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HIGHLIGHTS

® We suggest high-throughput computing can improve the science of landscape planning.
® We provide 3 experiments to test the level of speedup.

® Fine-grain, moderate-grain and large extent problems can be addressed using HTC.

® HTC allows faster processing and more iterations to solve landscape planning problems.

ARTICLE INFO ABSTRACT

Article history:

Received 22 January 2014

Received in revised form 11 February 2014
Accepted 13 February 2014

The social and ecological complexity of conservation has increased as a function of human transforma-
tion of landscapes, requiring robust decision support tools for planning. Remotely sensed data, available
at increasingly fine-grain sizes, combined with powerful computing hardware and a plethora of soft-
ware packages, provide landscape and conservation planners an opportunity to contribute to the design
of future landscapes at local-regional extents. A computing limitation that has largely been accepted
by the planning community is a sacrifice of grain size with increasing spatial extent. High-throughput
and high-performance computing applications (i.e., “grid computing”, “supercomputing”) expand the
potential for large-extent analyses with high-resolution data. We provide three landscape and conserva-
tion planning experiments that investigate to what degree high-throughput computing expedites spatial
analyses at varying grains and extents. The first two distribute tasks to networked GIS computers: (1)
detecting small landforms using fine-grained data over a limited spatial extent and (2) coarse-grained
protected areas analysis at a continental-extent. The final experiment uses a supercomputer to run stand-
alone software for a multi-step habitat connectivity analysis at moderate resolution and extent. All three
experiments demonstrated massive time savings, shifting processing time for intensive landscape anal-
yses from months to hours. We suggest high-throughput computing will improve landscape planning
by (1) allowing finer grained analyses at greater extents, (2) reducing time consumed by complex algo-
rithms, and (3) facilitating analyses of model sensitivities. Employing these methods may allow planners
to ask and solve more complex ecological and planning questions and more accurately represent pattern
and process at multiple scales.
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1. Introduction

Landscape ecology and conservation planning are fields in which
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grain size and extent of analysis are frequently limited by com-
puting capacity and/or data availability; these issues, in turn have
an impact on the results, interpretations and applicability of a
given study (Arponen, Lehtomaki, Leppanen, Tomppo, & Moilanen,
2012; Carroll, McRae, & Brookes, 2012; Landguth, Hand, Glassy,
Cushman, & Sawaya, 2012; Seo, Thorne, Hannah, & Thuiller, 2009;
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Woolmer et al., 2008). Several decades ago when spatial computing
was first applied to landscape planning analyses were restricted
to lower-resolution datasets (e.g., vector data representing loca-
tion and extent of major features, coarser-grain rasters ranging
from 90 m to 10 km) and simpler overlays (Rodrigues et al., 2004;
Scott, 1993). As computing and remote sensing technologies have
advanced, the basic relationship for spatial analyses (i.e., that larger
extent analyses were constrained to larger grains) has changed so
that more complex spatial operations can be performed on larger
datasets, and with finer grains (e.g., 1-90 m depending on extent)
(Urban, 2005). Personal computers have rapidly increased in power
over the last 20 years, for example random-access memory (RAM)
has increased by roughly 1000 times for a typical desktop machine.
Along with increases in graphics processing and storage capacities,
such memory improvements have opened large-scale landscape
and conservation planning to many GIS users. Many professional
planners have begun to achieve faster problem solving through par-
allel processing. These improvements can result in more accurate
representation of landscape pattern and process (Landguth et al.,
2012) and/or species distributions (Liu, White, Newell, & Griffioen,
2012) by facilitating more model iterations with varying parameter
values and data inputs, resulting in better understanding of model
sensitivities (Johnson, 2001) and scaling effects.

Conservation planning is a specific application of landscape
planning that incorporates foundational conservation biology the-
ory. Primary objectives include the allocation of resources toward
conserving targeted areas/parcels and achieving specified biodi-
versity goals (Moilanen, Wilson, & Possingham, 2009) which may
be advanced by increases in both resolution and extent of spa-
tial data. Conservation is increasingly reliant on computer based
modeling and informatics (Jergensen, Chon, & Recknagel, 2009)
thus, planners use various methods to speed processing, includ-
ing building faster PCs, parallel processing, and writing software
in languages than can be more easily implemented on supercom-
puters (Carroll et al., 2012; Landguth et al., 2012; Mcrae, Dickson,
Keitt, & Shah, 2008). For example, many new conservation planning
software packages are written in the computer language Python
(http://www.python.org/). This language can be easily interpreted
by Linux (the operating system for most supercomputers), and
directs the engine for dominant software packages used in the
conservation and planning community (e.g., ArcGIS v.10x).

