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Abstract: The documentation and information representation of heritage sites is rapidly evolving.
With the advancements in remote sensing technology, increasingly more heritage projects look to
integrate innovative sensor data into their workflows. Along with it, more complex analyses have
become available which require highly detailed inputs. However, there is a gap in the current
body of knowledge of how to transfer the outputs from innovative data acquisition workflows
to a set of useful deliverables that can be used for analysis. In addition, current procedures are
often restricted by proprietary software or require field specific knowledge. As a result, more
data are being generated in heritage projects but the tools to process them are lacking. In this
work, we focus on methods that convert the raw information from the data acquisition to a set of
realistic data representations of heritage objects. The goal is to present the industry with a series of
practical solutions that integrate innovative technologies but still closely relate to the current heritage
documentation workflows. An extensive literature study was performed discussing the different
methods along with their advantages and opportunities. In the practical study, four deliverables were
defined: the use of orthomosaics, web-based viewers, watertight mesh geometry and content for
serious games. Each section is provided with a detailed overview of the process and realistic test cases
that heritage experts can use as a basis for their own applications. The implementations are applicable
to any project and provide the necessary information to update existing documentation workflows.
Overall, the ideology is to increase the access to innovative technologies, better communicate the data
to the different stakeholders and improve the overall usefulness of the information.
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The preservation of our cultural heritage is paramount to society both for current and future
generations. In the case of tangible heritage such as monuments, this includes the conservation of the
significant parts of a structure. Vital to any conservation process is the proper identification of the state
of the asset and the agents of deterioration [1,2]. Knowing the state and impact factors of a monument
requires a profound documentation of the object’s exterior. This includes the gathering and recording
of all pertinent data, both metric and non-metric, of the current state of the asset. The acquired
information allows experts to gain a better understanding of the recorded entities and to constitute a
suitable diagnosis and treatment for its preservation [3]. More specifically, the information is used to
assess the structure’s integrity, exchange information between stakeholders, detect pathologies and so
on [4–6]. During this process, it is crucial that the data are well structured and sufficiently detailed
for experts to make a proper assessment [7]. However, current heritage projects struggle to provide
stakeholders with the correct information.
The emphasis of this work is on the investigation to which extend innovative technologies can be
applied to better document and communicate information about the physical appearance of heritage
Remote Sens. 2018, 10, 1607; doi:10.3390/rs10101607

www.mdpi.com/journal/remotesensing

Remote Sens. 2018, 10, 1607

2 of 32

monuments. This work focuses on the documentation of small to mid-scale structures and objects.
The goal is to provide the heritage industry with a clear overview of the opportunities of documentation
deliverables. More specifically, the focus is on digitizing the physical aspect of the target structures
including the metric properties and visual appearance. A number of potential procedures is presented
based on existing literature and our own implementations. Our methodology was as follows. First, a
number of general problems and processes was identified in the related work. From the current body
of knowledge, four groups of remote sensing issues were uncovered along with their opportunities.
In the practical study, each issue was investigated in depth along with a feasible solution. A set of
relevant test cases was established in accordance with heritage experts to make the approaches highly
applicable. The remainder of this paper is structured as follows. The background and related work are
presented in Section 1. Following, the innovative deliverables are discussed in Sections 3–6 along with
the current state of the art and realistic test cases. Finally, the conclusions are presented in Section 6.
1. Background and Related Work
The goal of non-destructive heritage documentation workflows is to create an appropriate digital
representation of the current state of an object’s physical appearance so it can be reliably interpreted and
analyzed. This includes the presentation of the correct geometry and texture so that all the properties of
the asset are reflected as realistically as possible. The definition of the proper representation is in itself
a challenge since there is a wide variety of analysis procedures which require different inputs. Some
applications are as straightforward as determining the degradation of the site while more complex
analysis may attempt to assess the water management system of a lost civilization [8]. Overall, the
interpretation of tangible heritage sites is often considered a multi-scale problem [9]. For instance,
local observations of texts, paintings or architectural details should often be evaluated with relation to
each other and to their location on the site. Especially for applications relying on pattern recognition, it
is of vital importance that the objects of interest are observed within their geospatial context [10].
Current data acquisition procedures include visual observations, the capturing of imagery and
selective metric measurements either by hand or with total stations [11]. This raw information is
typically used to produce a set of documents that consists of written text accompanied by images [12].
However, the resulting documents are often hard to interpret as they are created for a specific
application and require field-specific knowledge to comprehend [13]. In addition, the included
imagery is often suboptimal, especially in terrestrial applications for the following reasons. First,
the imaging conditions in heritage sites are problematic due to poor lighting conditions, occlusions
and varying depths [14]. For example, the images shown in Figure 1 are challenging to interpret
due to poor image quality. Second, the imagery cannot be used to extract metric information as it is
perspectively distorted. Without the support of the geometry, the complex patterns found in heritage
sites are often undetectable. The same problem applies for the geospatial information of the images.
Without detailed information concerning the whereabouts of each image, any spatial analysis of the
site with relation to the imagery is near impossible. For instance, the right images in Figure 1 might
be taken in the same location or in consecutive sections of the attic with only textual remarks to
differentiate the location. Another obstacle is the limited Field-of-View (FoV) of the imagery acquired
by conventional photography. Due to varying sizes of heritage objects, it is challenging to capture the
proper information within a single image. As a result, a large number of images is required to present
the complex geometry which results in a loss of contextual information and introduces more confusion
to the process [15].
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Figure 1. Overview of the challenges of documentation with traditional imagery: Occlusions and
clutter (top left); confusing whereabouts (top right); image defocus due to limited Depth-of-Field (DoF)
(bottom left); and poor lighting conditions (bottom right).

In addition to the documents, several floor plans and elevations are produced for the purpose
of excavation planning, monitoring, pathology documentation and so on [9,16,17]. These plans are
typically augmented with non-metric information such as the approximate location of the pathologies,
materials and construction phases. However, the production of detailed metric information is
a labor-intensive procedure and thus the plans often represent a coarse abstraction of the real
objects [18,19]. In addition, the reduction of the information to 2D inevitably causes loss of information
which leads to misinterpretations and subsequently to inappropriate analysis. However, stakeholders
are reluctant to adopt 3D deliverables as they fear that the data have a reduced life-time due to
proprietary file formats [20]. This is because more complex data typically require specific software and
hardware to interact with. Even if the data are stored in a widely accepted format, they remain prone
to data heterogeneity due to the size. For example, the high frequent measurements from modern data
acquisition techniques quickly comprise hundreds of gigabytes which can only be handled by a few
proprietary and expensive software packages despite the exchangeability of the data format.
The issue of heritage documentation is a widely discussed topic in the conservation industry.
Nowadays, the use of advanced remote sensing techniques is becoming increasingly widespread to
cope with the issues of documentation [21–23]. Two major techniques are the use of Terrestrial Laser
Scanning (TLS) and photogrammetry. The former is an active light detection and ranging technique
(Lidar) which uses the controlled deflection of laser beams to rapidly capture the scene. It comprises
of a static sensor that is placed at multiple locations in the scene to capture all the objects within
Line-of-Sight (LoS) [3]. Current systems are able to capture their surrounding at 1–2 MHz and this
continues to increase. The latter is a passive light based data acquisition technique that uses imagery
from digital cameras to compute 3D points. Based on the overlap between pixels in neighboring
images, a 3D representation can be computed from the 2D inputs [24]. Both technologies are fairly
complementary. TLS rapidly captures highly accurate points on an object’s surface in a lower resolution
while photogrammetry produces highly dense and realistically colored points but typically with a
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lower metric accuracy. Furthermore, the success of photogrammetry is highly dependent on proper
lighting while this is a non-issue for TLS. The result of both TLS and photogrammetry processes
is a dense point cloud. This is a set of points with Cartesian coordinates with optional color and
Signal-to-Noise ratio (Figure 2) [3].

