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Archaeological Informatics: Beyond Technology

Remote Sensing and Geophysical Prospection
by Armin Schmidt

Abstract

In archaeological prospection computer processsngssential for all stages of data manipulation.
This article investigates the contributions whiaformatics has made in the past and looks at its
potential for the future. It is shown how the wadoki of satellite imagery, aerial photography and

geophysical prospection can be broken down into soremnents, acquisition, processing,

visualisation and interpretation. Based on thestegoaies, the advantages of digital data
manipulations are explored with individual exampléss shown that informatics can greatly assist
with the final archaeological analysis of the meesents but that human experience and
assessments are crucial for a meaningful interjioata

0. Introduction

Archaeological prospection methods have becomatagral part of the archaeologists’ toolbox. In
fact, geophysical surveys are now seen as a conyndding regularly used for site assessment,
either in their own right or as part of an integdhprospection strategy. Computers are required to
manipulate the volume of resulting data so thatpbgsical techniques and informatics have
become inseparably intertwined. It is thereforefulséo analyse the role of informatics in
archaeological prospection, investigate its contrdn to past developments and explore possible
future directions. The following text will discusise use of computers in aerial photography and
satellite imagery (summarised as ‘remote sensiag')vell as geophysical prospection.

1. Informatics in Archaeological Prospection

The purpose of archaeological prospection is tiecbtlata that can be used for the non-destructive
investigation of buried archaeological remains. phecesses leading to this end can be subdivided
into different stages, which all require computemipulation of data.

)] Measurements and data recording: While an excavator is guided by variations inl soi
colour and composition, remote sensing and geopalysurveys detect contrasts in those
soil properties that are not recognised by humamng. (electrical resistance, magnetic
susceptibility). Similarly, aerial photographs allgperspectives of sites, which are not
otherwise available. In addition, a large volumeimformation is recorded for further
analysis and often stored digitally.

i) Acquisition procedure: The way data are collected is partly influencgdhe method used
(e.g. air photography) and partly by the data hagdand manipulation (e.g. gridded
geophysical data).

iii) Data processing: Computer processing can help to amplify significéeatures in the
collected data if the chosen mathematical operagssect the nature of measurements (e.g.
perspective distortion of oblique photographs, clexpagnetic signals of simple features).
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The efficient implementation of these operations asnputing algorithms is often
challenging.

iv) Visualisation: The visualisation of results can range from atpy@phic print to a virtual
reality exploration of data, with various degreésamputer manipulation.

V) Interpretation: The final archaeological interpretation of prodjen results requires
considerable understanding of the characteristicaused data and of the underlying
archaeological remains. Appropriate computer teldgyocan assist such interpretation.

While a separation of archaeological prospectida these five stages is useful for analysis, it has
to be remembered that they are all interrelated.eample, interpretation requires visualisation,
which in turn is dependent on meaningful data psiteg). The acquisition procedure, on the other
hand, can depend on the available visualisatiomiigaes and on the level of interpretation that is
required as a final result.

2. Remote Sensing

2.1 Measurements and data recording

In many cases the availability of data governsdtahaeological questions that can be resolved.
Nevertheless it is useful to consider the prin@pladerpinning remote sensing imagery to identify
requirements for data recording and digital storddgest archaeologists use aerial photographs to
identify individual features and the detail visibb® conventional photographs is sufficient to

resolve even small anomalies. It is the high spa@isolution of these images that allows such
‘specific’ use. In contrast, satellite scenes hauffered for a long time from a much coarser

resolution but instead offered ‘synoptic’ infornmati through broad overviews of landscapes or
multispectral data for the classification of thewnd’s cover.

The high spatial resolution of aerial photograpas be attributed to two factors: The relative low
height of recording and the use of photographimdilas medium for 'data storage'. The
disadvantage of the former is the concentratiorspercific features with the consequent lack of a
synoptic overview, while the use of analogue recwydnedia necessitates an additional processing
step before digital data are available for compum@nipulation. This processing can either be
accomplished by scanning of negatives and printgyomanually digitising individual features
identified on photographs. Using digital camerasulMoeliminate this intermediate step and
facilitate long-term archiving without degradatiohquality. However, to achieve an image quality
that is comparable to photographic film, furthepnmevements in the resolution of digital cameras
and the storage of the large resulting data voluanesequired. While it is always commendable to
collect primary data with the highest possible gudk.g. high resolution on photographic films),
the much simpler handling of digital images musbabe considered. It will be interesting to see
how much further digital imaging has to developdoefit becomes the primary recording tool.