Although data processing capabilities have advanced exponen-
tially, analyzing the large-extent datasets (e.g., regional to national)
useful for landscape-scale planning (Trombulak & Baldwin, 2010),
remains computationally expensive and beyond the capacities of
many individuals and organizations (Moilanen & Ball, 2009): par-
ticularly if those datasets are also high-resolution (e.g., <10m
DEM) and the process utilizes complex algorithms. Even relatively
coarse-resolution datasets (e.g., USGS land use/land cover) become
cumbersome in typical software applications (e.g., ArcGIS), when
using a single desktop workstation and working at large extent (e.g.,
greater than one U.S. state) (Graham, Snir, & Patterson, 2004). Due
to improvements in remote sensing, there are more datasets avail-
able for large-landscape planning at finer grain sizes. At the same
time, the algorithms used for reserve selection, estimating changes
in natural landscape condition, and mapping habitat connectiv-
ity are increasingly complex (Armstrong, Cowles, & Wang, 2005;
Moilanen & Ball, 2009; Theobald, 2010; Theobald, Reed, Fields,
& Soulé, 2012). New datasets are emerging from high-resolution
remote sensing technologies (e.g., Interferometric Synthetic Aper-
ture Radar (IFSAR), Light Detection and Ranging (LiDAR)) that can
produce millions of data points over fairly small areas and be used
to represent landscape structure (Asner et al., 2008). For exam-
ple, LIDAR can produce a 1-2m digital elevation models (DEM)
that could be used to detect small landforms (e.g., small, isolated
wetlands that have high biodiversity value) (Leonard, Baldwin,

Homyack, & Wigley, 2012). Given appropriate processing capabil-
ities, these datasets could be applied to making finer “land facets”
or “ecological land units” than the typical grains used in conser-
vation planning (e.g., 10-30m). Moreover, these data could be
utilized across larger geographic extents such as the continental
and regional scales employed in recent climate adaptation analyses
(Anderson & Ferree, 2010; Beier & Brost, 2010). Diversity of land-
forms is measured at the resolution of available DEMs and analyzed
on a relevant extent for conservation planning and/or that can be
reasonably computed. In some topographic settings, LIDAR derived
landforms may reveal landscape-level heterogeneity masked by the
use of landforms made from >10m DEMs. (Minor & Lookingbill,
2010). Large-landscape analyses, which at one time were single-
cell based projects using simple arithmetic, have now evolved
to incorporate neighborhood statistics, multiple grain sizes, and
other computational complexities. For example, indices of human
landscape transformation (i.e., “naturalness”) have evolved from
additive (Woolmer et al., 2008) to statistical (Theobald, 2010;
Theobald et al., 2012), with concomitant processing demands.

While planning entities and landscape ecology labs may invest
in their own cyberinfrastructure to support intensive comput-
ing, universities have computing clusters that can be adapted
to conservation planning problems (Roberts, Best, Dunn, Treml,
& Halpin, 2010). Answers to faster processing include: building
a desktop with more processing capability, implementing paral-
lel processing on single workstations or clusters of workstations,
accessing an online ‘cloud,” and accessing institutional ‘supercom-
puters’ (Fig. 1). There is a range of terms in use for such activities,
i.e., high-performance computing (HPC), cloud computing, and
high-throughput computing (HTC). In most HPC applications, true
parallel processing occurs, in which CPUs from various comput-
ers are communicating with each other to solve a problem (i.e.,
tightly-coupled). Thus, the computers are effectively acting as one
machine. Conversely, when using HTC, a job is parceled out to a grid
of computers which may solve a subset of the problem and little
or no communication is required between machines (i.e., loosely-
coupled) but the solution may need final aggregation. HTC is less
expensive and more accessible, as it commonly uses existing grids
such as GIS-enabled university computer labs. While HPC can be
executed in local, focused clusters (e.g., an individual’s lab), signifi-
cant processing gains are realized by using a larger pooled network
of resources. HPC is typically carried out on supercomputers, which
are powerful processing systems maintained by universities and
other entities for which access is controlled but may be available
to outside research groups.

