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Abstract
A decision is usually based on some kind o f information. In the decision-taking phase
it is important to know the extent to which the information about the different
alternatives that are to be decided on is reliable. This doctoral thesis focuses on data
quality assessment in spatial analysis, and especially on evaluating data usability in the
decision-taking phase.
The first focus concerns the situation when information about the accuracy o f source
data is missing or insufficient. Questionnaires and interviews are used to obtain such
information. In an effort to make the survey-situation user-friendlier and to obtain
answers that are as complete as possible, a questionnaire template allowing vague
responses and imprecise information is developed. The advantage and perhaps also the
disadvantage o f that concept are the independence of standardised data quality
elements, as well as o f available metadata. It is shown that a procedure for quality
assessment by using a questionnaire allowing vague responses indeed increases the
response rate. However, a recommended improvement is to include methods that
assure that reliable answers are obtained.
Then the second focus is on the decision-taking phase, where uncertainties in source
datasets and their influences on the fitness for use for a specific decision are studied.
The goal is to develop a procedure for decision analysis where expected utility
measures are used to quantify the effects that uncertainties and errors in source data
have on rational decisions. The purpose o f this is to endeavour to make the decisiontakers more aware o f the impact that the uncertainties in the datasets used may have on
their decisions. It is shown that standardised data quality elements are extremely useful
for evaluating usability, but they have to be transformed into a domain understood by
the user. Furthermore, it is shown that the expected utility o f each dataset can be a
measure o f fitness for use in decision analysis. One advantage o f such an approach is
that it clearly demonstrates the connection between data quality, decisions and
environmental and financial costs and benefits. When estimating the probabilities o f
different events, spatial micro-simulation techniques have proven to be useful. To
improve the procedure, however, macro-constraints should also be used for aligning
the simulation model.
Three different case studies have been performed. As a result o f these studies some
basic procedures that are needed for data quality evaluation have been identified, viz.
"Data quality assessment by using a questionnaire", "Construction o f artificial perfect
datasets", "Micro-simulation", "Monte Carlo simulation", "Artificial decision-maker",
"Decision evaluator", and "Data variability reporter". The studies also verify that these
procedures can connect to each other. The idea is that they can be arranged in different
ways, and hence be used in different contexts.

Sammanfattning
När beslut skall fattas är det viktigt att vara medveten om hur tillförlitligt
beslutsunderlaget är. Denna doktorsavhandling behandlar beslut baserade på rumsliga
analyser, och då framför allt utvärdering av informationens (och analysernas)
användbarhet.
En del av avhandlingen behandlar situationer där information om datakvaliteten saknas
eller är otillräcklig. Enkäter och intervjuer har använts för att samla in denna
information. För att uppnå en användarvänlig survey-situation, samt för att få så
fullständiga svar som möjligt, har en enkätmall tagits fram. Denna mall tillåter svar
som är vaga och som innehåller inexakt information. Fördelen, men eventuellt också
nackdelen, med detta koncept är att man blir oberoende av standardiserade
kvalitetselement och eventuella metadata. Resultaten från denna studie visar att en
procedur för kvalitetsuppskattning som tillåter vaga svar ökar svarsfrekvensen
avsevärt. Det är dock nödvändigt att stödja survey-förfarandet med metoder som
säkerställer att tillförlitliga svar erhålls.
I en annan del av arbetet studeras hur osäkerheter i grunddata påverkar respektive
datamängds användbarhet vid ett specifikt beslut. Målet är att utveckla en procedur för
beslutsanalys, där förväntad nytta används som mått för att kvantifiera vilken effekt
osäkerheter och fel i grunddata har på rationella beslut. Detta i en strävan att göra
beslutsfattare mer medvetna om och observanta på vilken effekt eventuella osäkerheter
i använda datamängder kan ha på det faktiska beslutet. Det visas att standardiserade
kvalitetselement är till stor nytta för uppskattning av användbarheten, men att dessa
kvalitetselement bör transformeras till en begreppsvärld som förstås av användaren.
Vidare visas det att förväntad nytta kan vara ett mått på beslutsunderlagets
användbarhet i en beslutsanalys. En fördel med detta angreppssätt är att det tydliggör
kopplingen mellan datakvalitet, beslut och kostnader/vinster, samt att användbarheten
därmed kan uttryckas i såväl miljömässiga som monetära termer. Mikro-simulering
har visat sig vara användbart vid uppskattning av sannolikheter för olika händelser.
För att förbättra denna procedur bör övergripande villkor inkluderas för att stärka
simuleringsmodellen.
Tre olika fallstudier har utförts. Dessa resulterar i att några grundläggande procedurer
för kvalitetsutvärdering har identifierats, d v s "Uppskattning av datakvalitet med hjälp
av en enkät", "Konstruktion av artificiella perfekta datamängder", "Mikrosimulering", "Monte Carlo simulering", "Artificiell beslutsfattare",
"Beslutsutvärdering", samt "Kvalitetsrapportering". Fallstudierna verifierar också att
dessa procedurer kan kopplas samman. Tanken är att dessa procedurer skall kunna
kombineras på olika sätt och därmed användas för att lösa olika
kvalitetsutvärderingsproblem.
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1. Introduction
Since information is increasing its importance as a basis of the economic well-being o f
our modern society (and o f the institutions that govern our actions), the quality o f
information is a major determinant o f our efficiency and efficacy (Shi et al. 2002).
Moreover, i f modern society cannot rely on the accuracy o f information, then many
activities quickly become impossible.
In many professions decision taking is part o f the daily tasks, and some decisions may
have a considerable influence on everyday life for many other people. Many o f these
decisions are based on spatial information, and consequently, uncertainties in that
information might have a severe influence on the decisions. This in turn might even
cause legal actions.
As examples, consider the following three cases where spatial information is used
within the decision-making process:
a)

Anna Andersson is working at a county administrative board. She uses gap
analysis as a basis for decisions on the setting-aside o f protected areas in order
to maintain forest biodiversity. A gap analysis is in this context an analysis
that shows the surplus or lack o f different habitats within different areas. This
is quite a complex analysis, and before a decision is taken, many (sometimes
even conflicting) interests have to be considered. The more important the gap
analysis is for the decision, the more certain she has to be that the analysis is
correct. But how certain can she be o f the gap analysis result?

b)

Benny Berg is working at a regional hospital and studying the spatial pattern
for stroke events. One o f his hypotheses for stroke incidences concerns its
spatial correlation. A map o f stroke incidences is a result o f his study.
However, to what extent can he trust this map? Can the results o f the spatial
analysis be used for further studies?

c)

Cecilia Carlsson is working at an environmental protection agency. She wants
to establish a system for monitoring changes in the vegetation cover. Such a
system may be based on different monitoring techniques, such as the use o f
satellite images, aerial images or field surveys. Since she knows that different
designs are related to various risks, costs, and benefits, she wants to compare
the performance o f different monitoring systems, in order to obtain the "best"
one, especially concerning environmental values. However, how can she
compare the performance o f these different monitoring techniques?

All these three use cases have several features in common. They all use, or are going
to use, spatial information as a basis for their decisions. In addition, all three are, at
least to some degree, suspicious about the results o f their analysis, which they want to
know i f they can trust. Cecilia Carlsson has a slightly modified version o f this
problem, in the sense that she is looking for a reliable and cheap monitoring method.

il

A third commonality is that the tools that they require in order to answer their
questions are in general not available in common software packages. However, even
worse, there is still not a well-accepted methodology to solve these tasks.
These three examples are not pointing out a new research arena. The quality issues in
relation to spatial data, spatial analysis, and spatial decision problems have been a
topic o f research in GIS for many years, and hence there are many books and articles
about this topic, as well as symposia and conferences. However, Heuvelink and
Burrough (2002) state that a great deal o f research has still to be performed before we
have a coherent and comprehensive toolkit for quality assessment that is suitable for
general applications.
Malczewski (1999) estimates that 80 percent o f the data used in decision problems are
related geographically, while Cornélis and Brunet (2002) assert that public decisions
are all spatially referenced, i f not spatially induced, since they apply to a certain
territory. Although these types o f statements are sometimes questioned, they indicate
the importance o f geographical information in decision making, in particular in the
case o f decisions made by public authorities. The decision-making process can be very
complex, and by nature spatial information cannot be complete. Hence, it is necessary
to be able to assess its uncertainties and the consequences that may arise when such
information is used.
Data quality is indeed an issue that depends on the use o f the data in question. Harvey
(1998) states that choosing the right quality level depends entirely on the purpose o f
the application. A dataset o f the highest quality for national mapping purposes will be
unsuitable for designating building zones in a town. However, this is not a new
finding. As early as in 1988, in the proposed standard for digital cartographic data
(Digital Cartographic Data Standards Task Force 1988), it was stated that "quality is
an essential or distinguishing characteristic necessary for cartographic data to be fit for
use."
According to ISO 19113 (ISO 2002) fitness for use is evaluated through the difference
between a model o f the real world that includes everything o f interest (a universe o f
discourse) and the produced dataset, with threshold values describing the desired
quality. A l l this is assumed to be expressed by standardised data quality elements, viz.
accuracy, logical consistency and completeness. However, T i m p f et al. (1996) found
that it is doubtful whether anybody can use these data quality elements to assess fitness
for use. Instead users seem to need more and different information about the
characteristics o f the datasets. The same indication can be found in Östman (1997) and
in Frank (1998).
To analyse the uncertainties that may exist in spatial analysis results, error propagation
techniques are used primarily (Heuvelink 1998). However, error propagation studies
can only be performed i f the quality of the input data is known and the processing
rules are defined. The information about quality in datasets is often provided as
metadata (Guptill 1999). However, these metadata are often stored in files that are
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independent from their related data, and consequently, i f data are modified, the
changes are not always propagated to their associated metadata (Devillers et al. 2002).
Moreover, the metadata file might even disappear during the process o f data sharing.
Spatial analysis results can also be used as input data for other spatial analysis.
Consequently, i f no record is kept o f the quality of the intermediate results, it becomes
extremely difficult to evaluate the accuracy o f the final result (Heuvelink 1999).
Heuvelink (1999) also points out that the majority o f GIS users still have no clear
information about the errors concerning the attributes that are stored in the GIS.
Instead there are often only crude and incomplete estimates o f input error available.
In summary, the problems that Anna, Benny, and Cecilia face are not particularly
unique; on the contrary, these problems are rather common. A more general
formulation o f these problems may read as follows:
•

Standardised data quality elements might not be useful for the user.

•

Tools for evaluating fitness for use are lacking.

•

Information about errors and uncertainties in datasets is often not known. Metadata
are missing or o f poor quality.

1.1 Objectives
The main objective o f this thesis is to investigate ways o f improving quality
assessment to facilitate the decision-taking phase. In accordance with this objective,
the following goals have been specified for the thesis:
1. The decision-taking phase is the phase in which a choice is made. Here the
problem is how to compare the different alternatives, while also considering the
uncertainties o f the information provided. Having information about the quality o f
the source data and a known model for information processing, uncertainty analysis
can be performed, for example by Monte Carlo simulation. The goal is to develop a
procedure for quality evaluation where expected utility measures are used instead
of standardised data quality elements.
2. In order to assess the uncertainties in the results o f a spatial analysis, information
about the quality o f the source data is needed. One common problem concerns the
situation when such quality specifications are missing. The hypothesis in this thesis
is that questionnaires and interviews directed to producers may be used for such
quality assessment. The goal is to develop a procedure, based on questionnaires,
for the identification and quantification o f errors and uncertainties in datasets.
Since one intention o f this thesis is to study how data quality elements can be
modelled for uncertainty propagation analysis, the goal is also to develop
procedures for incorporating the answers from the questionnaires and interviews
into Monte Carlo simulations.
To reach these goals, three different case studies have been performed.
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1.2 Limitations
This thesis focuses on quality assessment in spatial analysis. Hence, studies
concerning the decision-making process and data quality issues are limited to spatial
information only. The thesis is also limited to the goals described in the previous
section.
The semantic difference between producer and user is not considered. This limitation
implies that the method proposed in this thesis must be elaborated further to include
such aspects. However, in cases where semantic differences can be modelled
stochastically, for instance by diffusion matrices, they can be included in the described
method in a straightforward way.
During the research, prototypes have been developed. It is important to remember that
they cannot be seen as operational tools. In order to achieve that, product development,
testing etc. are required, which necessitate other types o f organisations than
universities.

1.3 Outline
This thesis consists o f a chapter where research beneficial to spatial quality assessment
is described, a chapter describing the methods used and summarising the findings o f
the different papers included, and finally one chapter each f o r conclusions and
suggestions for further research. The complete papers included in this thesis can be
found in the appendices.
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2. Spatial data quality assessment reviewed
The problems that Anna, Benny and Cecilia face relate to spatial data quality, data
usability and decision support. The intention o f this chapter is to describe related work
beneficial to spatial data quality assessment, with a main focus on the problems that
Anna, Benny and Cecilia face.
2.1 Spatial data quality
The importance of spatial data quality has received much attention during the past 15
years. However, most past research seems to focus on the presence o f errors in source
data and the need for standards regarding the data quality components. A very active
area of research and development in the geographic data community is the
documentation o f data in the concept o f metadata, i.e. data about data. Metadata may
contain handling instructions for the data, such as details o f its format, information
about its quality, and information needed by the user to determine the fitness for use
(Goodchild 2000). One limitation is that both metadata and the standards are
formulated mainly from a producer perspective (Timpf et al. 1996, Östman 1997,
Frank 1998, Guptill 1998).
It is essentially important to know the quality o f the data contained in spatial
databases, because without that knowledge the value of the derived information cannot
be assessed, and the decisions that it supports cannot be validated (Heuvelink and
Burrough 2002). Yet, many authors point out that most spatial analysis projects do not
seem to account for error propagation, as well as the influence that the errors may have
on the validity o f the analysis results, for example Openshaw et al. (1991), Carver
(1991), Brunsdon and Openshaw (1993), Heuvelink (1993), Goodchild et al. (1994),
Veregin and Lanter (1995), L i u and Herrington (1996), Östman (1997), and Agumya
(2000). However, uncertainty analysis and sensitivity analysis constitute quite a big
research area in the field o f spatial data quality.
Another important topic in the field o f spatial data quality is the communication o f
uncertainties, which involves describing, presenting and explaining information on
data quality to the user. This is important, not only because of the need for comparing
the quality o f database outputs with quality requirements for specific tasks, but also to
protect the integrity o f decisions for which spatial data have been used (Prisley 1994,
Hunter and Goodchild 1996, Reinke and Hunter 2002). In Hunter and Goodchild
(1996) various methods for communicating uncertainty in spatial databases are
discussed. They conclude by stating that there is considerable research being
undertaken in all areas o f uncertainty communication, and that tools are appearing
which will allow users to come to terms with important aspects o f database usage in
the future. However, Reinke and Hunter (2002) state that there are very few exhaustive
guidelines for communicating uncertainty in spatial data, and therefore they propose a
communication model for identifying the processes and components involved in the
communication o f uncertainty.
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2.1.1 Elements of spatial data

quality

In 1982, the National Committee for Digital Cartographic Data Standards (NCDCDS)
was established in the United States (Digital Cartographic Data Standards Task Force
1988), with the purpose o f formulating comprehensive digital cartographic data
standards. The NCDCDS proposed a standard where, among other things, five
fundamental quality components were defined: lineage, positional accuracy, attribute
accuracy, logical consistency, and completeness. Later, in 1991, the I C A Commission
on Spatial Data Quality was established, and the research from the ICA working group
resulted in the addition o f two more elements: semantic accuracy and temporal
accuracy (Guptill and Morrison 1995).
Ever since these seven quality elements were introduced, they have been adopted in
different standards. Guptill (1998) states that there is a general agreement concerning
the categories o f information that a spatial data quality standard should require, and
that these categories include the quality elements described.
In 2002, an international standard was established by ISO, "ISO 19113: Geographic
information: Quality principles", with the objective o f providing principles for
describing the quality o f geographic data and concepts for handling quality
information for geographic data. In this standard a distinction is made between
quantitative and non-quantitative components. In order to describe the non-quantitative
quality o f a dataset, the elements, purpose, usage, and lineage are to be used. The
quantitative data quality elements are represented by completeness, logical
consistency, positional accuracy, temporal accuracy, and thematic accuracy. However,
compared to Guptill and Morrison (1995) semantic accuracy is lacking. Nevertheless,
it is pointed out that the creation o f additional data quality elements is allowed.
The data quality components adopted in ISO 19113 are further recommended as
optional metadata elements in the international standard for geographic metadata,
"ISO 19115: Geographic information: Metadata" (ISO 2003).
The above-mentioned quality elements are defined as follows:
• Usage describes the application(s) for which a dataset has been used. The idea is
that for each usage a statement is given indicating the organisation that has used the
dataset, the type o f usage, its perceived fitness, and any constraints or limitations
that were imposed or discovered during that use (Aalders 2002).
• Purpose describes the rationale for creating a dataset and contains information about
its intended use.
•
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Lineage, or the history of the dataset. The dataset is described in terms o f the
source material, the data acquisition and compilation methods, the conversion,
transformations, analyses and derivations that the data has been subjected to, and
the assumptions and criteria applied at any stage of the data's life. Lineage is

usually the first quality component given, since all the other quality components
are affected by the contents o f the lineage (Clarke and Clark 1995).
Positional accuracy, i.e. the accuracy o f geographical positions within a dataset.
Position is described by values in a coordinate system. Its accuracy represents the
closeness o f those values to values accepted as true, or being true. Typical
measures o f positional accuracy are root mean square error (RSME), standard
deviation (o), and resolution (Drummond 1995).
Attribute accuracy or thematic accuracy. A n attribute is defined as a fact about
some location, set o f locations, or feature on the surface o f the earth. The accuracy
of an attribute refers to its categorisation or classification, i.e. its fidelity
(Buttenfield and Beard 1994, Goodchild 1995, Chrisman 2002). Since attribute
accuracy refers to the accuracy of the thematic component in a dataset, the term
"thematic accuracy" is used synonymously.
Logical consistency deals with the conformance o f a dataset with respect to the
limitations, rules, and internal structure given in its specification. Logical
consistency concerns the identification o f contradictory relations in the data
structure ( W u and Buttenfield 1994).
Completeness describes the presence and absence o f objects in a dataset in relation
to the abstract universe o f all objects (Digital Cartographic Data Standards Task
Force 1988), i. e. how fully data on an object type have been entered in relation to a
specification. Completeness may be verified by comparing the number o f objects
for which data are entered with the number o f real objects specified in the area
involved (Bernhardsen 1999). Completeness may also refer to the presence and
absence ofinformation in attribute fields, for instance "88% of the roads have their
surface type specified".
Temporal accuracy refers to the accuracy o f the temporal attributes and temporal
relationships o f features. It includes the correctness o f the temporal references o f
an item, reported for instance as errors in time measurement. However, temporal
accuracy should not be mixed up with other temporal aspects o f data, such as the
correctness o f ordered events or sequences (i.e. temporal consistency) and the
validity o f data with respect to time (Jakobsson 2002).
Semantic accuracy refers to the quality with which geographical objects are
described in accordance with the selected model. The term refers to the pertinence
of the meaning o f spatial objects rather than to geometrical representations (Salgé
1995).
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2.1.2 Uncertainty

analysis

To study the impact that errors and uncertainties may have on the results o f spatial
analysis, methods for assessing uncertainty propagation are needed. Two important
methods for this are uncertainty analysis and sensitivity analysis. Uncertainty analysis
refers to the propagation o f uncertainties in source datasets and model parameters to
the analysis results, whereas sensitivity analysis refers to the relative importance that
each source o f uncertainty has on the analysis results (Crosetto and Tarantola 2001). In
Crosetto and Tarantola (2001) a brief summary o f synonyms for these techniques can
be found:
•

Uncertainty analysis seems to be expressed synonymously by error propagation,
error modelling, uncertainty modelling, sensitivity analysis, geographical error
analysis, and determination of the reliability of output.

•

Synonyms for sensitivity analysis seem to be error analysis, quantification o f the
contribution made by different components to propagated error, and geographical
sensitivity analysis.