Ground resolution of satellite images has improeedsiderably over the years. In 1986 the first
SPOT satellites were started and delivered data 20t and 10m resolution for multi-spectral and
panchromatic scenes, respectively. Later, the Bons&VR-1000 satellite amazed users with
panchromatic images of about 2-5m resolution aedatinch of ICONOS in September 1999 made
satellite images available with just 1m small pgx@fowler 2000). It has therefore become possible
to use satellite images for the specific identifma of archaeological features. It should be noted
that the impressive improvement of satellite imggisensors was only feasible with the
simultaneous development of computer systems, tapéhandling the increased amount of data.

The limited resolution of satellite imagery haseoftboeen compensated for by the availability of
multispectral data. By recording the intensity eflected electromagnetic radiation at various
wavelengths for each measured pixel, it is posdibleharacterise ground features (e.g. gkass
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wheat). Such synoptic approach allows new insigttts an archaeological landscape beyond the
identification of individual features. A good examps Fowler's (1994) investigation of the area
around Stonehenge where he was able to identifigrdiit types of grass covers in individual fields
from LANDSAT TM multispectral data. The implicatisrior heritage management are significant
and similar applications to the wetlands of Cumlaiiso showed promising results (Cox 1992).
Multispectral sensors mounted on aeroplanes acliglyespatial resolution, and early applications
for the investigation of ancient Maya canal netvgoabpeared very promising (Adams 1980). More
recently, the air-borne CASI sensors (Compact AmbdSpectrographic Imager) have opened new
avenues for archaeological applications (Holden1200'he development of improved multi-
spectral systems was fuelled by the great sucdesenoputer-classifications, showing again the
important contributions from informatics.

Most remote sensing techniques are passive asdhlgyrecord the electromagnetic radiation,
which is naturally reflected from the ground. Inntast, synthetic aperture radar collects data
actively. A beam of high frequency electromagnet&wves (above 1GHz) is emitted from the air- or
space-borne system and the returns are recordgath&ic aperture’ describes the enhancement of
sensor resolution by using the overlapping retatosg the flight path to construct a more focused
image (Rees 1990: 159). These systems possessdjwo aalvantages, namely a defined reference
signal and a potentially higher depth penetration.

The primary radar waves are transmitted with a kmtiming to which the received signals can be
related. The recorded data therefore contain ndt amplitude (i.e. intensity) but also phase

information. If scenes from two adjacent flight lp&t(or from two tandem sensors) are recorded,
these paired images can be overlaid to producefenéeces or ‘fringe patterns’, similar to a

hologram. Each fringe corresponds to a contour éind after advanced computations, detailed
topographical maps can be created. The height acgus determined by the wavelength of the
radar signals. It should be possible to desigiaine high frequency interferometric radar systems
that allow the remote mapping of archaeologicakéssiat reasonable horizontal and vertical
resolution to calculate detailed digital terrain dats (DTMs) that are akin to ground based
earthwork surveys.

Another advantage of the active nature of radagingais the possibility to observe the polarisation
of the received electromagnetic waves. This infdiomais already used for the characterisation of
some targets (e.g. tregs. buildings) but its potential has not been fullrliged in archaeology.
The advanced processing of relevant radar datad doelp to automatically identify classes of
archaeological features (e.g. grass covered earkisws.standing remains).

Radar waves have a shorter wavelength than opiitdal and can therefore penetrate deeper into
dry ground. This has been shown with data from $paceshuttle-borne SIR-B sensors that
revealed palaeo-rivers underneath the Southern tlagy®ahara (McHuglet al. 1988). When
excavating alongside the shores of these ‘rada&rgiva large number of Acheulean stone tools
were found, confirming the potential of the mettiodsite prediction. The potential of radar waves
to penetrate about 1.5-2m into dry ground may beleveal even structural archaeological remains
that are covered by sand if high resolution aimlecsensors are used.

Another method for the creation of DTMs is the afair-borne laser ranging equipment (LIDAR).
The early tests for archaeological applicationsengisappointing (J. Orbonsers. com1999) but
later results showed some promise with height @mies of about 0.1m and the possibility for a
spatial resolution better than 1m (Holden 2001)koMbination of laser ranging data with stereo-
pair images (see below) may allow a considerabi@mecement of results.