The options for HTC computing abound in a general sense
although not all are easily accessible and options vary in their
applicability to landscape-level conservation planning. For those
with required resources, large networks of computing resources
can be shared (e.g., NSF’s TerraGrid), or rented (e.g., Amazon Elas-
tic Cloud Computing: see Juve, Deelman, Berriman, Berman, &
Maechling, 2012), but challenges for landscape planning remain as
such systems may not support specialized software packages. Aca-
demic systems make up 16% of top 500 supercomputer resources
in the world, and 13% of top US supercomputing sites are on
college campuses (TOP500.0rg, 2014). Both the Open Science
Grid and European Grid Infrastructure (EGI), large-scale initiatives
to make available distributed computing resources, are partially
supported/maintained by universities. However, not all the cyber-
infrastructure that is available is broadly used. In the United States,
The National Academy of Sciences and The National Research Coun-
cil have reported that supercomputing resources are underused
for projects with social implications including climate modeling,
national security, and geophysical exploration, and have recom-
mended an increase in access (Graham et al., 2004). One relatively
efficient option for those landscape-level conservation planning
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YES

Most Useful If: Most Useful If:

Fig. 1. Decision tree describing when and for what purpose landscape and conservation planners should consider various computing technologies.

projects, which are limited by geoprocessing demands, is to nego- spatial analyses for arange of landscape and conservation planning-
tiate with local universities to utilize existing infrastructure. related analyses (Fig. 1). To accomplish that we developed three

The primary goal of this study was to investigate to what experiments to illustrate three distinct and relevant planning sce-
degree high-throughput computing can shorten processing time of narios. In addition, we provide information on methods and time
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savings involved for each process. These experiments included: (I)
generation of fine-scale landforms to be used in local or county
planning, in this case a topographical model for detection of small,
isolated wetlands at a local extent, (II) execution of a common
analytical tool to assess human impact in and around protected
areas over a large extent (zonal statistics for the Human Footprint
in North America), and (III) completion of multiple iterations of a
habitat connectivity model using Circuitscape for a U.S. State (Shah
and McRae, 2008). Our results support the further exploration of
computing resources by landscape and conservation planners so
that limiting factors such as resolution and extent may be bet-
ter optimized to capture nature’s complexity (i.e., Moilanen & Ball,
2009).

2. Methods

Given that ESRI's ArcGIS software suite (Redlands, CA, 2010) is
the dominant analytical platform for landscape and conservation
planning (>40% total worldwide GIS market share (Arc Advisory
Group, 2010) while some estimate as high as 70% of GIS users
employ ESRI tools), experiments I and Il implement native ArcGIS
tools within a HTC framework. The third experiment was conducted
using the open source software Circuitscape (Shah and McRae,
2008). This software has been developed using Python and operates
as astand-alone package (e.g., does not require accompanying com-
mercial software such as ArcGIS). Because the most accessible form
of HTC involves distributing workloads across a grid of worksta-
tions (e.g., GIS-enabled lab computers), we used third-party open
source grid middleware (Condor) management within the Python
programming language (see below). Python is an open source high-
level programming language designed for readability, and it is
the preferred language in ArcGIS v.10.x. Because HPC is another
means of facilitating the landscape planning modeling process,
our third experiment used Clemson University’s Palmetto cluster
which is the 81st largest supercomputer in the world (TOP500.0rg,
2014).In each experiment, a computationally expensive model was
developed for use in a grid computing environment and overall
performance was compared to model execution on a similar local
workstation.

2.1. Condor and grid middleware

Grid middleware is a software application that manages a
distributed workload for computationally expensive jobs. This
application facilitates dissemination of these jobs to remote
machines while allowing the user to control job execution.
Although there are a number of capable grid middleware appli-
cations, we chose Condor (http://www.cs.wisc.edu/condor/) for
this study for two primary reasons. First, Condor is open source
and designed to handle complex task scheduling such that might
exist when utilizing an academic ArcGIS computer laboratory.
Furthermore, scheduling can be the most difficult task in any
loosely-coupled grid workflow (Afgan & Bangalore, 2008) where
processing cores or workstations do not communicate with one
another during execution. Second, Condor has been utilized, sup-
ported, and updated for nearly two decades.

2.2. Small wetlands experiment (I)

In our first experiment, we investigated HTC in the context
of a local-scale study to identify small landforms that are impor-
tant for conservation yet are difficult to detect from the air and
too numerous to map using field surveys. This experiment fits
within a larger study (see, Leonard et al., 2012) to map and develop
conservation plans for small, isolated wetlands (i.e., vernal pools,

seasonal pools, ephemeral wetlands, depressional wetlands, tem-
porary ponds) in forested landscapes. These wetlands are receiving
increased conservation attention due to their biodiversity func-
tions and for the lack of specific, regulatory protections (Baldwin,
Calhoun, & deMaynadier, 2006; Semlitsch & Bodie, 1998; Zedler,
2003). While these ecosystems are routinely omitted from coarse-
grain mapping efforts (e.g., The National Wetlands Inventory) they
often provide critical habitat for herpetofauna and other hydrope-
riod sensitive organisms (Calhoun, Walls, Stockwell, & McCollough,
2003; Semlitsch & Bodie, 1998). Further, small urban wetlands
provide a suite of ecosystem services which often aid in multi-
use and multi-value planning scenarios (Mitsch & Gosselink, 2000).
Thus, mapping small wetlands is a critical first step for improving
landscape and conservation planning.