Figure 2. Example of point clouds generated by: photogrammetry (left); and Terrestrial Laser Scanning
(TLS) (right).

Numerous researchers have proposed the integration of remote sensing techniques to digitize
cultural heritage on building and object scale [25]. Remondino et al. [20] compared a range of sensors
and techniques for the documentation of heritage. They discuss both Synthetic Aperture Radar (SAR)
Satellite outputs, close-range Terrestrial Laser Scanners (TLS), long-range TLS, Airborne Laser Scanners
(ALS) and a wide range of imaging cameras. They investigate the capabilities of these systems for the
3D reconstruction of a variety of heritage objects. Hassani et al. [22] give an in-depth overview of the
different techniques that can be used for documentation including structured light scanning along
with their advantages and disadvantages. Balsa-Barreiro et al. [26] used a similar approach for the
integration of TLS and photogrammetry. Salonia et al. [27] presented solutions for multi-scale cultural
heritage surveys. They thoroughly discussed the process of generating 3D information for small
objects as well as entire sites. Alsadik et al. [28] and Teza et al. [29] are some of the few researchers
who compared the metric accuracy of different acquisition techniques given a variety of objects.
Galizia et al. [30] provided the same for photogrammetry and TLS for the reconstruction of dense
watertight models. Overall, most of these works look to produce the best raw information as possible
even in challenging conditions. However, the conversion of this highly dense information to a set of
useful deliverables for the analysis is still the subject of ongoing research.
Several researchers already provided some solutions to reduce the vast amount of input data
to workable information. Guidi et al. [23] provided an overview of several deliverables of the
documentation process with respect to the new inputs. They propose a methodology to produce
sections of the site and to aid modelers with digitally reconstructing objects of interest based on limited
observations. Hess et al. [31] provided a similar workflow based on TLS data. Some researchers also
provided test cases to evaluate the proposed deliverables. We support this approach since heritage
experts can better relate to the presented procedures if they are applied to real projects. As the
same obstacles tend to reoccur in different heritage projects, stakeholders are more likely to adopt a
procedure when it is presented in the context of a familiar process with clear deliverables and results.
For example, Pepe et al. [32] gave an overview of the outputs of innovative techniques such as databases
and pathology maps. Liang et al. [33] provided results for the integration of several measurement
techniques for a temple complex in China. Pritchard et al. [34] presented their methodology with TLS
to digitize the Cologne Cathedral in Germany. Hanan et al. [35] provided results for the documentation
of Batak Toba houses using close-range photogrammetry. Núñez Andrés et al. [36] presented a test case
on digitizing façades using orthophotography. In this paper, we also support our proposed procedures
with realistic test cases so that heritage experts can better relate to the content. The origin and context
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of each project is diversified so heritage experts get a better overview of the opportunities of the new
technologies in different settings.
Once the raw data are transferred to a useful set of deliverables, they serve as input for the analysis
of the heritage asset. As previously stated, numerous applications exist for the interpretation of cultural
heritage information. A popular usage of the data is for the structural analysis of the structure [37],
where a Finite Element Model (FEM) is typically constructed based on the spatial measurements [38].
Research has shown that, due to the density of the point cloud data, significantly more accurate FEMs
can be constructed that better reflect the appearance of the asset [39]. However, the manual modeling
from point clouds is very laborsome and thus major abstractions are introduced which partially
defy the purpose of the highly accurate spatial information [40]. As previously stated, there are few
software packages that can deal with this information and they are typically field-specific and very
expensive. An alternative is deriving the FEM from detailed mesh geometry which is a more efficient
and widely spread data representation. Not only does the mesh preserve the spatial accuracy and
detailing of the geometry, it can also be converted to the metric basis of a FEM semi-automatically [41].
We consider these specific meshes as one of the prominent deliverables in this research. Another
group of applications integrate the information in a database such as a Geographic information system
(GIS) or Building Information Modeling (BIM) database [42]. For instance, Barazzetti et al. [43,44] and
Brumana et al. [45] manually constructed a detailed BIM and integrated it with non-metric information
for each element. Murphy et al. [46] and Dore et al. [47] proposed the concept of HBIM that represent
the scene as a set of predefined metric archetypes. Brusaporci et al. [48] created an HBIM of the
Camponeschi palace, L’Aquila including multiple Levels of Development (LOD) of a vaulting system
and validated it with point cloud data. Similar to the FEM, the manual conversion of a point cloud to a
BIM or GIS involves severe abstractions in the geometry of the object due to the labor intensity [49–51].
Even though the automated conversion of meshes to BIM or GIS is still subject of ongoing research,
it is a promising approach to produce detailed as-is databases. Overall, the scope of this work is to
represent the raw measurements more efficiently and make it more accessible to stakeholders. By doing
so, the modeling effort is reduced and fewer interpretative errors are made.
2. Orthomosaic
2D outputs are currently the standard for heritage documentation. As discussed above, the
documents, plans and imagery provided each have their flaws. In general, there is a lack of data
processing that would lead to more comprehensive results. This is especially true for the captured
imagery of the site. The final documents are flooded with unprocessed imagery which have limited
use and are mainly there for context. Furthermore, these images often fail to provide an appropriate
overview of the object as no spatial information is present. A solution is the use of orthomosaics.
These are raster images that contain no perspective distortion and thus provide an orthographical
view of the objects [52]. Given the proper scale, these images can serve as plans similar to the floor
plans generated by total station. A major difference is that plans from total stations are a coarse
abstraction of the reality while an orthomosaic is a realistic data representation near the quality of the
human eye [53]. However, one should keep in mind these data are still raster based and thus cannot
be directly used as an input for object oriented databases, as is the case with vector data. Therefore,
orthomosaics are often used in combination with abstract plans to combine the best of both worlds [54].
Experts reconstruct the main components of the object of interest and appoint pathologies and other
non-metric information while void spaces are covered by the orthomosaic. The result is a much more
comprehensive plan that gives a better overview of the current state of the asset and allows further
interpretation aside from the information marked during the initial study.
The creation of orthomosaics consists of the following steps. First, the imagery is undistorted
using the intrinsic camera parameters [3]. By calibrating on a set of test images with known 2D and
3D matches, the radial and tangential distortions are estimated and removed and the focal length is
accurately computed. Following, the external camera parameters are computed based on matches