Heuvelink (1998) suggests that tools for analysing the propagation o f errors in GIS
operations would be much more accessible i f they could be incorporated into
mainstream commercial GIS, and into software environments that are also commonly
used to support environmental modelling. However, Heuvelink (1998) concludes that
important obstacles to managing uncertain spatial data are the lack o f information
regarding the accuracy o f stored source data and the fact that the majority o f GIS users
do not yet seem to recognise the added value o f an error propagation analysis.
However, one prerequisite for error propagation studies is that the quality of the input
data is known and the processing rules are defined. Consequently, the examples in
error propagation studies to date seem to be based on known error properties, for
instance in the studies o f Heuvelink et al. (1989), Fisher (1991), Haining and Arbia
(1993), Heuvelink (1993), Mowrer (1994b), Veregin (1994), Emmi and Horton
(1995), L i u and Herrington (1996), and Arbia et al. (1998).
In Zhang and Goodchild (2002) a thorough discussion about theoretical and practical
aspects o f uncertainties in spatial data can be found. The importance o f error
modelling and error propagation is highlighted and discussed as well, since errors in
data sources incorporated in a geographical application are considered likely to have
the most profound impacts on the resulting products and decision-making.
Monte Carlo simulation, also known as stochastic simulation, is considered to be a
tractable method for error propagation. As early as in 1984, Förstner used Monte Carlo
simulation to estimate the accuracy o f aerial triangulation. In 1989, Openshaw
proposed that the Monte Carlo method could form the basis o f a general and universal
solution for error propagation studies. This technique has since then been applied by
different researchers to spatial accuracy assessment, for instance Fisher (1991),
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Mowrer(1991, 1994a, 1994b, 1997), Openshaw et al. (1991), Heuvelink (1993, 1998),
Emmi and Horton (1995), Crosetto and Tarantola (2001), and Aerts (2002).
Within the Monte Carlo simulation method, the datasets are randomly varied and then
the analysis is re-processed. Each time the analysis is re-run, the value o f each
parameter that is affected by uncertainty is altered, according to the probability
distribution function of the parameter in question. Each result of the analysis can then
be seen as an equally likely alternative for representing reality. By comparing these
results, conclusions can be drawn concerning the robustness o f the analysis method
used. Zhang and Goodchild (2002) assume that the most important contribution o f the
Monte Carlo approach to geographical computing and thinking is that it fosters a
closer link between geographical phenomena and computational complexity.
According to Zhang and Goodchild (2002), Monte Carlo simulation can provide ways
of solving problems that would otherwise be insoluble with deterministic mathematics.
Heuvelink (1998) discusses alternative approaches for error propagation, and among
other things, concludes that the Monte Carlo method is to be preferred when error
propagation with complex operations is studied. Other advantages of using the Monte
Carlo approach are that it is not limited to linear systems, and parameters with
different statistical properties can be handled quite easily. However, Monte Carlo
methods may be very time-consuming.
2.2 Spatial data usability
When the uncertainties in a spatial analysis result are communicated to a user, the
question o f whether the result is good enough immediately arises. Moreover,
something that is useable for one purpose may be useless for another.
Burrough (2001) defines usability as the degree to which an object or unit o f
information serves a defined purpose, i.e. the usability depends on the context.
Wachowicz et al. (2002) call attention to the fact that a better understanding o f the
parameters that define the usability o f individual datasets seems to be necessary in
order to improve their usability. Moreover, Wachowicz et al. (2002) continue by
arguing that, since usability has proven to be a key selling argument in the domains o f
hardware and software, it is sensible to think that this experience can be transferred to
the domain o f data as well.
By adopting concepts used within the field o f usability engineering, the usability o f a
geodata product may be expressed in terms related to
•

effectiveness, which measures the accuracy and completeness o f geo-information
with which users achieve specified goals

•

efficiency, which measures the resources necessary to achieve the goals

•

satisfaction, which measures the positive and negative attitudes towards the use o f
geo-information
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The usability may then be expressed by a variety o f elements, o f which data quality is
a subset (Wachowicz et al. 2002).
A formalisation of the usability o f spatial datasets can be found through the concept
"fitness for use", according to which the dataset is useable i f it is good enough for its
specific task. As early as at the beginning o f the 1980's, Chrisman (1983) stated that
the data quality elements should assure the user that the data is fit for the intended use.
The concept o f value o f information goes a step further than the concept o f fitness for
use. While in the latter concept the focus is on evaluating whether a dataset is o f use
for a specific decision, the concept o f value o f information focuses on the degree to
which a dataset actually contributes to the decision.
In the following sections the concepts o f fitness for use and value o f information are
discussed in more detail.
2.2.1 Fitness for use
Frank (1998) argues that ISO's standardised data quality elements are produceroriented and not particularly operational. Therefore, the evaluation o f fitness for use
ought to be transferred to the decision domain, where the results produced are useful i f
they are good enough for the decision process. Frank (1998) expresses fitness for use
as follows: " i f the decision process requires a result v ' o f quality e' then a dataset is f i t
for use i f the error e resulting from using that dataset is e<e' ". No guidance is given
as to how to express e or é, however.
In ISO 19113 (ISO 2002), quality is defined as "the totality o f characteristics o f a
product that bear on its ability to satisfy stated and implied needs". The quality o f a
dataset should then be documented by a set o f components. The quantitative
components are called "data quality elements", while the non-quantitative elements are
called "data quality overview elements". When using this definition, it is important to
note that the term "quality" focuses on the characteristics o f a product.
In ISO 19113, the approach to evaluating a spatial data product can be described as
follows. By using a database specification, a universe o f discourse (perfect dataset),
P*, is defined. The quality o f the actual data being used, P, may then be expressed as
Qj, =
where

Q

P

Dist(P-P*)

is an n-dimensional vector, expressed by standardised measures such

as accuracy, completeness etc.
Dist is a distance function in an n-dimensional space.
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A user wishing to evaluate the suitability o f P should according to the ISO model
specify his or her universe o f discourse (U*). Then the dataset is suitable i f
Q„ =

Dist(P-U*)<e

Consequently, with this approach, fitness for use is assessed by comparing the same
elements as those used for describing data quality in source data. This might be a
problem for many users (Timpf et al. 1996). Anyway, estimating Q is often called
v

quality evaluation. In Östman (1996) five main categories for such quality evaluation
are distinguished:
•

Product testing, where test procedures are applied to each data set being produced.
The basic idea is to use independent data, such as external data or check
measurements, to evaluate the quality o f each dataset being produced.

•

Prototype testing, which is very similar to product testing. The main difference is
that a representative prototype is tested in detail. I f the prototype is of the quality
desired, other datasets produced in a similar way are considered to have sufficient
quality.

•

Error propagation studies. The quality of the result may be derived by error
propagation studies, i f the quality o f the input data is known and the processing
rules are defined.

•

Expert evaluation, which means that a product is evaluated by a person with great
theoretical or practical knowledge, being able to give advice as to whether the
result is reliable or not.

•

Market evaluation, where the customer evaluates the fitness for use o f a product;
i.e. the quality o f a product is sufficient when the customer has paid the bill.

The product testing methods can be seen as methods for estimating quality measures.
However, they are all based on comparisons with external data sources or on check
measurements, which means that these methods are less suitable i f such information is
lacking or expensive to obtain. The same applies to prototype testing, which by its
nature is more suitable for situations where large quantities are to be produced in an
industrialised manner. Expert evaluation o f results might be difficult to obtain when
entirely new data combinations are used. However, this may be a very important tool
in the future. The problem with this method is the difficulty in formalising it. The
method o f market evaluation can be considered as the most sensitive method. Since
this method is dependent on the market's approval or disapproval, the evaluation of
fitness for use can be seen as fairly subjective and less attractive from a scientific point
of view.
A method for assessing the fitness for use o f spatial information is proposed by
Agumya and Hunter (1996). Their method aims to determine acceptable levels o f
uncertainty by analysing the risk associated with decisions based upon the use o f
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spatial information. They define risk as the probability that an adverse event w i l l result
from a decision, multiplied by the cost o f that event; i.e. this approach agrees with the
concept o f expected utility theory. They discuss the propagation o f uncertainty from
the information through to the final decision. However, their line o f argument is
entirely theoretical and no concrete method is proposed. They continue their research
in order to refine their method (Agumya and Hunter 1997a, 1997b, 1998, 1999a,
1999b), and Agumya (2000) discusses the method in greater detail. However, it is still
a theoretical framework. Nevertheless, their proposed method has been thoroughly
described and discussed, and it is definitely a considerable contribution to answering
the question o f how to evaluate fitness for use o f spatial information. Three generic
approaches for estimating acceptable risk are discussed, viz.:
•

Professional judgement. The personal experience, intuition and collective expertise
of knowledgeable users are harnessed to judge the acceptable level o f data
uncertainty for a particular application.

•

"Boot strapping", which is based on the levels o f risk that have been tolerated in
the past and present. The presumption is that society has mechanisms for achieving
acceptable trade-offs between risks and benefits over a period o f time, and
therefore historical knowledge reflecting these trade-offs can be applied to future
decisions.

•

Formal analysis, including analytical procedures such as cost-benefit assessments.

Agumya (2000) then continues by discussing risk response, which entails different
ways to select and implement appropriate options for dealing with the risk exposure.
Jointly, Hunter and Agumya's research (Agumya and Hunter 1996, 1997a, 1997b,
1998, 1999a, 1999b, Agumya 2000) can be used as a basis when designing
applications and performing case studies concerning fitness for use and risk reduction.
Mowrer (2000) also discusses uncertainty in natural resource decision-support systems
comprehensively, although not in as detailed a way as Agumya (2000). Mowrer (2000)
confines himself by stating that, given the fact that probabilities can be estimated,
decision science provides numerous techniques for determining the "optimal"
alternative, i. e. that these techniques can be used for evaluating fitness for use.
To date there are quite a few studies concerning fitness for use in respect o f spatial
applications. However, none o f these studies express fitness for use by using ISO's
standardised data quality elements. This indicates that these elements might not be
optimal measures o f fitness for use, which is also in line with Wachowicz et al. (2002).
L i u and Herrington (1996) present a method o f estimating the cost o f using spatial data
with known uncertainty by applying the method to a specific case o f forest
management decision making. They use Monte Carlo simulation to vary a digital
terrain model randomly and re-calculate the profitability o f harvesting different
compartments.
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Crosetto and Tarantola (2001) present a procedure for analysing the uncertainty
associated with the output o f GIS-based models; and they illustrate how the
implementation of a GIS-based hydrologic model can be supported through a case
study concerning near real-time flood forecasting. However, they focus mainly on
uncertainty analysis and sensitivity analysis. They just briefly discuss how the
procedure can provide a model building tool to choose from a group o f alternative
models. They perform Monte Carlo simulation to use the different alternative models
randomly and study how sensitive the result is to the choice o f model. Finally, they
compare the cost for each model with its accuracy, i.e. in terms o f cost-benefit
analysis.
Aerts (2002) integrates optimisation, uncertainty analysis and visualisation techniques
within a spatial decision-support system (SDSS). In a case study concerning
uncertainty assessment, Monte Carlo simulation was used to analyse how uncertainty
in spatial input data would propagate through an optimisation model and affect its
results. The influence o f uncertainty on the potential locations o f a ski run and its
associated development costs was studied. Probability maps were created and expected
costs for the different alternatives were calculated, compared and discussed. However,
this work focused mainly on uncertainty analysis and sensitivity analysis.
Nevertheless, the approach used is considered applicable to an SDSS.
2.2.2 Value of

information

The concept o f value ofinformation originates from the field o f decision analysis and
involves using decision trees to characterise a decision problem and to study how the
problem is likely to be modified with the collection o f additional data. Smith and
Honeycutt (1987) provide an early hypothetical example o f the use of this concept in
spatial analysis. However, since research in spatial analysis using this concept is
dependent on the findings related to uncertainty in source data, error propagation,
fitness for use etc., the studies published concerning the value o f information are rather
few in number to date.
DeBruin et al. (2001) propose a decision-analytical approach to compare the value of
alternative datasets. Their case study concerns the expected monetary loss due to
uncertainty about the volume o f sand required for building a container port. They
introduce the concept o f expected value o f control as a measure o f fitness for use in
spatial decision making. Value o f control differs from value o f information in the
sense that it considers the uncertainty o f the source data used and not the value o f
using alternative data sources. DeBruin et al. (2001) show that this seems to be a
useful concept when choosing the best dataset for decision making under uncertainty
due to error in reported data. The application o f the concept requires probabilistic
accuracy measures and a loss function representing the cost o f incorrect judgement.
The expected value o f control can only be determined within the context o f a particular
decision, i.e. when selecting an alternative from a set o f available alternatives. The
surplus value o f a dataset then equals the expected profit from using that data, in terms
of an increase in the expected value of the decision outcome, or a decrease in the
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expected loss. To determine the expected value o f control for a spatial dataset, it is
necessary that it should be possible to quantify the uncertainty that it contains.
According to DeBruin et al. (2001) such quantification requires comparison with an
abstract model, defined by the requirements o f an intended use o f the data. For
example, this can be achieved by using an independent source o f high-accuracy data.
Frank and Grünbacher (2002) discuss the relevance o f datasets. They state that the
relevance o f data can be decided only with respect to a decision. One test for relevance
is to study whether the decision has the same outcome i f the dataset is improved or
degraded. They continue by suggesting a formal framework for the revision o f
datasets.
Krek (2002) presents an agent-based computational model for quantifying the
functional value o f spatial information and applies it to car navigation as a case o f
spatial decision making.

2.3 Decision support
Decision is the act o f making up one's mind. Since many decision problems are
complex, a strategy for how to analyse them systematically is needed. According to
Hansson (1991) the first general theory for the stages o f a decision process was put
forward by Condorcet as part o f his motivation for the French constitution o f 1793. In
Hansson (1991) one can find a brief summary o f the most important proposals for a
division o f the decision process into stages, as well as the contributors o f these
proposals. Since this thesis does not involve research in the area o f decision theory, a
more detailed discussion of these theories will not be undertaken. However, in
summary, one can state that the aim o f all the theories is to structure a decision
problem into understandable stages in which goals, interests, and analyses can be
addressed, so that finally a meaningful solution can be produced.
In Hansson (1991) a brief summary o f decision theories can be found, based on Suppe
from 1961. The basis is that decision theory is divided into four groups according to
whether the emphasis is normative or descriptive, and whether individual decisions or
group decisions are the focus o f interest. While a normative decision theory is a theory
about how decisions should be made, a descriptive theory is a theory about how
decisions are actually made. However, Hansson (1991) points out that the distinction
between normative and descriptive interpretations o f decision theories is often blurred
in the literature on decision theory.
The studies presented in this thesis are limited to normative decision theory for
individual decision-making. However, Hansson (1991) argues that decision rules that
have been developed for individual decision-making may in many (or most) cases also
be used for decision-making by groups.
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The standard evaluation-choice routine in decision theory is the decision matrix. In
such a matrix the options open to the decision-maker are tabulated against the possible
states o f nature, in such a way that the options are represented by the rows and the
states o f nature by the columns (Hansson 1991). For each option and each state o f
nature, the decision matrix assigns an outcome. However, for the matrix to be helpful,
it must be supplemented with information about how these outcomes compare with
each other. Such information may be either ordinal or cardinal. Since mainstream
decision-theoretic methods require cardinal information, the descriptions o f outcomes
are replaced by their numerical values, also referred to as utilities, forming a utility
matrix.
The knowledge situations in decision problems are mostly described using the
following scale:
• Certainty, deterministic knowledge;
• Risk, complete probabilistic knowledge;
• Uncertainty, partial probabilistic knowledge; and
• Ignorance, no probabilistic knowledge.
Likewise, Malczewski (1999) categorises decision problems as deterministic,
probabilistic and fuzzy decisions. Deterministic decision problems assume that the
required information is known with certainty and that there is a known deterministic
relationship between every decision and the decision consequence. Probabilistic
decisions and fuzzy decisions deal with decision situations under uncertainty. Within
probabilistic decisions the uncertainty is associated with limited information about the
decision situation and it can be handled by probability theory and statistics. On the
other hand, if the uncertainty is not due to randomness but to some imprecision whose
formal treatment cannot be handled by probability theory, fuzzy decisions are
considered.
Each o f these knowledge situations and decision categories has a number o f rules and
techniques for evaluating option alternatives. It is the decision rule that dictates how to
order alternatives or to decide which alternative is to be preferred to another.
Hansson (1991) and Malczewski (1999) point out that the dominant approach to
decision making under risk (probabilistic decisions) is the expected utility approach.
For each alternative, i, the possible decision outcomes are quantified by the
probability distribution. Then the expected utility, EU, is defined as:

EU =Y p -u
t

J

n

n

i
where n is the number o f possible outcomes, each o f which has a utility, u, and a
probability, p, associated with it.
According to Hansson (1991) expected utility theory is as old as mathematical
probability theory. They were both developed in the 17 century in studies o f parlourth
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games. However, in the earliest versions, expected utility theory did not refer to utility
in the modern sense of the word but to monetary outcomes.
Within the concept of expected utility theory, the utility o f positive and negative
outcomes is measured for different individuals and their willingness to accept risk. By
replacing monetary units with utility units, the expected utility becomes a more
applicable decision criterion (Edlund et al. 1999). Among other things, it is possible to
elucidate the reasons why different decision-makers come to different decisions on the
same occasion (even i f they make the same assessments about the probabilities o f
negative or positive outcomes) by observing how they value different outcomes, and
by observing their attitude to risk.
Many real-world spatial planning and management problems benefit from the concept
of spatial decision systems (SDSS) (Malczewski 1999). Central to SDSS is the
interaction o f users with a computer-based system containing a set o f tools for
analysing spatial and attribute data and modelling spatial decision problems.
Aerts (2002) describes a spatial decision system as basically consisting of a decision
framework and supporting techniques, and uses the framework for analysis described
by Findeisen and Quade (1985) as such a decision framework.
This framework basically consists o f the following five steps:
Step 1: Problem definition and specification of the information needed.
Step 2: Definition o f the objectives, the evaluation criteria, and the constraints o f the
problem.
Step 3: Definition o f the exogenous influences, i.e. those that cannot be controlled but
affect the decision-making process.
Step 4: Computational framework, where the "alternatives" are generated and
evaluated, and where the optimal solution is derived.
Step 5:

Presentation.

The supporting techniques that are incorporated in an SDSS depend on the
requirements o f the user. According to Aerts (2002) the most common supporting
technique is multi-criteria analysis.
Multi-criteria evaluation (MCE) techniques emerged during the early 1970's in
environmental economics, since weaknesses in the traditional neoclassical view o f
decision making and site location had been identified (Cochrane and Zeleney 1973,
Keeney and Raiffa 1976, Nijkamp 1980, Voogd 1983, Carver 1991). The conventional
methods had difficulties in coping adequately with multi-dimensionality.
Multi-dimensional decision and evaluation models provide tools for analysing choice
alternatives with different environmental and socio-economic impacts. To quote f r o m
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Voogd (1983), the basic aim o f MCE analysis techniques is "to investigate a number
of choice possibilities in the light o f multiple criteria and conflicting objectives".
The basis o f any MCE analysis (also referred to as M C A ) is the construction o f an
evaluation matrix (decision matrix), whose elements reflect the characteristics of the
given set o f choice alternatives on the basis o f a specific set o f criteria (Carver 1991).
Since many analyses use quantitative and mixed sources o f data, some form o f
standardisation or criterion scores is necessary to enable meaningful comparisons. A
number o f techniques can be found for standardisation as well as for evaluation. Such
an approach is equivalent to transforming an outcome vector into a single value, an
EU. In that sense, it ties up with classical decision theory, and with economic theory.
As stated by Carver (1991) it would not be realistic to evaluate a matrix purely on the
basis o f standardised criterion scores. Hence, a further requirement is the inclusion o f
criterion weights. However, in many real-world applications these weighting schemes
often suffer from uncertainty. Consequently, Carver (1991) makes a comment to the
effect that some form o f sensitivity analysis is required to account for uncertainties in
the definition o f criterion weights.
Malczewski (1999) goes a step further and considers errors and uncertainties in data
layers as well as in decision-makers' preferences. The uncertainties are not only
associated with criterion weights, but also with geographical space representation,
criterion value measurements and rating. A somewhat brief theoretical approach for
sensitivity analysis and error propagation analysis in the decision-making process is
described. However, the major aim o f sensitivity analysis is pointed out, namely to
determine how the recommended alternative (the output) is affected by changes in the
inputs (both geographical data and the decision makers' preferences); i.e. sensitivity
analysis provides insight into the robustness o f the recommended solution.

2.3.1 Uncertainties

in decisions

According to Hansson (1996) all decision making takes place under conditions o f
uncertainty. Likewise, Malczewski (1999) states that in real-world situations the
information available to decision-makers is often uncertain and imprecise.
Uncertainties accompany the entire decisional process and may affect the final
decision.
Cornélis and Brunet (2002) present the decisional fountain model as an approach for
the division o f spatial decisions into stages. This model is a generic model o f the
decision-making process that apprehends decision making as consisting o f the
following phases: documentation/information, decision analysis, decision taking,
decision implementation and decision evaluation.
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Describing the decision-making process by using that model, the uncertainties o f
interest for spatial decisions can be considered to be the following:
•

Uncertainties in the documentation/information phase:
- uncertainties linked to the data themselves (positional, attribute, conceptual
etc.); and
- uncertainties linked to the processing of the data (interpolation, modelling,
visualisation etc.).

•

Uncertainties in the decision analysis phase:
- Uncertainty o f reliance, which includes the choice o f a method for decision
analysis, definition of the common interest, and the simplification o f reality.
- Uncertainty o f demarcation, which occurs when the options are not well
determined. This occurs when it is not known whether all the available options
have been identified or when there is no agreement on the issue.

•

Uncertainties in the decision-taking phase:
- Uncertainties due to the decision-taking procedure; and
- Uncertainties due to the nature o f human beings, for example participants who
opt for something in their favour.

The focus in this thesis is on uncertainties in the documentation/information phase and
in the decision-analysis phase. However, uncertainties in the decision-taking phase
may have a considerable influence on the decision.

2.4 Chapter summary
One may in conclusion state that much effort is currently being devoted to research on
errors in source data and the need for standardised data quality components. Much
effort is also being devoted to research on sensitivity analysis and uncertainty analysis.
However, this research presupposes known errors and uncertainties. And there still
seems to be a lack of knowledge about how to manage source data that lacks
information regarding its quality.
Concerning spatial data usability and decision support, one may state that only a few
research projects focus on quality evaluation in the decision domain. However, none o f
this research seems to use ISO's standardised data quality elements to express
usability. This indicates that these elements might not be optimal measures o f
usability.
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3. Research questions
Anna, Benny and Cecilia can be seen as quite typical users. Yet, i f one assumes that
the majority o f GIS users do not account for the influence that errors and uncertainties
may have on the validity o f analysis results (Openshaw et al. 1991, Carver 1991,
Brunsdon and Openshaw 1993, Heuvelink 1993, 1998, 1999, Goodchild et al. 1994,
Veregin and Lanter 1995, Liu and Herrington 1996, Östman 1997, Agumya 2000, to
name a few), it is even fair to say that Anna, Benny and Cecilia are more qualityconscious that the typical user.
There are at least two main courses o f action which one can take in order to help Anna,
Benny and Cecilia (and other users as well):
1. Educate users so that the standardised quality measures become understandable.
2. Express quality information in terms understood by users.
However, since Timpf et al. (1996) and Östman (1997) call attention to the fact that
users need more and different information than the quality information provided, one
can question whether educating the users about standardised quality measures is
enough to obtain more quality-conscious users. Consequently, this thesis focuses on
the second course o f action, i.e. a possible way to express quality information so that
quality evaluation will be facilitated.
Current software designs are usually object-oriented and implemented as software
components or Web services. However, such an approach requires a good
understanding o f the problem domain and detailed specifications. The use cases
provided by Anna, Benny and Cecilia indicate a large variation o f requirements.
Additionally, overviews o f the entire problem area which could be used for detailed
object modelling do not seem to exist at present.
In the studies performed, an empirical approach is used instead where each use case is
modelled separately. Commonalities are identified and merged into procedures. The
idea is that the procedures could be arranged in different ways, and, consequently be
able to solve different problems. The identified procedures are described further in
Section 3.1 and Figure 1.
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Basic data quality evaluation procedures.

