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Introduction 

Spatial Data in Archaeology is a sub-project of a large 
research consortium, From Data to Knowledge (1996-2001) 
funded by the Academy of Finland, and lead by professor 
Heikki Mannila, from the Department of Computer Science, 
at the University of Helsinki. In 1996, the Academy drafted 
the Information Research Programme, the purpose of which 
is to generate a multi-faceted approach to information, its 
production, presentation, transfer, and utilisation. 

The aim of the consortium, From Data to Knowledge is to 
develop new methods for the analysis of large and 
complicated data sets, especially spatially referenced data. 
The consortium is based on the co-operation between 
computer scientists, mathematicians and statisticians, and 
other disciplines, including epidemiology, biotechnology, 
environmental sciences, geography, and archaeology. In the 
formation of knowledge from archaeological data, the aim is 
to combine GIS and spatial statistics. In particular, the 
Bayesian and Markov chain, Monte Carlo (MCMC), 
approaches are used. Investigation into uncertainty in data 
collecting, handling and analysis, and interpretation, is one of 
the main interests. 

Uncertainty in arcliaeological data and interpretation 

During the last years, the concept of uncertainty, 
differentiated from error, has gained a lot of attention in 
conferences and publications, especially in the fields of 
environmental research, decision making, and the use of GIS. 
Equally, the subject has been under discussion in 
archaeology {e.g., Wiemer, 1995; Maschner, 1996; see also 
McGlade, 1997). Researchers have, of course, always been 
aware of the existence of uncertainty in their data and 
interpretation. However, the methods used for handling 
incomplete and imprecise data, as well as the epistemological 
basis, have changed with time. The increasing use of 
computer-based analysis has raised the problem of how to 
classify and handle uncertain information, in a binary 
language, without the words "maybe", "more", etc. In GIS 
studies, the difficulties in classifying continuous, or fuzzy, 
spatial data, without over-simplified classes or borders, has 
raised the need for non-classical analysis methods (see, e.g., 
Burrough, 1996; Lagacherie, Andrieux & Bouzigues, 1996). 

The problems are, how to cope with incomplete and 
imprecise data, how to describe this uncertainty, and how to 
measure its effects on results. When we talk about GIS, the 
aim is to use spatial data in advanced analysis, which 
demands much more from the data quality, than the pre-GIS 

fradition, based on paper maps. 

In Fig. 1, archaeological data processing in GIS, has been 
described. Every GIS guide begins with the definition, that 
GIS is an information system, for collecting, storing, 
analysing, interpreting and presenting spatial data. In the 
same way, we can divide the causes of uncertainty and error, 
into these different levels of data processing. If we compare 
archaeological GIS to other disciplines, using GIS, what 
stands out for us is that the "real world", we are interested in, 
existed hundreds or thousands of years ago, and the "real 
world", we are observing, has undergone considerable 
changes, due to post-depositional formation processes. As a 
result, indirect observations cause uncertainty in 
interpretation and demands on theory: how do we interpret 
what we are observing? 

Archaeologists are data producers, i.e., they work on every 
level, from data collection to interpretation, by working with 
data, collected through archaeological excavations and 
surveys. However, archaeologists use a lot of environmental 
data (for example, soil maps), without adequate metadata, 
and information about the data quality. 

P. A. Burrough (1987: 104) divided possible sources of 
uncertainty, in GIS, into three levels: 

1. 

2. 

Obvious sources of error 
e.g.,    age    of   data,    aereal 
observations, map scale 

coverage,    density   of 

Errors   resulting  from   natural   variations   or from 
original measurements 
e.g., quantitative and qualitative accuracy of content, 
sources of variation in data 

3.    Errors arising through processing 
e.g.,    classification    and    generalization    problems: 
methodology, class interval definition, interpolation 

According to Burrough, the first level sources of error are the 
most obvious, and they are easy to check (Burrough, 1987: 
104). However, this kind of information is usually included 
in the metadata standards for digital information. 

The second level contains more subtle sources of uncertainty 
and error, which can be detected, only while working 
intimately wdth the data. The accuracy of content depends 
much, on the decisions, classifications and generalizations, 
made by the researcher. For example, it is difficult to define 
the boundaries for continuous phenomena, e.g., soil types 
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Fig. 1. Uncertainty in archaeological GIS 

(Burrough, 1987: 104), The important question is, how to 
make the information, used in decision making available as 
metadata. 

At the third level, there is the uncertainty, arising through 
processing, for example, through interpolation. This level 
forms an important research area, for all scientists using GIS. 

Examples of data processing 

The research material consisted of two spatially referenced 
data sets. The first covered Iron Age sites and environmental 
factors, such as soil, water, digital elevation model (DEM), 
etc., over a large area, in Eastern Finland. The second was 
die material collected through the excavation and survey of 
an Eastern Finnish, Viking Age settlement site. The aim was 
to study the Iron Age settlement process, both at the regional 
level and at the local level. 

The role of GIS, in this project, was to be a supplement to 
spatial statistics; in other words, it was used for storing, 
exploring, and visualizing spatial data. The procedure cuold 
be called, GIS-assisted modelling. The GlS-programs used 
were Idrisi for Windows and Maplnfo. 