Remote Sens. 2018, 10, 1607

6 of 32

between overlapping imagery. Algorithms such as SIFT [55] and SURF [56] are already capable of
detecting and matching image features in hundreds of images in a matter of minutes. Subsequently, a
3D model can be computed using dense matching. This model serves as input for the calculation of
the Digital Surface Model (DSM) which is used for the removal of distortions caused by the central
perspective of the camera and the relief of the object or terrain. Based on this extra information,
the captured images are orthorectified [57]. The last step comprises the stitching of the different
orthorectified images, creating the final orthomosaic [58].
The automated production of orthomosaics originates from the 1990s for aerial applications [59].
However, the technology was not adopted by the heritage industry until much later. A major obstacle
is the acquisition cost of the required imagery. Especially in aerial applications, the price of capturing
imagery by planes or helicopters and the software to process the data often exceeds a project’s budget.
Workflows with balloons or kites significantly reduce the cost but have little control over the sensor’s
movement [60]. Now, with the advent of Unmanned Aerial Vehicles (UAVs), the acquisition of aerial
imagery has become much more accessible [61,62]. Not only are these devices significantly cheaper
and easier to use, they also fly at a lower altitude, resulting in higher resolution imagery. In addition,
they allow the capture of oblique imagery. Overall, the aerial images taken by UAVs lead to more
complete and qualitative orthomosaics [63]. Currently, the majority of orthomosaics is still created
from an aerial top view perspective. For instance, McCarthy et al. [52] presented a survey of the
archaeological site Rubha an Fhaing Dhuibh in Scotland. Combined with total station measurements,
they produced accurate georeferenced orthomosaics of all the masonry and debris on the site. Yastikli
and Özerdem [64] created aerial orthomosaics of the ottoman empire sultan’s summer palace in
Turkey using a UAV. Similarly, Barazzetti et al. [44] produced aerial orthomosaics of the mediaeval
bridge Azzone Visconti in Lecco, Italy. Further, Themistocleous et al. [65] created an orthomosaic
of the Fabrica area in Cyprus. Apart from the overview plans, De Reu et al. [66] proposed the use
of aerial orthomosaics during the uncovering of an archaeological scene. They created excavation
plans based on the orthomosaics calculated overnight instead of relying on plans produced based on
time-consuming total station measurements. Further, Erenoglu et al. [17] created orthomosaics based
on digital imagery as well as thermal and multispectral imagery.
With the success of aerial applications, terrestrial orthomosaics are gaining popularity as well.
Researchers experimented with the technique to accurately document objects from oblique or terrestrial
perspectives. Markiewicz et al. [67] presented an extended work on the creation of orthomosaics
based on laser scanning input data and imagery. Jalandoni et al. [68] created terrestrial orthomosaics
of ancient drawings on rocks in the northern part of Australia. Similarly, Monna et al. [69] presented
a documentation workflow for Mongolian deer stones with carves using orthomosaics. Further,
Chiabrando et al. [54] presented a detailed plan of the vault of the hall of honour of the Stupinigi
in Italy, where they integrated an orthomosaic with a 2D representation of the contours of the vault.
Additionally, they presented a test case where an orthophoto is created for the documentation of the
frieze of the Roman arch of Augusto in Susa, Italy. Oliveira et al. [70] created orthomosaics from
façades for the documentation of the general outlay and detailing. In addition, they modeled cracks
and deteriorations on the face of dam structures. Orthomosaics can also be produced by other inputs
aside from images alone. Koska and Křemen indicated correctly that laser scanners with an integrated
camera can also be used to create orthomosaics. The combination of the laser scans with the texture
of images can create highly accurate orthomosaics [71]. However, the resolution is typically much
lower compared to images taken with Digital Single Lens Reflex (DSLR) cameras. Additionally, the
texture information is often of lesser quality due to the location of the imagery and the quality of
the sensor [72]. Ideally, laser scanning and imagery of a DSLR camera are merged to produce both
accurate and realistic orthomosaics in terrestrial environments [71]. In this work, we therefore propose
the combination of photogrammetry and terrestrial laser scanning since it yields superior results.
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2.1. Test Case Sint Niklaaschurch
As a test case, the Sint Niklaaschurch in Ghent, Belgium is selected. The initial Romanesque
church, built around 1100 A.D., has known several construction phases with major Gothic influence
in the 13th century. After a series of minor alterations, the church’s architecture was modified again
to dispatch of the Gothic character in the 18th century. This included the removal of the Gothic
ornaments, the plastering of the walls and repainting them with contemporary art. Currently, the
church is under renovation. The objective is to restore the church’s interior to its Gothic period
appearance. This includes the removal of the plaster and the restoration of the original paintings
underneath. It is within this context that a survey was ordered of the church’s nave walls before
and after the restoration. The pathologies, architectural features and overall state of the walls had to
be mapped for documentation purposes. In addition, based on the partial remainder of the Gothic
paintings on the walls, a proper restoration plan needed to be constituted.
2.1.1. Survey
The target area is located in the southern aisle of the church (Figure 2). The four consecutive
naves embedded in the southern wall needed to be acquired with a pixel density of 1 pix/mm given
the proper scale of the scene. Over 900 m2 of wall surface spread over six stories was to be mapped
within a limited time frame and budget. Furthermore, the repetitive design of the naves complicated
the recording of the project. In addition, the scene was heavily occluded due to the scaffolding and
restoration equipment and the scene was poorly lit (Figure 1 top left). For the analysis, it was vital
that the walls could be evaluated as a whole and that sufficient metric information was present for
decision makers to produce a detailed tender offer for the restoration. On the other hand, detailed
close-ups were needed to depict regions of interest. Due to these obstacles, the documentation of
the asset with traditional photography and hand measurements is unfeasible. In this case, the use
of orthomosaics was proposed to provide the necessary multi-scale information. More specifically,
an integrated orthomosaic was computed from both TLS and imagery inputs. By combining laser
scanning and photogrammetry, the advantages of both techniques could be exploited and the systems
could be optimally deployed. The laser scanning provided the metric backbone of the dataset and was
the basis to compute the correct geometric links between the different naves and stories. The image
recordings, serving as input for the photogrammetric technique, focused on capturing texture and all
of the details of the church’s wall. For the regions with remnants of paintings, text and so on, a color
checker was used to ensure a proper exposure of the images. As the scanner requires several minutes
to capture the scene, the images were captured simultaneously by the same operator. Because of the
limited maneuverability and space on the scaffolding, the decision was made to register the scans on
a cloud-to-cloud basis instead of a target-based approach. Therefore, consecutive scans were made
with sufficient overlap to ensure a correct alignment. Overall, a single operator was able to capture the
entire scene in one day resulting in 23 scans and 1049 images.
2.1.2. Processing
As discussed above, it is opportune to integrate both TLS and camera imagery for the production
of orthomosaics. First, the scans were registered in the scanner’s proprietary software and exported
to the open source .e57 format. Subsequently, the software RealityCapture was used to align all of
the images with the scans. A set of visual features was detected in both the camera images and the
TLS cube mapped images and correspondences were found between both datasets. Given the highly
accurate registration of the scans, the images could also be aligned with high accuracy based on the
overlap with the scans. A major advantage is that the computational burden of the dense matching,
which includes the estimation of 3D points from overlapping pixels, is considerably reduced since a
significant portion of the scene is already acquired in 3D. In contrast to conventional photogrammetry,
the reconstructed point cloud is also perfectly vertical and has the proper scale due to active lidar
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system. Once the point cloud of the entire scene was established, a set of orthomosaics was computed.
For each side of the walls in the naves, a reference plane was established parallel to the wall face. Next,
a bounding box was defined around the target objects, eliminating the necessity of the time-consuming
removal of clutter in the point clouds. The included points were used to generate a triangulation DSM
with respect to the reference plane. This mesh geometry served as the basis for the reprojection of the
imagery. For each mesh face in the DSM, the projection was computed between the image content of
that face and the reference plane. The result is a mosaic of perspectively undistorted image content of
the wall surface in the direction of the reference surface.
2.1.3. Orthomosaic
In total, 12 orthomosaics were generated for the entire project. The overall accuracy of the
point cloud and DSM are estimated to be circa 3–4 mm, given the registration errors, instrument
specifications, modeling errors and so on. The pixel density was set to the desired 1 pix/mm which
is near the quality of the acquired imagery. The resulting orthomosaics were delivered to heritage
experts who used it for varying deliverables. First, the information was used for documentation and
pathology detection. Figure 3 depicts a showcase from the final documentation results representing an
orthomosaic with several call-outs for the details. The different polychrome zones were appointed
along with architectural details of the different time periods. It can be clearly observed that the
orthomosaic provides a much needed overview of the scene and allows for a better understanding of
the asset. For instance, within a single page, the heritage experts were able to depict detailed Latin
texts (Figure 3b) with respect to the figurative designs underneath them (Figure 3c) which led to the
conclusion that a Gothic altar was painted at that location. As these details are located on different
floors, the spatial connection between these two remains might easily have been missed if not for
the orthomosaic. Although the call-outs could be just a zoom-in on the orthomosaic at that specific
place, it was opted to use the original imagery. In the end, this yields superior results because an
image can be color and exposure corrected in post-processing, based on the color information of the
image provided by the color checker. The same approach to correct the color of the zoomed-in part of
the orthomosaic would not yield similar results. Because the orthomosaic is composed of multiple
orthorectified parts of images, thus composed of parts with different exposures and color values,
every part would have to be color corrected in a different way. Further, another deliverable was
the production of 2D plans (Figure 4). The orthomosaics were integrated with existing plans which
resulted in a more comprehensive plan than provided by the initial abstract geometry. Aside from
the elevations and some measurements, the construction phases and renovation proposal were also
defined. The resulting integrated plans were used to produce a more detailed and comprehensive
tender offer which was much needed by the industry.
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(a) Start of the arch near the second floor framed by
the remnants of a black/red band.