3.1 Basic procedures for data quality evaluation
A procedure is defined here as a transformation o f one or several structured datasets
into other structured datasets. Moreover, a structured dataset is defined here as the
union o f a dataset, the corresponding object model, and the associated semantic
meaning. It is believed that when greater experience is gained from implementing
quality evaluation systems, such general procedures can be defined with more
certainty and hence form the basis o f standardised software components or Web
services.
On the basis of the use cases provided by Anna, Benny and Cecilia, the structured
datasets that were identified are presented in Table 1, while the procedures that were
identified are presented in Table 2.
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Table 1. Structured datasets that were identified in the case studies.

Structured datasets

Comments

Structured geographical datasets

Usually thematic map layers.

Data quality elements for a
structured dataset

Specified in accordance with ISO standards, by
the data producer(s).

Temporal changes for a
structured geographical dataset

In the studies performed, temporal changes are
given as probability equations at a micro level
(actor level).

Decision model for a given task

The set o f possible decisions, conditions and
rules for making a rational decision are defined.

Cost-benefit model for a given task

Costs and benefits for each decision under
different conditions are defined.
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Table 2. Procedures that were identified in the case studies.
PROCEDURES
Name:
Function:
Input:
Output:

Data quality assessment by using a questionnaire
Assist in querying data producers about data quality.
Answers from respondents.
Data quality elements specified in accordance with
the description in Table 3.

Further described in Section 3.1.3, Section 3.2.1.1.1, Paper I, and Paper I I .
Name:
Function:
Input:
Output:

Construction o f artificial perfect datasets
Create a perfect universe o f discourse.
Existing real datasets and models for the considered
universe o f discourse.
Artificial perfect datasets.

Further described in Paper I I I .
Name:
Function:
Input:
Output:

Monte Carlo simulation
Perform uncertainty analysis and/or sensitivity analysis, i.e. create
equally likely realistic datasets.
Datasets and information about the quality and uncertainty o f the
datasets.
Realistic datasets.

Further described in Section 2.1.2, Section 3.2.1.1.2, Paper I , and Paper I I .
Name:
Function:
Input:
Output:

Micro-simulation
Imitate real-world facilities.
Artificial perfect datasets and a model o f change in the actual universe o f
discourse, formulated at a micro level.
Artificial perfect datasets, future states.

Further described in Section 3.1.2 and Paper I I I .
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Name:
Function:
Input:
Output:

Artificial decision-maker
Creates artificial decision outcomes/alternatives.
Realistic datasets or perfect datasets, and a decision model.
Decisions.

Further described in Paper I I I .
Name:
Function:
Input:
Output:

Decision evaluator
Assessing the suitability o f different decision alternatives.
Decisions and a suitability model.
Utility measures.

Further described in Section 3.1.1 and Paper I I I .
Name:
Function:
Input:
Output:

Data variability reporter
Presenting the information about the quality o f analysis results.
Datasets from the simulations.
User specified. In Paper I , an error matrix. In Paper I I , histogram bars
including mean values and standard deviations.

Further described in Section 3.2.1.2.2., Paper I , Paper I I , and briefly in Section 2.1.

3.1.1 "Decision

evaluator"

Since expected utility is a well-accepted paradigm in decision theory and since
expected utility clearly demonstrates the connection between decisions, costs and
benefits, one focus o f this thesis has been on studying whether expected utility can be
used to express the effects that errors and uncertainties may have on spatial decisions.
This approach is in line with the theoretical method proposed by Agumya and Hunter
(1996, 1997a, 1997b, 1998, 1999a, 1999b), the theoretical framework in Agumya
(2000), and the approach (including a case study) in DeBruin et al. (2001).
Expected utility consists o f the associated probability and utility for each outcome.
As already mentioned in Section 2.3, expected utility (EU) is defined as
EU, = ][>„•«„
i
where n is the number o f possible outcomes, each o f which has a utility, u, and a
probability, p, associated with it.
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The basis for the idea o f probability is the fact that the outcome (of a random
phenomenon) has a regular and predictable pattern in the long run.
A well-established method to imitate real-world facilities or processes is simulation
(Law and Kelton 1991). Therefore, simulation can also be used to estimate the
probability o f different alternatives in a decision-making process.
3.1.2

"Micro-simulation"

In Paper III spatial micro-simulation based on cellular automata has been used in order
to generate probability assessments o f future states, also called artificial perfect
datasets. Micro-simulation originates from social science and has been used for
modelling different aspects o f the social world, like demographic, social, or economic
characteristics o f human behaviour (Clarke 1996). This technique can, for example, be
used for modelling decision-making problems at the individual-unit level and where
the interactions within the model are complex (Esko 2002).A major procedure is to
construct a microdata set, which would be, for example, a list o f individuals or
households, along with associated attributes. I f real data are missing, microlevel
populations may be generated by synthetic sampling (Clarke 1996). Contingency
tables or conditional probability analysis are then normally used to estimate chain
conditional probabilities. The creation o f data sets is mostly achieved by Monte Carlo
simulation. According to Clarke (1996) the greatest advantage o f using microsimulation is the ability to estimate "missing data".
Spatial micro-simulation methodologies have in particular been used to analyse the
spatial impacts o f social-economic developments and to explore the micro-spatial
impacts o f a wide range o f social and economic policies (CCG 2003). Examples o f
spatial micro-simulation can be found in Clarke (1996), Holm et al. (2002), and
TRANSIMS (2003).
Cellular automata represent the simplest class o f dynamical systems, or mathematical
models o f reality (Casti 1992). However, even an elementary type o f dynamical
process like cellular automata can offer an astonishing variety of behavioural patterns
(Rönnbäck 1998). Wolfram (1994) characterises cellular automata by the following
fundamentals:
•

They consist o f a regular uniform lattice o f cells, usually infinite in its extent.

•

Each cell holds a state, which is taken f r o m a finite set o f states.

•

They evolve in discrete time steps.

•

The state at one cell is affected by the states in its neighbourhood at the
previous time step.

The most famous and well-studied cellular automaton is the two-dimensional system
of the "Game o f Life", invented by John Horton Conway (Gardner 1970, Casti 1992,
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Wolfram 1994). Tobler (1979) and Couclelis (1985) were among the first to discuss a
geographical interpretation o f the "Game o f L i f e " . Since then researchers in geography
and environmental sciences have been studying the possibility o f using cellular
automata as a framework for the modelling and visualisation o f different kinds o f
spatially distributed processes, for example Hogeweg (1988), Smith (1990), Itami and
Clark (1992), White and Engelen (1992), de Vasconcelous et al. (1993), Batty and Xie
(1994), Bonfatti et al. (1994), Clarke et al. (1994), Freed and Simonson (1995),
Bergamasco et al. (1996), Kirtland et al. (1996), and Rönnbäck (1998).
Geo-algebra, developed by Takeyama and Couclelis (1997), is an extension and
generalisation o f map algebra (Tomlin 1990), capable o f expressing dynamic spatial
models within the framework o f cellular automata. The models are formulated as map
equations, and hence dynamic spatial modelling can be implemented in exactly the
same way as the analysis o f map data within map algebra.
Rönnbäck (1998) constructed a prototype o f a simulation engine based upon the
theories o f cellular automata, and the case study performed indicated that the
simulation engine may be a useful tool for three-dimensional quality assessment.
Moreover, it was concluded that since costs and quality are correlated, the simulation
engine may be useful for cost-benefit analysis when planning measurement procedures
and when determining the reliability o f the outcome.
3.1.3 "Data quality assessment

by using a

questionnaire"

The Monte Carlo simulator requires that the distribution function o f each variable
should be specified, together with possible correlations between the variables; i.e. the
goal o f the questionnaire is to obtain sufficient information for this modelling. This
means that the type o f distribution function (normal, rectangular etc.) as well as its
parameters (mean value, standard deviation etc.) are requested. However, since data
producers, for various reasons, are not always willing to specify the quality o f the data
in such detail, other approaches are required.
The role o f the questionnaire is to provide a template, assuring that answers provided
by the respondent can be transformed into the parameters required by the Monte Carlo
simulator. This means that membership functions have to be defined that model the
nature of the vague answers, as well as the transformation between different scales o f
measurement. Another requirement o f the questionnaire template is that it must be
designed in such a way that the respondent is willing to provide answers.
The idea is that the same template can be applicable to datasets having different levels
of measurement, and that each of these levels o f measurement requires a specified
stochastic model o f included uncertainties, see Table 3.
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In this thesis the levels o f measurement considered are based on the list in Chnsman
(2002), viz:
• Nominal. This is considered to be the most basic level, in which objects are
classified into groups. Any assignment o f symbols can be used as long as the
distinct nature o f each group is maintained. A nominal measure is based on set
theory. No ordering is implied. Any symbol can be converted to another symbol, as
long as they remain distinct from each other.
• Ordinal. This level introduces the concept o f an ordering. A n ordinal scale applies
when objects can be sorted in some manner. Some ordering may relate to an
underlying numerical scale, and other ordering may not.
• Interval. A n interval scale involves a number line with an arbitrary zero point and
an arbitrary interval. Thus, interval scales can be shifted by changing the zero point
without changing the meaning o f the measurement.
• Ratio. This level represents a difference between two interval measures. Ratio
measures retain the arbitrary unit o f measure from the interval scale but substitute a
true origin (zero value); i.e. a ratio scale is higher than an interval scale because the
value o f zero is not arbitrary.
• Absolute. A t this level the whole scale is predetermined or absolute. No
transformations that preserve the meaning o f the measurement can be made. One
example o f an absolute scale is probability.
• Cyclical. This level represents numbered lines that are bounded within a range and
repeated in some cyclical manner.
• Counts. This class o f measurements deals with counting objects aggregated over
some region in space. The objects counted are discrete. The result o f a count is a
number. Since zero is a fixed value, counts may seem to be ratios, but the units o f a
count are not arbitrary, and hence they cannot be rescaled as freely. Counts are
more similar to absolute scales, restricted to discrete integers.
• Graded membership. A n object w i l l have some degree o f membership (represented
by proportion or percentage) rather than just belonging or not; i.e. some members o f
the group are more typical than others. This is a more flexible rule than, for
example, nominal measures, where all members o f a set are meant to belong to that
category equally.
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Table 3.

Stochastic models for different levels o f measurement considered in the
questionnaire.

Level of measurement
(Chrisman 2002)
Nominal

Stochastic model
(ISO/DIS 2001)
Accuracy
Error matrix

Ordinal

Error matrix

Interval

Error matrix

Ratio

Distribution functions,
standard deviations
Distribution functions,
standard deviations.
Distribution functions,
standard deviations.
Distribution functions,
standard deviations.
Membership functions

Absolute
Cyclical
Counts
Graded membership

Completeness
Bionominal distribution.
Error frequency
Bionominal distribution.
Error frequency
Bionominal distribution.
Error frequency
Bionominal distribution.
Error frequency
Bionominal distribution.
Error frequency
Bionominal distribution.
Error frequency
Bionominal distribution.
Error frequency
Bionominal distribution.
Error frequency

3.2 Case studies
Three different case studies have been performed to reach the thesis goals.
Paper I and Paper II focus on the problem arising when information about the quality
of source datasets is missing. However, since quality specifications were missing for
the datasets used in Paper I I I , the questionnaire template was used for the
identification and quantification o f uncertainties in the source datasets in Paper I I I as
well. This is not explicitly stated, since the focus in Paper III is instead on describing a
method for quality evaluation in the decision-taking phase.
The procedures involved in Paper I and Paper I I are
- "Data quality assessment by using a questionnaire";
- "Monte Carlo simulation"; and
- "Data variability reporter".
Information about the quality o f analysis results is in Paper I presented using an error
matrix. In Paper II the involved users preferred histogram bars, including mean values
and standard deviations, for the presentation o f the quality evaluation results.
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Paper I I I involves the procedures
- "Data quality assessment by using a questionnaire";
- "Construction o f artificial perfect datasets";
- "Micro-simulation";
- "Monte Carlo simulation";
- "Artificial decision-maker"; and
- "Decision evaluator".
In Paper I the source datasets used were represented by ratio and nominal scales and in
Paper I I the datasets were represented by ratio and absolute scales. Finally, in Paper III
the datasets were represented by nominal and absolute scales.
The questions that the case studies have been focusing on in order to attain the thesis
goals are:
1. How should a questionnaire be designed in order to
i. obtain sufficient information for the Monte Carlo simulation,
i i . assure that the answers provided can be transformed into
parameters required by the Monte Carlo simulator,
iii. encourage the respondent to provide answers?
2. How does one implement the answers into the Monte Carlo simulator?
3. Can quality specifications be used for the evaluation o f different alternatives
within a decision-making process?
4. Can expected utility measures be used instead of standardised data quality
elements for evaluating fitness for use?

3.2.1 When information
(Papers I and II)

about the quality of source datasets is missing

Two different case studies have been performed to address the problem arising when
quality specifications o f source datasets are missing. The goals have been to develop a
procedure for the identification and quantification o f uncertainties in source datasets
based on questionnaires and interviews, and to develop procedures for incorporating
the answers into Monte Carlo simulations.
In Paper I the case study concerns quality assessment in a spatial epidemiological
analysis. The spatial pattern for stroke events has been studied and an evaluation has
been performed as to whether the pattern is significant or not.
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In Paper I I the case study concerns quality assessment in a regional gap analysis.
Uncertainty analysis and sensitivity analysis have been performed to evaluate the
numerical estimates o f ecoregional gaps concerning forest older than 110 years.
3.2.1.1 Methods and material
3.2.1.1.1

Identification

of errors and

uncertainties

The purpose o f Papers I and I I is to study the extent to which questionnaires directed
to data producers can be used for assessing unspecified quality. The idea is that by
allowing vague responses and imprecise information, the more likely it is that one will
obtain comprehensive answers. The intention is that it will be possible to use the same
questionnaire irrespective o f the respondent.
The data producers for each dataset were contacted and interviewed in accordance
with the questionnaire created.
In the case study presented in Paper I , two types o f interviews were held on the same
occasion, in immediate connection with each other. First the respondents were asked to
quantify uncertainties by giving crisp answers, and secondly the respondents were
given the opportunity to make vague responses. The purpose o f this was to study
whether there would be a change in the answering rate or not.
In the case study presented in Paper II the questionnaire allowing vague responses was
used.
Within the questionnaire allowing vague responses, the quality assessment for each
variable was carried out in accordance with the diagram shown in Figure 2. The figure
shows the process o f assessing the uncertainty o f variable nn. The first action is to
quantify the uncertainty by following a path in box A . Since a variable can be derived
from other variables, these other variables must in turn be identified (box B in the
figure) and evaluated (i.e. box A for each variable). Moreover, for variable nn
correlations may exist to other variables, datasets, and uncertainties, which also need
to be quantified. This process is repeated until the whole hierarchy and its uncertainties
are identified for variable nn, and then the quantification starts for another variable
(nn+1).
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Figure 2. A hybrid diagram for the "identify uncertainties" activity.
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3.2.1.1.2

Monte Carlo

simulations

The quantified uncertainties were randomly varied and randomly subtracted from the
original datasets using Monte Carlo simulation.
In Paper I the Monte Carlo simulation consists o f three parts, see Figure 3, namely:
a) Determination of the frequency o f the objects to be modified. I f a crisp value is
defined in the questionnaire, this value is selected. Otherwise, i f an interval [a,b] is
given, a rectangular distribution function is assumed, the random number, £ is
drawn (g e [o,l]), and the error frequency, x, is given by solving the
equation F(x) = g

where

F(x) =

0
(x-a)
(b-a)
1

x<a
a

<x<b
x>b

b) Selection o f a random subset o f objects according to the frequency obtained in a).
c) Modification of the value in each object in the random subset according to the
assessed uncertainty o f the variable. This modified value, y, is obtained by solving
the equation
where
£

is a uniform random number, (S, e [o,l]); and

F(y)

is the cumulative distribution function o f the assessed uncertainty
(similar to F(x) in a) above).
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Figure 3. A hybrid diagram for the "Monte Carlo simulation" activity in Paper I .
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The structure o f the Monte Carlo activity for Paper I I is shown in Figure 4.

Figure 4. A hybrid diagram for the "Monte Carlo simulation" activity in Paper I I .

A triangular distribution function was assumed. Then the uncertainty x was quantified
according to the following:
If a crisp value was defined in the questionnaire, this value was selected. Otherwise,
a random value, was d r a w n ( £ e [0,1]), and the uncertainty x was given by solving
the equation F(x) = g
where

F(x) = j " / ( x ) d :
0
2(x-a)

a<x<c

(c - a)(b - a)
\{c
and

f(x)=
2(b-x)

c<x<b

(b-c)(b-a)

In the first paper a rectangular distribution function was assumed, while in the second
paper a triangular function was used. The reason for this is that the questionnaire
allows estimates as a range or as a value. The rectangular function can be used when
the uncertainty is expressed as a range. However, when the uncertainty is expressed as
both an interval and a "good guess", a rectangular distribution function may not be
appropriate. The problem here is connected with the interpretation o f the "good
guess", whether it is the expected value in a statistical sense, or the most probable
value. In neither of these interpretations is a rectangular function sufficient, because
such a function has no local maxima and the expected value is in the middle of the
range. For this reason, a triangular distribution function was introduced, which allows
interpretation of the "good guess" as "the most probable values" or even in some cases
the expected value too.
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3.2.1.2 Results and conclusions
3.2.1.2.1 The identification

of errors and

uncertainties

Paper I
During the crisp interview, very few responses were obtained and uncertainties were
quantified for position only. However, it was indicated that other variables were
suffering from uncertainties, but the respondents refused to quantify them. When
allowing vague responses, 60 variables were assessed as suffering from uncertainties,
and these uncertainties were quantified using distribution functions.
Paper I I
The respondent who had training in ecology saw the potential o f being able to provide
vague answers, while the respondent for dataset B, who was an expert in spatial
statistics using remote sensing data in particular, preferred crisp answers.
3.2.1.2.2

Evaluations

Paper I
In Paper 1 error matrices were created to study how the quantified errors and
uncertainties in the source data affected the results, i.e. the stroke risk map. Then, to
evaluate the robustness of the analysis, the mean value for each specific class was
calculated; i.e. an error matrix containing mean values was created. The user accuracy
and the producer accuracy for this error matrix were calculated as well. The better the
user accuracy was, the more robust the method used for analysis was considered to be.
Table 4 shows an error matrix for the stroke risk map o f the "total population", where
the element e(i,j) in the matrix represents the average number o f cells assigned to class
i that actually belong to class j. The row headings represent the Monte Carlo
classifications, while the column headings represent the undisturbed stroke risk map
(ground truth).
It should be noted that the accuracy for the class "significantly decreased risk"
indicates relatively poor user accuracy (« 64%), most likely because there are few cells
belonging to that class in the area studied. The users in the case study consider the
accuracy for the class "significantly increased risk" (i.e. ~ 85%, see Table 4) to be the
most important to verify.
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Table 4.

Error matrix containing the average number o f cells assigned to each
class, total population.

