Is There a Role for High-Performance
Computing in GIS?
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The conventional wisdom held by many GIS users and researchers is that high-performance computing (HPC) en-
vironments are costly and difficult to use. However, improvements in hardware and software have changed the
complexion of HPC during the past several years. Researchers and analysts who routinely use GIS and spatial
analysis software can exploit these changes, and thus improve their ability to address computationally complex ur-

ban and regional problems. In this paper, I provi

de an overview of some trends in high-performance computing

that have the potential to significantly impact GIS during the next few years. To realize this potential, GIS vendors
and the GIS research community will have to adapt to computational challenges.

igh—performance computers (HPC) are nor-

mally applied to problems that require large

amounts (hours, and sometimes, days or weeks)
of computer time on commodity-class (e.g., Pentium- or
SPARC-based) workstations. In fact, a widely-adopted
approach to solving a computationally burdensome
problem is to “run it overnight.” Consequently, many
users are eaget to upgrade their computer systems be-
cause of the perceived inadequacy of existing systems
when performing selected tasks. In some instances, es-
pecially when complex models are part of a GlS-based
analysis, users may send problems through an HPC
system for quick turn-around. Note, however, that HPC
is a fuzzy, mutable concept; technology 1s continuously
improving and the size of the problems we wish to
solve is also constantly increasing.

During the past 15 years, high-performance comput-
ers, such as those sold by Cray, have excelled at solving
repetitive arithmetic calculations, especially when the
calculations were performed inside of loops, by
“pipelining” the execution of instructions (Patterson
and Hennessy 1994). Since most high-level operations,
such as adding or multiplying two numbers together,
actually require the completion of several lower-level
instructions before a result is produced (Karplus 1989,

m

Marc P. Armstrong, is an associate professor at The University
of lowa where he holds appointments in the Department of
Geography and in the graduate program in Applied Mathe-
matical and Computational Sciences. A primary focus of his re-
search is on the use of parallel processing to improve the per-
formance of analysis methods used in spatial decision-support
systems. Armstrong is a co-leader of NCGIA research initiative
17 (Collaborative Spatial Decision-Making).

pp- 7-8), a pipeline sequences these low-level instruc-
tions in a loop so that several of them overlap and can
be executed simultaneously. Because of this simultaneity,
pipelining can yield an improvement in overall system
performance, and is especially valuable for numerically
intensive computations. In addition to pipelining, man-
ufacturers of high-performance computers have fo-
cused on components that work at very high speeds.
Together, pipelining and increased clock speeds led to
the successful construction of ever-higher-performance
supercomputers through the 1980s. And these same ba-
sic principles are also now widely used in the super-
scalar architectures used by the current generation of
high-performance workstations (see, for example, Ryan
1994). In fact, the newest generation of processors typi-
cally contains several different pipelines that are opti-
mized to perform tasks such as integer and floating
point arithmetic.

Pipelines, however, cannot be extended to great
lengths because of data dependencies and because they
cannot handle the conditional branches that occur in
many application programs (Patterson and Hennessy
1994). These branches normally contain different code
blocks that are conditionally executed based on the re-
sult of a logical operation (e.g. if . .. then constructs). As
a consequence, the instructions that need to be loaded
into the pipeline are unknown before the logical expres-
sion is evaluated, and this restricts pipeline perfor-
mance. Clock speeds also cannot be increased indefi-
nitely to improve performance because some
component-fabrication barriers are proving to be diffi-
cult and expensive to overcome. Consequently, com-
puter manufacturers who formerly relied on pipelining
and increased clock speeds to maintain dominance in
high-performance computing markets have turned to
architectures that are more explicitly parallel. For exam-
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ple, new scalable systems, such as the IBM SP-2, are
built from networked processors that are functionally
identical to those used in RS/6000 workstations.

Parallel HPC architectures considerably extend the
notion of processing simultaneity observed in pipelined
systems. In addition, recent improvements in hardware
and software have led to easy-to-use parallel processing
environments. And with the promulgation of standard
versions of high-level languages such as C*, Fortran 90
and High-Performance Fortran (Lovernan 1993), appli-
cation codes can now be ported across a variety of par-
allel HPC platforms. In fact, Fox ef al. (1994: 29) assert
that High-Performance Fortran is likely to become a de
facto standard during the next several years.

