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This paper describes the process of cooperation between architects and archaeologists initiated in 2012
and finalized as the virtual reconstruction of the medieval proto-urban site in Pultusk, Poland. The result
was a digital model of urban tissue based on parametric methods supported by 3D printing. This paper
describes the process of organization of digitized analog data, enriched with experts’ knowledge, which
results in a procedural model of the settlement. The effects ended not only with digital and physical 3D-
printed models but also with a set of conclusions confirming the usefulness of such methods in scientific
research concerning the interpretation of archaeological relicts in situ, when not all information is available.
Both archaeological practice and the process of architectural reconstruction confirm that the reliability of
scientific research and the regime of logical reasoning are independent of the technology used. However,
they may be effectively supported by new methods and tools.
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1. INTRODUCTION

This paper describes interdisciplinary cooperation between architects and archaeologists during the
virtual reconstruction of the Medieval stronghold (13"-14™ Century) located in Pultusk in the North-
Eastern part of central Poland. In the 1970’s, archaeologists conducted excavations under the Pultusk
town castle courtyard. They found the remains of wooden huts of a Medieval settlement. Analysis
let the scientists formulate the thesis that these artifacts represented an example of a proto-city. In
the 1990s, an attempt was made to verify this reasoning by making virtual models using surface and
solid modeling. It soon turned out that effects were limited to spectacular photorealistic renderings
only. Even at that time, this was not satisfactory since the main result was just an appealing image,
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and areas where there was no archaeological data remained a void. Paradoxically, such images were
one of the reasons which raised interest in archaeological virtual reconstruction [Haegler et al. 2009].

Lack of tools verifying archaeological hypotheses in a satisfactory way and the emergence of new
tools and methods, including procedural modeling that could handle the challenge of uncertainty,
led to new research beginning in 2012.

2. THE SITE

The Medieval stronghold in Pultusk is located on a hill surrounded by the river Narew and swampy
areas. It was built up with many consecutive layers, including the castle, which is still in use.
Excavations conducted during 1976-1985 were possible only due to massive renovation and
adaptation of the castle and were only in the areas included in this process. In effect, more than 60%
of the possible settlement area remained unexcavated (Fig. 1).

Fig. 1. Pultusk Castle: site plan of archaeological excavations. Red: castle; yellow: geodetic grid; blue:
excavation area.
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However, wooden elements of huts and the street layout were extremely well preserved due to the
high level of groundwater, which prevents air penetration (Fig. 2). All elements were layered, which
facilitated site stratigraphy. After ten years of excavations, all exposed structures and artifacts were
analyzed and drawn, which, after another 30 years, resulted in massive analogue documentation,
including 470 plans of structures in scale 1:20 and over 150 precise hut descriptions [Golembnik et al.
1997].

Fig. 2. Relics of wooden structures discovered during excavations. Some of them were in very good condition.

3. DIGITAL-MODEL OF THE SITE

There has been extensive research on the application of 3D digital modeling techniques in
documenting archaeological sites during past 20 years, starting in the early 90s [Reilly 1991], with
significant growth of interest during past decade [Reu et al. 2013]. Most of these methods employ
image-based 3D modeling [Remondino and El-hakim 2006] applied on-site and on found artifacts,
resulting in dense point-clouds. However, the case of Pultusk is different, since previously made
analogue documentation has had to be digitized and used as a base for 3D model creation.
Stratigraphy delivered from excavated material allowed identification of 17 layers of the settlement
spanning 140 years. This data was digitized, first in 2D planes, where each drawn layer of artifacts
was turned into a vector drawing. Then, Z coordinate depth was applied using data recorded as
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elevation measurements on the drawings of the plans. This procedure allowed recreation of a certain
state of the landscape, dating back to the layer with the most huts preserved (layer 4). The rest of the
area was recreated using land cross sections derived from archaeological and geological data. The
ground was cut with horizontal planes to create closed level curves. In the last step, points recorded
by archaeologists were created on these curves as the basis for a digital 3D terrain model (Fig. 3).
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Fig. 3. A 3-dimensional model of terrain based on archaeological and geological data. Blue: relics vector
drawing; red: elevation points of archaeological measurement; yellow: points generated by contour lines of the
interpolated surface.

In this way, nearly the entire analogue documentation of 140 years of stronghold history, recorded in
17 time-layers, was modeled in 3D, creating spatial representation of found structures. Such
representation, even without any further modeling, was a valuable tool for visual analysis of
complicated, overlaid, and interrelated structures. This, in turn, allowed reinterpretation, hypotheses,
and comprehensive analysis of found artifacts, fulfilling the postulates of virtual archaeology
[Pletinckx and Tartessos 2011]. The aforementioned digital model followed principles formulated by
Edward C. Harris [Harris 1989], allowing us to relate appropriate diagrams representing stratigraphic
sequences to a virtual reconstruction of the site as excavated.