Everything else

311521

Significantly
decreased risk
0

Significantly
decreased risk
Decreased risk,
not significant
Increased risk,
not significant
Significantly
increased risk
Total

0

7

1

0

0

8

7

4

437

32

0

480

103

0

37

2099

10

2248

2

0

0

8

58

67

311633

11

485

2203

68

314400

Everything else

Decreased risk,
not significant
9

Increased risk,
not significant
64

Significantly
increased risk
0

311596

Total

Overall accuracy » 99.91 %
User's Accuracy
Everything else
Significantly decreased risk
Decreased risk, not significant
Increased risk, not significant
Significantly increased risk

«
=
»
«
»

99.96%
64%
90%
95%
85%

Producer's Accuracy
Everything else
~ 99.98%
Significantly decreased risk
« 84%
Decreased risk, not significant « 91%
Increased risk, not significant = 93%
Significantly increased risk
» 86%

Paper I I
In this study two simulation sets, each re-calculating the numerical estimates 1000
times, were made using triangular distribution functions as stochastic models for the
assessed uncertainties. In the first simulation set it was assumed that the assessed
parameter value was the most likely value o f the parameter in question, since some
parameters would not correspond to triangular distributions otherwise. In the second
simulation set the assumption was that that value was the expected value o f the
parameter in question and hence the assessed ranges needed to be modified.
The mean values and standard deviations for the estimated gaps and surpluses from the
first simulation set are shown in Figure 5, and those from the second simulation set are
shown in Figure 6. The histogram bars represent the modified original, the lines
represent the standard deviations and the dots represent the mean values.
The result from the first simulation set shows that, when using such simple stochastic
models, the numerical estimates will suffer from systematic errors (bias). The study
also shows that i f the assessed value is considered to be the expected value, then the
ranges need to be modifiable or more complicated stochastic models need to be used
(see Figure 5 and Figure 6).
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3.2.1.2.3

Conclusions

In Paper I , the case study shows a useful method for evaluating how sensitive the
results o f an epidemiological analysis are to errors and uncertainties in source data.
The users in that case study consider this type o f analysis to be o f great value. Since it
is feasible to evaluate whether the results are significant or not, one can also decide i f
the results can form a basis for other scientific studies.
In Paper I I , the case study shows a useful method for overall evaluation o f how
sensitive the numerical estimates of a regional gap analysis are to errors and
uncertainties in datasets. The simulations indicate that the numerical estimates o f the
regional gaps suffer from quite large uncertainties, which need to be considered when
interpreting the gap-analysis results. It is recommended that methods that improve the
precision of the gap analysis need to be developed. Refined studies concerning the
spatial variation at a more detailed level are also recommended.
The case study in Paper I and the case study in Paper II show that quality evaluation o f
the analysis result was possible by using a questionnaire and interviews to obtain
information about the quality o f source datasets. Yet, the outcomes o f the quality
evaluations were totally different. However, both o f these case studies confirm that
knowledge about uncertainties and their influence is always o f great value.
The thesis goals o f these papers were to study whether questionnaires directed at data
producers could be used for assessing unspecified quality, and to develop procedures
for incorporating the answers into Monte Carlo simulations.
The following conclusions concerning these goals can be drawn from the studies
performed:
•

When data quality specifications are lacking, questionnaires and interviews can be
used for the identification and quantification o f uncertainties. However, in order to
ensure consistency between stochastic models and answers given by the
respondent, some kind o f software support is required.

•

There is a great increase in the response rate when vague assessments are allowed.
However, such an approach requires the modelling o f a transfer function between
different scales o f measurement.

• I n all the interviews where vague answers were allowed, sufficient information for a
subsequent Monte Carlo analysis was obtained. However, the accuracy of the
answers has not been studied.
• It is questioned whether surveys only using a questionnaire (irrespective o f crisp or
vague responses) can detect subtle indications that uncertainties may exist.
• The template does not supply temporal changes in a variable i n its present form. It
is presumed that values including temporal changes also include temporal changes
in data quality. Hence, the template needs to be supplemented with temporal
extensions.
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3.2.2 A method for quality evaluation in the decision-taking

phase (Paper III)

The goal o f Paper III is to describe a method for quality evaluation in the decisiontaking phase. The method was used in a case study where the performances o f
different monitoring systems were compared. Special emphasis is placed on evaluating
the risks associated with the different designs expressed as costs and benefits.
3.2.2.1 Methods and material
When designing a monitoring programme, the most important factors to consider may
be the certainty o f its predictions and the cost o f the programme. Since a monitoring
programme can be designed in several different ways, it is important to achieve a
proper balance between these aspects.
In Paper III an approach to expressing the fitness for use o f spatial data is presented.
The idea is to study the effect o f uncertain and incomplete information in the decision
domain. Assuming, for simplicity reasons, that we are making rational decisions based
solely on facts (information), then the decision-making process can be expressed as a
function:
d = f(U)
where

d e D , D constitute the set o f all possible decisions
U is the information available

An optimal decision may then be written as
d* = f(U*)
The fitness for use of a dataset, P, may then be expressed as
S- = Dist (d - d*) = Dist (/(/>) 2

where

S-

2

/(£/*))

is an n-dimensional vector describing the suitability, and

Dist is a distance function in an n-dimensional space, expressing the
2

difference between two decisions.
The idea is that existing standards related to data quality elements can be used for such
assessment. Paper III studies the extent to which standardised quality elements can be
used for the evaluation of the impact o f errors and uncertainties on a decision-making
process, with respect to their risks and associated costs.
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The method was applied to the monitoring o f the lichen cover as a test case, and four
different methods for estimating the lichen cover were studied, namely
• interpretation o f aerial infra-red images;
• classification o f T M data;
• spectral changes in T M data; and finally
• field measurements.
The case study described in Paper III consisted o f three steps. In the first step, artificial
perfect datasets, U * and U * , were produced. The artificial perfect dataset for time tO
(U,o*) was constructed on the basis o f the classification o f existing real datasets,
whereas the perfect datasets for time t l ( U * ) were produced by using a spatial microsimulation technique. In the second step, the datasets P were generated using Monte
Carlo simulation, and finally, in the third step, the fitness for use o f each monitoring
method was evaluated using expected utility (EU) measures.
t 0

t l

tl

£L/ = 2 > ( £ ) - « ,
where

Pr(^i) is the probability o f state % occurring
Ui is the costs and benefits associated with state %

The utility o f each action is estimated as a vector consisting o f the environmental
utility and monetary utility. A positive utility corresponds to an improvement in the
environmental quality or a financial profit, while a negative utility corresponds to
environmental or monetary costs.
3.2.2.2 Results and conclusions
Change detection based on N D V I differences was found to be inapplicable in the case
study. When trying to implement the N D V I method, it was found both empirically and
theoretically that this method was too weak. Most likely this was due to the use o f a
change detection strategy that was far too generalised.
For the other three different monitoring methods studied, the utilities shown in Table 5
were estimated. Note that the environmental utility is expressed along a relative scale,
while the monetary costs are expressed in monetary units. Note also, that the presented
results are site-specific and no conclusion can be made concerning what monitoring
method is preferable in general.
Table 5. Expected utilities for the three monitoring methods.
Monitoring method
Field survey
Interpretation o f aerial photos
Classification o f satellite images
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Environmental
Utility
1.33
1.33
0.80

Monetary
Utility
-78
-62
-59

It is concluded that standardised data quality elements are extremely useful for
evaluating the usability o f environmental monitoring methods. However, these
measures cannot be used directly as indicators. Instead they have to be transformed
into a domain understood by the user. It is shown that estimates o f expected utility can
be used as such measures.
When estimating gains and costs, special attention must be paid to the following:
•

I f synthetic data are constructed using spatial micro-simulation techniques, macroconstraints such as a priori probabilities should be used for aligning the simulation
model.

•

I f synthetic data are constructed using Monte-Carlo simulation techniques, good
models o f the errors and uncertainties must be used. The standardised data quality
elements proposed by ISO have not proven to be insufficient.

•

The utility function associated with the outcome o f the decisions must be studied in
more detail before the approach presented here can be used in real situations. It is
especially important to decide which external monetary costs should be included in
the calculations, for instance costs due to restrictions on land use. It is o f equal
importance to have a solid model for the environmental gains and costs associated
with different scenarios.
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4. Conclusions and final remarks
The investigations presented in this thesis show tools and methods to improve the
quality assessment in the decision-taking phase. As a result o f the performed case
studies, some basic procedures that are needed for data quality assessments and
evaluation o f data usability have been identified.
The performed studies show that:
• Standardised data quality elements are extremely useful for evaluating the fitness
for use o f data for environmental monitoring, but they have to be transformed into a
domain understood by the user. Estimates o f the expected utility are examples o f
such measures.
•

When data quality specifications are lacking, questionnaires and interviews can be
used for the identification and quantification o f uncertainties. However, in order to
ensure consistency between stochastic models and answers given by the
respondent, some kind o f support is required. Moreover, it is questioned whether
surveys only using a questionnaire can detect subtle indications that uncertainties
may exist.

•

During the identification and quantification o f uncertainties there is a great increase
in the response rate when vague assessments are allowed. However, such an
approach requires the modelling o f a transfer function between different scales of
measurement.

• In all the interviews where vague answers were allowed, sufficient information for a
subsequent Monte Carlo analysis was obtained.
The basic procedures for data quality assessment and data usability evaluation that
have been identified in this thesis are
- Data quality assessment by using a questionnaire;
- Generation o f artificial perfect datasets;
- Micro-simulation for predicting future states;
- Monte Carlo simulation for generating realistic artificial datasets;
- Data variability reporter;
- Artificial decision-maker;
-

Decision evaluator for quantifying the effects o f different decisions.

Moreover, the case studies verify that these procedures can be connected to each other.
One focus o f this thesis has been on using expected utility measures to quantify the
effects that errors and uncertainties may have on spatial decisions. The reason for this
is that one advantage o f using expected utility as a measure for fitness for use is that it
clearly demonstrates the connection between data quality, decisions, and
environmental and financial costs and benefits.

52

The expected utilities calculated in Paper III are rather simple and lacking in detail, but
for the purpose o f the investigations in that case study they are considered to be
sufficient. However, i f a similar approach is to be used operationally, greater attention
has to be paid to this subject. In addition, no attempts were made to optimise any
monitoring method, although such procedures may be designed within the framework
described in Paper I I I .
The approach allowing vague assessments o f uncertainties increases the answering
rate. However, the question o f whether this approach actually entails better answers
has not been studied. It is, however, expected that vague uncertainties are better than
not considering uncertainties at all.
The method described in this thesis has been developed in order to help users to
evaluate their alternatives. However, the results described in each case study are casedependent and they may not be extrapolated to other cases in a straightforward
manner. More research and experience in this area are therefore necessary.
The case studies performed are the first o f their kind, in that they ascertain whether
questionnaires can be used for assessing uncertainties when data quality specifications
are lacking. The ambition was never to present a consummate solution. A great deal o f
experience has been gained during the studies, and the following details are
particularly important to call attention to in the event o f future studies and refinements:
• The template does not supply temporal changes in a variable in its present form. It
is presumed that values including temporal changes also include temporal changes
in data quality. Hence, the template needs to be supplemented with temporal
extensions.
• By allowing vague assessments it was relatively easy to obtain answers. It was,
however, noticed that some respondents were unwilling to quantify errors and
uncertainties, because they did not want to appear to offer data with insufficiently
high quality. Moreover, the number o f respondents was low, which is indeed a
shortcoming. However, this is quite normal, because there are few experts with
knowledge o f the databases in question. Consequently, a recommended
improvement is to include methods that assure that reliable answers are obtained.
Examples o f improvements may be weighting o f respondents, repeated interviews,
consistency controls, and better assured translations o f linguistic estimates.
• The template needs to be tested in more case studies including different levels o f
measurement and different kinds o f stochastic models. Additionally, more complex
distribution functions may need to be included.
Wachowicz et al. (2002) say that there is an important element linked to the way in
which users perceive and use existing data. The same data presented in an unfamiliar
way to a certain user seem to fail concerning their usability. Moreover, it is stated that
geographic information is no longer only used by experts, but that non-experts often
lack the know-how to deal with spatial data. Hence, it seems necessary to create a
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framework and/or a task map for non-expert users. I do agree with their statement that
there may be more to gain in making data more usable for non-expert users than for
expert users. Hopefully, many studies and applications dealing with this issue will be
presented quite soon.
The ideas o f Wachowicz et al. (2002) indeed strengthen the user's position in the
process o f evaluating spatial data usability. It is my opinion that, since the demand for
a product (in this case spatial data) is necessary for the market for that product to
survive and to increase, their ideas constitute a first step towards a more sustainable
GI-future. However, no applications were discussed in Wachowicz et al. (2002).
Consequently, no concrete proposals how to express usability were mentioned either.
This thesis can be somewhat subordinated to the ideas o f Wachowicz et al. (2002),
especially the approach presented in Paper I I I . Wachowicz et al. (2002) identify
usability as an umbrella term where "Utility" is said to be a key concept that could
easily f i t any of the comprised elements. Moreover, Wachowicz et al. (2002) continue
by saying that the utility concept is the fundamental parameter that defines the
transition between groups. Consequently, the expected utility approach used in Paper
I I I seems indeed to form a well-defined measure o f usability.
No matter what approach is adopted to evaluate usability, quality etc., I believe that a
language that is fully understood by the user is an absolute necessity. Consequently,
future studies concerning spatial data usability ought to involve active users in such a
way that user-needs are brought into focus.
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5. Further research
A recent initiative launched by the European Commission is INSPIRE (Infrastructure
for Spatial InfoRmation in Europe) (INSPIRE 2002). It aims at triggering the creation
of a European spatial information infrastructure for the access and use o f spatial
information, allowing users to identify and access spatial information from a wide
range o f sources, from the local level to the global level, in an inter-operable way. This
effort w i l l considerably increase the number o f users coming from a variety o f subject
fields.
As spatial information technology becomes more common within a wide range o f
subject fields, the number o f data sources will increase, meaning that it w i l l be even
more difficult to assess the quality o f the final analysis results. The large variation in
the use o f spatial data probably requires great flexibility in the design o f quality
evaluation systems.
The method suggested in this thesis for data quality assessment and data usability
evaluation may form a useful framework where each procedure can be translated into
components. Moreover, Agumya's framework (Agumya 2000) contains several
interesting parts that could be included as components within such a quality assurance
framework. Likewise, the methods described by Heuvelink (1998) can indeed form
parts o f an error propagation component. However, to develop such a framework,
more case studies are required, above all for the purpose o f identifying essential
components.
It is recommended that future research should attempt to find various quality
assessment services which might later be implemented as Internet-based services.
Since OGC aims to standardise interfaces to software and services, it would be
advisable to specify and develop future quality assurance services in accordance with
such standards.
What is important for the achievement o f such quality assessment services is that the
communication should be performed in ways understood by the user.
Spatial decision support
The method described i n Paper I I I shows that spatial decisions benefit from combining
GIScience with economic sciences and social science. However, the focus in this
thesis has been on the assessment o f uncertainties in the documentation/information
phase and in the decision-analysis phase. Uncertainties in the decision-taking phase
may have a considerable influence on the decision. However, the decision-taking
phase w i l l probably be very complex to implement in a quality assessment tool. For
that purpose GIScience w i l l probably benefit from collaboration with behavioural
science as well. However, since many decision-makers are used to dealing with
uncertainty, it might be sufficient to merely communicate the uncertainty to the
decision-maker. In any case, the uncertainties should be expressed in terms understood
by the decision-maker.
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Hence, further studies concerning spatial decision support in collaboration with social
science, environmental economics, and behavioural science w i l l be o f interest.
Quality
assessment
This thesis shows a procedure for assessing the quality o f spatial analysis results based
on questionnaires for the identification and quantification o f uncertainties in source
datasets. By using questionnaires and/or interviews to estimate uncertainties, a user is
not dependent on expressing the quality in terms o f standardised quality measures and
metadata elements.
Naturally, there are difficulties when formulating the questionnaires as well as during
the survey. Support to a user formulating such questionnaires and interviews, as well
as assistance in the future utilisation of the obtained information, might be o f value.
Further studies concerning the design o f a general framework for quality assurance
where such surveys are included as an eligible component are o f interest.
In different fields within society, questionnaires and rating scales are o f considerable
value as measuring instruments when describing values like feelings, comfort,
function, noise, and quality. The fields of application are wide and often
interdisciplinary. As the use o f spatial analysis increases, new types o f attribute data
will probably appear. It is most likely that information o f a more subjective nature will
become more common. One way to increase users' consciousness o f the possibilities
and limitations o f spatial analyses, and especially o f quality assessment o f the results,
might be to adopt methods or techniques that come closer to human reasoning.
Questionnaires and interviews allowing vague answers are facilitating methods. Some
benefits are that they can provide a linguistic and non-numerically, nonmathematically, and non-statistically based approach to the assessment o f quality
information.
However, an additional difficulty will arise i f the quality assessments in a survey
situation are only given by using linguistic rating scales. The difficulty resides above
all in the fact that different people make different assessments and have different
linguistic usage. Moreover, the same term can have different meanings for different
variables. A deeper study involving assessments using linguistic rating scales is
recommended.
Consequently, a closer connection between engineering and other sciences where there
is greater experience o f evaluating subjective estimates is o f importance and hence
recommended for future studies.
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Abstract
This paper proposes a routine for validating the results o f a spatial analysis. In contrast
to other work addressing uncertainty analysis, it focuses on validation when
information about the accuracy o f source data is missing or insufficient.
Questionnaires and interviews are used to obtain such information. In an effort to
make the survey-situation user-friendlier and to obtain answers that are as complete as
possible, a standardised questionnaire allowing vague responses and imprecise
information is developed.
In a pilot study, epidemiological and spatial information is used to study the spatial
pattern o f stroke events. When all the errors and uncertainties are quantified,
uncertainty analysis is performed using Monte Carlo simulation.
It is shown that there is a great increase in the response rate when vague assessments
are allowed. Moreover, it is shown that in spite o f vague answers, sufficient
information for a subsequent Monte Carlo analysis was obtained. However, one
problem that this method faces is that there are usually very few persons at the data
producers who have knowledge o f specific datasets. Consequently, the accuracy o f
obtained answers may sometimes be questioned.
The main conclusion for the epidemiological purpose o f the study presented in this
paper is that, since it is feasible to evaluate whether the results are significant or not,
the epidemiological analysis can form a credible basis for further scientific studies.
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1 Introduction
This paper deals with problems related to quality assessment when information about
the quality o f source data is unknown. The purpose is to study whether questionnaires
directed at data producers can be used for assessing unspecified quality. The idea is
that by allowing vague responses and imprecise information, the more likely it is that
one w i l l obtain comprehensive answers. Another purpose is to study how errors and
uncertainties in administrative databases w i l l influence the results o f a spatial analysis.
The importance of spatial data quality has received much attention during the past 15
years. However, most past research seems to focus on the presence o f errors in source
data and the need for standards regarding the data quality components. The standards
are also formulated mainly from a producer perspective (Frank 1998). Many authors
point out that most spatial analysis projects do not seem to account for error
propagation or for the influence that the errors may have on the validity of the analysis
results (Openshaw et al. 1991, Carver 1991, Brunsdon and Openshaw 1993, Heuvelink
1993, Goodchild et al. 1994, Veregin and Lanter 1995, L i u and Herrington 1996,
Östman 1997, Agumya 2000). These authors believe that this is mainly because
quality assessment tools are not to be found in commercial G1S software packages.
Heuvelink (1998) suggests that tools to analyse the propagation o f errors in GIS
operations would be much more accessible i f they could be incorporated into
mainstream commercial GISs, and into software environments that are also commonly
used to support environmental modelling. However, Heuvelink (1998) concludes that
important obstacles to managing uncertain spatial data are the lack of information
regarding the accuracy o f stored source data and the fact that the majority o f GIS users
do not yet seem to recognise the added value o f an error propagation analysis. Agumya
(2000) states that the following characteristics are desirable for a procedure to serve
effectively the function of assessing fitness for use and to achieve widespread
adoption: the procedure should be simple and cheap, it should be easily understood
and function satisfactorily with the available metadata, and it should be informative, o f
measurable reliability, and flexible.
According to Östman (1996), the quality standardisation proposals made so far have
aimed to define components that are common to many different types o f databases,
while being easy to understand and implement. Due to the generality o f these quality
descriptors, they are not well suited to complex analyses, for example. As GIS has
become more common within a wide range o f subject fields, the number of data
sources has increased, meaning that it is even more difficult to evaluate the quality o f
the results o f the final analyses. The large variation in the use o f spatial data requires
great flexibility in the design o f quality systems. Frank (1998) states that a fully
general data quality description for any potential use is not possible. But neither is a
specific data quality description for every possible use necessary. The essential
requirement is that these quality descriptions must be made to suit the intended use o f
the data.
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The pilot study described in this paper uses error propagation studies to evaluate
whether the results o f a spatial analysis are reliable or not. Error propagation may be
studied using explicit formulas or simulation studies. It was as far back as in 1984 that
Förstner used Monte Carlo simulation to test the quality of aerial triangulation. In
1989, Openshaw proposed that the Monte Carlo method could form the basis o f a
general and universal solution for error propagation studies. This technique has since
then been applied by different researchers to spatial accuracy assessment, for instance
Fisher (1991), Mowrer (1991, 1994a, 1994b, 1997), Openshaw et al. (1991),
Heuvelink (1993, 1998), Emmi and Horton (1995), and Aerts (2002). However, the
quality o f an analysis may only be derived by error propagation studies i f the quality
of the input data is known and the processing rules are defined. Hence, the examples in
error propagation studies to date seem to be based on known error properties, for
instance in the studies o f Heuvelink et al. (1989), Fisher (1991), Haining and Arbia
(1993), Heuvelink (1993), Mowrer (1994b), Veregin (1994), Emmi and Horton
(1995), L i u and Herrington (1996), and Arbia et al. (1998).
The problem o f how to generate realistic estimates o f errors and uncertainties when no
information has been stored with the captured data is not new, but still remains to be
solved. T i m p f et al. (1996) studied the usage o f the CEN metadata standard and
assessed whether potential users o f the metadatabase could understand the information
provided. They found that users needed more and different information than the
metadata provided. In 1997 the Commission o f Spatial Data Quality of the I C A
conducted a questionnaire survey concerning the standard quality descriptions and
quality assurance routines being used. The results indicated a possible mismatch
between the users' requirements and the data quality specifications being offered by
the data producers (Östman 1997).
Because spatial information and GISs are becoming more available, new types o f
analyses w i l l arise and a larger variety o f data from different subject fields w i l l
probably be combined. New users, new types o f analyses, and new combinations o f
input data might entail that additional data quality descriptors w i l l always be required.
Consequently, there seems to be a need for quality assurance routines to validate the
results o f an analysis properly, even when there is missing or insufficient information
about the accuracy o f source data. Östman (1996) states that the data producers
probably have the most detailed knowledge about data errors and uncertainties within
their own datasets. Consequently, it is suggested that the producers should be
responsible for providing this knowledge, for instance as additional quality services.
The hypothesis of this paper is that questionnaires and/or interviews directed at the
producers may be used for quality assessment when quality specifications are lacking.
The goal is to develop a template, based on questionnaires, for identification and
quantification o f uncertainties in datasets. A n additional goal is to develop procedures
for incorporating the answers into Monte Carlo simulations.
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The two questions that this study has been focusing on in order to attain these goals
are:
1. How should a questionnaire be designed in order to
i. obtain sufficient information for the Monte Carlo simulation,
i i . assure that the answers provided can be transformed into
parameters required by the Monte Carlo simulator,
iii. encourage the respondent to provide answers?
2. How does one implement the answers into the Monte Carlo simulator?
In a pilot study, epidemiological and spatial information is used to study the spatial
pattern o f a specific disease. The specific purpose o f this pilot study is to develop a
method for showing standardised numbers o f incidences at a detailed spatial level. GIS
in environmental epidemiology has been adopted internationally and there are many
books and papers in epidemiology that use spatial statistical methods. Chen et al.
(1996) conclude that future applications o f GIS in environmental health sciences look
promising, but a great deal o f research needs to be performed with respect to
incorporating spatial statistical techniques in exploratory analysis and concerning data
quality.