2.2 Acquisition procedure

Of great importance for any archaeological use eshate sensing images is their appropriate
georeferencing or rectification. Only in this way it possible to relate them to archaeological
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features on the ground and to combine them witkratlata in a GIS, for example with geophysical
results. Satellite images are increasingly delidérea georeferenced format that clearly specifies
their location. Since most of them were taken ealty, distortions due to changes in topography
are considered to be small so that a simple affimesformation is deemed sufficient. However,
only the position directly underneath a sensoreisorded vertically and areas away from this
position may be distorted by the undulating landscaThere is therefore a market for
photogrammetrically rectified remote sensing datsell on accurate topographical maps, so called
ortho-photographs. Software to produce such resulgs/ailable and it can be expected that data
will increasingly be delivered with these correasapplied.

The situation is more complicated for aerial phoapdps, which in many instances are taken from
an oblique angle from a small aircraft. With theueed costs of in-flight GPS equipment it has
become possible to assign well-defined coordin&begach photograph taken. However, these
coordinates only refer to the camera position; thegeted archaeological feature may lie
somewhere in the area around it. To provide morairate information for the target location,
various solutions are conceivable. Due to the oowotis recording of the aircrafts GPS
coordinates, its orientation can also be determ{eagl “flying due north”). If some information on
the relative orientation between camera and aircsadvailable, the position of the photographed
target can hence be estimated. Such informationettéuer be a vague verbal description (e.g.
“through right window, looking straight ahead”) @mechanical link between the two systems that
measures two angles accurately. Alternativelys itanceivable, to obtain an absolute record of the
camera direction using an attached digital comp&sgether with the aircraft's GPS coordinates
the target location can then be calculated.

The continuous recording of flight-path coordinateslso an essential aid in large scale recording
campaigns, like the English Heritage funded Natidviapping Programme (Bewley 2001). The
incorporation of such information into a GIS allows allocate flying resources to the least
investigated areas.

2.3 Data processing

Once remote sensing data are available in digaahdt, computer processing can be used to
enhance small variations related to archaeolognfatmation. Most modern image manipulation
software, even including some freeware packageg. (@ww.irfanview.com), contain image
enhancement routines that can be applied to resemiging images. It is important to remember that
such processing may in some cases improve feadfir@tobn but cannot replace high-quality input
data, for example aerial photographs taken withdgmeoneras and films.

The most important processing of remote sensing datheir rectification and georeferencing.
Based on control points identified in an image andnaps, photogrammetric calculations project
the data onto a base map. To achieve high accu@mygraphical data must be considered in these
calculations (Doneus 2001) and a number of softwankages are available for aerial archaeology,
most notably Aerial (Haigh 2000) and AirPhoto ($aol1998). As with all archaeological
prospection techniques, interpretation of the aagidata is required and there is some discusgion o
whether interpretations should be carried out @natiginal oblique image and then rectified in the
same way as the photograph (Palmer 2000), or whettexpretation diagrams could be based on
rectified images alone. The former approach hastivantage that break lines and shadows can be
identified more easily, while the latter method less time consuming and allows to base
interpretations on actual feature shapes (e.grwibe distorted circular ditch systems).

The distortion of images due to undulating topogyapan be exploited for their three-dimensional
analysis. If vertical remote sensing scenes (s&telr air-borne) are collected with considerable
overlap, or oblique aerial photographs are takemftwo close positions, pairs of such images can
be used to view the results in three-dimensionh waiit optical stereoscope or to analyse them with
a stereo-plotter. If the paired images are avalabldigital format they can be used to compute
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topographical models. However, most of the comnaélyciimplemented algorithms require
considerable user input and information about carpesition, direction and calibration, as well as
ground control points. For many archaeologicaladghotographs, such information is not easily
available. Redfernet al. (1999) developed a new algorithm for individual hereological
monuments (i.e. only small areas of a photographj tequires only limited user input. The
accuracy of a resulting DTM is about 0.9m and haped that further improvements will make this
technique a cost-effective alternative to grounsleldlatopographic recording.

While multi-spectral images are clearly desirabte feature classification (see above), the
complexity of necessary sensors leads to coarseingrresolution than for panchromatic (i.e.
‘black-and-white’) data. To overcome this limitatiat is possible to compute higher-resolution
multi-spectral scenes using interpolation scherhasdre guided by the panchromatic images with
higher resolution. It is therefore necessary tlwh lnlata sets are spatially matched with very high
accuracy. The interpolation algorithms are soptastid and not yet widely available. However,
with high-resolution multi-spectral images produdadthis way, it will be possible to classify
individual archaeological features based on theactal characteristics (e.g. walls or ditches). In
contrast to conventional remote sensing applicat{@ng. determining agricultural crops or ground
covers), it may be necessary to include informatinrthe surrounding areas into the classification
algorithms. This would help to identify, for exarapWilted parch marks on grass and early ripened
crop-marks in wheat both as signatures of burielisyvaespite the different moisture levels in the
respective vegetation and hence different spesigahtures.