4. APPLYING PROCEDURAL MODELING FOR THE PULTUSK SITE

Digital modeling, as applied in the early 1990s in virtual reconstructions of heritage sites,
concentrated on visualization of morphology (mainly geometry) in the realm of a virtual world
[Alkhoven 1991, Alkhoven 1997; Jacobson and Vadnal 2005; Ennis and Maver 2001]. Procedural
modeling concentrates on structural and semantic features of modelled artifacts. Such an approach,
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initially adopted in fine-arts analysis [Stiny and Gips 1972], was subsequently developed in the field
of history of architecture [Stiny and Mitchell 1978] and archaeology [Miiller et al. 2005]. It also results
in defining geometry, but is based on rules derived from knowledge of genetic aspects. These rules
may be generalized, as they are an encoded form of knowledge. Where data about a particular artifact
or structure is missing, it is possible to classify it within a group characterized by common features
possible for description. Another scope of use is where flexibility in derived results is required for
achieved results. This includes the hypothesis generation process [Haegler et al. 2009; Saldan 2015].
The following issues of the Medieval settlement in Pultusk can be applied:

- Thereisinsufficient data for some areas, while the others provide information on possible
structural solutions; some referential materials from other similar sites are also available
[Piekalski 1998]

- There is a need for alternative, dynamic versioning processes allowing verification of
hypotheses.

- The relatively long time span of the existence of the stronghold (140 years) requires
dynamic placement on a time axis.

These issues justified researching the use of parametric methods to formulate alternative
hypotheses for archaeological artifacts found in Pultusk. The interdisciplinary operation allowed us
to take advantage of the expert knowledge of both archaeologists and architects. This, in turn, could
be used to formulate conclusions for procedural modeling, as well as generated hypotheses
verification. Taking into account a few thousand wooden artifacts, procedural modeling was the only
method that could be used to achieve our goals in an acceptable time and with reasonable effort. The
diagram for the process of reconstruction was prepared (Fig. 4). It serves as a roadmap for a virtual
reconstruction process based on initial material gathered during excavations
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Fig. 4. A schematic diagram of the 4-dimensional reconstruction of the proto-city. Information about artifacts is
the basis for development of partial models, which as a result, form a 3-dimensional urban plan. See the
description in the text.
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The process started with excavations and exhaustive documentation in an analogue format, which
was digitized and collected as a database. The key tool for data arrangement was Harris diagrams,
which show the relations between artifacts in excavated layers. This enabled the identification of 17
strata, the definition of the original position of the wooden elements, and the identification of more
than 150 objects (huts and vestibules). Methodical analysis allowed the determination of parameters
defining the geometric forms of the artifacts. The accepted value of the parameter was determined
either directly from the material remains or based on interpretation. In this way, all of the wooden
structures that were reflected in the layers were reconstructed using the collected and organized
data, in tandem with expert knowledge. These, together with the landscape and street model, served
as the basis for a three-dimensional model of urban structure, which allows for the examination of
various hypotheses, such as the use of fences and the entrance gate, which is still discussed by
archaeologists due to lack of information. The research was carried out on the dependence between
‘true’ information that comes from excavations and probable information resulting from the
synthesis of data and logical thinking. The ‘traditional’ solid-modeling process helped to define the
basic parameters of the palisade, not limited to its average height, which was verified by entrance
gate model. The methodology described above was applied to 17 stratigraphic layers (numbered 0-
16) to create a prototype 4D model (time-based), a dynamic representation of temporal changes, and
developmental hypotheses for settlement.
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Fig. 5. Shape grammar matrix for relations between hut (blue color) and vestibule position (red color). 64
different variants were established based on two aspects: position and size of elements. Pt1 represents hut
corner point position (coordinate), while Pt2 represents vestibule corner point position. A and B represent size
of hut and its vestibule, respectively.
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Archaeological artifacts and interpretations delivered input data for the process of parametric
reconstruction. Over 50 parameters were defined to control the form of one hut and its vestibule.
They were created on the basis of medieval findings (information from the site), rules of medieval
structural methods and urban tissue characteristics (experts’ knowledge). This resulted in a matrix
of possible solutions used as a base to shape grammar strategy (Fig. 5). A unique interface called
‘Pultusk Reconstructor’ was developed using Grasshopper for Rhino (Fig. 6), which allows visual
control of parameter input. In this way, over 140 huts were built (see examples in Fig. 7). It particularly
aided the process of recognition of the original proto-town form in the area where it was not defined
by excavations.
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Fig. 6. Grasshopper for Rhino. The application is based on shape grammar rules, controlled by over 50 input
parameters (yellow). It generates hut and vestibule construction elements (pink).