What does the Future Hold?

The business of making high-performance computer
systems is a risky one with a history of innovative ideas
that have led down dead ends of commercial viability.
Despite this uncertainty, broad trends can be discerned;
and these trends point to the use of at least limited par-
allelism in GIS applications. These trends are evident
not only in GIS, but in business computing as well. Con-
stder, for example, a recent issue of Information Week, a
weekly magazine with a target audience of business and
technology managers. In the September 26, 1994 issue
{p. 27), an advertisement touts the performance of one
parallel database management software product over
two others. The important point here is that there are
several major database software vendors with existing
parallel-processing strategies. Additionally, on page 56
of the same issue, a news article describes the changing
corporate scientific computing strategy of Atlantic Rich-
field Co. {an oil company that uses geological analyses
to support oil exploration) as it has moved from the use
of “traditional” IBM 3090 and Cray Y-MP computers to
a parallel, 16 processor Cray C56400. Though these ex-
amples are admittedly anecdotal, it is now easy to see
that parallelism has entered into the business comput-
ing world. Such stories are reported with increasing reg-
ularity and, consequently, parallelism is no longer con-
sidered to be esoteric in many sectors of the business
data-processing community. As parallelism gains wide-
spread acceptance in commercial applications, the GIS
community must be prepared to respond.

Patterson and Hennessy (1994) define a continuum of
advances in computer architectures that is bounded on
one end by evolutionary developments, such as pipelin-
ing and caches, that require little change to algorithms
when they are implemented. On the other end of the
continuum, they define revolutionary developments,
such as parallel processing, that may require algorithms
to be rewritten to achieve optimal performance. Because
of differences in both the relative capacity of individual
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processors in parallel computing systems as well as the
types of interconnections among them, at present, appli-
cation programmers must concern themselves with
these characteristics if they are to use these systems effi-
ciently.

Despite these challenges, parallel architectures can be
applied readily to the types of problems that are nor-
mally faced by researchers using GIS and urban and re-
gional models. During the past few years I have been in-
volved in several projects that have evaluated the use of
parallel computers in geographically-based applications
ranging from locational modeling (Armstrong and Den-
sham 1992) and spatial statistics (Armstrong, Pavlik and
Marciano 1994a; 1994b; Armstrong and Marciano 1995)
to spatial interpolation problems (Armstrong and Mar-
ciano 1993; 1994), Other researchers have also reported
on the performance of GIS operations when parallel ar-
chitectures are applied to vector-based polygon overlay
(Franklin 1989; Hopkins and Healey 1990; Wang 1993),
terrain triangulation (Puppo et al. 1994), intervisibility
analysis {Mills, Fox and Heimbach 1992; DeFloriani,
Montani and Scopigno 1994), neighborhood (focal) op-
erators (Li 1994), cartographic name placement (Mower
1993) and line simplification (Li 1993a). In addition,
graphical applications often require substantial amounts
of rendering time, especially those that require the use
of realistic (e.g., lighting models and hidden surface re-
moval) three-dimensional graphics. Consequently, re-
searchers have begun to explore the use of parallelism
in polygon rendering and shading in general purpose
settings (Ellsworth 1994; Whitman 1994) as well as in
GlIS-based terrain representation (Ding and Densham
1994).

The general consensus that has emerged from this
growing body of work is that many geographical prob-
lems can be decomposed and recast so that they can be
efficiently executed in parallel HPC environments. In-
deed, many of the geographical problems reported in
the literature are almost “embarrassingly parallel” (Fox,
Williams and Messina 1994) and straightforward trans-
lations of sequential codes to their parallel counterparts
can be performed. Consider an example problem from
the work reported above, that of calculating interpo-
lated values for a regular grid from an irregular distrib-
ution of control points (Armstrong and Marciano 1994).
In this example, the value of each cell in the interpolated
matrix can be calculated independently of those for
other cells, and consequently, all of the available parallel
processing elements can be used very efficiently. Many
other types of geographical problems exhibit similar
characteristics that make them well-suited to parallel
environments.

