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Abstract: Constant improvements in the field of surveying, computing and Hlisioh of digital-content are
reshaping the way Cultural Heritage can be digitised and virtually accessedremotely via web. A traditional 2D
approach for data access, exploration, retrieval and exploratigrgenerally suffice, however more complex analyses
concerning spatial and temporal features require 3D tools, whichmi cases, have not yet been implemented or are
not yet generally commercially available. Efficient organisation and intiegrstrategies applicable to the wide array
of heterogeneous data in the field of Cultural Heritage represent a hot retsgacciowadays. This article presents a
visualisation and query tool (QueryArch3D) conceived to deal with mulbluten 3D models. Geometric data are
organised in successive levels of detail (LoD), provided with geometricc@mentic hierarchies and enriched with
attributes coming from external data sources. The visualisation ang fouet-end enables the 3D navigation of the
models in a virtual environment, as well as the interaction with the objectsdysnof queries based on attributes or
on geometries. The tool can be used as a standalone applicatierveat through the web. The characteristics of the
research work, along with some implementation issues and the developgdvGu@D tool will be discussed and
presented.

1. INTRODUCTION and related works

Steady advances in the field of surveying, computing and digital+todédivery are changing the approach Cultural
Heritage can be virtually explored: thanks to such new methodologies,noesearchers, but also new potential users
like students and tourists, are having the chance to use a widefanew tools to obtain (3D) information and perform
analyses with regards to art history, architecture and archaeology. Ok passibility is offered by computer-
simulated 3D models, representing for example both the present anctitbetigal status of a structure. Such digital
models are sometimes linked to heterogeneous information and gbgrimeéans of (sometimes web-enabled) GIS
tools. In such a way, relationships between structures, objects and/ortartaefade explored and the changes over
space and time can be analysed. For some research purposes, a traditionaba€h agmerally suffices, however
more complex analyses concerning spatial and temporal features of architectarebaeological sites require 3D
tools, which, in some cases, have not yet been implemented ortaret generally available. Nowadays reality-based
3D models of large and complex heritage sites are generated using methodmsgig®n image data [1], range data
[2], classical surveying or existing maps [3]. The choice dependseoretjuired accuracy, object dimensions and
location, surface characteristics, working team experience, project’s budget, final goal, etc. However, more and more
often the different methodologies are combined to derive multi-resolution daféeedrd levels of detail (LoD), both

in geometry and texture, and exploit the intrinsic advantages of each texhi®, 6].
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Figure 1: Examples of access to 3D geometric data linked to external infornjkgit] Google Earth allows
retrieval of information by clicking on selected objects, but no multi-@iteueries; [right] a GIS
environment (Esri ArcScene 9.3) allows more elaborate queries, but lacks in visualising “heavy” reality-
based models.

One interesting opportunity offered by reality-ba3®dmodels is to use them as visualisation “containers” for different
kinds of information. Given the possibility to link their geometrgxternal data, 3D models can be analysed, splitin
their sub-components and organised following proper rules. Thizisxdmple, the case of (modern) buildings, where
their geometry, topology and semantic information is organised iniBgildformation Models (BIMs). By extending
the concept of BIMs to the framework of Cultural Heritage, it is easy to undeitsiat these properties/capabilities
could facilitate data organisation, storage, use and communication. Blo3@iisualisation tools already exist, but
often they implement no or only limited query functionalities fatadretrieval, possibly web-based. Queries are
actually typical functions of current GIS packages, which very often falt sl dealing with detailed and complex
3D data (
Figurel). Probably, one of the most well-known examples is Google Baehuser can browse through the geospatial
data and get, when necessary, external information by clicking oeldwtes] object, or by activating a selectable layer.
However, more complex, interactive queries are not implemented: it is s&bleg for instance, to select all structures
in a city/site built between a certain interval of time (i.e. 350-400 AD)Jasmed by a certain architect (provided this
information is given and linked to the geometric models). Different asithave proposed solutions for 3D data
management and visualisation, possibly on-line [7, 8, 9, 10, 12] but, no unique, reliable and flexible
package/implementation is commercially available nowadays. When it comes toodtiing and storage, CityGML
[13] represents a common information model for the representation ofrl#h wbjects, where the most relevant
topographic objects in cities and their relations are defined, with respect toebietgical, topological, semantic and
appearance properties. Unfortunately, even@ify.’s LoD4, the highest level of detail, is not meant to handle high-
resolution, reality-based models, which are characterised by complex geometdetaildd textures. Moreover,
CityGML is conceived for modern buildings, ardunderstandingly- not for archaeological models/sites, which
generally differ in terms of scale and scope. Regarding visualisation,dmmpment tools exist in the videogames
domain and can be adapted to support 3D geodata (e.g. Unity3D, ORE3IDGOpenSG, 3DVIA Virtools, etc.) but
with limited capabilities when it comes to displaying large and complex rdxggd 3D models. When it comes to
(3D) web services, some initial experiences were carried out [13], but, agstendard and widely accepted solution
does not exist as of today. Keeping in mind the mentioned approachsandsting limitations, an ideal tool able to
perform analyses in the framework of architectural and archaeologicak&uteritage should be able to perform (at
least) the following four tasks:

a) Handle fully 3D multi-resolution datasets,

b) Allow queries based both on geometries and on attributes,

c) Support 3D visualisation/navigation of the models,

d) Permit both local and on-line access to the contents.
This article introduces and describes the QueryArch3D tool, which is the result @jeet @iming at creating a tool
chain for a web-based visualisation and interaction with a reality-basedresdlition 3D model, i.e. aiming at the
above-mentioned four characteristics. As test field, the archaeological $itayem Copan (Honduras) was chosen.
Copan is an UNESCO World Heritage site and one of the most thoyounyleilstigated Maya cities, located on the
southern periphery of the ancient Maya world, in today’s Honduras. The site contains over 3700 structures. Thanks to
excavation studies, a dynasty of sixteen kings ruling betweertaacsthe 9 cent. A.D. could be identified. Temple
22 is one of the most representative structures. It was once threes dtayhyand covered with plaster, paint and
saulpture [15]. However, today only the first storey remaine,upper facades and sculptures have collapsed making it
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is difficult for visitors to imagine this temple without the aid of 3D restauctions. Different types of data exist and
have been created during the course of time: the first recordedisigreé the archaeological site dates back to tHe 19
cent. [ 16, 17] as schematic maps of the Principal Group were dvéawa.detailed maps were successively published
in 1896) [18] and 1947 [19]. From the 1980s are maps aawlidgs of the Principal Group at scales of 1:100 and 1:200
[19], while archaeologists on the Proyecto Arqueoldgico Copan (PAC I) published maps of the valley’s residential sites

at a scale of 1:2000 [21]. GIS data of Copan has been createccoahtly by Maca [22] and Richards-Rissetto [23]:
PAC | maps (covering 24 Kinwere digitised, georeferenced and integrated with more recently availajgestzale
maps to create a GIS for the entire Copan Valley, containing data of archaeolatjitiagb, hydrology, contour lines
and a Digital Elevation Model (DEM) of the valley. In 2009, high-resofuB® data were acquired using terrestrial
photogrammetry, UAV platforms and terrestrial laser scanning [24]. Usidgcambining all these data, the 3D
contents for the web-based visualisation and interaction QueryArch3iyeo®lcreated.

2. THE QUERYARCH3D TOOL

As mentioned in the previous section, no tool currently exists whiahlésto guarantee the four identified properties.
Thus the goal of this research work is to implement a prototype, c@lestyArch3D, which can fulfil all
aforementioned tasks. QueryArch3D is tailored to the needs of reseandrkisg at the Copan archaeological site,
but basic concepts can be extended and generalised to similar contexts.fBedeeding with the development of the
QueryArch3D tool, a general check was performed on all available data (spatiaoarspatial) for potential
incompatibilities (different formats, different modelling paradigms, etc.), g&@nand/or semantic inconsistencies.
The development of QueryArch3D was then split into four successive steps:
I Definition of a conceptual schema for LoD, adoption of geometric and sierhararchies,

Il. Check and structure existing data accordingly,

Il Data integration and homogenisation,

V. Development of the visualisation and query front-end.

2.1 Step |- Levels of detail and hierarchies

In order to cope with the complexity of multiple geometric models, a ptualescheme was defined to handle multiple

levels of detail, which are required to reflect independent data collection processes, |elathl dhcilitate in fact

efficient visualisation and data analysis. For the Copan site, four levettailf were identified for the structures: the
higher the LoD rank is, the more detailed and accurate the model is. THeusdeaf detail are (Figure)2

e LoD1 contains simplified 3D prismatic entities with flat roofs. All Lobitbdels were obtained starting from the
GIS data [23], i.e. a 2D shapefile with attribute data containing also the structures’ height. Polygon features were
first triangulated and then extruded.

e LoD2 contains 3D structures for some exteriors of the buildings.stibestructures (e.g. walls, roofs or external
stairs) can be identified. For the LoD2, hypothetical reconstructions modelseshitaiBD Studio Max were used.

e LoD3 adds the interior elements (rooms, corridors, etc.) to thetwtes. Some simplified, reality-based models can
be optionally added, both to the interior and to the exterior of the struckmeshe Copan dataset, the interior
rooms of the hypothetical reconstruction models of LoD2 were usesispme reality-based simplified models of
two stelae, the corner mask and the interior doorway of Temple 22eTkality-based models were obtained from
the more detailed ones (acquired in 2009 [24] and used in LoD4) kyirapmesh simplification algorithm. The
geometric simplification was in the order of 30% of the original models.

e LoD4 contains structures (or parts of them) like high-resolution ge&aral 3D models. These models were further
segmented into sub-parts. Currently, LoD4 contains the segmeotelsof Stela A and Stela B, as well as the
corner mask and the interior doorframe of Temple 22.

