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From a technical point of view, limiting factors when
visualizing archaeological landscapes are often scale or
resolution and texture. If several data layers from
different sources are combined, their scale or resolution
may not match up, resulting in unsatisfying
visualizations. While high resolution photo texture allows
full advantage to be taken of the capability of zooming
into a 3D model, it increases computing times and storage
requirements considerably. Many virtual 3D models
therefore represent a compromise between user
requirements and available data.

1 Introduction
In recent years the increasing availability of digital maps,
elevation models, and aerial as well as satellite images
has provided archaeologists with a new, highly attractive
and powerful tool for the study of archaeological
landscapes. When combined and visualized in an
appropriate way, these kinds of geocoded data allow
enriched impressions of the region under study.
Visualization plays an important role in two main fields:
(1) archaeological research and (2) presentation and
dissemination of results.
Virtual 3D models allow a given landscape to be
appreciated in much more detail than paper maps due to
the scalability and three-dimensionality of the data layers,
and the possibility to integrate texture and to assign
attributes to elements of the model. When visualized in
an interactive mode and in real-time, moving through
such a 3D model offers different perspectives on the
landscape, while zooming in and out enables studies at
any desired scale. A major constraint in this regard is that
available digital data usually reflect the current state of
the study area, which may strongly differ from the state
of the time period under study. This limitation, however,
may itself become an important aspect of archaeological
research if the study of environmental, and possibly manmade change is integrated into the research design.
Virtual 3D models are especially helpful when
complementing rather than replacing archaeological
fieldwork as they allow certain details of the study region
to be reviewed during analysis back in the laboratory.
They may furthermore serve as a starting point for a GISbased analysis of spatial patterns and relations and are
thus a primary tool for archaeological research.

Figure 1 Location of Palpa on the south coast of
Peru.

At the same time, their visual attractiveness makes virtual
3D models a valuable means of disseminating the results
of archaeological research to interested colleagues, the
wider public and, last but not least, funding agencies and
sponsors. A visualization of the study area combined with
archaeological data, such as the location of sites, allows
the audience a much more palpable impression of the
research undertaken. While the aforementioned
limitations of visualizations in an archaeological context
should always be made transparent, virtual 3D models
nevertheless constitute a powerful tool for publication
and dissemination as well.

In this paper we present a new method for multiresolution image-based visualization that aims to
overcome these problems. The data used to demonstrate
this new method have been acquired in the framework of
the Nasca-Palpa Archaeological Project on the south
coast of Peru (Fig. 1). Since the first field season in 1997,
this research project has been a joint venture between
archaeologists from the German Archaeological Institue
(KAAK Bonn) and the Andean Institute of
Archaeological Studies (INDEA Lima) and geomatic
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engineers from the Swiss Federal Institute of Technology
(ETH Zurich). While the primary goal of this project is to
investigate the prehispanic cultural history of the Palpa
region in the northern part of the Nasca basin (Isla,
Reindel 2006; Lambers 2006), at the same time it has
offered us many opportunities to develop, test, and adapt
new technologies and methods for archaeological
research (Reindel, Gruen 2006).

2 (0.63 - 0.69μm), and 3 (0.78 - 0.86μm) of the VNIR
spectral range of the ASTER sensor, a composite
orthoimage with a footprint of 15m was generated. Due
to the fragmentary coverage of the visible spectrum by
the ASTER sensor, the three bands were combined in
order to achieve a natural color composition in RGB
color space according to the following formulas:
R = b2
G = 0.75 b1 + 0.25 b3
B = 0.75 b1 – 0.25 b3

This interdisciplinary approach has allowed us over the
past decade to produce different virtual 3D models of
subareas of our study region for well defined research
purposes (Sauerbier, Lambers 2003; Eisenbeiss et al.
2005; Lambers, Sauerbier 2006). The scale and scope of
these models range from a supra-regional overview
model, to subareas of our study area, and finally to single
sites. While we mostly used data acquired by ourselves to
generate these models, we also integrated data from other
sources where necessary. Eventually we decided to
integrate the different 3D models into a single one. This
was achieved by multi-resolution image-based
visualization, the details of which are described in the
following sections.

Afterwards, the color balance was adjusted manually in
Adobe Photoshop.
The UAV model represents a subset of the area covered
by the aerial photogrammetric model, which in turn is a
subarea of the ASTER model. The three terrain datasets
were co-registered even though they had already been
available in a common UTM coordinate system (zone
18S, horizontal and vertical datum: WGS 84) in order to
avoid visible steps along the border regions. In a first
step, the UAV model was registered to the aerial
photogrammetric model using the iterative closest point
algorithm implemented in Geomagic Studio 6.0. In a
second step, the ASTER model was then registered to the
aerial photogrammetric model using least squares 3D
surface matching (Gruen, Akca 2005).