2.4 Visualisation

Beyond the common plan-view visualisation of rems¢é@sing images it can be expected that a
computerised replacement for the use of stereoscoge be found. If DTMs are available, for
example calculated from stereo-pairs, data canisiegalsed as virtual reality models and stereo-
projection can help to interpret subtle featureschSvisualisation will help archaeologists to
interpret remote sensing data by representing theamaturalistic way.

2.5 Interpretation

The final goal of any remote sensing investigaimithe archaeological interpretation of detected
features. Information is therefore required onuhderlying archaeological landscape and shapes of
potential archaeological features as well as aotigit understanding of the visible anomalies. The
latter can be greatly assisted by computer apmicsit using image enhancement, feature extraction
or multispectral classification. However, the finaterpretation will have to rely on human
interpreters who can include ‘fuzzy’ archaeologk@abwledge for a convincing analysis.

3. Geophysical Prospection

3.1 Measurement and data recording

The development of geophysical instrumentatioriasedy linked to the rapid improvement of data
recording hard- and software. Only the copiousagfercapacity and convenient operation of the
latest instruments have made the geophysical pctegeof large areas possible. Even a small
Ground Penetrating Radar (GPR) survey can prodigabyges of data that are only manageable
with modern computing equipment. Prevailing surpeycedures pertinent to different geophysical
disciplines also had a profound influence on thsigie of data loggers. Geophysical surveys for
geological purposes tended to be carried out along lines that were fairly widely spaced.

Accordingly, data recording is undertaken with lared point numbers stored individually for each
data point. In contrast, archaeological geophysstal/eys are usually carried out on a regular
sample grid and the position of a specific measerdms hence determined by counting all
readings from the start of a grid. These differsatmeworks of data recording are perpetuating
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themselves, as practitioners who are used to asterayare often reluctant to adopt instruments that
use a different method of data logging.

With the miniaturisation of computing devices theelligence of data loggers has increased
dramatically. LCD screens that show trace plotsha&soperator walks along a line are already
implemented and greyscale displays that fill asir@esy progresses have been suggested (M Noel,
pers. com1999).

3.2 Acquisition procedure

As outlined above, it has become common practiceetord archaeological magnetometer and
earth resistance surveys on a regular grid (e5gn 8.0.5m) as an even and unbiased coverage can
be achieved and gridded data can be handled vicieatly during storage and processing. It has
become obvious in recent years (Becker 1995, Neartend Eder-Hinterleitner 1997, Schmidt and
Marshall 1997) that higher sampling resolutionsdrsignificant benefits for the interpretation of
geophysical data. Not only can smaller archaeotddeatures be detected (e.g. Fassbinder and
Irlinger (1994) were able to identify individual §tholes) but the overall interpretation of data is
improved as the full geophysical signature of anlgaabecomes apparent. Small-scale magnetic
anomalies may reveal themselves with clear dipstgratures rather than being reduced to a single
high reading at lower spatial resolution. Basedsaoh improved resolution, Norton and Witten
(1998) proposed an algorithm to remove magnetioldigignals from magnetometer data, caused
by small ferrous contamination. The advent of msdtnsor arrays (Becker 1999) made surveys of
0.25mx 0.25m feasible.

An entirely different approach is the acquisitioh data while walking randomly. ‘Scanning’
describes a method where the operator continucas$gsses the readings of, for example, a
magnetometer while walking over a field and drogpmarkers on the ground where the readings
‘seem to warrant it’. The results are not stric#yproducible, very subjective and depend strongly
on the skills of the operator. The data cannotri@dyaed further and important, but weak, features
may easily be missed (Gimson 2001: 25). It is tloeee not a recommended technique! If
undertaken more scientifically, the position anadiag of an instrument carried over a site can be
recorded continuously. This method produces dafasrtteat are comparable to conventional survey
results. However, the sampling density of sucheysvs not uniform, with a high resolution along
the line of walking but larger, and irregular, distes between such lines. It is crucial to preserve
information on this sampling regime to assess tiegumaps. Simple interpolation to a regular grid
may therefore be unsuitable. Sauerlaretal. (1999) suggested to use Delaunay triangulatiods an
their associated Voronoi diagrams for mapping, Whtorresponds to the use of Nearest Neighbour
interpolation on a fine grid (e.g. 0.05m 0.05m). The resulting polygons honour the original
sampling regime. If smooth transitions between dataes are required (i.e. interpolation) Natural
Neighbour gridding can be used to remove data m@mat polygon boundaries (Li and Gétze
1999).