In addition to the use of dedicated, and often expen-
sive, parallel computer systems, other significant trends
indicate that it is now possible to implement parallel



processing environments on a “shoestring budget” by
using collections of networked workstations. Several
strategies have been suggested in the literature to ac-
complish this goal, but two conceptually similar ap-
proaches, Linda (Carriero and Gelernter 1990) and PYM
(Beguelin et al. 1991; 1993}, are in broad use. They work
by establishing a virtual computer that is built from pro-
cessing nodes (workstations) connected by a conven-
tional network. Though very little work on the applica-
tion of this distributed, message-passing model of
computing has been done in GIS (see Li 1993b), Rokos
and Armstrong (1996) describe a Linda implementation
of an algorithm that calculates a measure of spatial auto-
correlation for polygon data. The results indicate that
this particular geographical problem, which is decom-
posable into coarse-grained parallel processes, can be
adapted to a distributed parallel environment. If this
finding is more generally applicable, this means that
distributed parallelism is well within the economic and
technical grasp of many GIS researchers who have ac-
cess to networked workstations. However, additional
work needs to be performed to determine the general
effectiveness of this distributed approach to GIS-based
computing.

One additional trend in high-performance comput-
ing is also linked to the availability of networks. A fun-
damental flaw in the historical development of comput-
ers has been the implicit assumption that all types of
computing can best be accomplished using a single ar-
chitecture. However, complex problems often contain a
mix of computation types that each can best be executed
using a different architecture. The goal of heterogeneous
computing is to divide a problem into a set of sub-prob-
lems that are not only executed using different proces-
sors, but different architectures as well (Freund and
Siegel 1993). A heterogeneous collection of computers
must be tied together by a high-speed network to form a
virtual, or meta-computer (Smarr and Catlett 1992). It is
possible that many GIS-based analyses can be com-
puted efficiently using a heterogeneous approach to
computation. Densham and Armstrong (1994), for ex-
ample, discuss the application of heterogeneous pro-
cessing to location-allocation analysis. Because many
geographical problems can be easily converted into a
parallel form, a first step in heterogeneous processing
has already been demonstrated. The remaining difficult
task of assignment of sub-problems to particular archi-
tectures will require a deeper theory of geographical
computing as well as considerable research to uncover
empirical regularities in the computational characteris-
tics of GIS-related problems.

If workstations are networked to implement distrib-
uted, heterogeneous high-performance computing envi-
ronments, then they also can be used to meet the com-
putational demands of analyses that are required when

GIS software is used by groups. Because many public
policy issues are resolved by committees and task
forces, new types of “groupware” or collaborative spa-
tial decision-making environments must be developed.
A hallmark of group decision-making is the generation
and evaluation of multiple scenarios. When several in-
dividuals simultaneously begin to generate different
scenarios, this may induce a substantial computational
burden on the system. The magnitude of this burden
may be especially critical because most meetings have a
finite {and often brief} duration (e.g., one hour). Conse-
quently, required analyses must be computed quickly to
permit discussion about relevant alternatives during the
course of a meeting. Distributed parallelism can be ap-
plied to GIS-based analyses to improve performance
with the important secondary effect of providing time to
discuss the merits and limitations of a broader range of
alternative approaches to problem-solving.

Conclusions

GIS has been transformed during the past decade by the
widespread availability of low-cost computing re-
sources. The current generation of workstations is now
able to manage, process and display the large volumes
of data that are routinely encountered in GIS applica-
tions. Nevertheless, there remain significant computa-
tional impediments to the timely analysis of large, de-
tailed and complex GIS problems. These impediments
can be overcome through the use of HPC. Recent soft-
ware developments now make it possible to create low-
cost parallel-programming environments that are built
from collections of networked workstations. These
linked computers are harnessed by software that
searches for idle machines, and then assigns a portion of
a computational load to them. In this way, the collec-
tions of workstations that are becoming commonplace
in many offices can be used to solve computationally
complex GIS problems. Before such activities become
routine, however, researchers must investigate ways to
decompose geographical problems for parallel comput-
ers, and GIS software vendors must follow the lead of
database management software vendors and begin the
development of commercial GIS software that is de-
signed to exploit the opportunities presented by paral-
lel-computing environments.
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