(b) Recording of Latin speech in black writing on a
background of red pigment.

(c) Recording of the remnants of a linear figurative
design. A similar red pigment was found indicating
it was present on the entire surface of the wall.
Figure 3. Orthomosaic Nave VI (5 m × 15 m) over the six-story West wall. Initial polychrome zones
appointed in yellow.
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Figure 4. Overview of the orthomosaics integrated with the plans of the Sint-Niklaas church in Ghent,
Belgium. The mosaic was constructed in a scene with six stories of scaffolding and a significant amount
of clutter.

2.2. Test Case Church Bijloke
A second test case is the altarpiece in a church in the Ghentian city museum STAM at the
Bijloke-site (Figure 5a). Apart from the 10-m tall altarpiece, the paintings and ornaments also had to be
documented. The ordered survey again used the combination of TLS and photogrammetry to satisfy
the important multi-scale requisite. The resulting detailed documentation was used for tender offers
for the restoration, which is part of a larger project to conserve the interior of the STAM.
Due to the 10-m height of the altarpiece, a different capturing approach was used compared to the
previous project. If solemnly ground level-based imagery and TLS had been used, there would be a
lack of detail and geometrical accuracy in the upper part of the altarpiece due to the sensor’s position.
This can be partially remediated by increasing the zoom and thus the Ground Sampling Distance
(GSD). However, because of the unique point of view from at base of the structure, occlusions caused
by protruding elements would still cause large undocumented areas. To overcome these deficiencies, a
UAV was employed. By performing photogrammetry on oblique aerial images taken by a UAV, it is
possible to overcome the limitations of terrestrial photogrammetry and laser scanning to create more
complete and detailed 3D models and orthomosaics of tall objects (Figure 5b).
Apart from the orthomosaic’s heritage documentation purpose, they were used for the planning
of the restoration of the different ornaments. Several call-outs of the final orthomosaic with exact
dimensions can depict damaged areas so the required restoration efforts can be planned for these
specific regions. This provided restoration experts with a good view on the overall state and included
regions of the subjects which were invisible from the ground (Figure 5c). Additionally, by profoundly
photographing the unaccessible ornaments at the upper part from several points of view, a detailed
3D reconstruction could be made from these elements. Together with the multiple correctly scaled
orthomosaics of the ornaments (Figure 5d), this provided a good insight in the complex geometry and
scale of these elements. In addition, by using a UAV, a detailed inspection could be performed without
the need for costly scaffolding.
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(a)
(b)
(c)
(d)
Figure 5. Overview of the altarpiece in the church at the STAM museum at the Bijloke-site in Ghent
(a); camera locations distributed evenly over the scene (b); resulting frontal orthomosaic of the altarpiece
(c); and the resulting orthomosaic of one of the ornaments (d).