Different methods, including fuzzy logic, were used to create 
map layers, that presented, not only observations, but also 
knowledge about the degree of uncertainty, in these 
observations. For example, while reconstructing the Viking 
Age water level in Eastern Finland, the estimation was based 
on the known, land-uplift rate, during the last 1000 years (see 
Nuüez, Vikkula & Kirkinen, 1995). Besides this, the yearly 

variation in water level, caused by climate, held to be taken 
into account. Because the variation could be predicted from 
present water stage measurements, it was possible to evaluate 
the degree of variation, in Viking Age water level estimation. 

In Fig. 2, the map presents the estimated water level for the 
9th century, AD. The average water level, normally used in 
map presentations, is marked in red-line and was measured, 
by taJdng the land-upUft rate into account. The effect of 
climatical variation is expressed, with different shades of 
green. The diagram below (Ympäristöhallinto 1997) shows 
the measurement information, from the last 80 years, which 
has been used for the evaluation of variation. 

However, in many cases, the existence of uncertainty is 
acknowledged, but its exact effect on measurements and 
results is not known. For example, in Fig. 3, the aim was to 
determine the activity areas of a settlement site, by analysing 
soil profile observations (the presence of a coloured cultural 
layer or a stone structure) and phosphate contents. 

The observations of a cultural layer were collected through 
sampling, and were classified using Boolean logic, while the 
phenomena was essentially continuous and fuzzy. Mis- 
classifications were more common, when the cultural layer 
was light-coloured, or thin. Also, the variation, especially 
near the boundaries of the cultural layer, caused uncertainty 
in classification. The likelihood of errors, in classifications, 
was evaluated, by comparing the observations to reference 
material, collected through excavation. 
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Combining prior knowledge to spatially referenced 
archaeological data 

The wide interest in combining relevant prior knowledge 
with the analysis, and the need to deal with error, have drawn 
attention to non-classical, statistical methods. The Bayesian 
method uses probability, as a means of measuring one's 
strength of belief, in the truth of a particular hypothesis. The 
Bayesian application of probability theory offers a well- 
founded method for handling uncertainty. The basic 
methodology, as well as a wide collection of archaeological 
case studies, have been presented in Buck, Cavanagh, and 
Litton (1996). 

In our example of soil surveying, a model was formulated to 
express how soil data may reflect activity areas and land-use, 
at a typical Eastern Finnish Iron Age settlement site. The 
model consisted of rules describing the expected significance 
of soil profile observations and the results of phosphate 
analysis (see Table 1). The resulting probabilities, from a 
corresponding logistic regression model, are visualized in 
Fig. 4. The aim was to study the relationship between human 
activity intensity, expressed by soil samples, and, on the 
other hand, by excavations, while taking the prior knowledge 

into account. 

In this project, the Bayesian inference was carried out by the 
Bassist system, developed at the University of Helsinki, 
Department of Computer Science, during the last three years. 
Bassist analyses computationally complex, Bayesian 
statistical models, using the so-called, Markov chain, Monte 
Carlo methods. 

Conclusion 

The exponentially increasing use of digital information has 
caused the need to study the basis and use of this 
information. In archaeological GIS studies, the combination 
of archaeological data bases and map bases require 
sophisticated methods, for handling uncertain and fuzzy data. 
Also, the importance of metadata, in data management, has 
become increasingly vital (see, e.g., Farley & Gisiger, 1996; 
Wise & Miller, 1997). 

This paper is a preliminary presentation of the ongoing 
project. Spatial Data in Archaeology, the purpose of which is 
to study and develop methods, for handhng spatially 
referenced, archaeological data. 

cultural layer 
observed in soil 
profile 

cultural layer 
observed in 
neighbouring 
samples (#) 

phosphate 
content 

stone structure 
observed in soil 
profile 

probability of 
archaeological 
features 

0 0 
0 0-0.1 

1 -2 < mean 0 0.1 -0.3 
1 -2 > mean 0 0.2-0.4 
1 -2 < mean 1 0.2-0.4 
1-2 > mean 1 0.3-0.6 

>2 <mean 0 0.3-0.5 
>2 > mean 0 0.4-0.6 
>2 < mean 1 0.5-0.7 
>2 > mean 1 0.7-0.9 

Table 1. Decision rules for estimating human activity at an Eastern Finnish Iron Age settlement site through soil profiles and 
phosphate analysis. 0 = negative observation; 1 = positive observation. 
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Fig. 2. Fuzzy water level at Lake Saimaa (Eastern Finland), 
in the 9th century AD. The diagram below: water stage 
measurement during the last 80 years, collected by Finnish 
Environment Institute (Ympäristöhallinto 1997). The yearly 
variation in water level is ±1.25 meters. 
Fig. 3. Mikkeli Kenkäveronniemi, a Viking Age settlement 
site in Eastern Finland. Black dot = positive cultural layer 
observation; black circle = negative cultural layer 
observation; yellow star = positive observation of a stone 
structure; different shades of grey = phosphate content 
interpolation (white = 0-296 mg/kg,..., dark grey = 1000 
mg/kg); red rectangle = excavation area. The distance 
between observations is 5 meters. 
Fig. 4. Visualization of a logistic regression model of soil 
survey data (blue lines). Labels, see Fig. 3. 
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