2.2.1. Grain, extent, and computation

We used high-resolution digital elevation models (DEM) derived
from LiDAR points, covering 55,000 hectares at 2 m resolution. To
identify the small depressions, we created custom relief models
in ArcGIS modelbuilder (a diagrammatic interface that facilitates
the workflow of multiple tools which are executed in sequence
using automatically generated python code). These models were
then divided into 2km tiles, with 300 m overlap, for further
processing. The resulting DEMs contained more than 10 million
points which were analyzed with local indicators of spatial asso-
ciation (LISA): a computationally expensive analysis (Armstrong,
Pavlik, & Marciano, 1994). We used the LISA output to perform a
multitude of vector tasks in order to map topographic depressions
in low-relief landscapes. This workflow was output to Python code
using modelbuilder’s graphical user interface (i.e., export options)

The resulting output Python code was designed for execution
on the local machine (e.g., file paths were referenced to the local
hard drive). Remote execution of the code (stand-alone) involved
pre-requisite steps for proper functioning (e.g., defining data paths
for ArcGIS server, and defining remote workspaces for output files
(Fig. 2, step 4)). Condor provided native macro functionality to iter-
ate through a sequence of files and/or folders which streamlined
the workflow of jobs and eliminated the need for user interaction
during remote job execution.

The workstations (n=132) used to support the HTC were housed
in multiple student computer laboratories in a homogeneous soft-
ware environment equipped with ArcGIS Desktop version 10.0
(experiment I) or 9.3 (experiment II). Although these resources
were outfitted with heterogeneous hardware, they contained a
minimum of Intel Core 2 Duo 2.4 GHz processors with 2 GB RAM. In
addition, these workstations interfaced with an ArcGIS Enterprise
Server (v.10.0) and a dedicated server containing Condor soft-
ware, which handled pairing the jobs with available workstations
(i.e., matchmaking). Together, these three components (laboratory
workstations, ArcGIS server, and Condor matchmaker) provided a
high-throughput computing (HTC) environment, which operated
without the need for the user or remote machines to interact with
a local machine during processing (Fig. 2). In addition, this setup
will accommodate a more generic domain without a homogeneous
software environment (i.e., ArcGIS libraries installed to different
directories) if the Python executable is properly referenced.

2.3. Human Footprint experiment (II)

In addition to the high-resolution HTC experiment in this study,
we have included processing speedup for a coarser-resolution,
large-extent experiment. Over the last 15 years, landscape ecolo-
gists and planners have produced a multitude of metrics to measure
the effects of human influence on the landscape and have recog-
nized that understanding these effects and patterns is paramount
to future planning efforts and the Human Footprint is one such
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ArcGIS Geodatabase Server

User

Condor Matchmaker

Heterogeneous Grid
(Condor Pool)

Fig. 2. Cyberinfrastructure including Condor Pool, ArcGIS geodatabase, and workflow as follows: advertisement of available machines (1) user query of those machines (2)
and data transfer (3). Those data are sent to remote workstations for execution (4) and output is returned to geodatabase (5) where the end user retrieves the data (6).

leading metric. Developed by Sanderson et al. (2002), the Human
Footprint is a spatially explicit threat assessment to identify the
least human effected landscapes. We employed this metric to mea-
sure the degree of human alteration in and around North American
protected areas. Protected areas are globally recognized for their
role in biodiversity conservation (Rodrigues et al., 2004) while also
offering opportunities of economic and social growth (Naughton-
Treves, Holland, & Brandon, 2005).

2.3.1. Grain, extent, and computation

We calculated the x Human Footprint (HF) at a continental-scale
for state and federally managed protected areas (1 km resolution).
We made HF calculations both inside and outside (buffers) of these
areas that ranged in size from <1 to >11 million hectares. These
calculations involved nearly 200,000 polygons, creating non-trivial
processing obstacles. Challenges included multiple zonal statistics
problems (see Lipscomb & Baldwin, 2010) which were overcome
with custom Visual Basic 6.0 geoprocessing scripts (available upon
request from authors) in concert with native ArcGIS v.9.3 tools and
designed in the Model Builder framework. Again, we exported code
for use with Condor and execution was performed similar to the
previous experiment.