2 The Data Basis
For this first attempt towards a combined visualization of
3D models from the Palpa region, three datasets were
chosen. Based on images at a scale of 1:4,000 acquired in
2004 from an autonomous mini helicopter, a so-called
UAV (unmanned aerial vehicle), which carried a digital
CMOS camera Canon D10 with a resolution of 6
megapixels, photogrammetric processing resulted in a
high resolution digital terrain model (DTM) as well as a
high resolution orthomosaic of the Late Intermediate
Period settlement of Pinchango Alto (AD 1000 to 1450)
with a footprint of 0.03m (Eisenbeiss et al. 2005). This
dataset covers an area of approximately 200 x 300 m2. It
is hereafter referred to as the “UAV model”.

Prior to the visualization described here, the UAV model
and the aerial photogrammetric model had been
visualized in different ways, e.g. in real time and as
virtual flyovers and high resolution still views (Sauerbier,
Lambers 2003). Various commercial software tools had
been used for this purpose, such as ERDAS Imagine
(Leica Geosystems) for still views and virtual flyovers,
Skyline Terra Explorer (Skylinesoft Inc.) for real time
navigation and virtual flyovers, and Scene Viewer using
the OpenInventor format on a SGI platform for real time
navigation in stereo mode. Nevertheless, all of these
software products had reached certain limits with respect
to size or resolution of the data sets already when dealing
with the individual 3D models. Therefore, a combined
visualization of all three models was not feasible at the
original resolution of each data set. Another shortcoming
of most commercial visualization softwares concerning
the output format of image sequences is their restriction
to certain standard formats, such as NTSC or PAL. Our
new approach of multi-resolution image-based
visualization strives to overcome these shortcomings.

Prior to this, in 1998 a series of B/W aerial images had
been acquired and manually processed on an analytical
plotter WILD S9, resulting in a DTM with a mesh size of
2m and an orthomosaic with a footprint of 0.28m
(Sauerbier, Lambers 2003). This photogrammetric data
set, hereafter called the “aerial photogrammetric model”,
covers an area of 89 km2, representing the core area of
our study region around the modern town of Palpa.
Furthermore, in 2003 a digital surface model (DSM) with
a mesh size of 30m was generated from an ASTER scene
for the purpose of conducting regional visibility studies
beyond the limits of the core area (Lambers, Sauerbier
2006). The DSM that covers an area of about 810 km2,
hereafter the “ASTER model”, was generated in PCI
Geomatica 8.2 using the bands 3N (nadir) and 3B
(backward), which allow for stereo measurements. While
the DSM was generated in an automated mode by image
matching, the resulting grid was then edited manually and
semi-automatically using Geomagic Studio 6.
Additionally, from the ASTER bands 1 (0.52 - 0.60μm),

3 The Workflow
One goal during the development of the visualization
approach was to ensure the capability of each module to
be modified and enhanced on purpose. Therefore, it was
decided to create our software in a modular platformindependent way based on command line philosophy. As
operating system for development we chose Redhat’s
Open Source Fedora Project. The modules were written
in standard C++ code (Norman 2001a, b) using the
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OpenGL library-API (OpenGL 2006) to handle the 3D
processing and visualization tasks. Scripts were wrapped
around the modules to lead and widely automate the
workflow. In addition to the well known on-screen
XWindow-OpenGL mode (Kilgard 1996) we used the
GPU functions of this library in combination with
NVIDIA drivers (NVIDIA 2006a, b, OpenVIDIA 2006).
These hardware based functions can be easily switched
on and off to ensure the claimed platform and hardware
independence. This design allowed us to stack the
modules together in a flexible way, distribute tasks even
over different operating systems, combine the modules
with native image and video processing programs
provided by the open source community, and handle error
exceptions at the operating system level. The modules
can be divided into three main tasks:
1.
2.
3.

has a size of 10692 x 10149 pixels with a depth of 8 bit
per color RGB, while the orthoimage derived from the
photogrammetric flight consists of 42006x52154 pixels at
8 bit grayscale, and the ASTER orthoimage has a size of
7040x7430 pixels with 8 bit per color RGB depth. In a
first step, we produce a so-called Facet-ID image (Fua,
Leclerc 1994) to choose the most suitable of the existing
image data sets (Fig. 5).

Design of the flight path
Processing of a single frame
Combination of multi image frames to a movie

The following three subsections deal with these tasks.
The entire workflow is illustrated in Fig. 5.
3.1 Design of the flight path
A graphical user interface (Polack 2002) is applied to
define viewpoints of interest and to save every single
hotspot in a compact 3x4 projection matrix. These
hotspots serve as nodes (key-frames) for the flight path.
In order to achieve a smooth movement throughout the
whole virtual flyover, a 3D Bézier curve is interpolated
between the points of interest, and for every 3D sampling
point an orientation vector is spherically interpolated.

Figure 2 Goraud-shaded DTM after view-dependent
cropping of data and triangulation.

3.2 Processing of a single frame
The above described projection matrix defines the field of
view and allows the reduction of the huge amount of
data. In our case the whole data set consists of around 3.6
million points from the UAV model, 22.2 million points
from the aerial photogrammetric model, and 0.9 million
points from the ASTER model, resulting in about 27
million object points in total.
In order to determine the image content of each single
frame of a flightpath, the terrain data has to be projected
from object space into the image coordinate system of the
virtual camera at each position. This projection can be
implemented in a single loop framework which reads data
in and writes it out, and is therefore independent of the
workstation’s memory. To further increase the speed of
this task, the terrain data is organized in bounding boxes.

