temporal
control slider would be ideal, the client–server methods used here to
allow the system to work on the web do not support this level of
interactivity for a data set this large.

The total possible query combinations using the taxonomy and
observer attributes are summarized in Fig. 2. The top of the figure
shows the number of unique values for each individual attribute,
while the bottom shows the cumulative number of unique results at
each step of the query hierarchy. It is worth noting that these
cumulative figures do not take into account the additional ability to
temporally filter the results at each step, which would multiply the
existing number of unique queries by 146 factorial (1.17 e254), as the
dataset currently spans 146 years.

3.3. Symbology

As discussed above, using graduated point symbols to represent
the aggregated count data has multiple advantages, including
enabling users to easily see the distribution of a species in relation
to the ecoregion map being used as a background. Using graduated
point symbols and developing an interactive web mapping environ-
ment that supports user-generated maps based on visually-specified
queries to the database requires developing and implementing
symbol scaling procedures that produce interpretable and informative
maps while also being flexible enough to deal with large geographic
and temporal differences in count data for specific user selections,
particularly when the data distribution for the selection to be mapped
is highly skewed (a typical situation). Our solutions for implementing
these facets follow.

3.3.1. Symbol choice and design
The most common form of graduated symbol for representing

numerical data on maps is a graduated circle in which the area of the
circle is scaled in proportion to the data value (or when values are
grouped into classes, in proportion to the class median). We
implemented this method as one of two options, thus enabling
users to get a full impression of the geographic distribution of any
species of interest for the time specified.

The second, user-selectable, symbol option implemented is the
coxcomb (Fig. 3). Coxcombs enhance user opportunity to identify
temporal periodicity present in the dataset. Specifically, the coxcomb,
or polar area chart, uses slices to represent data count totals for
ordered sub-divisions, in this case months of the year. As plants have
many natural cycles (appearance, disappearance, blooming, fruiting,
etc.) tied to seasons, the use of months as the temporal divisions in the
coxcomb makes it possible to easily identify temporal periodicity

http://ucjeps.berkeley.edu/interchange.html
image of Fig.�2


Fig. 3. On the left, the legend for Coxcomb symbolization, showing monthly totals for all aggregation regions. On the right, the simpler legend for graduated circle symbolization,
showing the largest and smallest circles on the map.
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found in the data. Coxcombs, however, are more complex than
graduated circles and require more consideration when choosing
data-to-display algorithms for mapping.

The underlying code for HerbariaViz incorporate a modular design
that allows the addition of different symbolization methods; the
graduated circles included as an option in the current interface are a
proof-of-concept that this modularity works. Since we developed the
system as open source software, other developers have the option to
add their own symbolization methods to fit their needs.

3.3.2. Symbol scaling
Our discussion of the literature identified the need to define a data-

to-display algorithm, a method for determining the size of a standard
value that others will be scaled in relation to, and a way of handling
outliers and skewed distributions in user-generated data ranges. A
single solution was to group data values into classes defined using box
plots (Tukey, 1977) and then represent the class each value falls in
rather than the specific value. The resulting map is less precise than a
map of the raw data, but will typically be muchmore understandable;
and users who want to know specific data values can retrieve the
values easily using a mouse-over of any symbol. The method is
implemented as follows.

When a usermakes a data selection and generates amap, the client
calculates a box plot for that selection. The box plot is then used to
determine how either the coxcomb slices or the circles representing
each sub-ecoregion are symbolized. Rules were set to scale and color
each symbol differently depending on where the symbol's value falls
on the box plot.