3. Panoramic Viewer
A major issue in documentation workflows is the lack of immersive and comprehensive methods
to access the information. This is especially true for imagery taken on site. It is not uncommon for
heritage projects to generate tens of thousands of images covering every detail and object in the scene.
As the project expands, the number of images quickly becomes overwhelming [73,74]. An important
factor in the number of images being generated is the Field-of-View (FoV). Typical cameras with
18–55 mm lenses produce a multitude of images compared to fish eye lenses or omni-directional
cameras [64]. Not only does this result in increased file sizes, it also raises confusion in the project
as there are significantly more files being generated. Several researchers have proposed methods to
cope with the problems of photographic documentation. A popular approach is the use of panoramic
imagery [75–77]. For instance, Jusof et al. [78] acquired High Dynamic Ranging (HDR) panoramic
imagery in caverns and visualized it in a web browser for documentation purposes. The emphasis of
their work is on the creation of imagery near the quality of the human eye [79]. As the emphasis is on
detailing, their Gigapixel imagery approach is time-consuming and needs post-processing to properly
create the panoramic imagery. Fan et al. [80] also used HDR panoramic imagery to create an immersive
heritage environment and provide an offline database to visualize the data. We propose a similar
workflow but focus on a swift and easy to use workflow that combines cheap sensors and lighting
techniques to rapidly capture the scene. Mazzoleni et al. [81] proposed a local panoramic viewer linked
to a semantic database for the immersive visualization of rocktombs. Currently, most applications still
require the semi-automated stitching of the data which slows down the process significantly [82,83].
Researchers have shown that panoramic imagery provides more context than conventional imagery.
For instance, D’Annibale et al. [84,85] experimented with different viewers including virtual reality
glasses to interact with imagery taken of Petra. Their work shows that, by integrating the imagery into
a panorama, a better overview of the site could be realized without losing detailing.
An important aspect of interpreting imagery is the geospatial component. A scene is easier to
comprehend if the location of the imagery is known with respect to the objects and other images.
There are several methods to let viewers experience this geospatial information. The obvious choice is
an accompanying map where the location of each image is displayed. For instance, Woolner, Kwiatek
and Tseng et al. [86–88] provided a local application that provides a map with the position of the
panoramas for the purpose of immersive story telling. Additionally, some context can be displayed
in the images themselves. Di Benedetto et al. [89] proposed the visualization of an adjacency graph
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with direction arrows to traverse between different viewing points based on scans of the structure.
In our research, we propose both and integrate simplistic navigation tools in the imagery itself with an
accompanying map based on Google Maps.
The concept of integrating geometry and images is often combined in a virtual tour. Based on
the spatial information, users can intuitively traverse the scene in a digital environment. Imagery
and additional non-metric information is presented at key locations as the users explore the scene.
By presenting information at the right time at the proper location, viewers can much better relate
to the content of the site. Several researchers have proposed solutions for the production of virtual
tours of heritage sites. Martinez-Grana presented a virtual tour application of geological heritage
using Google earth and QR codes [90]. They provided a digital environment of the Salamanca
area, Spain that the user can intuitively traverse through along with several hyperlinks that refer
to locally acquired imagery. Maicas et al. [91] created a virtual tour of the town of LLira in Spain.
Gonzalez-Delgado et al. [92] provided a similar environment and linked a database of non-metric
information to the presented imagery. An interesting feature of virtual tours is the inclusion of the
time-aspect. For instance, Lozar et al. [93] and Nabil et al. [94] included time as the fourth dimension
of their virtual tour to visualize the geological settlements and climate change throughout the history
of the Torino region, Italy. Although not included in our presented work, the integration of the time
aspect is possible in our application.
A major innovation in viewing applications is the development of web based visualization
techniques. By integrating the data in an online platform, the data instantly become available to every
interested party including non-experts. This is especially useful in applications that are interested
in sharing information with the public and evaluating user experiences. Instead of only a few select
experts assessing the scene, now anyone in the world can access the asset and potentially contribute to
its evaluation. Aside from the standard touristic applications, examples include data mining, safety
planning and attraction evaluation [95]. Hua et al. [96] provided a test case on a heritage site in
the Fujian region in China which employs an Internet-based virtual experience for cultural tourism.
They proposed a custom panoramic viewer along with historic information to facilitate information
transfer to the guests. Bonacini et al. [97] investigated this technology to create a virtual tour of
museums. Similar to our approach, they captured panoramic imagery at key locations and link it
through the Google API. The imagery can also be provided with geospatial information through
crowd-sourcing. For instance, Dhonju et al. [98] proposed an online web-mapping application that
allows users to share their acquired imagery of heritage assets and geolocate them within the viewer.
3.1. Test Case
A realistic test case is presented to demonstrate the capabilities of panoramic viewers.
The Sint-Eustachius church is a Romanesque church built between 1300 and 1500. It was constructed in
several stages and was altered multiple times. It has both elements of the Romanesque and the Gothic
building period and has a rich history. Unfortunately, the church is in a dire state. The iron sandstone,
which is the main building material, has deteriorated drastically over time. Due to safety reasons, the
church is now indefinitely closed for the public. Decision makers from the municipality and church
fabric are under pressure from the public to constitute a long overdue conservation plan. To secure
funding for the project, different stakeholders from the local government needed to be convinced of
the relevance of the investment. It is in this context that the historic significance of the church was
investigated along with its current state. Traditionally, this is performed with a set of documents and
images. While being perfect as a reference framework, stakeholders other then historians and heritage
experts can hardly relate to this data representation. Therefore, an immersive visualization tool was
employed to better communicate the information. Concretely, there was the need to visualize the
different construction phases of the church based on a visual inspection of the attic above the northern
nave (Figure 6). The attic is little more than a crawl space with no lighting and numerous repetitive
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sections (Figure 1). Documentation attempts with conventional photography resulted in poorly lit,
highly confusing imagery which failed to capture the overview of the space.

Figure 6. Overview of the panoramic viewer test case in the Sint-Eustachius church with target attic
depicted in red c https://www.google.be/maps.

3.1.1. Data Acquisition
As previously stated, the emphasis of this section is on the creation of a fast and easy workflow to
produce an immersive environment for the purpose of visualization. As the goal is to create an online
platform, the amount of data was kept to a minimum. In addition, the heritage application should
provide a general overview of the site. To comply with these requirements, the use of panoramic
imagery is proposed. An omni-directional camera was employed to capture imagery at key locations
in the project. More specifically, the attic was acquired with the Ricoh Theta S. Placed on a tripod,
this pocket sized 360◦ camera produces 14 MP imagery through its two 12 MP cameras. As the image
stitching is performed onboard, no post-processing is required. In total, 20 panoramic images were
captured. Figure 7 depicts the spread of the panoramas over a site in order to capture all the relevant
information. A challenging aspect is the absence of proper ambient lighting. As no lights were present,
artificial lighting was provided. Aside from several spots, a lighting panel was used for homogeneous
lighting placed directly underneath the sensor (Figure 1, bottom right). Figure 8 depicts the resulting
imagery of the Ricoh supported by the artificial lighting. Overall, it is observed that, even though the
lighting conditions are not perfect, the lighting was appropriate for the documentation of the scene
and that the lighting panel provided homogeneous lighting for the omni-directional camera.
3.1.2. Viewer
The acquired imagery was imported in the application along with the existing plans of the
attic. The used platform is based on an existing successful viewer. More specifically, the Google
API [99] is used as a basis for the application. A HTML based website was created with the following
components: an interactive map, a viewer and some navigation functionalities. Detailed instructions
can be found on the Google support pages https://support.google.com for the creation of customized
maps, setting up the panoramic environment and embedding the functionalities. The map component
of the application is based on the Google Maps API (Figure 7). First, a simplistic map based on
prior plans is georeferenced and transformed to a .KML file. Next, Google Maps is used to create a
custom map that includes both the target area and the imported plan. The resulting map handle or
ID is embedded into the HTML-code of the website. The panoramic viewer itself is initialized by the
google.maps. StreetViewPanorama function (Figure 8). The viewer is given a tileSize and a worldSize
equal to the size of the panoramic images. Each panorama is declared as a variable with a unique ID,
description, latitude and longitude. A center heading is also defined with respect to the topographic
north. The getCustomPanorama(pano) controls the interface with the interactive map. In the case a pano
location is selected, the viewer calls the appropriate panoramic image and loads it into the viewer.
The navigation functions of the viewer are defined by the white arrows that indicate the presence

Remote Sens. 2018, 10, 1607

14 of 32

of nearby other panoramic images. The arrows can be used to quickly traverse through the scene.
An adjacency graph is constructed that links each panoramic image to its nearest neighbors. A white
direction arrow is created for each neighbor controlled by the link function. The heading of each arrow
is defined by the relative geospatial positioning of each neighboring image projected onto the images.
Additionally, individual panoramas can be selected in the map or the search function can be used to
locate a specific panoramic image based on the description of the individual variables.
The resulting viewing application was hosted on an external server, making the data available to
all stakeholders at the following URL: http://www.cantico.be/Zichem/Zichem. The viewer proved
to be an insightful tool for the evaluation of the asset. Especially the stakeholders from the local
government, who had no heritage background, could immediately relate to the presented imagery and
thus could make better informed decisions. Overall, the panoramic viewer provided much needed
context for the discussion of the different building stages and hypotheses. In addition, it supported
the discussion concerning the potential treatments as the attic could be intuitively traversed with
the viewer.

