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Uncertainty: The

Achilles Heel of GIS?

Michael F. Goodchild

University of California, Santa Barbara

GIS database is a repre-
sentation of how things
are on the surface of the
Earth, using binary dig-
its to create an approximation to
real phenomena. GIS users work
with the database as a surrogate
for the real thing, just as an
architect works with drawings
and models of a building. But
the database is only a representa-
tion, and because the real world
is almost infinitely complex, it is
virtually impossible for its digi-
tal representation to be com-
pletely faithful. Uncertainty has
emerged as the preferred term
for all that the database does not
capture about the real world, or
the difference between what the
database indicates and what
actually exists out there. Many
forms of uncertainty in geospa-
tial data have been described,
including the following:
Positional inaccuracy is caused
by our limited ability to measure
locations on the surface of the
Earth. For example, the National

Map Accuracy Standards specify ~

the allowable difference between
the positions shown on a map of
a given scale and the positions of
corresponding features in the
real world. As a crude rule of
thumb, a database built from a
map will have positional inaccu-
racies of as much as 0.5 milli-
meters at the scale of the map.
For a database built from
1:24,000 mapping, that means
inaccuracies of as much as 12
meters.

Errars are caused by blunders,
misinterpretations, misclassifica-

tions, and a host of other possi-
bilities. Land cover classifica-
tions obtained from remote sens-
ing often show accuracies well
below 100 percent when subject-
ed to rigorous assessment by
comparing them to ground truth
(for a review of this area see
Fenstermaker, 1994).

Scale. Generalized databases
show general trends by removing
local detail, creating uncertainty
about what is really there.

Fuzziness. The features and
classes depicted in geospatial
databases are often incompletely
defined, leaving uncertainty
about exactly what they indicate
in the real world.

Sampling creates a representa-
tion from limited data, leaving
uncertainty as to what actually
exists between the sample
points.

An example of the conse-
quences of uncertainty in
geospatial data is shown in Fig-
ure 1. Depicted are two of the six
street centerline databases that
are available from agencies and
vendors for this part of Santa
Barbara County, California. Dif-
ferences caused by positional
inaccuracies clearly exist; in
addition, streets are shown in
one database but are missing
from the other because of dis-
agreement about exactly what
constitutes a street. Differences
also exist In street names and
numbering and in the layout of
intersections. This much dis-
agreement or uncertainty about
the real street network can make
it very difficult for users of dif-

ferent databases to communic:
effectively — for example, ow
which street is referenced by a
given Globai Positioning Syst
(GPS) coordinate. As aresult;
is easy to imagine 911 scenari
involving fire trucks dispatche
to the wrong address or even t
wrong street. Work on these
issues at the University of
California, Santa Barbara
(UCSB) is being led by Val
Noronha; more details are avai
able at World Wide Web (Web
site URL: http://www.ncgia.
ucsb.edu/vital.

Uncertainty in geospatial d:
is an ancient problem. It exist
long before GIS, back in the
days when maps routinely
showed blank areas or nonexi:
tent sea monsters. But it has
come home to roost in GIS in
uncertain terms. If we know
there is uncertainty in the inpt
to GIS analysis, but fail to ide
fy the impact of that uncertair
on the outputs and instead pre
sent them as correct, then surt
we can and should be held lia
for the consequences.

RESEARCH DIRECTIONS
Because the uncertainty prob:
is so serious, it has been the s
ject of a growing volume of

research during the past deca
and continues to figure promi
nently in research agendas. T
University Consortium for Gi
graphic Information Science

(UCGIS) identified uncertain
as one of its 10 Research Ch:
lenges (Web URL: http://ww
ucgis.org); it is also one of si
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areas funded by the 1997 round
of the National Imagery and
Mapping Agency (NIMA) Uni-
versity Research Initiative.

First, we need to know how to
describe uncertainty, so that data
producers can make users aware
of the level of uncertainty pre-
sent. Data quality is a major
component of the Spatial Data
Transfer Standard (SDTS [or
Federal Information Processing
Standard 173]}), in which it is
divided into five fundamental
components: positional accuracy,
attribute accuracy, logical
consistency, lineage, and com-
pleteness. This list is expanded
further in a publication of the
International Cartographic Asso-
ciation (Guptill and Morrison,
1995), which is incidentally one
of the best overviews of the
field. The Federal Geographic
Data Committee’s (FGDC) Con-
tent Standards for Digital
Geospatial Metadata (Web URL:
hetp:/fwww.fgdc.gov) also speci-
fy quality as a major characteris-
tic of data and lay out how it is
to be described so that potential
users can make an informed
evaluation.

All of these methods suffer
from the same basic problem: it
takes an expert to make sense of
them. Only a very small number
of potential users understand
statements such as, “Digitizing
errors follow a spatially autore-
gressive model with parameter
3.15,” even though statements
like this are the only effective
way of specifying the exact
nature of uncertainty. As

research has progressed, the
community has come up with
more and more models, all of
them useful in describing some
specific situation but most of
them far beyond the comprehen-
sion of the average GIS user, let
alone the average citizen. Rec-
ently we have been experiment-
ing at UCSB with a radically dif-
ferent approach, in which the
data are accompanied not by a
description but by a method, or
piece of code (this work is being
carried out with Ashton Short-
ridge and Chris Funk, both grad-
uate students at UCSB). By run-
ning the code, users see a series
of simulations of what the true
data might look like, all of them
equally possible given what is
known about uncertainty. Users
carn then repeat the analysis with
a number of simulations and
observe the effects on the output,
perhaps summarizing them in
terms of confidence bands. (A
simple demonstration of this
concept is available at Web
URL.: http://www.ncgia.ucsb.
edu/~ashton/demos/propagate.
htmt). The big advantage of this
approach is that users need no
background in statistics and no
understanding of the model that
lies behind the simulations.