The position of the geophysical instrument can eeorded accurately with differential GPS
(Sauerlandeet al. 1999) but the necessary equipment may influencg sensitive magnetometers.
This data acquisition method avoids the layingaiytredefined grids (e.g. 20m20m) in advance

of a survey, considerably reducing the overall tispent on a site. However, a drawback is the
uneven sampling and the potential to miss smaliraties. Sauerlandet al. (1999) suggested to
evaluate results continuously and send a survegck to interesting, but under-sampled locations
to acquire additional data. Clearly, this relies subjective judgement. A prerequisite for such
approach is the instantaneous data visualisatioimgla survey. Data can be transmitted to a base
station where powerful computers continuously radake the Delaunay triangulation for each new
measurement point.
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If measurements are recorded only at large inteyveampling strategies should be selected
carefully. For example, magnetic susceptibility veys are often undertaken with very sparse
sampling (e.g. every 20m) and the validity of tapproach needs to be investigated. As with any
other sampling technique, the intended use of tiegullata determines the design of the strategy. In
contrast to geochemical measurements, enhancedetiagasceptibility does not normally diffuse
in soil but often varies strongly even over smaditahces (e.g. over a fireplace). Interpolation of
data can therefore only be justified if the so lb@en mixed and spread, for example by ploughing.
It is hence important to consider whether interpofaof sparse data is appropriate or whether a
denser sampling regime is required. It is anti@gdathat geostatistical methods will be used to
assess the validity of certain sampling regimesbé3a1999). While the underlying sampling
resolution is of crucial importance, the choiceanfinterpolation algorithm for the resulting dada i
far less critical.

3.3 Data processing

A large number of algorithms are available to ‘@m®x geophysical data. It is therefore useful to
investigate carefully which data are used, and wiratcessing is possible and necessary. A
differentiation into three categories has provebdaiseful (see Fig. 1).

Data Improvement Raw Data
= - 1 Reflecting survey
procedure
gl | =
|
Data Processing Merged Data
- " Full dynamic Range
I N +20.03 nT
j '
&
Image Processing Images
Data reduced to
palettes

Figure 1: Three different categories of data praieg, requiring corresponding levels of detail in
the data.

Data Improvement: Where information on the method of data acquisii®m@vailable, common
data acquisition problems can be rectified withrappate algorithms. For example, data collected
while walking up and down a field (‘zig-zag’) sonmeés show staggering (‘shearing’) between
adjacent lines, due to misalignment of the operatith the predefined grid. If the length of
individual survey traverses and the order of zig-#aes are known the problem can be partly
corrected. Such processing can only be appliect& @re available in a format that reflects the
surveying procedure (e.g. if data are saved asraepgrids) and if information on the surveying
strategy is given (e.g. “zig-zag lines within eagfd, starting in the NW corner”). Other examples
of data improvements include zero-drift correctéom grid balancing.

Data Processing: Where the full dynamic range of measurement valsesvailable, processing

algorithms can be applied that are suitable for gheticular geophysical technique used (e.g.
reduction-to-the-pole for magnetometer data or {pigbs filtering of earth resistance data to bring
out small scale variations; Fig. 2). To avoid pesbé at the boundaries between individual sections
of data (grids) they are often merged into onelsifgpmposite’ before such processing is carried
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out. It is essential that information on the spatimensions of the data (e.g. resolution) is aldé
and for combination with other data sources theegistration of the geophysics grid system is

required.
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Figure 2: High-pass filtered earth resistance d&tam the courtyard of a Buddhist monastery at
Paharpur, Bangladesh. (a) Raw data and (b) filtededa showing the buried remains of two walls
(1) and processing artefacts (ii) and (iii).

Image Processing: When data are converted into images for displayqses, accurate spatial
information is often lost and the full range ofa@laalues is compressed to the limited resolution of
a palette that suits a particular display best. @5¢ shades of grey). These pictures can then only
be treated with standard image processing tootsdinaot take into account the geophysical nature
of the underlying data. A typical example would jeenbossing’ or ‘blurring’ that can create
pleasingly looking pictures that have, however |t analytical use.