Figure 7. Overview of the Google Maps creation tool with .KML drawing integration and HTML
handle for public sharing [99].
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Figure 8. Overview of the panoramic viewing application developed with the Google API including:
the map (above); viewer (bottom); and navigation tools (white arrows) [99].

4. Meshes
Traditional heritage archives such as archaeological drawings, high resolution images, maps
and so on provide a general description of objects and sites well-suited for the digital compilation
of archaeological findings. However, two-dimensional content is highly affected by external factors
that limit an exhaustive research of the recorded data. Poor lighting conditions, for instance, prevent
experts from detecting both raised and sunk relief textures from digital pictures. Inaccurate hand
measurements negatively influence the three-dimensional perspective estimation of sketch-based
heritage models. Therefore, the need exists to acquire highly dense geometric representations of
archaeological monuments and artifacts. Remote sensing technologies and methodologies have been
exploited over the last years for creating 3D content of tangible cultural heritage. A popular data
representation is a mesh model, which offers a detailed geometric description of the physical properties
of an object. More specifically, the exterior of the object is represented by a set of polygons, vertices,
and textured faces.
Mesh models have been widely used in the context of heritage documentation as a digital
tool for the study and dissemination of cultural sites and objects. With the advent of 3D recording
technologies and methodologies, it is now possible to create realistic meshes of historical sites and
artifacts. These high-resolution models offer experts the opportunity to extract accurate descriptions
from the mesh geometry [100]. For instance, three-dimensional primitives such as curves, lines, or
planes provide a 3D object with a computational description of its geometric features. From this
basis, the re-assembling of fractured objects is performed. Moreover, the photo-realistic texture of the
model allows for the interaction between ancient monuments and the general public via virtual and
augmented reality platforms [101].
The pipeline for creating a mesh consists of the following steps: data acquisition, data alignment,
and surface reconstruction. The first step covers the 3D acquisition systems and techniques for 3D
recording. The second step seeks to transform the recorded data into the same coordinate system, in a