2

Methods

The quality and reliability evaluation in the pilot study described in this paper is partly
based on error propagation studies. Heuvelink (1998) suggests four alternative
approaches for error propagation, namely the first order Taylor method, the second
order Taylor method, Rosenblueth's method, and the Monte Carlo method. One
prerequisite o f the first and second order Taylor methods, as well as Rosenblueth's
method, is that the GIS operations can be linearised. The Monte Carlo method,
however, is not limited to linear systems.
Since the pilot study considered herein is difficult to linearise, the Monte Carlo method
was used for varying the dataset according to statistical properties and then the
analysis was re-processed. Each time the analysis was re-run, the information for each
variable that was affected by uncertainty was altered, according to its probability
distribution function. Each result o f the analysis can be equally seen as a likely
alternative for representing reality. By comparing these results, conclusions can be
drawn concerning the robustness of the analysis method used. Error matrices were
prepared and used for this purpose.
However, to study how errors in the database propagate when running an analysis and
how they will influence the results, the sources o f errors must be known and
quantified. Since all such information was lacking for the datasets used in the pilot
study considered herein, the producer o f each original database was consulted. A
questionnaire was prepared to obtain quantifications that would be as accurate as
possible. The intention was that this questionnaire, or guidelines for the preparation o f
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it, could be included as an eligible component in a future general framework for
quality assurance.
The structure of the quality assessment procedure is shown in Figure 1. It basically
consists o f the following steps. First the source data is merged into a single dataset and
a spatial epidemiological analysis is performed, and then the errors and uncertainties in
the source databases are identified by using a questionnaire and interviews. The
dataset is varied in accordance with the identified uncertainties by Monte Carlo
simulation, and the spatial epidemiological analysis is re-run. Finally, an evaluation is
carried out to study what effect the errors and uncertainties have on the results. The
focus in this paper is on the identification of errors and uncertainties and the Monte
Carlo simulation of these errors and uncertainties. These activities are refined further
in Figure 2 and Figure 3.
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Figure 1 The quality assessment, expressed as a U M L activity diagram,
complemented with important datasets.
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The questionnaire and the quality assurance routine are used in a case study
concerning spatial epidemiological analysis in which epidemiological and spatial
information is used to study the spatial pattern o f stroke events. In Sweden,
cardiovascular diseases are more common in the northern counties, Norrbotten and
Västerbotten, than in the rest of the country. The county councils o f these provinces
participate in the WHO MONICA Project (World Health Organisation Monitoring o f
Trends and Determinants in Cardiovascular Disease). In the MONICA Project,
uniform criteria for recording cardiovascular disease have been applied to 39
populations in 26 countries. Nineteen M O N I C A centres participate in the stroke
component o f the study, one of them covering the Counties of Norrbotten and
Västerbotten (Stegmayr and Asplund 1992). Since 1985, all the stroke events from this
area have been registered and, moreover, other research in the medical and behavioural
sciences relating to coronary and vascular diseases is closely connected to the
M O N I C A Project.
More than 15 years o f stroke registrations have given enough material to make it
possible to calculate, analyse, and view the incidence o f stroke at a more detailed
geographical level than administrative areas like counties or parishes, while still
maintaining the confidentiality o f information about individuals. The purpose of the
case study described in this paper is to facilitate spatial epidemiological analyses at a
detailed level, as well as to develop a method to calculate and view spatial
epidemiological information on diseases, i.e. a method for showing standardised
numbers o f incidences at a detailed spatial level. The registrations made in the
M O N I C A Project concerning stroke events in Norrbotten and Västerbotten are used in
the case study to produce a stroke risk map.

2.1 Spatial epidemiological analysis
The databases that have been used in this pilot study are:
• The Population Register
• The Real Estate Register
• The M O N I C A Stroke Register
• The Cause o f Death Register
Information from these databases has been merged into a single dataset by Statistics
Sweden. Totally the dataset contains 678 870 persons, and for each person there is
information in 78 different variables. Before delivery Statistics Sweden de-identified
the information.
Corrections for inconsistency were mainly performed by Statistics Sweden before the
delivery of the merged dataset. However, the delivered dataset was verified according
to the procurement requirements before being accepted (i.e. the data was checked to a
certain extent concerning its consistency, completeness, positional accuracy, and
thematic accuracy).
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The dataset was stored in Microsoft Access. Selections from the dataset were made on
a yearly basis, both regarding the whole population (sex, position, age) and regarding
the first instance o f stroke (sex, position, age). Since strokes are most unusual before
the age o f 25 and since the M O N I C A Stroke Register only contains cases that occurred
before the age o f 75, the information used is limited to the ages o f 25-74. Totally 62 o f
the 78 variables for each record were used in the analyses performed.
The analyses were made using Arc View and Spatial Analyst. Since the information is
stored under the promise o f confidentiality, the resolution o f the created raster images
was set to l k m * l k m . Standardised disease ratios and rates were calculated for each
raster cell to enable appropriate comparisons between study groups after adjusting for
confounding factors like age and sex. The standardised indices used are the standard
morbidity rate (SMR) and the standard morbidity difference (SMD). I f o represents the
actual observed cases o f stroke in an area during a certain period, and e denotes the
expected cases o f stroke in the same area during the same period, then SMR and SMD
can be defined as follows:

SMR = e

SMD = o-e

Both o f them can indicate increased risk (SMR > 1; S M D > 0) or decreased risk
(SMR < 1; S M D < 0).
The calculations o f SMR and SMD were performed for each year from 1985-1998.
These values were calculated for the whole population, as well as for men and women
separately. As reference values (standard values), the corresponding values for the
whole region (Norrbotten and Västerbotten) have been used. The age structure has
been taken into consideration. Because most o f this region is sparsely populated, some
raster cells contain few individuals. To distinguish rare events from insufficient
information, the confidence interval for each SMR was calculated as well.
The main result from the analysis was a stroke risk map, whose primary purpose is to
indicate areas with a significantly increased risk o f stroke. This stroke risk map is
based on SMR and its confidence levels. For readability this stroke risk map has been
transformed into an ordered scale o f five categories (significantly decreased risk,
nonsignificantly decreased risk, nonsignificantly increased risk, significantly increased
risk, and everything else).

2.2 Identification of errors and uncertainties
There was no documented information on the quality o f the dataset used, and therefore
three different survey procedures were considered, viz. the traditional face-to-face
interview, telephone interview, and questionnaire, in order to identify possible errors
and uncertainties. The most obvious difference between these survey procedures is the
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difference in questioning possibilities and flexibility (Wärneryd et al. 1990). While the
traditional interview gives the possibility o f asking a great number o f questions, o f
using visual aids, and o f guiding or controlling the response situation, the telephone
interview and the questionnaire involve fewer questions and information elements.
However, the questionnaire gives a better possibility o f providing well-considered
answers, while the interview situations might result in rapid and superficial answers.
To facilitate a higher response rate, a flexible interview schema allowing non-precise
answers was designed. The errors and uncertainties could be quantified by using
various domains, such as ordered scales, intervals and crisp values.
The long-term goal is to have a general framework for quality assurance where a
standardised questionnaire template allowing vague responses is included as an
eligible component. Because this study was a first attempt to facilitate the
development o f such a template, interviews were considered necessary as well. The
purpose o f the interviews was to test the template, since modification o f the questions
during the survey might be needed, and to have the possibility o f explaining the study,
discussing the reasons for and advantages o f using vague distribution functions, and of
course emphasising the importance o f receiving answers. The idea was that the same
questionnaire could be used irrespective of the respondent.
The Monte Carlo simulator requires that the distribution function o f each variable
should be specified, together with possible correlations between the variables. The
goal o f the questionnaire is to obtain sufficient information for this modelling. This
means that the type o f distribution function (normal, rectangular etc.) as well as its
parameters (mean value, standard deviation etc.) are requested. However, since data
producers, for various reasons, are not always willing to specify the quality o f the data
in such detail, other approaches are required.
The role o f the questionnaire is to provide a template, assuring that answers provided
by the respondent can be transformed into the parameters required by the Monte Carlo
simulator. This means that membership functions have to be defined that model the
nature o f the vague answers as well as the transformation between different scales o f
measurement. Another requirement o f the questionnaire template is that it must be
designed in such a way that the respondent is willing to provide answers.
Two types o f interviews were held on the same occasion, in immediate connection
with each other. First the respondents were asked to quantify uncertainties by giving
crisp answers, and secondly the respondents were given the opportunity to make vague
responses. The purpose of this was to study whether there would be a change in the
answering rate or not. The data producers for each original database, viz. Lantmäteriet
(the National Land Survey o f Sweden), Statistics Sweden, and the Northern Sweden
M O N I C A Project, were contacted and interviewed in accordance with the
questionnaire created.
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In
•
•
•

this study uncertainties were expected to originate from
överrepresentation or underrepresentation o f objects (completeness),
inaccuracy o f each variable,
inconsistency among variables.

When preparing the questions, the main focus was, o f course, on receiving
quantifications o f the uncertainties that would be as accurate as possible. Because part
of the long-term goal is to have a standardised template, and because in this case study
there was a large amount o f variables and possible sources o f uncertainties, the
intention was to generalise the questionnaire and to find general applicable questions,
while still maintaining complete answers.
Ever since Payne (1951) many checklists concerning the art o f designing questions
have been published. Summarising Payne (1951), Wärneryd et al. (1990), and
Dahmström (1996), the necessary overall essentials are:
• Define the purpose and the expected outcome of the survey.
• Do not include questions just in case they might be o f use.
• Define the questions in time and space.
• Ask questions about one thing at a time.
• Be careful about hypothetical and retrospective questions.
• Avoid loaded words and leading questions.
• Be aware o f the possible effects o f the order o f the questions.
For each variable, the quality assessment was carried out in accordance with the
diagram shown in Figure 2. The figure shows the process o f assessing the uncertainty
of variable nn. The first action is to quantify the uncertainty by following a path in box
A. Since a variable can be derived from other variables, these other variables must in
turn be identified (box B in the figure) and evaluated (i.e. box A for each variable).
Examples o f derived variables are age, which is calculated as the date o f stroke - the
year o f birth, and sex, which is derived from an individual's personal identification
number.
Moreover, for variable nn correlations may exist to other variables, datasets, and
uncertainties, which also need to be quantified. This process is repeated until the
whole hierarchy and its uncertainties are identified for variable nn, and then the
quantification starts for another variable (nn+1).

Figure 2 A U M L hybrid diagram for the "identify uncertainties" activity.
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The questionnaire was constructed in accordance with the structure in Figure 2. A n
extract o f the questions is shown in Figure 4. This part of the questionnaire was used
for all variables testing i f the same questions were applicable irrespective o f what
database the information originated from. Besides the questions related to the structure
in Figure 2, the respondents also had to quantify the överrepresentation or
underrepresentation in their databases. The template was tested for the assessment o f
the quality o f 62 variables, using 4 different respondents. However, since each
respondent evaluated different variables, the accuracy o f the responses could not be
studied. One must call attention to the fact that a common phenomenon when dealing
with data producers is that only one person can answer questions concerning errors
and uncertainties included in their data.
As already mentioned, two types o f interviews were held on the same occasion, to
study whether there would be a difference in the answering rate or not between
interviews with only crisp answers and interviews with vague responses. The crisp
interview only had question A in Figure 4 as an option for quantifying the amount o f a
variable suffering from error or uncertainty, and the answer was only allowed to be
given as a numerical assessment. Likewise the answer concerning the error or
uncertainty o f a specific variable was only allowed to be crisp.

2.3 Monte Carlo simulations
The uncertainties that were quantified throughout the questionnaire and the interviews
originate from all o f the 62 variables used in each record. Moreover, one o f the
databases was assessed to be overrepresented, and yet another database was assessed
to be underrepresented. To summarise, uncertainties were quantified for the following
variables:
• sex
• year o f birth
• annual positions for the years 1985-1998
• age when the first stroke occurred
• date o f stroke
• earlier indication o f stroke
• type o f stroke
• number o f persons in the M O N I C A Stroke Register (överrepresentation)
• number o f persons in the Population Register (underrepresentation)
The majority o f the assessed uncertainties were quantified by vague assessments using
ordered scales and intervals. Since the Monte Carlo simulator requires numerical
parameters, transformations between the different scales o f measurement were
necessary. For that purpose membership functions were defined. According to
Openshaw and Openshaw (1997) the shapes o f the membership functions, as well as
the number o f functions, do not actually affect the performance o f the model. Instead
they may affect the level o f accuracy of the outputs generated by the model. In this
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study rectangular membership functions were used. Identifying better membership
functions can be an improvement for future studies.
Errors and uncertainties, both in magnitude and in occurrence, were generated using
Monte Carlo simulation. The pseudo-random number generator employed was rani
(Press et al. 1992), which generated random numbers o f a rectangular distribution
function. The structure o f this Monte Carlo activity is shown in Figure 3.

Figure 3 A U M L hybrid diagram for the "Monte Carlo simulation" activity.
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The procedure for modification of the database values consists o f three parts, namely:
For each variable:
a) Quantify the amount o f erroneous values. I f a crisp value was defined in the
questionnaire, this value is selected. Otherwise, i f an interval [a,b] was given, a
uniform random number, is drawn
e [o,l]), and the error frequency, x, is
given by
x = %(b -a) + a
b) Select a random subset o f objects according to the frequency obtained in a).
c) Modify the value in each object in the random subset according to the assessed
uncertainty of the variable. This modified value, y, is obtained by solving the
equation
Fiy) = Z
where
£
is a uniform random number, c e [0,l]; and
F(y) is the cumulative distribution function o f the assessed uncertainty.
In the experiments described, all the variables suffering from uncertainties were varied
in all the simulation runs. The reason for this was that the influence o f each single
variable was o f less interest in the study. The modified dataset from each simulation
run served as input when re-processing the analysis, see Figure 1 for a schematic
overview, and Section 2.1 for a description of the analysis.
Nineteen simulations and therefore nineteen analyses were made, each producing an
equally likely stroke risk map.

2.4 Evaluation
To study how the quantified errors and uncertainties in the source data affect the
results, i.e. the stroke risk map, error matrices were created. The error matrix
compares, on a category-by-category basis, the relationship between the known
reference data (ground truth) and the corresponding results o f a classification. In this
study the original stroke risk map obtained from the undisturbed dataset is considered
as the ground truth (unbiased estimate), and the Monte Carlo generated stroke risk
maps are considered equal to classification data. Each element in the error matrix is
calculated as:
e (i,j)
h

where

=

fl
M(k,i) = <
[0
M
M

h

f M ,(k,i)*M(k,j)
j

l

i f cell k has value i
otherwise

applies to the h:th Monte Carlo generated stroke risk map
applies to the original stroke risk map
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Error matrices were created for the total population, as well as separately for each sex,
and a total o f 19 such matrices were calculated for each category. Then, to evaluate the
robustness o f the analysis, the mean value for each specific class was calculated, i.e. an
error matrix containing mean values was created, where
l

m

e(i,j)=

Ye (i,j).
h

e

The user accuracy, ua(j) = ^Lfl

? a n c

j the producer accuracy, pa(j) =

pÉJl

for this error matrix were calculated as well. The better the user accuracy was, the
more robust the method used for analysis was considered to be.

3 Results
3.1 The questionnaire
During the crisp interview very few responses were obtained and uncertainties were
quantified for position only. However, it was indicated that other variables were
suffering from uncertainties, but the respondents refused to quantify them.
During the interview allowing vague responses all variables were assessed as suffering
from uncertainties, and these uncertainties were quantified. The uncertainties for
position quantified during the crisp interview were quantified during the interview
allowing vague responses as well, and for the variables that were indicated as suffering
from uncertainties earlier, it was possible to obtain quantifications when vague
responses were allowed.
Since the respondents of the data quality survey require their assessments not to be
made public, only a quantification for one de-identified variable w i l l be shown in this
paper. This is shown in order to illustrate how the answers were given throughout the
interview when allowing vague responses. In Figure 4 a part o f the questionnaire is
supplemented with the answers for this de-identified variable. The answers are marked
with X and I
I.

You have said that the variable nn is uncertain
A.

How large do you think this uncertainty is?
Numerical
Linguistic

-> E
-> D

X Do not want to answer/Cannot answer

-> B

Can you describe the uncertainty by using a subjective scale as:

everything wrong
many
half
|a few|

Do not want to answer -> END
My own words -> D
X By using the scale -> C

If I refine the scale, can you describe the uncertainty as:
Do not want to answer -> D
X By using the scale -> D
My own words -> D

immonoo numbor
groat m a n y
quite a numbor
moro than half
batf
naarly half

N.B.ÜN!
Only mention the
ones closest to the
assessment in B.

quite a few
a few
very few
uite rare)
raro
extremely raro

If you try to describe this uncertainty by using a numerical scale, can it be described by using % or K»?
I % I

X All answers -> E

It is possible to use a distribution function like an interval. Can you describe the uncertainty as, for example, x%o-y%?
No answer -> F
Still crisp answer (from A or D) -> END
X Distribution function -> END

INTERPRETATION:
Uncertainty for variable nn
0

" quite rare"

y<i

O'-i)
F(y) = •

1 < y < 10
9
1

V >- 10

Figure 4 Interpretation of the interview, an example.

Hard to say but maybe 1 -10%.
I would prefer to say quite rare
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3.2 The error matrix
Table 1 shows an error matrix for the stroke risk map o f the 'total population', where
the element e(i,j) in the matrix represents the average number o f cells assigned to class
i that actually belong to class j. The row headings represent the Monte Carlo
classifications, while the column headings represent the undisturbed stroke risk map
(ground truth).
It is important to note that since the primary purpose of the stroke risk map is to
indicate areas with a significantly increased risk o f stroke, a majority o f cells occur in
the class 'everything else'. This in turn leads to high accuracy in that class as well as a
high overall accuracy. However, from a user perspective (in the case study), these two
quality measures are o f less importance. Instead, the accuracy for the class
'significantly increased risk' is considered to be the most important to verify (which is
- 8 5 % , see Table 1).
It should also be noted that the accuracy for the class 'significantly decreased risk'
indicates relatively poor user accuracy (« 64%), most likely because there are few cells
belonging to that class in the area studied.

Table 1

Error matrix containing the average number o f cells assigned to each
class, total population.