The adoption of a LoD-dependent hierarchical schema required the contextutibdedfrgeometric and semantic

hierarchical schemas. This was achieved by an accurate identification and desdrip#osoealled “part-of-

relations”, in order to guarantee a spatio-semantic coherence [25]. At the semantic level, once every structure eddefin

(e.g.: What is a temple or a palace? How is it characterised? What are its casfoiitsrentities are represented by

features (stairs, rooms etc.) and they are described by attributes, relationgragdtaan hierarchies (paot-relations)

between features. If a query on an attribute table is carried out for a ceofaithe user should retrieve informationtno
only about the roof itself, but also about which structure contains thiafTois is exemplified in the hierarchy shown

in

Figure 4 (left), which is based on a Copan temple. However, the semanticchieraeeds to be linked to the

corresponding geometries, too: if a query on an attribute table is cartiédr au certain roof, not only the linked

attributes should be retrieved, butif needed- also the corresponding geometric object. This operation requires
however to structure the geometric models in compliance with the hierarchy.
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2.2 Step Il — Data check and structuration

In case of the LoD1 models, a data aggregation was necessary in aelfwde the ca. 19000 polygons to the current
ca. 3700 structures. Data aggregation was performed on the basis xisting attributes, after some manual editing
was carried out to check geometries for topology errors (overlapsamsyl and to correct and normalise the attached
attributes table. An example is given in

Figure 3. For LoD2, LoD3, LoD4 the segmentation of the models into sub-was<sarried out according to the
hierarchical schemes in order to perform a proper classification and the subsegignment of attributes to each
segment. An example is given in

Figure4 (right).

Figure 2: Different levels of detail (LoD) in the QueryArch3D tool far remple 22 structure. Clockwise
from top-left: LoD1 with prismatic geometries, LoD2 with more geometriailde(only exterior walls),
LoD3 with interior walls/rooms and some simplified reality-based elements, Labv high-resolution
reality-based 3D models.

2.3 Step Il — Data homogenisation and integration

Once all data were checked and structured, data homogenisation and integrdtobecperformed: all geometric
models were aligned in order to spatially “fit” together (e.g. the reality-based corner mask with the Temple 22 models)
and georeferenced, in order to share the same coordinate systelN-bastd digital terrain model for landscape
contextualisation was created using GIS data [23]. To all structures obgretdinally given an elevation value, taken
from the DTM. With respect to all available non-spatial tabular data (mainly cdnaimgMS Access databases, text
files, FileMaker Pro databases), non-spatial tabular data (mainly coming from\ddss databases, text files,
FileMaker Pro databases), they were checked, restructured and integrated.etntoordeduce data-formats
heterogeneity, PostgreSQL was chosen as DBMS where to store all data. Mdienes,to its PostGIS extension,
spatial data also could be stored in the same database, providing a valuable (#sjddatégmanagement system.

ARHAR UL 25 ©

Figure 3: Aggregation of geometric features at LoD1: from ca. 19000 polygorjddleti. 3700 structures
[right].
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Figure 4. Semantic and geometric hierarchies: [left] Example of semantic setiomeftaa typical Copan
temple. [Right] Example of geometric segmentation of the interior doorway of Temple 22 for a LoD4 model.

2.4 Step V- Front-end development

For data administration purposes, a simple front-end, based on Micrasef$sA2010 and relying on Access Runtime
2010, was developed and distributed to the project membersrdrttechd connects directly to the PostgreSQL server
and allows update operations on the data currently stored. For the interéctisudlisation and query fromtrd, the
game engine Unity3D, an integrated authoring tool for creation of 3Daatkee content, was adopted. Applications
can be developed for all major platforms as well as for web sites requririhg latter case a free plugin to access
embedded contents (

Figure5). Moreover, Unity can communicate with external databases and retrieve dataestied,re.g. by means of a
PHP interface between Unity and PostgreSQL. As soon as the applicationai$ thaenyemotely stored information

like structure types, structure names, year of construction etc. is edtaed assigned to the respective geometric
objects. For the navigation in the 3D environment, three modes were iemtésh{