Remote Sens. 2018, 10, 1607

16 of 32

process commonly known as registration. The resulting 3D point-cloud is the input data for the surface
reconstruction. This stage includes the computer vision techniques [102,103] to build the geometric
structures that make up a mesh. These 3D modeling algorithms focus on converting the set of acquired
points into a continuous surface by using either best-fit techniques [104,105] or 3D spatial interpolation
methods [106,107]. Accordingly, the quality of the mesh heavily relies on the spatial resolution and
metric accuracy of the recorded points. For heritage documentation purposes, every single point
provides valuable information of the heritage monument, to such a degree that density and accuracy
of the point-cloud is essential for restoration, conservation, monitoring and analysis. Therefore, rather
than providing a detailed description of the algorithmic stages for surface construction, the literature
review of mesh models is focused on the state-of-the-art in remote sensing techniques and technologies
to estimate an accurate 3D dense point-cloud well-suited for heritage applications. These include
Terrestrial Laser Scanners (TLS), photogrammetry, and structured light systems.
TLS-based approaches
As mentioned, TLS immersion into digital heritage documentation has gained immense popularity
since it offers accurate and dense 3D representations of the world. For instance, Heinz Rüther et al. [108]
provided a step-by-step description of the process to create mesh models of African historical sites.
This set of 3D models are part of a holistic collection of spatial data that aims at providing experts
with digital tools for the preservation, 3D visualization and further study of the site. To cope
with the documentation of complex scenarios with poor light conditions and narrow passages,
P. Rodriguez et. al. [109] integrated TLS data to create a 3D model of a 20th century subterranean
structure of World War I. The 3D mesh deliverable obtained served as a basis for preservation,
consolidation and valorization of underground fortifications. W. Neubauer et al. [110] mounted a TLS
on a mobile platform to digitize the pyramids of Giza and the nearby Sphinx. The recording setup
aided the scanning effort and helped to avoid occlusion of adjacent monuments. The principal usage
of these models is to support the 3D documentation of the monuments on the Giza plateau [111].
TLS-based meshes along with 2D documentation have also been used to virtually reconstruct heritage
sites that have fallen into a ruinous state because of natural disasters or looting activities. For example,
Gabriele Guidi et al. [23] described the workflow for the digital reconstruction of a group of ancient
temples located at MySon. The digital geometric description of the site’s current state played a vital
role in the virtual reconstruction process and served as a basis for a tenable evaluation of the gradual
deterioration of the site.
Photogrammetry-based approaches
Photogrammetry has proven to be an efficient and low cost remote sensing methodology to
create 3D mesh models for heritage research and general public engagement [52]. The success
of this 3D modeling approach relies on the photo-realistic texture of the acquired point-cloud.
This asset is a consequence of the rapid evolution of optical image recording systems in terms of pixel
resolution, acutance, and hardware compactness. Therefore, close-range and aerial photogrammetry
approaches have been broadly used for 3D documentation of monuments and artifacts. For instance,
G. Tucci et al. [112] explored geomatics techniques, including photogrammetry, to create a high
quality 3D model of the earthenware frieze of an ancient loggia, in Italy. The obtained mesh not only
contributed to digital documentation, but also supported the virtual and physical reconstruction of this
art piece. Roberto Pierdicca et al. [113] proposed to combine spherical photogrammetry and structure
from motion to obtain the 3D model of a symbolic building of the archaeological area of Chan Chan,
Peru. This marriage of panoramic views and overlapping images provide sufficient information to
construct an accurate and high quality model of the decorated walls and structures of the dilapidated
building. These models are intended to facilitate the restoration labor of fragile monuments, thus
preventing them from damaging their archaeological integrity. Archaeological excavations, is another
area that has taken advantage of the benefits of adopting 3D meshes for heritage documentation.
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Matteo Dellepiane et al. [114] used mesh models as a digital tool to monitor the excavation progress
and the archaeological findings of an urban settlement in Uppåkra, Sweden. Jeroen et al. [66] explored
the possibilities and limitations of photogrammetry-based 3D models during and after the excavation
process, applied to the case study of a historical abbey in Belgium. The obtained meshes served as a
template to digitally draw the archaeological layers of the excavation progress. Unlike terrestrial-based
acquired data, aerial photogrammetry approaches have been used over the last years to obtain 3D
mesh models of difficult-to-access locations, especially those extensive areas surrounded by vegetation.
For example, E. Dall’Asta et al. [115] proposed using aerial photogrammetry to digitize the overall
extension of the roman emblematic site of Veleia, in Italy. The mesh model served as a framework
for generating terrain models, on the basis of which a ground morphology description of the site
was performed. For preservation purposes, Abdullah Tariq and Ibraheem Haneef [116] proposed
combining GPS points, terrestrial images and aerial survey data to construct an accurate mesh of a
Pakistan monument located on Shakarparian.
Symbiosis: TLS and Photogrammetry
To get the best functionalities of TLS and photogrammetry, numerous studies have focused on
exploring methodologies to generate mesh models from the merger of these recording approaches. For
heritage documentation, this symbiosis has been widely exploited for the fully comprehensive study
of monuments and archaeological sites [20]. For instance, Annabelle Davis et al. [117] outlined a set of
heritage management tools derived from combining dense data acquired with TLS and Photo-realistic
mesh models based on photogrammetry techniques. The set of deliverables include: textured 3D
models, cross-sections, 2D drawings, 3D intensity maps, and a VR application. These digital analysis
tools assisted in the exhaustive research of three rock art sites located at the East Pilbarr, in Australia.
For the sake of improving the metric accuracy of mesh models generated from different data sources,
surveying technologies and techniques have been employed to support the registration of images and
3D scans. G.J. Grenzdörffer et al. [118], for example, determined a geographic reference system by
using ground control points to increasingly integrate 3D points retrieved from aerial photogrammetry
and TLS. This approach allowed for the dense and accurate 3D digitalization of a complex 13th century
heritage building in Greifswald, Germany. The final result provided a baseline for two important tasks:
decisions on the reconstruction, and architecture assessment of the monument. More recently, Florent
Poux et al. [119] fused TLS and photogrammetry data for knowledge integration and dissemination
of 3D quasi-planar archaeological objects, thus providing experts with the ability to automatically
identify fundamental characteristics of the object such as color, material, light properties, area, and so
on based on an ontology classification. This approach relies on the high level information that becomes
available with the fusion of complex geometric structures with high quality texture, i.e., 3D descriptors,
geometric primitives, color, normal, shape, etc. Although the approach is restricted to planar objects,
it dramatically contributes to answering research questions regarding to origin of the object, current
state, and damage over the time.
Structured-Light-based approaches
Aside from TLS and photogrammetry techniques, structured light-based technology is also
employed for 3D heritage recording. Unlike terrestrial and aerial recording methods, close-range
active scanners have been mainly used to produce 3D meshes of small-to-medium archaeological
artifacts and objects, since they offer sub-millimeter accuracy and robustness to distinct kinds of
materials [120]. Therefore, this technology has been applied to the fields of pictorial artworks,
reassembling of archaeological ceramic pottery, osteology, and so on. For example, Fernando
Buchón-Moragues et al. [121], generated a millimeter accurate mesh model of a wooden panel painting
to develop a statistical analysis of its brushstrokes characteristics. This study enabled experts to verify
the authenticity of the art work as well as to determine its antiquity period. V. Di Pietra et al. [122]
outlined the process of 3D survey applied to an Egyptian sculpture. A hand-held scanner is used
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to produce a highly-detailed mesh model, so that experts were able to identify fractured pieces and
material characteristics. This study provided valuable information to numerically determine the
conservation state of the monument. Aurore Mathys et al. [123] explored different close-range 3D
acquisition methods applied to the 3D mesh reconstruction of a human skull from Royal Belgian
Institute of Natural Sciences collection. This research aimed to contrast the pros and cons of 3D
recording systems in terms of accuracy, acquisition time, price, and texture quality. The mesh model
obtained with a structured light-based scanner yielded higher spatial resolution when compared to
photogrammetry and Reflectance Transformation Imaging (RTI). Papaioannou et al. [124] proposed to
compute 3D shaped descriptors on the basis of geometric primitives and facet normals to automatically
reassemble heritage objects from damaged fragments.
Test Case
A realistic case study is presented in the context of Egyptian heritage documentation.
The governor’s tombs of the 15th Egyptian province located in Der el Bersha are positioned among the
most important monuments of the Egyptian Middle Kingdom (ca. 2050–1650 B.C.) [125]. Unfortunately,
due to natural catastrophes, quarrying and looting activities, this elite cemetery is now in a ruinous
state (Figure 9). Consequently, its archaeological remains are fragmented and incomplete. In an effort
to reconstruct these archaeological artifacts, traditional 2D recording techniques have been conducted
to document the site [126]. However, the degree of damage of the remains and the short time allowed
for missions have prevented experts from inferring sufficient knowledge for damage assessment,
virtual reconstruction and hieroglyphic decoding. Therefore, the 3D digital documentation of the
tangible heritage, more specifically the use of mesh models, is advisable for the geometric analysis and
exhaustive research of the monument.

(a)
(b)
Figure 9. General view of the plateau where Governor’s tombs are located (a); and the current status
of the best preserved tomb (b).

The main challenge resides within the distinct properties of the archaeological remains. Various
funerary objects and rock fragments have been excavated, including pieces of wooden coffins, pottery
artifacts, stones with raised relief decoration, and human skulls. Therefore, high quality texture and
millimeter accuracy are essential for the full understanding of these particular objects. These constraints
make structured light a suitable approach for 3D recording. The Einscan pro + was chosen for
digitalization, since it allowed us to accurately scan objects of different shape, dimension (5–200 cm),
material, and weight. This affordable scanner operates with two acquisition modes: fixed and handheld.
The former mode is meant to digitize small objects, since a tripod and a turntable with markers are
used to automatically scan objects and register the acquired data (see Figure 10a). The latter is ideal to
scan larger artifacts, as scanning is performed while holding the scanner (see Figure 10b). In addition,
a camera can be attached to the scanner to colorize the acquired points, thus texturing the polygonal
structures of the mesh. The spatial resolution with the hand-held mode is 0.7–3 mm, and with the fixed
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mode 0.24 mm. Apart from the hardware acquisition capabilities, the Einscan pro + software [127] can
perform each step of the meshing process, from points acquisition, through real-time registration of
the data, to surface reconstruction algorithms (Figure 11).

(a)
(b)
Figure 10. Operation modes of the Einscan pro + scanner: fixed mode (a); and hand-held mode (b).

Figure 11. Frames sequence that shows the hand-held scanning process. The screenshot on the bottom
left of the first four frames depicts the real-time 3D acquisition. The last two pictures show the point
cloud after scanning.