Figure 3 Fully automated choice of orthoimages of
different resolution from aerial photogrammetric,
UAV and ASTER models.

For each frame of the defined flight path, the Facet-ID is
generated by encoding the index of each facet as a unique
color depending on the distance and viewing angle of the
virtual camera, and projecting the surface into the image
plane using a standard Z-buffer algorithm.

The 2½D TIN is created by means of a Delaunaytriangulation (Fig. 2) using the qdelaunay function of the
QHULL package (Barber et al. 1996).
At this processing step we do not yet consider the
available image data. As described before, we use three
different kinds of data sets. We have thus to decide for
each viewpoint which orthoimage to use for terrain
texturing. The orthoimage derived from the UAV data

We use RGB images to store the Facet-ID image. A RGB
image with 8 bit per channel can store 224 unique colors.
We can thus handle up to 16777216 facets for every point
of view. We use these ray-casted (synthetic) images to
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Figure 4 Using the ImageMagick tool “convert” to obtain the pixel area of interest
determine very quickly which surface points are occluded
in a given view and which orthoimage should be used for
texturing. The histogram of the facet area in the
corresponding image plane is used to choose the source
orthoimage (Fig. 3).

the mencoder tool, which need to be taken into account
for a high quality flyover, can be found in Valle (2006).
The flyover generated on the basis of the data described
above allows us to fly into the area of archaeological
interest while the resolution of both geometry and texture
increases. Nevertheless, a smooth transition along the
border regions of the different data set was not
implemented in our case because the image data changes
from RGB to grayscale and back to RGB, which is why
smoothing would not be useful.

It should be noted here that the Facet-ID image in
addition offers much more useful information, which we
do not take advantage of in this workflow (Fua, Leclerc
1994). The known georeference and pixel size in object
space of the orthoimages allow us to introduce a
translation vector, which can be used to cut out the pixel
area of interest from the chosen orthoimage. For this
purpose, we apply the convert function with crop flag
from the Open Source package ImageMagick to
implement this key function in an efficient way (Fig. 4).

4 Conclusions and Outlook
The above described series of software modules and the
workflow presented here are very useful tools for a high
quality and efficient 3D visualization of large terrain data
sets and corresponding texture by means of image
sequences. A graphical user interface for viewpoint
determination increases user-friendliness by allowing for
an intuitive flightpath generation. Further steps in the
workflow are largely automated by means of
implemented scripts, such that the input of various
parameters is sufficient for the production of a movie file.
Furthermore, rendering of high resolution still views and
image sequences with arbitrary image format size can be
performed independently of the size of the data sets.

The cropped part of the orthoimage along with the points
of field of view and the TIN of facets provide the
required information to start a GPU-based off-screen
planar orthographic texture mapping (Fig. 6). The texture
coordinates obtained that way define the connection
between the cropped image and the 3D model. The field
of view is rendered using OpenGL and hardware
acceleration.
3.3 Combination of the multi-image frames into a
movie
For a flight path of around three minutes we need an
amount of 4320 frames, assuming a standard frame rate
of 24 frames per second for a smooth transition between
the frames. Every single frame has to be integrated into a
video file. For this task we apply mencoder, which is
included in the mplayer package (MPLAYER 2006). As
a video file format we chose mspeg4v2 (pre-standard
MPEG-4 by Microsoft, version 2), which is well suited
for our purpose due to the relatively high compression
rate, which yields a small file size. Regardless of the high
compression rate the visual quality is well-preserved, and
furthermore the format is supported by most commercial
multimedia players such as RealPlayer or Windows
Media Player. The optimal bit rate and further settings of

The modules described above are scalable to any kind of
data set, as long as any single view does not exceed the
memory capacity of a single workstation.
This network idea allows for future enhancements, such
that the scripts may run in a server network, which can be
extended to a web application framework to provide
client computers access to the software via internet. The
user defines the area of interest in his browser, which
shows the orthoimage as an overview. The developed
scripts are then executed on the server side and provide
the client with a textured 3D VRML data set of the area
of interest. In the future we will provide this additional
service and provide the implemented modules to the open
source community.
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Figure 5 Workflow for the processing of a single frame with required computation times
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Figure 6 3D model textured depending on view in offscreen mode
With regard to our ongoing archaeological research in
Palpa, the combined visualization of different 3D models
that had originally been developed from different data
sets, for different purposes, and at different times,
provides us with a versatile tool for research and
presentation as described in the introduction. Each of the
three available 3D models can now be visualized with the
other two providing additional information regarding area
covered (scope) and detail (resolution). At the same time,
additional 3D models that may be generated in the future
can be smoothly integrated into the visualization. All this
can be achieved without actually generating a new,
additional model from the existing ones, which would
considerable increase the required disk space for data
storage. The visualization approach described here is thus
a valuable tool for our work in Palpa and for
archaeological research at a regional scale in general.
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