Everything else

Decreased risk,
not significant
9

Increased risk,
not significant
64

Significantly
increased risk
0

Total
311596

Everything else

311521

Significantly
decreased risk
0

Significantly
decreased risk
Decreased risk,
not significant
Increased risk,
not significant
Significantly
increased risk
Total

0

7

1

0

0

8

7

4

437

32

0

480

103

0

37

2099

10

2248

2

0

0

8

58

67

311633

11

485

2203

68

314400

Overall accuracy » 99.91 %
User's Accuracy
Everything else
Significantly decreased risk
Decreased risk, not significant
Increased risk, not significant
Significantly increased risk

*
a
»
»
»

99.96%
64%
90%
95%
85%

Producer's Accuracy
Everything else
«
Significantly decreased risk
»
Decreased risk, not significant»
Increased risk, not significant »
Significantly increased risk
»

99.98%
84%
91%
93%
86%
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4 Discussion
The main purpose o f this paper is to study whether questionnaires can be used for
assessing unspecified quality and thereby improve the stochastic model of the
uncertainties. The long-term goal is to have a general quality assessment framework
where such surveys are included as an eligible component. However, before such a
framework can be developed, the usefulness o f such an approach must be studied.
The design of the questionnaire
The purpose is not to develop an optimal questionnaire, but to evaluate the strengths
and weaknesses o f using questionnaires for uncertainty assessment. In the case o f
affirmative results further priorities are o f interest.
One major advantage o f a pure questionnaire survey is that the respondent can consult
documents and notes to give more correct answers. Another advantage is that the
questionnaire can be answered when the respondent has the time. Although this is
considered to be the most neutral response situation, the method can entail difficulties
in judging the reliability o f the answers, because the questioner does not know who in
actual fact has given the answers.
It is important to plan the survey procedure in advance, since both the questions and
the procedure are important for the reliability o f the answers. Payne (1951), Wärneryd
et al. (1990) and Dahmström (1996) have provided the basis o f the design o f the
questionnaire. O f course, the design o f the questionnaire reflects the limitations o f the
questioner/designer. This can be a sufficiently important reason to hold interviews as
well. Interviews provide the freedom to diverge from the prototype and improvise to
increase the frequency o f response. One o f the strengths o f the interview procedure, o f
course, is the possibility o f clarifying and/or supplementing the questions. I f the
questioner is sensitively tuned, he or she also has the possibility o f catching nuances in
the answers in a different way than when applying the strict questionnaire procedure.
However, this method entails a greater risk that the questioner may control the answers
and that a situational pressure may arise, with the risk o f quick answers that have not
been properly thought through.
This study included 4 respondents only, each with knowledge of their own particular
database. Using 4 respondents certainly constitutes a limitation, since it provides a
poor statistical basis. Even though more people were contacted, the author was
referred to these four persons. Actually, this is quite normal, because there are few
experts with knowledge o f the databases in question. A n assumption that one must rely
on in that case is that the respondents are those best suited to answering questions
concerning quality aspects, i.e. a method based on intuition and personal relations. In
actual fact, this method can be rather too vague a method. For example, there may be
occasions when the respondent may intentionally give the wrong answer, which can be
difficult to detect. One possibility then may be to hold repeated interviews. In that case
the assumption is that the greater the confidence that the respondent has in the
questioner, the more likely it is that reliable answers will be obtained. However, i f the
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respondent's answers change when he or she is contacted once again, this w i l l
probably lead to the problem that the questioner's confidence in the respondent will
diminish.
One method for increasing the possibility of obtaining good answers may be to make
use o f consistency checks, to ensure that the respondent is not contradicting himself or
herself. A n additional possibility may be to interview more people and weight the
respondents answers in some way. To accomplish this, deeper research would be
required.
Not surprisingly, the greatest problem when conducting the interviews was getting the
respondents to quantify the errors and uncertainties that the source data might be
suffering from. The overall impression is that uncertainties concerning positions seem
to be quite simple to quantify by using numerical values, whereas uncertainties
concerning attribute data tend more to be expressed with subjective scales.
In general, there was an unwillingness to quantify errors and uncertainties by using
numerical values among the respondents, even i f they were encouraged to give vague
answers. It was much easier to obtain answers by using subjective scales. The reason
for that seems to be the producers' fear o f not appearing to offer data with sufficiently
high quality, thereby standing out as not being credible enough. However, this is a
subjective assumption based on interviews with few respondents. I f this indication is
correct, a deeper investigation is required into the data quality and quality assurance
systems within the data producers' organisations, so as to ascertain how credible the
obtainable quality specifications actually are.
The questionnaire allowing vague responses was found to be well suited to its purpose.
However, this statement is mainly based on the fact that all the information required to
model the uncertainties was assessed. As already mentioned, the quality o f these
answers and models has not been investigated further. Nevertheless, it appeared that
temporal changes in uncertainty could not be keyed in in an easy way i f the
questionnaire was used as the only survey procedure. For example, the accuracy o f an
object's position can change during the studied period. Instead o f assessing the
uncertainty o f the variables one at a time from 1985 to 1998, the preferred method was
to give this information in intervals, for example "between time a and time b, m % to
n% o f the total amount o f this variable has an uncertainty varying between this and
that". Thanks to the interview this information could be recorded easily. Consequently,
the template needs to be supplemented with such temporal extensions. As for the rest,
only minor adjustments were needed to make the possibility o f vague responses
clearer.
At the interview only allowing crisp answers, no quality assessments were received for
most variables. Yet it was indicated that they were suffering from uncertainties. The
first spontaneous reaction o f one respondent was not to admit any uncertainty, and
instead assume these variables to be correct (!). On one occasion it was noted that the
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variable might suffer from error or uncertainty only in respect o f the way in which the
respondent hesitated before answering.
When conducting the interviews allowing vague responses, the errors and uncertainties
were assessed more easily. Still, somewhat subtle indications that some variables were
suffering from uncertainties could be noted during this interview procedure too. By
motivating the respondents to use linguistic values, quantifications were received.
However, for one o f the variables, a great deal o f motivation was needed to obtain a
quantification, even i f vague responses were allowed.
All these remarks jointly raise the question o f whether surveys only using a
questionnaire (irrespective of crisp or vague responses) can detect subtle indications
that uncertainties may exist.
Nevertheless, this study shows that questionnaires can be a helpful tool for assessing
unspecified data quality. By using questionnaires and/or interviews to estimate
uncertainties, a user is not dependent on expressing the quality in terms o f standardised
quality measures.
Transformation of the answers into the Monte Carlo simulator
The main purpose o f the present paper is to study a possible method for quality
assessment o f analysis results when information about the quality o f source data is
unknown. Improvements and optimisation are recommended for future research. A n
additional purpose is to verify that the answers received from the survey can be used
for quality assessment. However, i f other types o f quality assessment methods are to
be used, the template may need to be modified.
Rectangular membership functions have been used for transformation of the answers
into parameters required by the Monte Carlo simulator. Likewise, rectangular
distribution functions have been used for the (transformed) assessed uncertainties
within the Monte Carlo simulator. The reason for that is that such functions are simple
and straightforward to implement. Rectangular distribution functions were chosen
despite the fact that the majority o f real distributions are probably o f a different nature.
However, one should not encounter any obstacles when implementing more advanced
distribution functions, either for the actual transformation between different scales o f
measurement or in the Monte Carlo simulation. Rather, the difficulty is probably to
evaluate which membership function and distribution function, respectively, exist for
each uncertainty in the interview stage. Moreover, an interesting question is whether
more advanced distribution functions really lead to more reliable quality assessments
of the analysis results. To answer that question, additional research is recommended.
In different fields within society, questionnaires and rating scales are o f considerable
value as measuring instruments when describing values like feelings, comfort,
function, noise, and quality. The fields o f application are wide and often
interdisciplinary. As the use of spatial analyses increases, new types o f attribute data
will probably appear. It is most likely that information o f a more subjective nature w i l l
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become more common. One way to increase users' consciousness of the possibilities
of spatial analyses, and especially o f quality assessments o f the results, might be to
approach human reasoning. Questionnaires and interviews allowing vague answers are
facilitating methods. Some benefits are that they can provide a linguistic and nonnumerically, non-mafhematically, and non-statistically based approach to the
assessment o f quality information.
However, with regard to the transformation o f the given answers to parameters
required by the Monte Carlo simulator, an additional difficulty will arise i f the quality
assessments in a survey situation are only given by using linguistic rating scales. The
difficulty resides above all in the fact that different people make different assessments
and have different linguistic usage. Moreover, the same term can have different
meanings for different variables. A deeper study involving assessments using
linguistic rating scales is recommended. For example, one approach may be to place a
sharper focus on the survey situation, supplementing it by investigating and making a
note o f the respondents' ranking.
Consequently, a closer connection between engineering and other sciences where there
is greater experience o f evaluating subjective estimates is o f importance and hence
recommended for future studies.
As pointed out by other research, the total calculation time for the Monte Carlo
simulation is still a drawback for the implementation o f a quality assurance service
based on such simulations. In this case study the calculation time for each Monte Carlo
simulation creating a new dataset amounts to about 3 hours on an Intel Pentium I I I 600 M H z computer. The simulation time may be decreased somewhat i f the simulation
software is optimised. However, since the dataset in this case study contains nearly
700 000 records, other solutions to decrease the simulation time are most likely
necessary as well.
Whether nineteen simulation runs actually are enough to obtain robust results has not
been investigated. Since the simulation runs and the epidemiological analyses were
very time-consuming, a total of twenty comparable stroke risk maps were considered
to be affordable within the study.
Spatial epidemiological
analysis
In addition to the objectives concerning methods for quality assurance, the
epidemiological objective of the case study was also to develop a method where
standardised numbers o f epidemiological incidences would be presented at a detailed
spatial level. One difficulty with the analysis is that the smaller the area that a spatial
unit represents, the fewer observations it w i l l contain. This in turn triggers the problem
of estimating stochastic variables using few observations. The suggested method uses
confidence intervals for the SMR to distinguish rare events from insufficient
information. Other methods to reduce the influence o f small numbers have not yet
been tested.
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Regarding data quality, the case study shows a method for evaluating the sensitivity o f
the results o f an analysis due to errors and uncertainties in source data. The users in the
case study consider these types o f analyses to be o f great value. Since the user
accuracy o f significantly increased risk, shown in Table 1, was considered to be
reliable enough, the stroke risk map can form a basis for other scientific studies.
Whether the error matrix is a good method for communicating uncertainty can be
discussed. However, the users in the case study found the error matrix very
convenient.
It is a shortcoming that the source data, analysis results, and quantifications o f errors
and uncertainties in the study conducted have been subjected to considerable
restrictions, partly due to the Swedish legislation protecting the confidentiality o f
information about individuals. This limits the possibility o f independent scientific
validation o f methods and results. In spite o f this, the structure o f a possible future
quality assurance service is shown.

5 Conclusions
The main goal o f this paper was to study whether questionnaires directed at data
producers could be used for assessing unspecified quality. The following conclusions
can be drawn from the study made:
•

There is a great increase in the response rate when allowing vague assessments.
However, such an approach requires the modelling o f a transfer function between
different scales o f measurement.

• In all the interviews where vague answers were allowed, sufficient information for a
subsequent Monte Carlo analysis was obtained. However, the accuracy o f the
answers has not been studied.
• Because there are few experts with knowledge of the datasets in question, the
possible number o f respondents is limited. It is assumed that this shortcoming will
last. Consequently, methods that ascertain that reliable answers are obtained need to
be included.
• It is questioned whether surveys only using a questionnaire (irrespective of crisp or
vague responses) can detect subtle indications that uncertainties may exist.
• The template does not supply temporal changes in a variable in its present form. It
is presumed that values including temporal changes also include temporal changes
in data quality. Hence, the template needs to be supplemented with temporal
extensions.
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•

To quantify errors and uncertainties, the vague responses have to be quantified. In
this study, probability distribution functions were of considerable use.

•

When evaluating the usefulness o f a stroke risk map, the accuracy of rare events
such as "significantly increased risk" was considered to be o f greatest importance.

•

The users in the case study considered this type o f analysis to be of great value.
Since it is possible to evaluate whether the results are significant or not, one can
also decide i f the results can form a basis for other scientific studies.
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Abstract
This paper focuses on validating the results o f a regional gap analysis carried out to
determine the need to set aside forest as nature conservation areas. Uncertainty
analysis and sensitivity analyses are performed in order to study what impact errors
and uncertainties may have on the results. The study uses a questionnaire and
interviews to obtain information about the quality o f the source datasets. Monte Carlo
simulation then varies the uncertain variables and recalculates the numerical estimates
of the ecoregional gaps within the studied area.
The questionnaire allows vague responses. In order to achieve consistency among the
answers o f each respondent, some kind o f on-line support during the interview is
required. Moreover, the number o f possible respondents was somewhat limited. This is
considered to constitute a lasting shortcoming, because there are few experts with
knowledge o f specific datasets. Consequently, methods that ascertain that reliable
answers are obtained need to be included in the questionnaire.
The simulations indicate that the numerical estimates o f the ecoregional gaps suffer
from quite large uncertainties, which need to be considered when interpreting the gapanalysis results.

Key Words: Biodiversity conservation, spatial analysis, gap-analysis,
assessment, uncertainty analysis, sensitivity
analysis.
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Swedish policies require that biodiversity should be maintained, both in the form o f
sustainable and productive ecosystems and viable populations o f all naturally
occurring species (SOU 1992). Given the long history o f intensive use and
management o f forest landscapes for economic production, there is currently
competition between the use o f forest areas for forest production and their use for
biodiversity conservation. Hence, there is a need to develop cost-efficient and effective
techniques for establishing strategies concerning what kinds o f forests should be
protected and where, and for performing tactical planning for the design and
conservation of individual forest areas (Jonsson and others 1993). This applies not
only to the setting-aside o f protected areas, but also to selection and design with regard
to contemporary forest management and to the rehabilitation and even re-creation o f
functional ecosystems. Gap analysis (e.g. Scott and others 1993, Scott and others
1996, Jennings 2000) and systematic conservation planning (Margules and Pressey
2000) are two important tools to determine the relative need for these management
approaches, and where they should be located.
Gap analysis can be defined as the identification o f a disproportionate scarcity o f
certain ecological features, such as different habitats, in a management unit, relative to
the representation o f these features in a larger region surrounding the management unit
(Perrera and others 2000). Originally gap analyses focused on representation, i.e. on
the idea that different types o f conservation areas should reflect the natural
composition o f different ecosystems (Margules and Pressey 2000). Angelstam and
Andersson (2001) developed the idea further by combining measurements o f the
habitat area only with thresholds for the amount and quality o f habitats estimated to be
needed to maintain viable populations within an ecoregion (Fahrig 2001, 2002). This
approach was also applied recently in Estonia (Löhmus and others 2004) and Latvia
(Angelstam and Ek, unpubl.). In principle a regional gap analysis contains the
following steps: (1) measure the amount o f different habitats in relation to what is
representative for the ecoregion, (2) compare the amounts with ecologically founded
performance targets related to the relevant policies (such as maintaining viable
populations), and (3) conclude whether there is a gap or not, and i f so, where. Such
analyses can be made on multiple scales, ranging from a country or a region, down to a
land management unit. Recently, using satellite data to map the current forest cover,
Angelstam and others (2003) presented a regional gap analysis for the Counties o f
Dalarna and Gävleborg in central Sweden. On the basis o f the results o f that gap
analysis, they also performed a spatially explicit evaluation of the habitat networks for
different focal forests and species. The conclusion was that, because not all the forest
areas o f a given type were sufficiently large or too far apart, without spatially explicit
evaluation, the assets in the gap analyses were overestimated (Angelstam and others
2003,2004).
Gap analysis as a strategic planning tool and habitat modelling as a tactical planning
tool involve the use of both verbal and mathematical models. As such, errors and
uncertainties enter at various stages into the models and may have an influence on the
final results. Since the choice of habitats to model is based on the results o f the gap
analysis, it is important to evaluate whether the gap analysis results are fit for use in
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the decision-making process concerning the protection, management and/or restoration
of habitats.
Two important methods for assessing uncertainty propagation are sensitivity analysis
and uncertainty analysis. The latter refers to the propagation o f uncertainties in source
datasets and model parameters to the analysis results, whereas sensitivity analysis
refers to the relative importance that each source o f uncertainty has for the analysis
results (Crosetto and Tarantola 2001).
Applications relating to uncertainty propagation in spatially explicit ecological models
can, for example, be found in Lyon and others (1987), Stoms (1992), Stoms and others
(1992), McCarthy and others (1995), Peterson and Cohoon (1999), Cramer and Portier
(2001), Ver Hoef and others (2001), Lurz and others (2001), McKelvey and Noon
(2001), Shortridge (2001), Bachmann and Allgöwer (2002), and Löhmus and others
(2004).
In Hunsaker and others (2001) various aspects o f spatial uncertainty in ecology are
discussed, and the need for handling uncertainty is stressed. In particular, the
application o f ecological research to legislatively driven environmental problems such
as biodiversity maintenance has increased the need for quantification o f uncertainties
about spatial dynamics (Goodchild and Case 2001, Sklar and Hunsaker 2001).
The first purpose o f the present paper is to study how errors and uncertainties affect
the results o f numerical estimates o f ecoregional gaps in the amount o f habitats needed
to maintain viable populations o f naturally occurring species. To accomplish this we
use the recent case study performed in the Counties o f Dalarna and Gävleborg in
central Sweden (Angelstam and others 2003). Both sensitivity analysis and uncertainty
analysis are performed.
The evaluation o f the quality and reliability of the estimated ecoregional gaps is based
on Monte Carlo simulation as an error propagation technique. The reason for this is
that the Monte Carlo method is not limited to linear systems, and different statistical
variables can be handled quite easily. However, the Monte Carlo method may be very
time-consuming. It has been used within spatial contexts by Förstner (1984), in a study
concerning the accuracy o f aerial triangulation. Then in 1989, Openshaw proposed that
the Monte Carlo method could form the basis o f a general and universal solution for
error propagation studies. This technique has since then been applied by different
researchers in spatial accuracy assessment, for instance Fisher (1991), Mowrer (1991,
1994a, 1994b, 1997), Openshaw and others (1991), Heuvelink (1993, 1998), Emmi
and Horton (1995), Aerts (2002), and Rönnbäck (2004).
However, to study how errors in the datasets propagate when running an analysis, the
magnitude and distribution o f the errors must be known. Heuvelink (1998) concludes
that an important obstacle to managing uncertain spatial data is the lack o f information
regarding the accuracy o f stored source data. Consequently, examples in error
propagation studies seem to be based on known error properties, for instance in the
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studies performed by Heuvelink and others (1989), Fisher (1991), Haining and Arbia
(1993), Heuvelink (1993), Mowrer (1994b), Veregin (1994), Emmi and Horton
(1995), L i u and Herrington (1996), and Arbia and others (1998).
Because the source datasets for the gap analysis contain no explicit information about
the quality o f their data, the method for identification and quantification o f
uncertainties developed by Rönnbäck (2004) is used. The second purpose o f the
present study is to gain more experience of this method for assessing unspecified data
quality. The idea is that the same method can be applicable to datasets having different
levels o f measurement, i.e. nominal, ordinal, interval, ratio, and cyclical measures,
counts, absolute measures, and graded membership (Chrisman 2002). However, each
of these requires a specified stochastic model o f included uncertainties. In Rönnbäck
(2004) the source datasets used represented ratio and nominal scales. The pilot study
considered herein uses datasets having absolute scales.
The datasets are then varied according to the obtained quantifications o f uncertainties,
and the numerical estimates o f the ecoregional gaps are recalculated.

Method
The importance o f spatial data quality has received much attention during the past 15
years. However, most past research seems to focus on the presence o f errors in source
data and the need for standards regarding the data quality components. The standards
are also formulated mainly from a producer perspective (Frank 1998). The existing
standards concerning quality specifications all aim at defining components that are
common to many different types o f databases, while being easy to understand and
implement (Östman 1996). Due to the generality of these quality descriptors, they are
not always well suited to the analysis o f complex models, where many data sources
and processing steps are used. As Geographical Information Systems (GIS) have
become more commonly used within a wide range o f subject fields, the number o f data
sources has increased, resulting in increasing difficulty in evaluating the quality of the
final analysis results.
The large variation in the use o f spatial data requires great flexibility in the design of
quality assurance systems. Timpf and others (1996) studied the usage o f the CEN
(European Committee for Standardisation) metadata standard and assessed whether
potential users of the metadatabase could understand the information provided. They
found that users needed more and different information than the metadata provided. In
1997 the Commission o f Spatial Data Quality o f the I C A conducted a questionnaire
study concerning the standard quality descriptions and quality assurance routines being
used. The results indicated a possible mismatch between the users' requirements and
the data quality specifications being offered by the data producers (Östman 1997).
Frank (1998) stated that a fully general data quality description for any potential use is
not possible. But neither is a specific data quality description for every possible use
necessary. The essential requirement is that these quality descriptions must be made to
suit the intended use of the data.
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New users, new types o f analyses, new combinations o f input data and limited use o f
standardised quality measures entail that additional data quality descriptors w i l l always
be required. Hence, there is a need for quality assurance routines to validate the results
of an analysis properly, even when there is missing or insufficient information about
the accuracy o f the source data.
Rönnbäck (2004) showed that a questionnaire and interviews directed to the producers
of source data can be used to obtain information about data quality. In an effort to
make the survey-situation user-friendlier and to obtain answers that would be as
complete as possible, vague responses were allowed. That approach was shown to be
of considerable use for the quantification o f errors and uncertainties.
Using the questionnaire, the quality assessment for each variable was carried out in
accordance with the diagram shown in Figure 1. Here the assessment o f the
uncertainty o f variable nn is described. The first action is to quantify the uncertainty
by following a path in box A . Since a variable can be derived from other variables,
these other variables must in turn be identified (box B in the figure) and evaluated (i.e.
box A for each variable). Moreover, for variable nn, correlations may exist to other
variables, datasets, and uncertainties, which also need to be quantified. This process is
repeated until the whole hierarchy and its uncertainties are identified for variable nn,
and then the quantification starts for the next variable ( « « + / ) .

Figure 1. A hybrid diagram for the "identify uncertainties" activity.
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To summarise, the structure o f the quality assessment performed in this study is shown
in Figure 2. It basically consists o f source datasets, identification o f errors and
uncertainties, Monte Carlo simulation, and evaluation.

Figure 2. The quality assessment, expressed as an activity diagram, completed with
important datasets.
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Regional G A P analysis
For many specialised forest species, which need properties which are incompatible
with regular forest management, the long-term maintenance o f viable populations
requires a minimum amount o f habitat area. The approach for regional gap analysis
used by Angelstam and others (2003) aimed at providing numerical estimates o f the
ecoregional gaps in the amount o f existing forest areas (area gaps), as well as protected
areas o f existing but unprotected forest types with a high conservation value
(protection gaps). Because o f limitations in the knowledge about naturally dynamic
forests, the regional gap analysis focuses on the age class distribution within three
disturbance regimes, linked with the wet, mesic and dry forest site types, respectively
(Angelstam 1998, 2003).
Calculations were made for five different age classes for each of these three site types.
Ideally, a sixth age class, "old growth", should be included. However, due to the poor
thematic resolution o f the satellite images describing today's forest, this could not be
achieved.
This gap analysis contained the following steps:
(A 1) estimation o f the amount o f different kinds o f forest vegetation based on
modelling o f the distribution o f different natural forest disturbance regimes
based on a topoindex approach using digital elevation models (Rodhe and
Seibert 1999), and
(A2) models and empirical information about the age distribution and tree species
composition within these different disturbance regimes (e.g. Pennanen 2002);
(B)

estimation o f the current amount o f the naturally occurring forest types defined
in A using remote sensing data calibrated with forest stand data;

(C)

estimation o f the proportion o f representative forest types needed to maintain
viable populations of the most demanding species, based on the emerging
knowledge about non-linear responses o f focal species to habitat loss (review in
Angelstam and others 2004);

(D)

estimation o f the difference between B and C, with a negative value implying a
gap in the habitat area and a need for habitat rehabilitation and/or re-creation.