Two visual variables are used for each symbol: size and color. The
size for all values between the upper (right) and lower (left) whiskers
(all non-outliers) are determined directly by the data value. Color is
used to represent whether data values are between the whiskers or
are outliers beyond them (either above or below). Values above the
upper whisker (outliers that are beyond the upper quartile plus 1.5
times the interquartile range) are represented by a symbol size equal
to that for the upper whisker, but are colored red. Values below the
lower whisker are represented by a symbol size equal to that for the
lower whisker, but are colored blue. By using the box plot in this way,
the data-to-display algorithm is defined, as is the method for scaling
the symbols based on the user's data range selection. Additionally, by
coloring based on box plot, outliers and skewed distributions that can
be found in many data selections are symbolized in a way that makes
it easy for the user to understand the distribution of data values they
selected. When a user places their mouse over a Coxcomb slice for a
particular month and region, its value is brushed in a box plot legend
to assist in helping the user match symbol values to the legend.

3.4. Interface design

The most novel aspect of our application is its ability to give a user
easy, quick access over the web to a large collection (N377,000
records) of spatiotemporally referenced plant collection data. This
success is achieved through the use of relevant spatial aggregation,
the inherent hierarchical structure in the data that allows easy
navigation, and the application of a variety of interactive geovisua-
lization methods originally developed for desktop mapping that are
transitioned to the web-based maps used here. This section describes
the interface flow, starting with phylogenetic hierarchy selection,
through temporal focusing, and finishing with map generation.

Design of the interface for this tool revolved around navigating
the hierarchical structure for querying and symbolizing queries
efficiently. The final interface is published as an embedded Adobe
Flash Small Web Format (SWF) file. Programming was done using
ActionScript 3.0 and MXML in Adobe Flex Builder, leveraging the
highly graphical nature of that software and its ability to easily
interact with a web-server / database configuration. Open-source
code can be found for free in the GeoVISTA Resource Library (http://
www.geovista.psu.edu/).

Amethod for navigating the phylogenyof thedatasetwas required to
allow simple attribute query. There is limited attention in the literature
towards design of query interfaces for hierarchically organized data. As
previously introduced, our solution was to first ask the user to make a
taxonomic selection, starting with at least a family, optionally progres-
sing to the finer levels of genus and species. If the query progressed to
species, the observers of that species are also available for filtering.
However, this query structure is not optimally flexible, as a user may
want to startwith observers, instead of the taxonomy. Future implemen-
tations should work to make query structures more customizable by the
user, even before they interface with the map and visualization.

Once the hierarchy is navigated to the genus level, it is possible to
focus the data query temporally. A small, navigable time series graph is
drawn for selections of genus, species, and observer, providing the user
a temporal reference of data density. This information helps users to
avoid blindly selecting periods lacking data. Instead, they can make an
informed temporal focusing choice that will produce relevant maps
with limited trial and error. Interactive slider handles allow a user to
select the temporal query window (through starting and ending dates).

The remainder of the web-map interface development followed
traditional interface design guidelines. Progressing from hierarchy
navigation, through temporal selection, and finally to map generation,
the user has flexibility inmaking changes and stopping at various levels
in the attribute-time hierarchy. Map generation following querying and
filtering creates a map depicting totals for each polygon to which data
are aggregated (sub-ecoregions here).Maps can be cleared quickly for a
new query. Final query results are displayed on the centroids of aggre-
gating polygons using proportional circles or coxcombs that provide
additional information. For a full overview of the interface, see Fig. 4 or
visit (http://www.geovista.psu.edu/herbaria/v3/index.html ).

3.5. Data limitations

Two particular aspects associated with the dataset that we used
present limitations to knowledge that can be derived from using our
application. First, skew as a result of biased collection and museum

http://www.geovista.psu.edu/
http://www.geovista.psu.edu/
http://www.geovista.psu.edu/herbaria/v3/index.html
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Fig. 7. The nine variants of Mimulus aurantiacus, including both subspecies and variant
entries (some of the nominate race).
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management add further noise to the distribution signal of specimen
records in the database. Second, discrepancies in taxonomic classifi-
cation may impact how general the results of a query may be. In this
sectionwe discuss these two limitations, present an example based on
our application, and discuss how our interface may help users cope
with some of these limitations.