2.4. Habitat connectivity experiment (1II)

In our last experiment, we explore the open source connectiv-
ity modeling software Circuitscape. Connectivity conservation is an
emerging subdiscipline of landscape ecology and can be used for
landscape planning at multiple spatial scales to support biodiver-
sity goals. More specifically, functional connectivity, which models
the successful transfer of genetic material, can directly contribute
to planning goals. Thus, mapping gene flow is quickly becoming a
conservation priority (Crooks & Sanjayan, 2006) and doing so using
circuit theory has outperformed some traditional methods of con-
nectivity modeling for multiple landscapes and species of interest
(McRae & Beier, 2007).

2.4.1. Grain, extent, and computation

Like many other software packages, Circuitscape maintains
functionality with ArcGIS files but operates as a stand-alone
application. Developed in python and capable of being executed
on multiple computing platforms, the software often requires
impressive amounts of RAM to process large rasters, making
it a prime candidate for supercomputing. Thus, we subjected

a 100m resolution raster estimating landscape alteration (i.e.,
“naturalness”, Theobald, 2010) for the state of South Carolina to
the second largest publicly owned academic supercomputer in
the country (> 397 teraflops) for analysis (i.e., Palmetto cluster:
http://top500.org/system/178083). This computer consists of a het-
erogeneous cluster operating on the CentOS5 platform, a Linux
based distribution. We employed Circuitscape on this computer to
do a pairwise analysis of potential gene flow, where naturalness
served as electrical conductance, between 63 random points (2211
pairs) across the state in a loosely-coupled workflow.

2.5. Workflow

In the first step of Condor matchmaking, the pool of computers
advertise themselves as available, along with other useful informa-
tion about their operating system, hardware, and installed software
(Fig. 2, step 1). We used computers with Intel architecture, Win-
dows NT operating system 6.1, and ArcGIS v.9.3 or v.10.0 installed.
In the second step, the user queries the matchmaker for avail-
able machines and minimum requirements to execute a desired
job. Using Condor, this is done by submitting a “class advertise-
ment” (class-ad) which consists of a text file that describes jobs,
required resources, when the resources are needed, and how many
workstations are needed. Again, for a non-homogenous software
environment additional information about the ArcGIS version and
licensed extensions can be published in class-ads by referencing
installed directories and using the “constraint” switch inside Con-
dor. In the third step of the workflow, the user submits all necessary
files required to execute the job to a remote ArcGIS database server,
including submit file, input files, and executable files. This initi-
ates each matching workstation to start the calculation. The fourth
step occurs as each workstation in the pool copies necessary input
files and begins executing its portion of the overall job. This entire
step is executed in a loosely-coupled fashion. In the fifth step, each
workstation transfers its output back to the ArcGIS database. The
sixth and final step occurs as all the output files are transferred
back to the user’s machine for further analysis and display in a
GIS.

2.6. Speedup and efficiency estimates

Speedup is a simple measure of how much faster a task can be
completed in parallel execution as opposed to sequential execution.
For our purposes it is measured where:
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S:T—p

where T; = processing time of sequential execution with one work-
station and T, = processing time in loosely-coupled execution for p
processors.

Often however, a measure of efficiency is more useful as it
describes how well processors are being utilized to solve a problem.
Efficiency typically ranges from 0 to 1 (expressed as a percentage)
where an ideal linear speedup is equal to the number processors
included. In other words, this calculation can be used to describe
the scalability of a problem given parallel computing. We measure
efficiency where:

S T

p pTp
where p =number of processors.

3. Results

High-throughput computing of both high-resolution and large
extent data offered massive wall time (i.e., elapsed clock time)
savings over traditional desktop workstation execution (Fig. 3),
displaying a near negative exponential relationship with num-
ber of workstations. Using our high-resolution ephemeral wetland
experiment, a local machine exhausted 205.25 h of processing to
analyze the 55,000 ha study area. That same workflow using our
grid computing infrastructure consumed only 2.25 h; accounting
fora91x observed speedup. With processing bottlenecks occurring
in predictable input/output (I/O) file writing operations and task
scheduling, this experiment attained an efficiency of 69.1%. More
simply, the scalability of our grid infrastructure decreased with
increasing workstations and total overhead accounted for 30.9% of
the processing time.

Over 4600 previously unknown potential small wetlands
resulted from this high-resolution analysis (Leonard et al., 2012).