There have been various advances in ‘data impronereehniques, for example the development
of sophisticated destaggering methods (Eder-Hmtadret al. 1996), but the following will focus

on ‘data processing’ as defined above. The maipgae of such processing is the discovery of
information that is encapsulated within the data dannot be ‘seen’ if they are displayed in a
conventional way. In some cases, more imaginatisealisation techniques will bring out subtle
features (e.g. animation, see below) and sometthiesnspection of different clipping ranges is
sufficient to gain new insight (Vernaat al. 1999). However, suitable processing is often thlg on
way to discover relevant archaeological anomakegood example is high-pass filtering where a
background (presumed to be a geological ‘trendieimoved from the data to reveal small-scale
features, which are taken as the desired archaealagmains. However, such filtering introduces
new artefacts into the data, most notably halosrat@onfined anomalies (see Fig. 2). It is hence of
paramount importance to be aware that such siggmtanre caused by the inherent properties of a
particular processing technique and are not ‘réfdle danger is obvious: when the processing is
more complex and the whole algorithm is seen ddazk box’, it becomes difficult for the user to
distinguish between archaeological anomalies andgssing artefacts. Modern software packages
fortunately offer large numbers of processing fiorg (Schmidt 2001) but if applied in random
order by a novice user they can produce meaninglessits. Comparison with the original
measurement data is therefore always recommendddsame authors suggest to minimise
processing altogether (Gaffneyal.1991) by collecting data of highest quality in flist instance.

3.4 Visualisation

Visualisation is used to display recorded dataeslum a way that can be easily understood by an
interpreter. It is important to maintain the splatizaracteristics of underlying measurements sb tha
the morphology of archaeological features can begeised.
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Although geophysical data are recorded at indiMighasitions (‘point data’), they are affected to a
larger or smaller degree by all features and sothe vicinity. For sampling intervals up to about
1m, measurements can therefore be displayed & deth, where each value is represented by a
rectangular cell. It is filled with a colour or steaof grey from a palette, according to a predefine
transfer function or look-up-table. By altering tharameters of this transfer function (e.g. upper
and lower clipping values, contrast) different teas can be highlighted. Some software packages
(e.g. Fortner Software’s ‘Transform’) allow to ‘tite’ (sic!) with this display by adjusting range
and contrast according to the two-dimensional mam@nof a mouse pointer on the computer
screen. Other display modes are also in use aadllagrams (‘x/y plots’) that show data as traces
along the lines of survey are often requested (@&905: 32).

To avoid artefacts often introduced by processeuhiiques (e.g. halos of high pass filters, see
above) new methods of visualisation can be empléyethe exploration of data. Cheetham (1996)
introduced animation of geophysical results aslemrative to high-pass filtering. When displaying
earth resistance data as a rapid sequence of imaitpesarrow but overlapping clipping ranges, the
human observer maintains an ‘impression’ of feattihat are visible in subsequent frames while a
smoothly varying background is suppressed. Inwayg, weak anomalies on a gradually changing
background can be identified. Such techniques ddama themselves to paper-reproduction but
have clear benefits and are already used on sonbep@fges (Marshall 1998).

Most geophysical techniques are used to createdtmensional horizontal data maps, as these are
similar to plan-views of an excavation and allowessment of archaeological remains based on the
features’ shape. With GPR it has become possibt®ltect data in three dimensions by acquiring
many parallel lines (‘2D sections’) to form a ‘databe’. Techniques for its processing and
visualisation, however, have been developed onlthenlast few years (Conyers and Goodman
1997). In contrast to other geophysical techniq@@@BR data only show interfaces and are not
directly representative of a feature’s propertinghis respect they are akin to first order derixes

and require sharp changes of dielectric permistiuit the ground (e.g. between soil and stone).
However, Leckebusch and Peikert (2001) have shdwh 3D migration techniques, originally
developed for seismic data, can be used to dersail gparameter called ‘reflection strength’ even
for the interior of features and for gradual tréinsis between dielectric permittivities. This
parameter hence represents the volume of burigdrésa and not just their horizontal interfaces.
As such it lends itself to three-dimensional vissation.