Biodiversity datasets formed from non-random collection meth-
ods are subject to sampling biases (Hijmans et al., 2000). Particular
biases related to plants include specimens: from easily accessed areas,
that are easy to study and identify, collected during dry seasons and
those found near roads, rivers, towns, and biological stations (Funk
and Richardson, 2002; Graham et al., 2004). Collectors tend to be
opportunistic, sampling specimens that are either the focus of their
efforts (rare species) or those that are easy to identify (Williams et al.,
2002), resulting in a disproportionate representation of both rare and
common species in museum collections, such as the ones that the
dataset used here draws from.While reconciling such sampling biases
for use in modeling species ranges and occurrence is a difficult and
necessary task (Loiselle et al., 2008), the maps generated in the
application presented in this paper may help researchers to more
readily identify these kinds of bias. Fig. 5 shows an example of
Snapdragon Penstemon (Keckiella antirrhinoides), a shrub that is
largely noticed during the brief period that it flowers in the latter half
of the spring season. As a result, it has a high occurrence of collection
when it is known to flower, compared to the rest of the year when it is
not flowering, despite the fact that it is still present.

Our application may potentially help a user identify some of these
skews. By aggregating the data temporally, seasonal patterns in
collection may be revealed, and a knowledgeable user may be able to
take advantage of the display we offer to infer that such a temporal
distribution does not conform with the true, natural distribution of a
plant species (a perennial only being collected during summer
months). Further, the absence of physically large species (such as
trees) in areas that a user knows a plant to exist could potentially alert
the user to the fact that a species may be under collected in a
particular region. Finally, allowing drill-down spatial representation,
with individual record mapping may allow a user to notice that
records are clustered near roads, in parks, or on public land, as seen in
Fig. 6.

However, in the end, the ability of the user to ultimately identify
skew in the data will depend on the depth of their knowledge as it
relates to the underlying distributions.

A second concern is that of taxonomic uncertainty, which presents
challenges to all research involving biology (Isaac et al., 2004).
Addressing research on taxonomic standards and the problems they
pose to using biological data is a large and complex topic that is largely
beyond the scope of this paper. An effort by the Taxonomic Data
Working Group (TDWG) to put forth a Taxon Concept Schema
(Kennedy et al., 2005) for addressing problems with varying
taxonomic standards and classifications represents a good starting
point for seeking to understand concepts related to the topic.

Relevant to our work, consider the application scenario example
using Orange Bush Monkey-Flower (Mimulus aurantiacus). First, the
family placement of this species has not been agreed upon, with
Fig. 6. A cluster of Agavaceae collections, with all but one being recorded near a
prevalent road.
records falling under either Phrymaceae and Scrophulariaceae.
Second, infraspecfic taxa are often not agreed upon. In the M.
aurantiacus example, botanists disagree as to whether it belongs in
either the Mimulus or Diplacus genus. This means that a query may
locate only a portion of the total records for a given species. The
following example, showing nine variants of Mimulus aurantiacus,
demonstrates this issue in Fig. 7. Compare the example of M.
aurantiacus, to that of Rosa minutifolia, or Ensenada Rose, in Fig. 8,
which shows an extremely limited range, having only been collected
in a very small corner of the state where it has been discovered.

A potential solution to this problem relates to our earlier
discussion of flexible, user-defined hierarchies. An ideally adaptable
query structure would allow a user to custom group subspecific taxa
and generate a map based on that grouping, as opposed to requiring
the user to select individual hierarchy instances that may be subject
to disagreements in classification. Existing research relating to
methods for visualizing relationships between taxonomic entities
and across classifications (Graham and Kennedy, 2007a,b) has devel-
oped methods demonstrated to be useful in helping ecologists
study and understand how taxa are differently classified, leveraging
concept annotation to link specimen data categorized under differ-
ent classifications (Graham and Kennedy, 2007b). However, to our
knowledge these methods have not been implemented with map
interfaces and are potentially too complex for the purpose of simply
selecting a species for spatial and temporal exploration. Incorporating
such methods without spatiotemporal tools is beyond the scope of
the present research. But, subsequent research is clearly needed to
investigate strategies for integrating advances in how the complex-
ities of taxonomic classification are communicated with geovisualiza-
tion methods that leverage the spatial and temporal components of
data.
4. Usability and utility assessment

A focus group was conducted with three researchers from Penn
State University who have research experience in botany and plant
life ecology ranging from seven years to over twenty. As domain
experts, these participants provide valuable insight informed by
knowledge and problem solving strategies representative of target
users of HerbariaViz. While the focus group was small, the group
assembled represented a high level of expertise and were very
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engaged in the process of reviewing HerbariaViz functionality and
providing input on its usability and utility.