I.e. for each disturbance regime and each age class the calculations were performed as
follows:
GAP = B - C(A1, A2, T)
where J is a critical threshold value concerning the amount o f forest needed to
maintain viable populations of the most demanding species.
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The result from the gap analysis was provided as an Excel workbook with calculations
of the numerical estimates from each step above stored as sheets o f their own, as well
as attribute tables and layers in Arc View. Within the Excel workbook, the calculations
for the whole study area were presented by using three different regional divisions.
Here the focus is on ecoregions based on physical geography.
The estimations for forest older than 110 years were considered particularly important,
because this constitutes the most important forest type for maintaining viable
populations of naturally occurring specialised forest species. Hence, the studies
concerning uncertainty and its effect on the numerical estimates o f ecoregional gaps
will deal with forest older than 110 years.

Identification of errors and uncertainties
The datasets used had no documented information on the quality o f their data, and
therefore the producers o f each dataset were contacted and interviewed in accordance
with the questionnaire developed by Rönnbäck (2004).
The datasets for A 1 , A 2 , C and the threshold values (T) were produced by the
Department of Natural Sciences, the Centre for Landscape Ecology, Örebro
University, and the dataset for B was produced by the Department o f Forest Resource
Management and Geomatics, the Swedish University o f Agricultural Sciences, in
Umeå.
Before the actual interviews took place, the possibility o f giving vague responses was
discussed with the respondents, and one o f the respondents received the structure o f
the questionnaire beforehand. The approach presented in Rönnbäck (2004) was
discussed as well.

Monte Carlo simulations
Within the Monte Carlo simulation the datasets were randomly varied and then the
analysis was re-processed. Each time the analysis was re-run, the information for the
variables that were affected by uncertainty was altered, according to the probability
distribution function of the variable in question. Each result o f the analysis can be seen
equally as a likely alternative for representing reality. By comparing these results,
conclusions can be drawn as to the robustness of the analysis method used.
Since the purpose is to study whether or not the numerical estimates o f the regional
gaps are sensitive to uncertainties in the datasets used, the sheets in the Excel
workbook were used as source datasets within the case study. The uncertainties that
were quantified throughout the interviews originate from the variables shown in
Table 2.
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In the original workbook the threshold value was, for the sake o f simplicity, set to 20%
for the different forest types. Since the quality assessment gave separate values for
each forest type, these new threshold values were implemented in the original
workbook before any simulation was made. Then the quantified uncertainties were
randomly varied and randomly added to this modified original workbook using Monte
Carlo simulation. A method for this purpose was developed, and the structure o f this
Monte Carlo activity is shown in Figure 3. Since the quantified uncertainties were
assessed by a parameter value and a range (see Table 2), triangular distribution
functions were assumed. A triangular distribution function provides the simplest
distribution function in the case o f three values being assessed. Then the uncertainty x
was quantified as follows.
I f a crisp value was defined in the questionnaire, this value was selected. Otherwise, a
random value \ was drawn ( | e [0,1]), and the uncertainty x was given by solving the
equation F(x) = J;

where

F(x) =

jf(x)dx

2{x-a)
a<x<c
(c - a)(b - a)
and

f i x ) ••
2(b-x)

c<x<b

(b-c)(b-a)

MC

Figure 3. A hybrid diagram for the "Monte Carlo simulation" activity.
A l l the variables suffering from uncertainties were varied simultaneously and
independently, since the influence of each single variable was o f less interest in this
study. A total o f 1000 simulations were performed, each using the modified original
workbook as the source data, and each producing an equally likely numerical estimate
of the regional gaps.
The ranges for the variable WET-GAP in A 2 , the variable MESIC-SUCC in A 2 (500
m.a.s.l.), and the variable DRY-COHORT in C (Table 2, Column 4) contradict the use
of a triangular distribution function having the values in Column 3 as expected values.
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Therefore, in the simulation set (i. e. the 1000 simulations) the values in Column 3
were assumed to be each variable's most likely value instead, i. e. the value having the
largest probability. This simulation set resulted in quite a large bias (see Figure 5). To
study whether our assumptions caused this bias, a second simulation set (1000 new
simulations) was made where the values in Column 3 were assumed to be the expected
values instead. Then the ranges had to be changed for some variables, as in Table 1.
Table 1. New suggested ranges for some o f the variables that are suffering from
uncertainties, based on the triangular distribution.
Step

Parameter value in model

A2
(500 m.a.s.l.)
A2
C

New range

Mesic-Succession (22%)

Original
suggested range
15-30

Wet-gap dynamics (96%)

50-100

92-100

Dry-cohort dynamics (5%)

1-10

1-9

14-30

For each simulation set, the mean values for the numerical estimates o f ecoregional
gaps were calculated.
Since the estimated gaps and surpluses o f forest older than 110 years were considered
particularly important, the visual evaluation was carried out for old forest only.
Sensitivity analysis
To study the influence that each uncertain variable had on the numerical estimates o f
the regional gaps in the area o f old forest, each variable suffering from error and/or
uncertainty was changed, one at a time.
Studies concerning the influence o f uncertainty in A l were performed by changes in
steps o f 5% (A 1 -20%, A1 -15%, A 1 -10%, A1-5%, A l +5%, A1+10%, A1+15%, and
A l + 2 0 % ) ; i.e. 8 equally likely numerical estimates for the regional gaps were
calculated.
Likewise, studies concerning the influence o f uncertainty in A2 were conducted by
changes in steps o f 5% for each site type, within its suggested range. For example for
the site type "wet" (old forest below 500 m.a.s.l.) numerical estimates o f regional gaps
were calculated for "wet" 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%,
and 100%.
Finally, critical threshold values within C were changed for each site type in steps o f
5% within its suggested range.
The results o f this sensitivity analysis were compared and evaluated by histograms in
Excel.
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Results
The questionnaire
Table 2 shows the uncertainties assessed in the datasets A I , A 2 , C and the threshold
values (T). Note that it was assumed that it would be better to use separate threshold
values for different site types instead o f 20% as an average.
Table 2.

Variables for which uncertainties were estimated, the step in the gap
analysis where this was applied, the proportion o f old forest (>100 yrs)
used, and the estimated range o f variation.

Variable
Abiotic
Based on Topoindex
algorithm and D E M
(estimated amount o f forest
with different disturbance
regimes)
Biotic/ecological
Forest ecology and natural
disturbance regimes
(estimated amount o f old
forest below 500 m.a.s.l.).

Ditto at 500-800 m.a.s.l.

Step

Proportion of old forest
(>100 yrs)

About +/- 20%
of the estimated
value

Al

A2

A2

Critical threshold values
(20% was used as an average). C

Estimated range
of variation

Mesic-Succession (22%)

15-30

Dry-Cohort (70%)

50-90

Wet-Gap phase (96%)

50-100

Mesic-Succession (60%)

40-80

Dry-Cohort (80%)

60-100

Wet-Gap phase (96%)

50-100

Mesic-Succession (20%)

15-25

Dry-Cohort (5%)

1-10

Wet-Gap phase (35%)

25-45
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In the dataset based on remote sensing data calibrated with forest stand data (B) the
uncertainty was considered negligible by the producer, since only the effect on
numerical estimates o f ecoregional gaps was to be studied in this case study,
disregarding its detailed spatial variation. However, it was stressed that i f spatially
explicit studies were to be considered, assessments o f uncertainties in this dataset
would be needed. This could also be the case i f the ecoregion studied were
considerably smaller than a satellite scene, which is the spatial unit for the calibration
of satellite data.

The simulations
The most commonly used classification o f the representative types o f namre in the
Nordic countries was made by the Nordic Council o f Ministers (1983). This
classification is also used in this paper and each ecoregion has been given a code
according to Table 3, which is used in the remainder o f this chapter when visualising
the estimates o f gaps and surpluses o f old forest.
Table 3. The regional division o f the representative types o f nature by the Nordic
Council o f Ministers (1983).
Name of region

Code

Ecoregion

Woodlands south o f "Limes norrlandicus"
Woodlands north o f "Limes norrlandicus"
Hilly lands o f the south boreal region
Hilly middle boreal woodlands
Coniferous woodlands o f northernmost Sweden
and Finland; very poor bedrock and large mires,
32a has a very high precipitation
Premontane region; very poor bedrock
Southern mountain area

26
27
28a,b
30a
32a,b

Hemiboreal
South boreal
South boreal
Middle boreal
North boreal

33d,f,g
35xx, i

Subalpine
Alpine

Changing the threshold values for each site type, as assessed in Table 2, results in
estimates that differ considerably from the original estimates obtained when using a
threshold value o f 20% for each site type. The original estimates and the estimates
obtained when changing the threshold values for each site type are compared in
Figure 4.
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Figure 4. Comparison o f the originally estimated gaps and surpluses o f old forest and
the estimates obtained when the threshold values were changed as assessed in
Table 2.

The simulations are performed using the new threshold values for each site type and
randomly varying the other variables suffering from uncertainties. Hence, the
numerical estimates o f gaps and surpluses resulting from the new threshold values are
in the following used as a modified original.
The mean values and standard deviations for the estimated gaps and surpluses from the
first simulation set are shown in Figure 5, and those from the second simulation set are
shown in Figure 6. The histogram bars represent the modified original, the lines
represent the standard deviations and the dots represent the mean values. Note that
there is a bias in our first simulation set.
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The sensitivity analysis
The results from the sensitivity analysis are illustrated with histograms for the site type
"wet", in ecoregion 28b, in Figure 7.
Sensitivity analysis

mm

h***

Sensitivity analysis

U

Figure 7. Results from the sensitivity analysis for the site type "wet", ecoregion 28b.
The parameters that are analysed are uncertainties in A l , uncertainties in A2,
and uncertainties in the threshold value.
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Discussion
This paper presents a study o f the impact that errors and uncertainties in source
datasets may have on gap analyses concerning the area o f old forest needed for the
maintenance o f viable populations o f naturally occurring forest species. The
uncertainty analysis showed that uncertainties in source datasets had a serious
influence on the numerical estimates o f ecoregional gaps. When performing the
sensitivity analysis, it was shown that uncertainty in the threshold value seemed to
influence the results the most. By contrast, the relative occurrence o f gaps and
surpluses in different regions remained similar.
However, this study disregarded detailed spatial variation, because only the numerical
estimates o f ecoregional gaps were of interest. Therefore, it is important to be aware o f
the fact that, even i f the results o f such an evaluation are adequate (i. e. even i f
uncertainties in the datasets used have an insignificant influence on the numerical
results), no conclusion can be drawn concerning more detailed spatial variations. For
example, because not all the forest areas o f a given type are sufficiently large or too far
apart, without spatially explicit evaluation, the assets in the gap analyses are
overestimated (Angelstam and others 2003,2004). On the other hand, i f the results o f
such an evaluation show that uncertainties in the datasets used have a significant
influence on the numerical results, then it is possible to conclude that the datasets
and/or method used might need to be supplemented. H o w such improvements of the
gap-analysis should be implemented is not part o f the study performed.
In this study two simulation sets, each re-calculating the numerical estimates 1000
times, were made using triangular distribution functions as stochastic models for the
assessed uncertainties. In the first simulation set it was assumed that the parameter
value in Table 2, Column 3 was the most likely value o f the parameter in question,
since some parameters would not correspond to triangular distributions otherwise. In
the second simulation set the assumption was that that parameter value was the
expected value o f the parameter in question and hence the assessed ranges needed to
be modified. The result from the first simulation set shows that, when using such
simple stochastic models, the numerical estimates w i l l suffer from systematic errors
(bias).
The study shows that i f the value in Table 2, Column 3 is considered to be the
expected value, then the condition in Column 4 needs to be modifiable or more
complicated stochastic models need to be used. Since the questionnaire allows
stochastic models, a support for the questioner is needed to secure that the given
values are valid. One approach could be a method allowing a class o f stochastic
models and supervising the input o f answers in the questionnaire; i.e. some kind o f
consistency control is recommended. Further studies concerning the design o f such a
method are o f interest.
In this case study the calculation time for 1000 Monte Carlo simulations, each creating
a new numerical estimate o f ecoregional gaps, amounted to 10 minutes on an Intel
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Pentium I I I - 600 M H z computer. The simulation time may even be decreased
somewhat i f the simulation software is optimised. I f the uncertainties at a more
detailed spatial resolution are to be studied, the calculation time for the Monte Carlo
simulation will probably increase considerably, since Monte Carlo simulation in
spatial applications is reported to be very time-consuming by other researchers.
One o f the purposes of this paper is to study whether the template developed by
Rönnbäck (2004) can be used for assessing unspecified quality concerning datasets
having absolute scales as the level o f measurement. The reason for this is that the
questionnaire has so far only been used for one earlier case study, where datasets
having other types o f scales were used, and hence might be somewhat case-specific.
Moreover, in that previous study it was indicated that one difficulty when only using a
questionnaire as the survey procedure was to capture subtle indications that
uncertainties might exist. Consequently, interviews were considered necessary in the
present study as well.
This study includes 3 respondents only, one from the Department o f Natural Sciences,
the Centre for Landscape Ecology, Örebro University, i.e. the producer o f datasets A I ,
A2 and C, and two from the Department o f Forest Resource Management and
Geomatics, the Swedish University o f Agricultural Sciences, Umeå, i.e. the producer
of dataset B.
Having only 3 respondents certainly constitutes a limitation, since this provides a poor
statistical basis. Even though more people were contacted, the author was referred to
these three persons. Actually, this is quite normal, because there are few experts with
knowledge o f the databases in question. A n assumption that one must rely on in this
case is that the respondents are those best suited to answering questions concerning
quality aspects; i.e. a method based on intuition and personal relations is used. Since
this seems to be a general problem, the template ought to take this problem into
consideration. One possibility may be to hold repeated interviews, with the assumption
that the greater the confidence that the respondent has in the questioner, the more
likely it is that reliable answers w i l l be obtained. However, i f the respondent's answers
change when he or she is contacted once again, this w i l l probably lead to the problem
that the questioner's confidence in the respondent w i l l diminish.
Furthermore, one method for increasing the possibility o f obtaining good answers may
be to make use of consistency checks, to ensure that the respondent is not
contradicting himself or herself. A n additional possibility may be to interview more
people and weight the respondents' answers i n some way. To accomplish this, deeper
research would be required.
The respondent for the datasets A 1 , A 2 , C, and the threshold values, who had training
in ecology, saw the potential o f being able to provide vague answers, while the
respondents for dataset B, who was an expert in spatial statistics using remote sensing
data in particular, preferred crisp answers. The surveys in this study and the surveys
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made in Rönnbäck (2004) jointly strengthen the assumption that having great spatial
statistical experience more often entails a preference for crisp answers.
As the use o f spatial analysis increases, new types o f attribute data will probably
appear. It is most likely that information o f a more subjective nature will become more
common. Moreover, it is unwise to expect all users need to be statistically skilled.
The users in the WRESEX case study saw the potential o f using questionnaires and
interviews to estimate uncertainties. One advantage is that users are not forced to
express the uncertainties as standardised quality measures and metadata elements.
This study strengthens the conclusion in Rönnbäck (2004) that questionnaires can be a
helpful tool for assessing unspecified data quality. Naturally, there are pitfalls when
formulating the questionnaire, as well as when conducting the survey. Support for a
user formulating such questionnaires and interviews, as well as help in the future
utilisation of the information obtained, might be o f value. Further studies concerning
the design o f such support are o f interest.

Conclusions
The main purpose o f this paper was to study the impact that errors and uncertainties
may have on the results o f numerical estimates o f ecoregional gaps in the amount of
old forest needed for the maintenance o f specialised forest species. Another purpose
was to study to what degree the template developed by Rönnbäck (2004) can be used
for assessing unspecified quality. The following conclusions can be drawn from the
study made:
•

The case study shows a useful method for the overall evaluation o f how sensitive
the numerical estimates o f a regional gap analysis are to errors and uncertainties in
datasets. However, special attention must be given to the results o f the uncertainty
analysis and the sensitivity analysis, namely:
(1) The simulations indicate that the numerical estimates of the regional gaps suffer
from quite large uncertainties, which need to be considered when interpreting
the gap-analysis results; and
(2) methods that improve the precision of the gap analysis need to be developed.
(3) Refined studies concerning the spatial variation at a more detailed level are also
recommended.

•

When data quality specifications are lacking, questionnaires can be used for the
identification and quantification o f uncertainties. However, in order to ensure
consistency between stochastic models and answers given by the respondent, some
kind o f software support is required.
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Evaluation of Environmental
Monitoring Strategies
In e n v i r o n m e n t a l m o n i t o r i n g , it is i m p o r t a n t t h a t t h e
monitoring system should emit early warnings w h e n
u n d e s i r e d events occur. T h e s e e v e n t s m a y b e s u d d e n or of
a m o r e subtle n a t u r e . In t h e d e s i g n of s u c h m o n i t o r i n g
s y s t e m s , a p r o p e r b a l a n c e b e t w e e n c o s t a n d risk m u s t b e
a c h i e v e d . T h e r e a r e 2 c l a s s i c t y p e s of risk c o n n e c t e d w i t h
e a r l y w a r n i n g s y s t e m s , n a m e l y t h e risk of n o t d e t e c t i n g
s i g n i f i c a n t c h a n g e s a n d t h e r i s k of f a l s e a l a r m s . T h e
p u r p o s e of this p a p e r is t o d e s c r i b e a m e t h o d for c o m p a r i n g
t h e p e r f o r m a n c e of different m o n i t o r i n g s y s t e m s , c o n s i d e r i n g t h e c l a s s i c t y p e s of r i s k a n d c o s t . T h e m e t h o d is
a p p l i e d to t h e m o n i t o r i n g of t h e l i c h e n c o v e r a s a test
c a s e . T h e e x p e c t e d utility h a s b e e n u s e d a s a m e a s u r e of
p e r f o r m a n c e . W h e n e s t i m a t i n g t h e p r o b a b i l i t i e s of t h e
e v e n t s , spatial m i c r o s i m u l a t i o n a n d M o n t e - C a r l o s i m u l a t i o n
techniques have been used. T h e monitoring programs
s t u d i e d are b a s e d o n satellite i m a g e s , aerial p h o t o s , field
s a m p l e s , a n d l a n d - c o v e r m a p s . T h e m a j o r c o n c l u s i o n s of
t h i s study a r e t h a t s t a n d a r d i z e d q u a l i t y m e a s u r e s a r e
e x t r e m e l y useful for e v a l u a t i n g t h e usability of e n v i r o n m e n tal m o n i t o r i n g m e t h o d s . In a d d i t i o n , w h e n e s t i m a t i n g g a i n s
a n d costs, spatial microsimulation t e c h n i q u e s are useful.
To improve t h e m e t h o d , however, m a c r o c o n s t r a i n t s
s h o u l d also b e u s e d f o r a l i g n i n g t h e s i m u l a t i o n m o d e l .

INTRODUCTION
During the last 15-20 years, vegetation changes and degradation have been reported in the mountainous areas of Sweden.
The Swedish Environmental Protection Agency (Swedish
EPA) intends to establish a system for monitoring environmental quality where "a magnificent mountain landscape" is
one of the objectives (1). To achieve this objective there is a
need to determine a strategy for monitoring changes in the
vegetation cover (2).
Irrespective of the design of the monitoring system, it is
important that the system should emit early warnings when
undesired events occur. The detection of changes can form
part of a decision-support system concerning actions to reduce
land degradation. In general, demands on the mountain areas
have increased during the last few decades. Tourism continues
to increase, off-road vehicles have become common, and
reindeer management methods have, since the mid-1970s,
become more efficient and motorized (3). The combined effect
of climate change and continued high human impact could
have a severe negative effect on the long-term sustainable
development of mountain areas in Sweden.
The purpose of this paper is to describe a method for
comparing the performance of different monitoring systems.
Special emphasis is placed on evaluating the risks associated
with the different designs and on their related costs and
benefits. Standards related to quality descriptions of source
data form the basis of the developed method. The method is
applied to the monitoring of the lichen cover as a test case.
Ainbio Vol 32 No. X. Dec. 2003

Cornélis and Brunet (4) discuss a generic model for
decision making and the uncertainties that occur along the
entire decisional process. In any decisional process, decision
making is based on a decision analysis phase, which in turn
relies on a documentation/information phase. The uncertainties in the decision-making phase are mainly due to its
procedures and to the nature of human beings, whereas the
uncertainties in the analysis phase originate from the chosen
method and the way in which reality is simplified. Often the
decision-makers face widely varying types of information,
with each type being associated with its own uncertainties.
According to Cornélis and Brunet (4) public decisions are all
spatially referenced, if not spatially induced, since they
apply to a specific territory.
When designing a monitoring program, the most important
factors to consider may be the certainty of its predictions
and the cost of the program. Since a monitoring program
can be designed in several different ways, it is important to
achieve a proper balance between these aspects. Different
designs may include source data from many disciplines,
which may have their own definitions and approaches for
dealing with uncertainty. Consequently, the designer is
faced with estimating the various contributions of uncertainty
from each of these sources, as well as with integrating
their disparate terminology (5).
The importance of spatial data quality has received much
attention during the past 15 years. However, most past
research seems to focus on the presence of errors in source
data and the need for standards regarding the data qua lit)
components. In addition to these standardized quality components concerning the source data, de facto standards concerning, for instance, air-photo interpretation and satellite
image interpretation have appeared. For example, the confusion matrix used to evaluate remote sensing classification is
a well-accepted description of uncertainty in source data.
The development of this confusion matrix is termed "accuracy assessment", because classification errors expressed
therein are with respect to some reference data (6). The confusion matrix is indicative of errors of omission and commission found in the map and is a starting point for various
descriptive and analytical statistical techniques. In addition
to its use with remotely sensed data, the confusion matrix or
contingency table approach is appropriate to other spatial
data applications (5). It is, however, important to keep in
mind that the confusion matrix is based on training data. As
a consequence, such information only indicates how well the
statistics from these areas can be used to categorize the same
areas; i.e. such information gives little indication of how the
classifier performs elsewhere in a scene and, therefore, one
should expect training area accuracies to be overly optimistic
(7).
Another accepted description of the distribution of a
category's spectral response pattern is the mean vector in
combination with the covariance matrix. If these parameters
are given, it is possible to compute the statistical probability
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of a given pixel value being a member of a particular landcover class (7).
A very active area of research and development in the
geographic data community is the documentation of data in
the concept of metadata, i.e. data about data. Metadata may
contain handling instructions for data, such as details of its
format, information about its quality, and information needed
by the user to determine its fitness for use (8).
The ISO approach to evaluating spatial data quality can be
described as follows (9). By using a database specification,
a universe of discourse (perfect dataset), P*, is defined.
The quality of the actual data being used, p , may then be
expressed as

then the decision-making process can be expressed as a
function:

Q

S.