Figure6): a) an aerial view over the whole archaeological site, where only Laidiglmare shown; b) a ground-based
walkthrough mode, where the user can approach and enter any stuettos LoD3 (provided such a model exists,
otherwise a lowr-ranked model at LoD2 or LoD1 is visualised); c) a detail view, whe24Lmodels are presented.
Inside the 3D environment froetd, the user can perform attribute queries over the whole dataset (e.g. “highlight all
structures built by a ruler X”; “highlight all altars”; “highlight only stelac belonging to group Y and built in year Z”).
The user can also perform standard queries with a mouse click: oroenatgc object is selected, the related attribute
values are retrieved from the external database and shown in a tekiduoe (7). The amount of retrieved information
depends on the LoD: for LoD1 structures, only global attributes are shwulvile, for higher LoD also the detailed
information is shown, according to the selected segment. Finally, distbatteeen two objects in the 3D world can be
measured, and linef-sight tests between two selectable objects can be performed.

Copan Database Form Overview Connect @ 0

voue ovoues ISR way s Goes W

_ ] stelao

=3¢ H:

GraphiTech

Figure 5: Front-ends for the QueryArch3D tool: [left] data administration GUI (edit/updati®)icrosoft
Access 2010 Runtime platform. [Right] The web-based interactive visualisation and query framt-gaitd f
exploration.
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Figure 6: Navigation modes in QueryArch3D: [left] aerial view with LoD1 medely, [right] walkthrough
mode, with mixed LoDXe-LoD3 models. An example of the detail view for LoD4 models is given in Figure
2 (bottom-right).

Figure 7: Different data interrogation modes in QueryArch3D. [Top-left] Qbgrattributes with results
displayed in terms of geometries. [Top-right and bottom] LoD-dependent queries oetgeonodels: at
LoD1, only global attributes are shown, for LoD2 to LoD4 models also sub-parts calediedsand more
detailed information is retrieved and visualised.

3. CONCLUSIONS AND OUTLOOK

This article presented the development of the QueryArch3D tool. The goal @u#ryArch3D is to address some open
issues regarding multi-resolution data integration, access and visualisatienfiarhework of Cultural Heritage. Four
requirements, considered of crucial importance when dealing with atoh@eab and architectonical reality-based 3D
models, were set and inserted in the QueryArch3D tool: a) the capabilignidie multi-resolution models, b) the
capability to query geometries and attributes in the same virtual endnini) the capability to allow 3D data
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exploration, d) the capability to offer on-line access to the data. The Melyaeafogical site of Copan in Honduras
was chosen as a test field, due to its extent (ca. 2} kmconsiderable number of mapped structures (over 3700) and
the availability of several heterogeneous datasets. In order to integrate theyedasairin a coherent way, different
levels of detail (LoD) were defined while the 3D models were manually esatgioh paying attention to both semantics
and geometry. Finally all geometric models were integrated with attribute data gatbeneskfreral external sources.
The integrated data are stored in PostgreSQL, while the interactive 3D visualisaithieised using the game engine
Unity3D, which is connected to the database by means of a PHP script.

The front-end visualisation allows the user to navigate interactively wirtual environment, where the existing
archaeological structures can be visualised and queried in al¢g@bdent way. According to the observer’s distance
from the object, the visualised geometry varies from low-resolution gtismgeometries to high-resolution meshes. At
the same time, the amount of data retrieved from the database is depentiemtLoD: just global information is
shown at a coarse LoD, while more detailed attributes are shown at higheSame spatial functions (like distance
measurements and visibility analysis) have been also implememe®Dr multi-resolution model is now accessible to
the project members via web for visualisation, studies, interaction, quetiestiedal purposes as well as further tests
and evaluation. Future developments and improvements for teey&uh3D tool will add more spatial functions
(beside the already existing distance measurements and visibility analgsisinore models at LoD2 to LoD4,
consistently enriching the attributes related to the entities. Moreover, mdst sfrtictures are neither textured nor
chromatically characterised. The very first improvement of the buildiviistake this into account. It should be
possible also to distinguish real structures from virtually reconstructesl étegarding the database storage system,
some functions should be added and/or improved. Just to namerapl@xRostGIS itself offers support to store 3D
features, but all GIS functions are still substantially 2D, i.e. 3D “out-0f-the-box” spatial analysis tools are still to come.
Besides the building structures, only a coarse TIN is used and objecsaly placed on top of it leading to some
geometric inconsistencies in some places. A better integration of hightimsohodels into a coarser DTM should be
therefore taken into account, as proposed for instance in [26]. d\adare high-resolution models into an on-line
virtual environment requires good hardware and internet connectionsrFtoptegies will have to be tested and
adopted to keep the user experience acceptable as the number of modelbygams pgrows.
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