The 140-year timespan of the stronghold was also taken into consideration. All 17 time-layers were

combined and presented on a time axis, creating a 4D model of Pultusk settlement development (Fig.
8).
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Fig. 7. Example of a hut reconstructed with parametric Pultusk Reconstructor. The simple form of hut and
vestibule allows a complex arrangement (bottom - right).

Pultusk Stronghold Reconstruction

Virtual Pultusk Huts reconstruction on level Il
LEVEL Il

levels °
TIME LINE

Click level on time line or object on map show relicts . navigation < I

Fig. 8. Huts’ reconstruction from 1st level. The Timeline Navigation buttons allow the user to display one of the
16 reconstructed levels.
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5. MODULAR PHYSICAL MODEL

An equally important step was taken by the implementation of modular models using 3D printing
technology. They not only reflect the similarities in form, but also allow dynamic simulations. An
urban model, called Rapid Reconstruction Modular Model (R2M2, scale 1: 100, 120x100 cm in size) was
developed as a set of 120 landscape segments (10x10 cm) corresponding to the archeological matrix
of excavations. Swapping segments (or huts) changes the visual result of reconstruction, which
generates new findings and interpretations. This implements a flexibility characteristic for virtual
reconstructions, especially when using procedural methods, in a physical model. Such a model is the
basis of a recently opened exhibition illustrating the history of Pultusk gord in a local museum, thus
serving an important role not only as a research tool, but also as a vehicle for dissemination of
knowledge and popularization.

A special strategy was also implemented in the physical model due to the data certainty. While all
parts of the 3D printed model are originally white, only these reconstructed on the basis of artifacts
explored by archaeologists are marked with color (Fig. 9).

Fig. 9. Proto-city model completed with 3D printing technique. Huts reconstructed on the basis of remains are
marked with a brown color. Hypothetical huts are left white.

Studies in Digital Heritage, Vol. 1, No. 2, Publication date: December 2017



Digital Method for Verifying Archaeological Hypotheses 1:453

6. CONCLUSIONS

The reliability of scientific research and the regime of logical reasoning are independent of the
technology used, but may be effectively supported by it [Brykowska 2003]. The described case shows
the potential of combining analogue records of excavations with 3D virtual terrain and artifact
models. Using procedural modeling in the case of the Pultusk excavations and medieval gord
reconstruction is an example of such support while maintaining appropriate research standards. In
this case, parametric techniques and 3D printing technology have become a platform for dialogue
between scientists from different disciplines, facilitating hypothesis verification and visualization
of knowledge in the realm of virtual archaeology. In addition, results are considered as dissemination
of knowledge. They also bring the forward arguments in favor of continueing archaeological
excavations of the remaining 60% of the proto-city.

The comprehensive sequence of actions that was undertaken may be treated as long-term workflow
for reconstructions based on archaeological data available in analogue form:

- archaeological excavations and documentation;
- digitalization of analogue records;
- creation of 3D digital model of archaeological site with all found artifacts;

- deriving sets of rules for procedural modeling based on found structures and experts’
knowledge (e.g., Harris matrix);

- creation of procedural models covering hypotheses and changes over time;
- 3D printing of verified physical models;

- using virtual and physical models and renderings as visual research models and as
knowledge dissemination tools in museum displays.

Regardless of the form of archaeological data, the essence of the adopted method was to adhere to
the principles of archaeological stratigraphy. A Harris matrix of archaeological strata was prepared
and used to define relations between relics [Harris 1989]. These relations were re-formed from
diagrams into three-dimensional objects whose dimensions were controlled by parameters.
Parameter values were taken from an established data system derived from the artifacts. In those
areas where excavation data were lacking, a range of parameters based on conclusions—'knowledge’
taken from similar excavations of wooden construction—was used. In this case, the value of the
parameter had the rank of a hypothesis. A detailed description of the reconstruction process was
described in the final publication of the work [Styk and Wrona 2015].

Results of these actions allow the conclusion that parametric modeling used in cultural heritage
reconstructions is a valuable research and knowledge dissemination tool. In some cases, it is
indispensable in terms of speed, flexibility, and reliability. Such a tool may be applied in conjunction
with traditional methods of recording archaeological excavations, especially in the case of material
gathered before digital documentation methods were available.

The effort taken by the research team helped to create the idea of an open-air museum of antiquities
located under the castle courtyard. Its implementation would allow the archaeologists to complete
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the excavations. At the same time, it would provide a main platform for verification of the current
research hypotheses. Above all, it would enable a spectacular step in the popularization of
knowledge.
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