The session was conducted over 90 min. It began with a twenty-
minute demonstration of HerbariaViz, followed by completion of two
seven-minute tasks (modeled on the scenarios described above) that
were completed by each participant at an individual personal
computer. After participants completed the tasks using HerbariaViz,
a structured group discussion was carried out. This discussion was
moderated by a PhD student with training in software use and
usability who was not involved in the design or development of
HerbariaViz. The discussion targeted input on four primary issues:
taxa query interface, map design and interaction; timeline design and
interaction; overall utility.

Data from the focus group include informal observations made
while participants were completing the two tasks plus systematic
processing and organization of input from the structured discussion.
Data were collected through audio recording, transcribing the audio
into text, and then organizing the text statements by participant.
Statements were treated individually and coded (using codes
generated prior to coding) with both topic and positive/negative
impression, with some statements receiving multiple topic codes. Our
discussion of the results will cover, first, responses regarding overall
utility, then input on feature usability, followed by the suggested
extensions to the application, and, finally, participant success with the
task-based exercises derived from the application scenarios presented
earlier in this paper.
4.1. Overall utility

Each of the participants commented on the utility of HerbariaViz
for a number of tasks during the demo, exercise and discussion
portions of the focus group. During the discussion session, P1
indicated (and the other participants concurred) that HerbariaViz
would support their activities better than tools currently being used.
See Table 3 for a summary of positive and negative comments on each
topic, showing a generally positive response with the exception of
comments on query.

In relation to HerbariaViz utility, participants indicated multiple
possible applications that they felt the tools could support, with an
emphasis on the ability to understand spatial patterns as they vary
over time. During the focus group discussion, P3 noted specifically
that the tool could be used to explore phenology by region and the
variations over time.

P3: “...from north to south. You can tell that cheat grass lasts
longer in the south, has a longer growing season in the north and
if you just had points you would say, ok it's there. And you
wouldn't be able to see that seasonality. So this could also be very
useful for phenology were you might be able to see if you took at a
narrow sliver in time and just moved it forward to see if that
seasonality is changing...”

P1 noted the utility of the tool for both examining spatial–
temporal patterns of invasive species and special status species.
Table 3
Coded focus group statements by topic and impression.

Subtotal Positive Negative

Coxcomb 5 4 1
Map 7 6 1
Outliers 1 – 1
Query 4 – 4
Timeline 3 2 1
Usability 11 7 4
Total 30 19 11
P1: “I would think like we saw with the purple loosestrife that
was interesting to look at the distribution over time and see how
it came in the 70's and it had a peak...But for tracking both special
status species and invasive species that would be a really great
tool because it covers that big time period. You can see when the
invasive species came into the state, you know, given that
somebody went out and collected it.”

P1 expanded on this idea to identify potential users as botanists
and environmental, including the impacts of climate change scientists
maintaining natural heritage programs and policy analysts examining
the effect of exotic species management programs. P3 agreed,
commenting that those working for the US federal government
could make use of the tool provided the government convention for
using abbreviations was supported.
4.2. Feature utility

Following the brief demonstration, participants indicated that they
found the HerbariaViz interface easy to use. Positive comments on the
usability of the map identified the ease with which seasonality could
be interpreted based on the aggregation of data by month and region
presented through the coxcomb plots and the supplemental point
presentation of individual observations at larger map scales. The
placement of the coxcomb plots at the center of each sub-ecoregion
(to represent the aggregate total for that region) was not clear to one
participant initially. This participant initially expected each coxcomb
to represent a specimen collection site, thus that the location of the
coxcombs represented specific samples. This aspect of the map design
became clear to the user upon further inspection of the map.