Moreover, this type ofimplementation is amenable to multiple iter-
ations, which can address pertinent landscape planning questions
once the ecosystems are mapped (e.g., filtering to find the deep-
est and longest hydroperiod wetlands or to describe the aquatic
connectivity between wetland sites). Most importantly, these
ecosystems were captured in an efficient automated workflow as
opposed to researchers/planners spending potentially hundreds of
hours examining aerial photography for manual identification.

Our large-extent, coarse-resolution human footprint analysis
experiment was more computationally expensive, requiring an
estimated 864h of processing wall time. We achieved a 72x
speedup with HTC and completed the job in fewer than 12 h. Effi-
ciency was much lower (54.5%) compared to the high-resolution
experiment due to additional I/O operations required to calculate
HF from multiple underlying spatial data sets. It is worth noting that
without HTC, the zonal statistics problems we encountered while
calculating HF were insurmountable due to ArcGIS geoprocessing
complications (see Lipscomb & Baldwin, 2010). Our methods facili-
tated a rapid discovery and correction of the error saving hundreds
of hours of computation. Moreover, Woolmer et al. (2008) found
that the ability to examine HF at multiple resolutions across large
spatial extents facilitates more precise and practical local planning
while appropriately placing those local ecosystems in a regional
context.

For our last experiment, the state-extent, moderate-resolution
habitat connectivity analysis, we distributed our 2211 point
pairs across 201 nodes (i.e.,, a computer operating as a server) to
maximize available memory. To this end, we only executed one
calculation on each 8-core (i.e., a processing unit that makes up
a CPU) node until eleven sequential calculations were completed.
The average calculation required ~5 GB of RAM. Distributing the
workload to provide Circuitscape access to essentially unlimited
resources decreased our processing wall time from an estimated
611h (mean CPU time for randomly selected pairs multiplied by
2211 pairs) to fewer than 5h, a 125x speedup (62% efficiency).
However, simultaneously utilizing 3 cores in each node would

Connectivity / Circuitscape (HPC)

Human Footprint (HTC)

Experiment

Isolated Wetland (HTC)

o

In (Processing Wall Time [hrs.])

I Single Machine
[ Actual Performance
I |deal Performance

Fig. 3. Processing performance for all three experiments compared to a single desktop workstation and optimal efficiency using that technology. The Wetlands and Human
Footprint experiments utilized 132 computing cores while the Connectivity experiment used 201 cores. Ideal performance represents a linear speedup (100% efficiency) and
may be near-optimized for a particular infrastructure by observing a diminishing returns threshold with number of cores used to solve the problem. This may be most useful

when a planner has a limited number of cores available to solve a problem.
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optimize this effort by using >90% of available RAM on each node
(16 GB). Therefore, given a linear processing increase, it is reason-
able to expect an optimal speedup on Palmetto approaching 374 x
(1.6h). These speedups are extremely important for landscape
planning because parcel management is dynamic (e.g., ownership
status, protection level) and updated analyses may incorporate
these changes or include new, important parcels (e.g., conservation
easements). Small changes in the configuration of parcels may
drastically change how gene flow is modeled and ultimately how
functional connectivity is preserved or restored.

4. Discussion

Results from this study demonstrate the potential that HTC
holds for landscape and conservation planning in at least two
scenarios: (1) using high-resolution spatial data over relatively
extensive spatial scales and (2) complex algorithms over large
geographic extents. Our wetlands experiment shows that when
identifying small landforms over an area equivalent to a moderate-
sized nature reserve (55,000 ha), HTC can help reduce processing
time by almost 100-fold. Achieving similar speedups, our large-
extent experiments demonstrate how landscape-scale data can be
amenable to iterative modeling. These improvements are timely
as conservation planning requires the incorporation of data at
multiple grain sizes and extents to properly represent diversity
and to incorporate connectivity and resilience in reserve networks
(Groves, 2003; Margules & Pressey, 2000).

Although ecological phenomena operate at multiple scales,
along with policy and regulatory tools which attempt to address
the phenomena (Pierce et al., 2005), they are often best analyzed
at a specific spatial resolution (Dungan et al., 2002). Perhaps most
notably, direct biodiversity estimates are highly dependent upon
spatial resolution (Hortal & Lobo, 2005; Legendre, Borcard, & Peres-
Neto, 2005; Palmer & White, 1994). Examples of typical fine-scale
data include point locations for rare species and digital represen-
tations of high value local ecosystems (e.g., floodplains) (Anderson,
Olivero, Feree, Morse, & Khanna, 2006; Groves, 2003; Trombulak,
2010). Ecological Land Units and Land Facets used in coarse fil-
ter conservation planning are macro-scale landforms designed to
represent biodiversity in reserve selection and climate corridor
applications (Anderson & Ferree, 2010; Beier & Brost, 2010).