The easiest approach is to produce time-sliceb@g&zbntal’ maps averaged over limited reflection
time intervals (for example, Camerlynek al. (1994) averaged over 5ns). They often show depth
variations of features very well, especially if yhare displayed sequentially with animation
software. However, the time slices themselves altetvgo-dimensional and it is difficult to fully
appreciate the stratigraphic and spatial relatipssbetween different features, especially if they
are tilting. Hence, data need to be visualisechied dimensions, using virtual reality models and
stereo projections. A prerequisite is the calcatatof ‘reflection strength’ for the whole ground
volume, based on the measured reflections fromzbotal interfaces (see above). Leckebusch
(2001: 63) showed that subsequent conversion sdesurfaces is required to compress the large
data sets and allow for their real-time 3D explorat

Magnetometer surveys are far less suited for 30yinta simply because at each position only one
data value is measured, equivalent to recordinmgleslayer. It is therefore possible to assume
various feature arrangements with different magnetirameters that would all produce the same
measured values at the surface. Magnetic invetsasnhence no unique solution (Blakely 1996:
217). However, if some prior information is useal, €&xample the typical shape of a Roman ditch,
or values of magnetic susceptibility of plough seilibsoil and bedrock, a constrained inversion
algorithm can be constructed that often produceg nealistic information on the three dimensional

layout of buried archaeological features. Neubaareadt Eder-Hinterleitner (1997b) used leaped
annealing to calculate 3D models of Neolithic diacuing ditches, which were discovered with
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magnetometer surveys. These reconstructed modélsomyg helped with the archaeological
understanding of geophysical anomalies but alsealed the plough damage to these monuments
more clearly than the original data. Dittrich andpgelt (1997) used genetic algorithms and
Herwangeret al. (2000) iterative least-square inversion with cdesible prior assumptions to
achieve similar results.

3.5 Interpretation

Standard processing techniques, like high- anddags filtering, or the reduction-to-the-pole of
magnetometer data (Blakely 1996: 330), use thamaligneasurements to calculate new data maps
that can be interpreted more easily as archaealbfgiatures. Such interpretation therefore requires
a profound understanding of the measurements’ geigdl nature. For example, in magnetometer
data a positive peak with an adjacent negativegtroshould not be interpreted as two separate
features (e.g. ‘rampart and ditch’) since such ggejgal anomalies are normally caused by just one
single entity. To simplify the archaeological imgestation ‘complex attributes’ can be calculated.
Tsokas and Hansen (2000) showed how magnetometerada used to calculate new parameters
(e.g. ‘depth to interface’, magnetic susceptibjlithat simplify interpretation by including the
geophysical knowledge in an algorithm and providaae user-friendly output. When taking this
idea further, algorithms for ‘automated interprietas’ can be devised. Sheen (1998) showed how a
hybrid artificial neural network is used to locagnificant features in magnetometer data and
estimated their depth and width. Comments abouddémgers of a ‘black box-approach’ apply even
more to such methods. The best solution might be fekilled operator to compare measured data
and computed results so that an informed decidimutatheir archaeological interpretation can be
made. If the only task then remaining is the filaddelling of automatically delineated anomalies,
interpreters have been freed of some rather mesti@ohores - a most desirable improvement.

For the calculation of ‘complex attributes’ moreamthone data set can be used, for example earth
resistance and magnetometer data. Such combina@netimes referred to as ‘data fusion’,
derives new information from the response of arolwagcal features to different survey techniques
and is similar to multi-spectral image classifioat{see above). For example, if magnetometer data
are high and earth resistance measurements lowatlsative feature might be a ditch. If, however,
the magnetic anomaly is very high and earth rasigtas high, it might be a kiln. In this way a
classified attribute would help considerably witle archaeological interpretation. A major problem
with this approach is the variation in spatial @weristics (Schmidt 2001b) of different
geophysical techniques (e.g. peak and trough ohetaganomalies, see above, and single peaks in
earth resistance data). To normalise different ali@s considerable processing is required and
further research in this area is needed (Efral. 2000).

4. Conclusions

The preceding discussion of relevant technologisalies highlighted the contributions from
informatics to archaeological prospection. Thetgptio five stages helps to structure the range of
applications for a more generic assessment.

Advances in measurements and data recording ayeclasely intertwined with developments in
data capturing and storage. High resolution imagemgsors and ‘intelligent’ data loggers were only
possible after advances in computer memory andaminsed processing power. Conversely, the
challenges posed by the newly developed interfenaen@adar led to advances in computer science.
Acquisition procedures of archaeological prospectmethods are often governed by available
resources (e.g. light aircrafts) and customarytm@cThe latter is sometimes simply derived from
archaeological field routine (e.g. geophysical sysson small grids) and computational solutions
have to respect these constraints. In this regaeg¢ tire subordinate to existing practice and
operators’ preferences. However, advances in irdtion technology can also stimulate changes to
current field routine, as shown by the random réioay system described by Sauerlandenal.
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(1999). Only the advances in Delaunay triangulatd®veloped for other applications made
measurements without a fixed grid pattern possiBlech major change in geophysical data
acquisition would not have been conceivable (oirdeke) prior to a shift in the data manipulation
framework.