P1: “Ok. Alright. I did not realize that until now. It just puts them
right in the middle of the [sub-]ecoregion. It does not tell you
anything about the distribution in that ecosystem.”P3: “Yeah, you
have to drill-down to the points view for that.”

The scaling of radial lengths for coxcomb wedge symbols and the
hue and value color encoding of these wedge symbols did require
some clarification. In each case, the participants had the correct
interpretation of these encodings but were not sure until the
moderator confirmed the interpretation to be correct. The propor-
tional scaling of coxcombwedges for small frequency count ranges on
the map (i.e., ranges from 1 to 4) versus the radial length scaling for
the aggregate view on the legend did produce some confusion.
Exploring a larger set of observations eliminated this confusion by
providing greater variation in frequency counts on the map. Both
genus and species filters and time interval constraints affect the
number of data points represented on the map.

The timeline generate only one suggestion for improvement. P2
suggested that adding ameans to directly enter dates would be useful.

P2: “I would actually suggest instead just the timeline that you
would actually have boxes where you could type in a specific
range of time or just single date instead of having to do the slider
bar.”

Quoted earlier, P3's comment referencing the exploration of
phenology by dragging the slider successively through time intervals
suggests the need for both forms of interaction with the time element
of the application.

Themajority of usability problems focused on the evolving nature of
taxonomic groups used to name flora in the CCH data. Participants
suggested support for synonymy and for cross-referencing multiple
versions of the Jepson manual to enable querying species that are
known by different Latin names over time and in different communities
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of practice. Doing so would help overcome some of the problems
presented by changes in species classification that has occurred since
the date of the specimens first collected over 150 years ago. Tools for
accessing external references intended to help users relate common
names and scientific names were also found to be difficult to use.

P2: “[Tools for accessing Jepson manuals or taxonomic grouping
should be] dynamic where it could be updated.”
4.2.1. Suggested extensions
Participants generally presented an enthusiastic attitude towards

the tool, suggesting a number of ways the application would be useful
in its current form. However, they also identified the need for some
extensions and offered constructive suggestions. The primary exten-
sions envisioned for the tool were: (a) include the full set of species
listings in the Jepson manual, not just for samples represented in the
collection, and (b) support lookup functions across taxonomic groups.
The participants also commented that HerbariaViz would be a useful
tool in their own work in the mid-Atlantic region of the US if
populated with other regional flora datasets.

4.3. Application scenario task exercises

The focus group session included a section where participants
completed two brief exercises, on their own, at a personal computer.
These exercises were based on summarized versions of the two
application scenarios presented earlier in the paper. Participants had
no difficulty completing the tasks successfully within a reasonable
amount of time. Interactionwith the second of two tasks (the example
involving Purple Loosestrife) lead to positive discussion of the
application by the first participant, as highlighted above in Section 4.1.
Results showed that participants were able to both read the coxcomb
symbology properly and identify the sub-ecoregions a coxcomb
symbolized.

One critical incident observed during the exercise portion of the
session revealed the need for greater support and refinement of the
scientific name lookup functionality (in usability engineering, a
critical incident is considered to be events that have an important
effect on the final outcome). When asked to add records for Orange
Bush Monkey-Flower, one participant knew the genus but needed to
confirm the family. This participant followed the link labeled in
HerbariaViz as the tool to access the CalJep website with a utility for
family lookup by common name. A search by “Orange Bush Monkey
Flower “did not produce a result. The user located links on the site for
taxa by genus that produced an answer, but this manual search of an
external website seemed unnecessarily inefficient. Last, the result
produced was the contemporary naming convention – Mimulus
aurantiacus as a member of the family Phrymaceae. However, the
herbaria list observations for Orange Bush Monkey-Flower under the
family Scrophulariaceae. The other two participants abandoned the
above strategy of following links from within HerbariaViz, as
presented during the demonstration, and choose independently to
perform an external web search to obtain the required family, genus,
and species.