Geophysical variation is often employed as a biodiversity sur-
rogate, for example, The Nature Conservancy uses ELUs to capture
biological diversity at regional scales (Anderson & Ferree, 2010;
Anderson, Clark, & Sheldon, 2012). With more extensive LiDAR
coverage and advanced computing tools, including HTC, fine scale
DEM'’s (e.g., <2m) can be leveraged to test modeling assump-
tions. For example, fine-scale landforms will help to assess whether
coarse-scale planning (e.g., ELUs and Land Facets) captures hetero-
geneity in low-relief (e.g., coastal plain and some deserts) areas as
well as it does in high-relief (i.e., mountainous). In addition, con-
nectivity modeling using fine-scale resistance layers and involving
multiple pairwise iterations over state and regional extents could
become more practical.

4.1. HTC or HPC for planners

The landscape planning community is most often concerned
with problems that exist within a clear spatiotemporal context (e.g.,
flooding, erosion, invasive species, urbanization, land use changes).
As planners begin to incorporate more area and variables into their
models, they will require efficient ways to solve and query possible
solutions. If a planner is confronted with a lengthy computational
process or requires a dynamic workflow supporting multiple prob-
lem solving iterations, they may consider one of the computing

alternatives suggested above (Fig. 1). We suggest high-throughput
computing as a viable option for typical GIS users. Ideally, landscape
planners will have access to grid resources, such as those available
in an academic computer laboratory or other networked GIS con-
figurations. However, a planner does not need a large laboratory of
computers to see immediate processing gains, as efficiency is often
high with few machines. Because Condor is a stable, mature, open
source, free application, it is safe and affordable to implement given
IT support already exists.

For processing tasks that cannot be split into smaller jobs
(e.g., a solution to one problem is used to inform the solution of
another in real time), tightly-coupled HPC may be explored. High-
performance computing may use hundreds or thousands of cores
to simultaneously solve a problem. However, because ArcGIS v.10.x
does not natively utilize multiple processors, and is Microsoft Win-
dows x86 based (i.e., can only access relatively small bits of memory
at one time), it has serious limitations in a typical HPC environ-
ment. Although there are workarounds to these problems (e.g.,
Microsoft HPC 2008 or operating system virtualization (see Faria,
Pendelberry, & Hawker, 2010)) they are not easily overcome by
the typical end user. As of 2012 (TOP500.0rg) only 1% of the top
500 supercomputers in the world were using a compatible oper-
ating system for ArcGIS. However, if an end-user is more familiar
with an open-source GIS (e.g., GRASS GIS, Quantum GIS) they may
be able to execute a HPC solution on a Linux operating system
(Huang et al., 2011) which are currently running 83% of the top 500
supercomputers. Despite the general software revolution toward
open-source projects (Hauge, Ayala, & Conradi, 2010) the GIS user
community is arguably still in the ‘early adopters’ phase of soft-
ware innovation. Meanwhile, many open source applications have
been infused into common GIS platforms including the statistical
software R project (http://www.r-project.org/), landscape connec-
tivity software such as Corridor Design (http://corridordesign.org/)
and Linkage-Mapper (http://code.google.com/p/linkage-mapper/),
and city and regional planning software such as CommunityViz
(http://placeways.com/communityviz/). Although more technical
skill would likely be required to utilize these tools inside of an HPC
infrastructure, they provide enhanced utility not natively acces-
sible to an ‘off the shelf GIS program. If the current trend of
increasing access to ‘cloud’ resources, which are available with
any internet connection, continues HPC will be the ‘future’ of
high-resolution and/or large extent computational problem solv-
ing. Currently however, HPC typically requires technical support
from supercomputing administrators to implement various soft-
ware packages. For now, the average landscape and/or conservation
planner will most likely need to rely on HTC until usability of these
systems increases (Table 1).

4.2. Limitations

In order to maximize use of existing cyberinfrastructure, GIS-
enabled computer laboratories such as those that exist in many
universities can be utilized. However, if a user who is physically
located in the computer lab engages an idle workstation, Condor
will stop processing and reassign the task to the next available
workstation restarting the calculation. Condor is able to leverage a
heterogeneous assemblage of resources (i.e., servers and personal
workstations) and thus, varied computing power will be employed
for individual task execution which results in uneven performance.
In addition, the workflows are not balanced on remote workstations
because each processed tile may contain unequal topographic com-
plexity, varying spatial arrangements and/or number of features to
analyze. These problems can be controlled by decomposing spatial
domains using a curve-filling algorithm (Wang & Armstrong, 2003;
Wang, Cowles, & Armstrong, 2008). This approach will tile the
input features based on estimated computational requirements
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Table 1

Considerations and relative comparison of computing technology where a check mark is the highest rating
followed by a plus symbol and a minus symbol, respectively.