Other researchers are experi-
menting with ways of getting the
uncertainty message across visu-
ally. Positional uncertainty can
be shown by blurring features or
by making them shake in an ani-
mation (for example, see
Ehlschlaeger et al., 1997, also
available at Web URL:
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http://www.elsevier.nl:80/
homepage/misc/cageo/ehlschl/
paper.htm). Uncertainty about
the position of a boundary
between two classes can be
shown by mixing shadings or
colors near the boundary. Uncer-
tainty about classification can be
shown by fading colors, using
the metaphor of the “gray area.”
There have even been experi-
ments with sound, where quality
at a location on a map is commu-
nicated by generating a particu-
lar tone when users point to it
with a cursor. All of these meth-
ods seem to work, but only when
users are told explicitly that
uncertainty is the property being
communicated; our natural incli-
nation is to expect maps to say
nothing about uncertainty.
Detailed databases contain
more data than generalized ones,
and normally cost more to pro-
duce. So it is common in GIS to
be faced with having to use data
that are less detailed than one
would like. A hydrological
model might need a 30-meter
digital elevation model (DEM),
but might have to be run in an
area of the United States where
the best data available have a
spacing of 3 arc-seconds, or
approximately 90 meters. In

Figure 1. Comparison
of two available street
centerline databases of
part of Santa Barbara
County, California,
showing differences in
feature positions and
classifications (see
World Wide Web URL.:
hitp://www.ncgia.ucsb.
edu/vital/research/
ncgia.html).
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Figure 2. Optimal
path for a new road
across the Santa
¥Ynez Mountains.
The blue line shows
the optimal path
based on an
availabie 90-meter
digital elevation
model (DEM); the
yellow fines simulate
possible optimal
paths based on an
ideal but
nonexistent 30-
meter DEM.
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From a technical perspective, great progress has been
made. On the institutional side, however, the story is
much less positive. Uncertainty issues are often swept
under the rug by politicians and decision makers who
demand "a number, just give me a number.”

these circumstances it is very
useful to know how much accu-
racy is lost in the model. If the
result of using 90-meter data is
x, how different would the result
have been if 30-meter data had
been available? This may sound
like an impossible task, but a
number of methods have been
developed in the past few years
that make it feasible. Essentially,
what one does is to run a simula-
tion model that generates a
sample of possible 30-meter data
sets, consistent with the 90-
meter data, and consistent with
the general characteristics of 30-
meter data obtained from areas
where such data are available,
preferably as close by as
possible.

Figure 2 shows the idea, as
implemented by Chuck
Ehischlaeger (now at Hunter
College, City University of New
York) and Ashton Shortridge.
The figure shows a DEM of part
of the Santa Ynez Mountains in
Santa Barbara County. A route is
to be found for a new road from
a point in the lower left to one in
the upper right, minimizing a
function of elevation and slope.
The project requires 30-meter
data, but only 90-meter data are
available. The figure shows the
90-meter solution in blue, and a
series of simulations of how dif-
ferent the solution might have
been had 30-meter data existed.
To do this, essential properties of
30-meter data were obtained
from neighboring areas where
both types are available. (More

infammatian nhant thic avnae

ment can be found at Web URL:
http://www.ncgia.ucsb.edu/
~ashton/demos/chuck95/
stochastic.html.)

With a growing abundance of
geospatial data, coming across
situations where more than one
data set is available to meet a
particular need is increasingly
common. Figure 1 illustrates
this, showing two of the six
available street centerline
databases for this suburban area.
In these circumstances, it is
increasingly likely that users will
want to see some kind of aver-
age, or combination of more than
one source. The general term for
this is conflarion, or the combin-
ing of elements from more than
one source to create a best pos-
sible database. Much more
research is needed in this area
before GIS users will be able to
access standard ways of conflat-
ing data sets.

THE STATE OF THE ART
Uncertainty research has come a
long way in the past decade.
Users who want to know some-
thing about the quality of the
data they receive are now much
better served, through standards
like SDTS and the FGDC meta-
data standard, and their interna-
tional and defense equivalents.
Many models have been
described in the literature, and
made available in software.
From a technical perspective,
great progress has been made.
On the institutional side, how-
ever, the story is much less posi-

fleon

swept under the rug by politi-
cians and decision makers who
demand “a number, just give me
a number.” Commercial software
and data vendors often argue that
techniques for dealing with
uncertainty have no demand in
the marketplace or confuse what
is otherwise a bullish enthusiasm
for the technology. Uncertainty
is an essential part of much anal-
ysis of risk, as well as many
models of decision making, but
it has not been addressed to the
same degree in GIS. Missing
perhaps are the war stories of lit-
igation and disaster resulting
from failure to address uncer-
tainty; GIS users have not yet
been hit by errors, uncertainties,
and lawsuits in places that really
hurt. There is no doubt, however,
that these will come, and that the
potential for disaster is every bit
as real in GIS as it is in any other
area of human endeavor.
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