This incident independently identified the issue associated with
the ability of users to successfully utilize the fixed taxonomic
hierarchy query structure, an issue we had suspected existed. In
addition, query was the only topic in the focus group session to
receive more negative statements than positive (4 negative, 0
positive). It is obvious that when combined with the problem of
inconsistent species classification, a fixed taxonomic query structure
requiring a user to first begin with a family name is not an entirely
successful design. Regardless, its use did not prevent our focus
group participants from finding utility in the application. As dis-
cussed earlier in this paper, a more flexible, user-defined query
structure would likely be more suitable and can be identified as a
necessary area of further research. Documentation of poor user
experience with this particular query structure and generally
negative comments about it should not only help us improve
design of HerbariaViz, but may help others seeking to design query
interfaces for taxonomic.

The query interface implemented here forces users to know the
taxonomy of a species to initiate a query that builds the map of that
species. This approach has obvious limits; if a scientist knows the
species they want, it would be most efficient to query for that species
directly. Making the spatial aggregation and online mapping methods
introduced here useful for a wider range of users will require im-
plementation of a more comprehensive and flexible approach to
query that allows users to enter the system in multiple ways; initial
ideas for extension include adding search using common names, using
free form text entry with relevance ranking of matching and partially
matching results, using faceted query, and using visual interfaces that
display database metadata using various information visualization
strategies.

5. Future work

In developing this method to handle large datasets of space–time
points, a number of potential avenues of research were revealed that
were not within the scope of our initial efforts. These potential routes
of investigation include cartographically and statistically sound
methods for allowing multi-view comparison of user-generated
query results, strategies for coping with inaccurate and/or incom-
plete data, a generalized method for allowing users to generate
customized aggregations of their own datasets for use with an
adaptable interface, and incorporating additional levels of data detail
that accommodate inquiries related to invasive species. These will be
discussed below.

5.1. Comparison symbology

Often, with an application that generates maps such as these, a
user will want to compare multiple selections. The current applica-
tion (and most other web-map applications) allow only map one
selection at a time. Therefore, solutions are needed to facilitate
comparison analysis. These solutions require developing symbol
scaling methods that work across multiple dynamic query genera-
tions that have the potential to produce substantially different
counts. The real challenge is to create a scalingmethod that can adapt
to multiple selections with different data value ranges in order to
make comparison possible. We have identified no published guide-
lines for addressing this problem. Any solution needs to generate
comparable maps while also helping the user keep track of any
changes in scaling that might be necessary for the specific maps
generated to be informative.

More specifically, establishing one scaling method for the entirety
of the dataset is impractical and unfeasible, considering the broad
range of potential values found in map selections. The core problem
here is that the data ranges for any specific selection may be very
different from the range of the whole data set and from other
selections. For example, comparing only records of Cupressus macro-
carpa (Monterey Cypress) (Fig. 9) with all records for the entire family
Cupressaceae, as in Fig. 10, reveals the significant disparity in value
distribution and hints at the associated difficulty in creating a scaling
method to handle both.

In these circumstances, scaling each selection independently
would produce individual maps that represented their data well
but, like graphs with different scales on their axes, would be difficult
to compare (a symbol of a specific size would represent a different
data value on each map). On the other hand, applying a constant
symbol scaling function might produce maps with symbols that are
extremely small or large if the data range was very different between
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selections; and, in an interactive system, there is no way to predict
what selection a user might make for subsequent maps.

For creating paper map series using graduated symbols,
Monmonier (1977) suggests establishing a regression method by
imposing a shared minimum and maximum circle size for two (or
more) maps designed for comparison. His assumption is that the
map-maker knows what all the value ranges are going to be before
creating the series. In a dynamic web-based scenario, as noted
above, this is not possible. Monmonier's work does suggests that a
dynamic, automatic update of the symbol scaling based on the most
recent selection, rescaling the initially created map(s), might be
successful in imposing minimum and maximum circle size shared
by the different selections. However, this does not address the fact
that the maps viewed prior to the new selections would have had
an entirely different scaling, and comparison between the user's
memory of the maps with the old scaling and future maps with the
new scaling may be altered. The impacts of this are unknown.
Regardless, potential solutions need to address: scalability, user
memory, and computational cartographic practices for ensuring
that scaling methods still produce readable and interpretable maps.