Desktop Machine HTC (Condor) HPC (Palmetto)
Overall Expense | + -
Hardware Limitations + - |
Network Limitations | - +
User Skill Required | + -
Computation Time - + |
ArcGIS Compatible | + -
Open-source Compatible | 4} 4|
Large-Extent Problems - + ™
High-Resolution Problems - + ]
Large-Extent. & High B + !

Resolution

of underlying spatial structure while facilitating dissemination of
these tiles to individual processors (Wang & Armstrong, 2009).
In our study, strict optimization of hardware and software (see
Huang & Yang, 2011) was not desired or necessary due to unre-
stricted access to the cyberinfrastructure, number of available
workstations, and our focus on usability to the end user.

Although HTC fills an immediate need of planners to improve
their models and planning efforts at multiple spatial scales, it is
not the panacea. Significant barriers exist to the implementation of
landscape conservation plans (Knight, Cowling, & Campbell, 2006;
Knightetal.,2008). The multi-scaled nature of regulation and policy
decisions, incorporated within plans, are often implicitly articu-
lated as opposed to explicitly. Biggs et al. (2011) argue that planning
implementation gaps occur based on three primary factors (a) com-
munication failures, (b) proper diversity and/or representation of
stakeholders and expertise, and (c) lack of idea ownership. While
HTC is unlikely to help overcome the first two obstacles, it may
facilitate the third in two primary ways: (1) the ability to quickly
alter planning scenarios based on stakeholder input can improve
participation, curiosity (Tress & Tress, 2003), and ultimately plan
ownership (Reed, 2008) and (2) a more thorough set of feedback
loops can be incorporated into the planning process because of
rapid product development.

5. Conclusions

In an era when huge, moderate-resolution global datasets
and increasingly, high-resolution datasets at local-regional
extents are publically available (e.g., 6m LiDAR-derived
DEM from North Carolina Floodplain Mapping Program:
http://www.ncfloodmaps.com/), decreased geoprocessing time
can facilitate important advances for landscape and conservation
planning. The incorporation of high-resolution data across greater
spatial extents can help test assumptions inherent in coarse-filter
conservation, land use planning, and macroecology (Brown &
Maurer, 1989) in general. Additionally, fast geoprocessing will
improve planning by enabling systematic iterative modeling and
promoting sensitivity analyses, which enhance our understanding
of parameter impacts on model behavior and output. Finally, these
methods may help global and regional assessments integrate
updated data and apply these data in a timelier manner.

Land use planning is just one primary arena for the expansion
of HTC because it requires solving exceedingly complex spatial
allocation problems due to multi-objective planning and multiple
‘possible’ solutions created by numerous iterations (Janssen, Van
Herwijnen, Stewart, & Aerts, 2008). Land use planners have recently
borrowed complex genetics-based algorithms to achieve robust
decision support systems (Porta et al., 2012; Stewart, Janssen, & van

Herwijnen, 2004), which can provide an interactive engagement
with stakeholders. In a dynamic setting, fast computation of these
algorithms is necessary even if the preliminary results are less than
optimal. While stakeholders begin to visualize preliminary output,
the computer can simultaneously converge on optimal solutions.

Although other HTC operations have been applied to natural
resource modeling problems in the past (e.g., Immanuel, Berry,
Gross, Palmer, & Wang, 2005; Mellott, Berry, Comiskey, & Gross,
1999), these applications often deal with existing models and
specialized modeling environments. Other popular approaches to
introduce end users to HTC include Condor glidein (Sfiligoi, 2008)
and Panda (Maeno, 2008) which automate aspects of the workflow
(Fig. 2) resulting in a simpler user experience. Our study highlights
the flexibility of creating a custom workflow within ArcGIS mod-
elbuilder and then executing these tools with HTC while requiring
minimal computer programming knowledge. Applying these and
related tools, landscape and conservation planners can now ana-
lyze regional-scale high-resolution datasets quickly, efficiently, and
cheaply. Basic computing skills are required and more advanced
methods may involve IT support and investment in geoprocess-
ing training. In light of the availability of high-resolution data,
computer hardware/software, and capability for complex spatial
analyses, it would be prudent for the landscape and conservation
planning communities to examine assumptions involved in reso-
lution decisions and harness, where possible, advanced computing
power.
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