P

= Dist(P

- P*)

where Ö, is an n-dimensional vector, expressed by standardized measures such as accuracy, completeness, etc.
Dist is a distance function in an n-dimensionai space.
A user wishing to evaluate the suitability of P should
according to the ISO model specify his or her universe of
discourse ([/*). Then the dataset is suitable if

Qu = Dist'P

-U*)<t

So far there is limited experience of applying the ISO
model. The main problems seem to be:
- How is Qp estimated? This problem increases as the
semantic differences between P* andJJ* increase.
- What is a suitable threshold vector, E ? How are the errors
and uncertainties propagated to the final result?
To date, uncertainty methods in the decision phase have
been pointed out by some studies, but examples of applications
of such methods in this area are still quite few. A novel
procedure to analyze the uncertainty associated with the
output of GIS-based models is presented by Crosetto and
Tarantola ( 1 0 ) ; i.e. a synergetic use of uncertainty analysis
and sensitivity analysis is proposed. Crosetto and Tarantola
briefly discuss how the procedure can provide a model
building tool for choosing, from a group of alternative
models, the best model in terms of cost-benefit analysis. In
their case study, they illustrate how uncertainty analysis and
sensitivity analysis can support the implementation of a
GIS-based hydrologic model whose main goal is to support
a system for near real-time flood forecasting. DeBruin et al.
(11) propose a decision-analytical approach to compare the
value of alternative datasets. Their case study concerns the
expected monetary loss due to uncertainty concerning the
volume of sand required for building a container port. Aerts
(12) studies the influence of uncertainty on the potential
locations of a ski run and its associated development costs.
Frank and Grünbacher (13) discuss the relevance of
datasets. They state that the relevance of data can be decided
only with respect to a decision. One test of relevance is to
study whether the decision has the same outcome if the
dataset is improved or degraded. They continue by suggesting
a formal framework for the revision of datasets. Krek (14)
presents an agent-based computational model for quantifying
the functional value of spatial information and applies it to
car navigation as a case of spatial decision making.
An alternative approach to the ISO model is to study the
effect of uncertain and incomplete information in the decision
domain. Assuming, for simplicity reasons, that we are
making rational decisions based solely on facts (information).
4%

d =

f{U)

where d e D, D constitute the set of all possible decisions,
and U is the information available.
An optimal decision may then be written as

d* - / ( {/*)
The suitability of the dataset P may then be expressed as
= Dist (d
2

- d*) = Dist,

(f(P)-

/(£/*))

c

where P is an n-dimensional vector describing the suitability.
Dist, is a distance function in an n-dimensional space,
expressing the difference between two decisions.
The problems still to be solved with this approach are the
following:
- Given a set of optimal facts (U*), what is the optimal
decision?
- Given a set of information, P , what is the actual decision
being made?
- How should the difference between two decisions be
expressed?
This paper deals with problems related to quality
assessment in the decision domain. The idea is that existing
standards related to quality descriptors can be used for
such assessment. The purpose is to study whether quality
specifications can be used for the evaluation of different
alternatives within a decision-making process concerning its
risks and associated costs.
The case study described in this paper consists of 3 steps.
In the first step, the perfect datasets U* are produced, using
a spatial microsimulation engine based on cellular automata.
In the second step, the datasets P are generated using Monte
Carlo simulation. Finally, in the third step, the suitability of
the monitoring methods is evaluated using expected utility
measures.

MATERIALS AND METHODS
Systems for Monitoring the Lichen Cover
Monitoring all the changes associated with vegetation is
impossible. In order to accomplish the aim of monitoring
changes in vegetation, it is necessary to establish one or
more indicators of change in the vegetation cover. A good
indicator will simplify large amounts of complex information
into a concise, easily understood format. To be effective, an
indicator must be relevant, easy to understand and reliable.
In the present case study, lichens were used as an indicator
of ecosystem disturbance.
Of the different heath communities above the treeline,
extremely dry and dry mountainous heaths and lichendominated dry heaths are vulnerable to mechanical damage,
such as that caused by trampling by animals or humans, or
by tyre friction made by off-road vehicles (15). If such
mechanical damage becomes continuous, the consequence is
vegetation degradation and soil erosion. Soil erosion can be
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Figure 1. A schematic overview of the laboratory environment.
seen in the increased number of patches of exposed mineral
soils in drier vegetation (16). Extremely dry heaths are found
in locations that are often swept free from snow in the winter
Dry heaths occur where the snow cover is better, and are
dominated by crowberry (Empetrum hermaphmditum) and,
where calcareous soils are rare, dominated by heather
(Calhma vulgaris). In areas with a continental type of climate,
lichens often dominate the dry heath. In dry conditions,
lichens are brittle and vulnerable to trampling (17, 18).
Using Landsat T M data, Tömmervik and Lauknes (19)
showed using Landsat TM data, that one of the main vegetation
changes observed in the land cover in northern Norway was
the decrease of lichen in lichen-dominated heaths. Pale
lichens may be used as a remote-sensing indicator of change,
since due to their spectral characteristics they differ clearly
from green vegetation, by reflecting highly in the visual and
infra-red wavelength bands. For monitoring Swedish
mountainous vegetation in areas with a continental climate
and dominated by lichen-rich heaths, the chosen indicator
(lichen cover) can be used for detection of disturbances in
the ecosystem; and changes in the lichen cover are possible
to detect on a regional scale in Landsat T M data using an
NDVI differencing technique (2). Using the same indicator
Allard (16) showed that small-scale changes in the lichen
cover are possible to detect through interpreting Colour
Infra-Red (CIR) aerial photographs with a scale of 1:60 000
from 2 periods representing a time-span of about 15 years.
Four different methods for estimating the lichen cover were
used in this study, namely
-

interpretation of aerial infra-red images;
classification of TM data;
spectral changes in TM data;
field measurements.

Using the first method, color infra-red aerial photographs
with a scale of 1:60 000 were interpreted for 2 different
dates. Within these interpreted photographs the percentage
of the lichen cover was estimated. A difference image was
then calculated to illustrate the lichen change. Since Allard
et al. (20) show that the lichen cover can be estimated to the
nearest 10%, their findings were implemented.
The second method compares 2 classifications of Landsat
TM data. According to Singh (21) this post-classification
Ambio Vol. 32 No. 8. Dec. 2003

method can produce a large number of erroneous change
indications, since an error on either date gives a false indication
of change. However, the method holds promise, because data
from 2 dates are separately classified thereby minimizing
the problem of normalizing for atmospheric and sensor
differences between 2 dates.
In the third method the change detection using satellite
images is based on calculations of the normalized difference
vegetation index (NDVI). The created difference image
shows the change as NDVI differences. Linear regression is
then used to calculate the relationship between the NDVI
differences and the lichen decrease interpreted using the CIR
aerial photograph. The reason for using this NDVI method is
that studies by Nordberg and Allard (2) show that the NDVI
differencing technique and thresholding can be used for
detecting changes in the lichen cover with an overall accuracy
of 77%. These findings were used as a base when designing
an NDVI-based monitoring system for the present case study.
The method based on field measurements was chosen,
since fieldwork is in most cases carried out to acquire detailed
information on the ground cover, as well as to obtain detailed
and reliable reference data when evaluating a developed
method. Several areas that represented homogenous sites of
different character were selected in an image to be visited
and checked.
These monitoring methods were selected because they
had been prepared and were available within the researchgroup. That they represent the best change detection
techniques has not been verified. The methods were
implemented in a laboratory environment for further studies.
The analyses made were based on artificial perfect datasets
({/*). However, these artificial data were based on existing
datasets for an area in a Swedish mountain range. In Figure 1.
a schematic overv iew of the laboratory env ironment is shown.
Construction of Perfect Datasets (U*)
To study environmental change, data from at least 2 different
times should be used. The perfect datasets required for this
purpose are
U* = U„*

uU*

First of all an artificial perfect dataset for time t was
constructed (U, *) on the basis of the classification of existing
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real datasets. From this perfect dataset, 2 different raster
images were generated. One image had 13 different landcover classes, one of which represented lichen heath, while
the other image had the lichen heath class divided into 9
subclasses, depending on the amount of lichen-domination.
In order to produce a perfect dataset for time t, ((7,*), the
changes in the lichen cover have to be reflected. Changes in
the lichen cover depend on damage as well as on growth.
Since the growth of lichen is assumed to take 30 years (22),
time t, was set to t +30 years. To produce [/,*, a spatial
microsimulation technique was used.
Micro-simulation originates from the social sciences and
has been used for modelling different aspects of the social
world, like demographic, social, or economic characteristics
of human behavior. The prefix "micro" simply indicates that
the simulation model is formulated at a disaggregate level or
microlevel of individual decision making, i.e. for units such
as individual persons, households, or vehicles (23, 24). While
macromodelling usually provides good estimates of mean
values, microsimulation is used when the entire distribution
functions are of interest or when rare events are to be modelled
(24).
In this study, the main causes of damage to the lichen
cover were assumed to originate from trampling by humans
and reindeers. Depending on the precipitation, this trampling
will cause various degrees of damage. Growth is assumed to
be a linear function over the time period; i.e. the model of
changes in the lichen cover was very much simplified in this
study. Hence, 3 different functions for changes were created
and used.
For the 3 different models of change, variables describing
the trampling by humans and reindeers and the precipitation
were randomly changed. Each model of change was then reprocessed 10 times, i.e. 30 different, equally likely, alternatives
for Uj * were generated.
0

When generating artificial satellite images ( p ), simulations from the perfect datasets {U* and U*) were made by
using the mean vector and the covariance matrix for each
vegetation type. However, within this study the generalized
NDVI method did not seem to cause any significant
change. For that reason known error propagation rules were
used to verify if the NDVI method could function as a
change detection method. By using the mean vectors and the
covariance matrices for the used intensities, the standard
deviations of the NDVI values, the NDVI differences, the
standard errors of these differences, and the percentage
share of cells having a significant change were calculated.
This theoretical study confirmed that the NDVI method
implemented in this study was inapplicable.
Alarms
In this study, 2 indicators of alarm were defined as follows:
- If more than 15% of the total number of lichen cells have
lost all their lichen content, an alarm is triggered.
- A pixel (cell) where the amount of lichen has decreased by
more than 50% is considered to be affected. If the number of
affected cells is more than 30% of the total number of lichen
cells, an alarm is triggered.
In the methods using classified aerial photos or field
surveys for change detection, the amount of lichen at each
cell was estimated. This means that both the alarm indicators
above could be used.
Since a classified satellite image only contains one lichen
class, the change detection with this method could only be
measured by the amount of disappearing lichen cells. This
means that only the first of the 2 indicators could be used.
Risk Assessment
The suitability of the dataset p is here defined as
S

= Dist (d

p

Construction of Artificial Datasets ( p )
The method suggested for comparing different monitoring
strategies uses quality specifications lo create aerial photo
interpretations and classified satellite images. Since such
specifications were missing for some monitoring strategies,
adequate quality measures were estimated by other means,
for example interviews.
Classified aerial photo interpretations were simulated
from the perfect datasets (U * and U*), with the lichen class
divided into 9 subclasses. The confusion matrix created for
photo interpretation was used for this purpose. It was assumed
that misclassification only occurs for complete areas, not
just one pixel. When creating a classified aerial photo, each
vegetation class was treated individually at first, since different
misclassification probabilities exist for each vegetation
class. A complete classified aerial photo ( f ) was finally
obtained by merging each single classification. In the same
way, classified satellite images (P ) were generated by
using their related confusion matrix. The perfect datasets
with 13 vegetation classes were used for this purpose. With
regard to the rest, the simulation was made in the same way
as the classified aerial photo image.
The field surveys ( p . ) at time tO and time tl were generated by randomly selecting 5% of the existing lichen cells to
represent the field measurements. The classifications of the
lichen cover were here assumed to be correct at each sampling
point being surveyed.

2

- d*) = Dist, ( f ( P ) - / ( [ / * ) )

In the sections above, we have described the procedures of
estimating /(p)(for the different monitoring systems and
f(U*l
In this study, the suitability of the dataset is defined as its
expected utility EU,

£{/=SPr(Q-u,.

0

where Pr(^) is the probability of state f occurring
u is the costs and benefits associated with state f.
Assume that we have a decision-making process with a
finite number, n, of decisions. We then have n*n possible
future states, namely the combinations of the actual decision
being made and the correct decision based on correct information. We may then construct a probability matrix, PM, of the
dimension /;*/?, where
(

j

csi
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?M =?r(d=d Ad*
iJ

i

=dj)

In our case, we have d, = Alarm and d, = No alarm. Our PM
matrix is then

(

Pr(Correct alarm)

Pr(False alarm)

Pr(Missed alarm)

Pr(Correct no action) I
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It', for each of these future states, we estimate the corresponding costs and benefits u,, we may then estimate our expected
utility as

The utility of each action (correct alarm, false alarm, etc) is
estimated as a vector consisting of the environmental utility
and monetary utility. A positive utility corresponds to an
improvement in the environmental quality or a financial profit,
while a negative utility corresponds to environmental or
monetary costs. The main reason for expressing the utilities
as a vector is the difficulty in transforming environmental
improvements and costs into monetary terms.
For all monitoring methods, the environmental utility matrix
is given by

UM„

Gain due lo restrictions

Costs due to minor land degradation

Costs due to major land degradation

Costs due to minor land degradation

According to the simulations, the probability of a significant
change in the land cover is 3 3 % . However the field surveys,
as well as the photo interpretation, gave correct alarms for
all the investigated situations. The use of classified satellite
images did not perform equally well.
For the 3 different monitoring methods studied, the utilities
shown in Table 1 were estimated. Note that the environmental
utility is expressed along a relative scale, while the monetary
costs are expressed in monetary units.
Table 1 shows that the field surveys and the interpretation
of aerial photographs provide an equally good environmental gain. Moreover, considering the monetary costs, the
interpretation of aerial photographs is, in this case, slightly
less expensive than the field surveys. The classification of
satellite images is here the least expensive method, but also
provides the lowest environmental gain.

Table 1. Expected utilities for the 3 monitoring methods.
In this case study, it is assumed that when an alarm is triggered,
a more detailed investigation is carried out in order to
ensure that it is not a false alarm. For monitoring methods
with good performance, this action may be omitted. If the
detailed investigation confirms that land degradation is taking
place, restrictions on the land use are to be implemented.
For cost estimation, this implies a classic problem, namely
whether or not costs for external parties should also be
included.
For each monitoring method, the following monetary utility
matrix is estimated:

where
c. is the cost of monitoring the lichen cover
c, is the cost of a more detailed investigation, in the case of
an alarm
c, is the cost of implementing restrictions on land use
On the basis of a limited number of interviews, the environmental and monetary utilities described above have been
estimated. The variations among the answers are in some
cases considerable, indicating an uncertainty in the estimates
that must be considered in evaluating the figures.

RESULTS
The results of the simulations are summarized by the following
probability matrices, PM.

PM

FieldSurveys

PM

ClassifiedArealPhoto

PM

ClassifiedSatellitelmages
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0.33 0
0
0.67
0.33 0
0
0.67
0.27
0.06

0.64
0.03

Monitoring method
Field survey
Interpretation of aerial photos
Classification of satellite images

Environmental Monetary
utility
utility
1.33
1.33
0.80

-78
-62
-59

DISCUSSION
This paper describes a method for measuring fitness for use
within decision making by quantifying usability in terms of
risk and cost. DeBruin et al. (11), as well as Crosetto and
Tarantola (10) and Aerts (12), introduce somewhat similar
concepts, whereas other related studies mainly focus on
describing how to analyze uncertainties associated with
model outputs.
It is shown in this study that the expected utility consists
of 2 parts, namely the probability of land degradation and
the costs and benefits of triggering alarms. Both parts are
sitespecific. This means that the presented results are sitespecific, and no conclusion can be drawn concerning what
monitoring method is preferable in general. It should also be
stressed that no attempts have been made to optimize any
monitoring method, although such procedures may be
designed within the framework described in this paper.
One should also be aware of the fact that the method
based on post-classification is questioned by Singh (21).
Singh's paper discusses and compares different digital
change detection techniques, and concludes that the postclassification technique seems to have the lowest change
classification accuracy. That result is verified in this study.
Change detection based on NDVI differences was found to
be inapplicable in the case study. When trying to implement the
NDVI method, it was found both empirically and theoretically,
that this method was too weak. Most likely this is due to the
use of a change detection strategy that was far too generalized.
Another reason might be that more information than that
provided by the mean vector and the covariance matrix is
needed to generate adequate satellite images. Perhaps other
additional external information is required as well.
Moreover, other images with sharper differences between
the lichen classes might be required. Furthermore, Nordberg
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and Allard (2) show that changes in the lichen cover can be
detected in Landsat TM data using an NDVI differencing
technique with an overall accuracy of 77%, indicating that
better results may be obtained by implementing their method
in an improved way.
One conclusion that can be drawn is that standardized
quality descriptors as such say nothing about the possibility
of triggering alarms in monitoring situations. However, on the
other hand, it is shown that such descriptors can be processed
further and can be useful when evaluating monitoring systems.
Since confusion matrices for the classified satellite images,
as well as for the classified aerial photos, were lacking, these
were created on the basis of interviews and rev iews of earlier
studies. However the material that forms the basis for the
creation of these confusion matrices is somewhat limited.
Quality specifications of source data form the basis for
the production of the different datasets used in this study. For
this reason the method depends on the availability of such
information. The case study is a significant example where
standardized quality measures are extremely useful, but
sometimes not enough. This is especially obvious when
studying the change detection method based on the NDVI
differences. It is worth mentioning that even though the
confusion matrix is a de facto standard quality descriptor, it
is not always the case that it will be produced.
When generating an artificial perfect dataset (t/*), spatial
microsimulation based on cellular automata has been used.
Microsimulation is very sensitive to variations in the models.
This problem is usually handled by aligning the simulations
to macroconstraints, such as the overall probability of land
degradation. Such constraints have not been applied here,
indicating that further refinement may be necessary.
The number of simulation runs required for obtaining
robust results has not been investigated. In this study, 30
microsimulation runs were used. It is believed, however,
that the uncertainty in the microsimulation model is greater
than the uncertainty caused by the limited number of
simulation runs.
The method can not only be used for comparing different
strategies for environmental monitoring. Of equal interest
might be the possibility of assessing the value of different
datasets or optimizing a given monitoring method, for
instance the number of sampling points in field surveys. The
key issue for this kind of analysis is the identification of
sources of uncertainty.
In this study, the expected utility is used as a measure of the
usability of a dataset produced by a monitoring method. The
advantage of this approach is that it clearly demonstrates the
connection between data quality, decisions and environmental
and financial costs and benefits. This is also a drawback,
since some estimates of utilities are very uncertain and vary
considerably among different persons. This demands a closer
connection between engineering and environmental economics
in future studies.
The relationships between costs and probabilities for
different types of events can also be used for optimizing a
monitoring system with respect to costs. If, for instance,
the environmental cost of missing an alarm is very high,
monitoring methods that do not miss such alarms are preferred,
providing that the probability of land degradation is sufficiently
high. If, in addition, the cost of implementing a restriction on
land use is considered to be very dominant, the costs related
to the monitoring methods as such are of less importance.

Mill

An important issue not being dealt with in this pilot study is
the type of decision that should be considered for optimization.
In many organizations, decisions are taken gradually in
sequence and perhaps not always in a rational manner. This
will of course influence the data usability function being
used, and there might also be several occasions when the
expected utility measure is not suitable.

CONCLUSIONS
The main aim of this paper was to study a method for evaluating
the impact of data quality and model uncertainties within the
decision phase, with special emphasis on the risks and costs
associated with the design of different environmental
monitoring systems. The following conclusions can be
drawn from the study performed:
- Standardized quality measures are extremely useful for
evaluating the usability of environmental monitoring
methods. However, these measures cannot be used directly
as indicators. Instead they have to be transformed into a
domain understood by the user. The method proposed in
this paper has a conceptually different approach compared
to the approach suggested by ISO for evaluating the
suitability of a certain dataset.
- As a suitability measure for environmental monitoring
methods, the expected environmental gains and monetary
costs have been used. When estimating such gains and
costs, special attention must be paid to the following:
- If synthetic data are constructed using spatial microsimulation techniques, macroconstraints such as a priori
probabilities should be used for aligning the simulation
model.
- If synthetic data are constructed using Monte-Carlo
simulation techniques, good models of the errors and
uncertainties must be used. The standardized quality measures proposed by ISO have not proved to be insufficient.
- The utility function associated with the outcome of
the decisions must be studied in more detail before the
approach presented here can be used in real situations. It
is especially important to decide which external monetary
costs should be included in the calculations, for instance,
costs due to restrictions on land use. It is of equal importance to have a concrete model for the environmental
gains and costs associated with different scenarios.
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