Although information technology had a profound imipan measurements and acquisition
procedures, data processing and visualisation lagelg the main applications in archaeological
prospection. While the benefits of such procedaresften tremendous, they cannot be a substitute
for high quality data in the first place. Data mssing only enhances what is already there — and
sometimes even introduces undesirable effects ljalgs in highpass filtered data). The old adage
‘garbage in — garbage out’ is a reminder that theerfections in poorly collected data (e.qg.
staggering) are often inconsistent and hence aggitd algorithmic remedies. These limitations of
‘black box’ processing techniques have to be ackedged, otherwise an over-reliance on the vast
number of now available processing tools may legabbrer data.

Processing and visualisation are crucial interntegiahelping to unleash the information contained
in archaeological prospection data. However, thestmmportant stage is thearchaeological
interpretation. As a result of an integrated prasipa strategy one hopes to advance archaeological
comprehension or to answer archaeological questiomshis end, the ‘hard’ data, computationally
derived from remote sensing imagery and geophysigaleys, have to be amalgamated with the
‘soft’” archaeological understanding of landscagesjeties and human behaviour. At this stage the
mainly deterministic approaches of information temlbgy clash with the humanities. It has been
shown in GIS technology that advances in compugirgcesses allow a departure from strictly
deterministic data treatment (e.g. by using peroaptof space rather than ‘least cost surfaces’ for
predictive modelling (Witcher 1999)). Similarly, ihay be expected that soft archaeological
knowledge will be incorporated into automated iptetation schemes for archaeological
prospection data. For the time being, however, umizrpreters are essential for the final analysis
of data that have been greatly enhanced and sietpttirough information technology.

One patrticular example of such computer assistanoeerns the use of classification techniques
based on several different input parameters (@&ctel bands, different geophysical techniques).
Combining all data in a multi-layer analysis foeithsubsequent interpretation is essential. Thss ha
always been the approach of human interpreterspaongy maps of different survey results and
basing their analysis on a comprehensive undersignof spatial relationships. However, the
complexity of emerging patterns rises dramaticalith the number of investigated data sets and
soon becomes prohibitive for human interpretatibriormation technology that automatically
simplifies and summarises such hyper-spectral degatly assists any subsequent interpretation.
The use of artificial neural networks may be thetheay to expand the remarkable powers of the
human brain.

There are a number of prerequisites to achievegnye improvements. First of all, data standards
have to be defined so that measurements and peatessults can be exchanged more easily
between individual researchers and software paskagile not yet overwhelmingly adopted,
GeoTIFF has emerged as a useful standard for ttieaage of georeferenced remote sensing data.
It is supported by several modern software packagdswill be a great help when integrating data
from different sources. So far there is no accemthdard for the storage of archaeological
geophysical data (Schmidt 2002) but a new framewbik Archaeological Grid Format (AGF), is
being developed by the author.

In the past, much effort has been spent on thaitiefi of data standards and metadata but the issue
of data quality has been neglected. It is crucakiny data integration and analysis that meaningfu
information on the accuracy and precision of datavailable. For example, if geophysical data
were collected with a ground accuracy of 0.01m saigllite images, after rectification, are only
reliable to within 2m, little can be made of theasal relationship between these data sets. It is
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therefore crucial that information on data accuracgvailable so that automated analysis can take
them into account using geostatistical methods.

The most pressing issue, however, is the accessct@meological prospection data. Geophysical
data are not too expensive to commission and masitutions and units now have their own
survey equipment. In Britain, the Archaeology Dé&arvice (ADS) has started to archive
geophysical data to make them available to intedestird parties. With this continuing process it
will be possible to use existing surveys for newestigations. The commissioning of aerial
photographs is expensive but more importantly, ltesare often unpredictable and depend on
climate, weather history, time of day and a verylesk operator. Fortunately, a large archive of
photographs is available for inspections and manlaeological sites have already been recorded,
for example in the British National Mapping Program (Bewley 2001). The most expensive
source of data are satellite data. While the poeecovered area is often reasonable, the minimum
coverage that needs to be bought can make a perphatsibitively expensive. It is hoped that these
data will become more cheaply (or freely?) avadadhd a charging policy that takes the currency
of images into account (e.g. half price after 1ry@aacquisition) would be highly welcomed.

Overall, the future for further advances in the pater manipulation of archaeological prospection
data looks bright and with new data sources, easieess, better computers and novel processing
techniques, exciting new results will become pdssib
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