5.2. Data inaccuracy and inconsistency

Inherent variation in record formats and levels of accuracy in large,
heterogeneously-formed datasets, presents challenges for creating
database-driven web-maps that attempt to utilize space, time, and
attribute information consistently. With the CCH dataset, record and
accuracy variation was a result of compiling observer information
frommany different individuals and institutions over a relatively long
period of time (~150 years). Two issues relevant to data processing
and client–server interactions were inconsistencies and errors in the
observer information and in the collection date.

Each database sample is associated with one or more observers. A
list of observers, generated in the application by making a taxonomic
selection, is sorted alphabetically, according to the first letter of the
name that comes first in the record. However, a wide variety of
naming formats exists. For example, the observer John Quincy Smith
may be listed as: John Q. Smith, J. Quincy Smith, J.Q. Smith, J. Smith,
Smith J., etc. With no easy method of recognizing and coding each of
these naming conventions as the same individual, the query result
often lists the same individual multiple times in different formats or
orders. There is currently noway to view all samples of a given species
associated with a single individual (including those samples that had
multiple observers). Given the difficulty of linking multiple name
formats to a single individual in the database, providing users with the
means of selecting multiple observers for map generation would
partially circumvent the issue. However, the issue of multiple
individuals sharing a similar name would remain unsolved.

As noted earlier, a wide variety of date formats and accuracies are
associated with each sample. While consistent Julian dates exist for
most records in the dataset, dates which were missing day or month
information (e.g. March 1995 or 1896) and those that covered a range
of dates (e.g. July 20, 1906 – August 3, 1906) were problematic. To
simplify temporal filtering and symbol drawing, each sample was
associated with a single, finite moment in time, using only the first of
the two Julian dates each sample carried (Table 1, tagged as “Early
Julian Date”). For many of the samples, the two Julian dates were the
same; the sample was collected on a single day. However, if a range of
dates were provided, the sample was attributed to only the first day in
the range. Similarly, the sample was coded as being collected on the
first of the month if the day was missing, and on January 1st of the
given year if both the day and month were missing. Given that the
collections are aggregated monthly in HerbariaViz, missing day
information is not a significant issue, though samples that are lacking
month accuracy may cause collections in January to be slightly over-
represented.
5.3. Generalizing the method

Generalizing the method presented here for on-the-fly aggrega-
tion of any space–time point dataset is an important component of
future work. Such a method would allow a user to select or upload a
spatially and temporally referenced point dataset, select or upload a
polygon layer for aggregation, and then choose relevant attributes
upon which to query, filter and focus data in the visualization stage of
the process. Achieving a generalization of this method requires
innovative development at all levels, including database and server
functionality, client–server interaction, and smart interface tools that
adapt to the users need.

6. Conclusions

In this paper, we presented the development of a practical method
for handling large spatiotemporal point datasets for exploratory
geovisualization. Specifically, we implemented this method with a
prototype application focused on query and map-based display of
California flora data. We provided solutions via client–server web-
mapping using existing open source database and server technology
for handling geographic information linked to a mapping client that
was built using Adobe Flex (the client-side tools we produced are
being distributed under an open-source license).

In successfully creating this application, we addressed the three
goals of this paper: (1) to develop a method for efficient web-map
client–server interaction involving large volumes of spatiotemporal
point data, (2) to develop a symbology and symbol scaling method for
representing that data in the client, (3) to develop an interface for
client–server interactions and data exploration. Ongoing research is
directed at solving the problem of scaling data for multiple user-
generated query results in amulti-view comparison scenario, working
around incomplete and inaccurate data, and generalizing the method.
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