As a test case, several objects with varying properties were reconstructed: an Egyptian vessel, a
restored cranium, and medium-sized decorated block. The vessel was scanned by using the handheld
mode. First, the overall shape was scanned to get the coarse geometry of the piece. Then, we
focused on scanning the details to capture the pathologies, as shown in Figure 12. The obtained mesh
supported the study of the internal cracked fractures of the piece, which are not visible from traditional
archaeological images. The 3D model also was used to calculate accurate measurements of pottery
fragments, like thickness and curvature. Based on the same approach but using the fixed mode, the
cranium was digitized by first scanning the global shape with the turntable. Subsequently, the tripod
was positioned so that the orbit, upper and lower jaw were captured in detail. Figure 13 depicts the
obtained meshes from cardinal perspectives, the middle image shows the inferior of the skull without
texture, effectively depicting the level of details captured. The 3D models assisted in the osteology
research of the skull, providing experts with detailed geometric information for teeth analysis and
morphological study of internal details. The process of scanning the decorated stone is shown in
Figure 11. As noted, three positions were set up to scan all the angles of the object without damaging
or altering its decoration. This way, experts are provided with geometry information of every single
face of the fragment (Figure 14), which is primordial to digitally reassemble archaeological fractured
remains. The latter is a potential application for this site, since numerous damaged fragments have
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been found over the years. Additionally, the geometric information of the mesh models, provide
archaeologist with the ability to properly analyze sunk and high relief. The software MeshLab [128]
was used to analyze the geometry of the scanned models, including the density of the polygonal
structure, the number of vertices, and the geometrical construction of the mesh. In addition, this
mesh processing software allowed us to customize rendering properties such as shading and light, to
enhance the visual aspect of the model.

Figure 12. (Top) Different angles photographs of an Egyptian vessel, with a horizontal scale bar of
10 cm and a vertical scale bar of 20 cm; and (Bottom) watertight 3D mesh of the object, composed of
circa 1 million triangles.

Figure 13. High resolution watertight model of a cranium made up of circa 1.3 million triangles.
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Figure 14. Non-watertight model of the decorated block shown in Figure 11, composed of circa
0.8 million triangles.

5. 3D Game Content
An immense obstacle for the adoption of highly dense point cloud data and meshes is software
limitations. Most commercial software cannot cope with the vast amount of data that are acquired from
heritage sites. With raw data file sizes of tens to hundreds of gigabytes, even simplistic operations such
as viewing the data becomes troublesome. As explained in the previous section, by creating a set of
meshes of the input point clouds, the data can be significantly reduced. However, the visualization of
large complex meshes is also not convenient. Most software simply do not have the proper algorithms
to handle this information. Furthermore, the few software that can deal with this information are
typically field specific and very expensive. Therefore, the need exist for easy to access platforms that
allow the visualization of the data and tools to analyze it.
A promising application to represent the heritage information of a site is to embed the data in a
gaming engine. These software are heavily optimized for mesh visualization and are perfectly capable
of dealing with the complexity of the acquired data of heritage sites due to tremendous advancements
in computing power over the last decade and intelligent visualization algorithms [129]. The integration
of real life information in gaming platforms is considered an instance of serious gaming. This is a
relatively new field of research that focuses on using digital games not just for entertainment but
for professional purposes as well [130,131]. By engaging with the digital representation of the real
world through gaming mechanics, the user can intuitively traverse the data and perform a wide
variety of actions. Research has shown that this unprecedented immersive interaction with the data
is a successful tool to communicate information to both experts and novices [132,133]. This shows
great potential when applied to heritage projects. For instance, Chen et al. [134] experimented with
actual game mechanics such as leveling to communicate information concerning the Jing-Hang Grand
Canal, China. They tested different platforms to determine the impact of the immersion level on the
success of information communication. They found that, while immersion is not a requirement, it
significantly progresses learning since processes can be visualized. Dagnino et al. [135] took it one
step further and created an actual game within the environment so players can learn by experiencing
the content. Similarly, Kontogianni et al. [136] developed a serious game of the Stoa of Attalos
in Athens, Greece along with many others including De Paolis et al. [137], Doulamis et al. [138]
and Christopoulos et al. [139]. Mortara et al. [140] proposed different platforms to learn cultural
heritage. Based on extensive literature study, they also assessed the challenges that serious games
have to overcome. While current applications employ a mass-oriented approach such as in museum
applications, there is tremendous potential in the prospect of personalized experience games. These
would further progress the affinity to the site and stimulate learning even more. In addition, the step
towards virtual and augmented reality is currently being investigated [141,142].
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Overall, most games are oriented towards unskilled players to communicate information or to
visualize the data. However, there is also a great opportunity for serious games targeting experts of a
specific field [143]. For instance, Ruppel et al. [144] set up a link between a Building Information Model
and a gaming platform to simulate evacuations. Lercari et al. [145] reconstructed heritage houses to
better understand the living patterns of our ancestors. From their game, they can also derive where
certain objects should be located and what their purpose is. Additionally, the paradigm of detecting
complex patterns in historic surroundings is significantly facilitated if an expert can intuitively visit
the site.
Aside from serious games, the game environment can also be used for analytical purposes.
Users can remotely investigate unaccessible areas without perspective distortion and the correct
scale. Complex patterns only distinguishable by heritage experts can be detected by controlling the
scene with lights, making objects transparent or taking some measurements such as the area and
volume. This is especially relevant when the relation between objects should be visualized. Overall,
gaming engines offer great potential for supporting different aspects of the conservation process and
other industries.
Gaming engines can also accommodate meshes from other sources aside from the meshes derived
from data acquisition workflows. For instance, Bille et al. [146] extended their BIM to a gaming
engine for interaction purposes. Barazzetti et al. [147] made their heritage model available on site
by publishing their information through a gaming engine. Amirebrahimi et al. [148] investigated
microscale flood damage by integrating GIS and BIM data in an engine. Many researchers stated that
the integration of HBIM is invaluable to the heritage field and that numerous applications are currently
being developed to support the conservation and management process [149,150].
Test Case
The common denominator of serious games is the content. Every game heavily relies on the
models used within an application. This is especially true for analyses and serious games where often
real world environments are used. In this section, we therefore discuss the process of creating an
immersive visualization of the highly detailed and accurate 3D content using a gaming engine.
As a test case, the documentation of the former torpedo installation of the Sint-Marie fortress
in Zwijndrecht, Belgium is presented. Between 1881 and 1882 A.D. the installation was added to
the fortress, making it the only torpedo base in Belgium. In the context of a project of the province
of Antwerp to document all of its fortresses, bastions, bunkers and so on, a survey was ordered to
document this unique site.
Because the project is located at the bank of the Scheldt River, the recording conditions were
challenging (Figure 15). The bottom part of the site only emerges above the water at the lowest river
tide, resulting in a very limited time frame in which the survey could be performed. Furthermore, the
almost constant submersion causes the scene to be mudded and littered with rubble and vegetation.
To document the torpedo base as complete and accurate as possible, the survey was conducted with a
combination of TLS and photogrammetry, both on terrestrial and aerial imagery.
The processing of all the captured data in the RealityCapture software resulted in a mesh consisting
of circa 1 million triangles which is a significant data reduction compared to the initial laser scans
and imagery. To include the highest detail, 14 4 k resolution texture maps were generated of the
scene. For visualization purposes, the mesh was imported in a gaming engine. These are typically
heavily optimized for complex mesh visualizations, for example by only loading the texture of the
viewable mesh parts or by lowering the texture quality for objects located further away. In this
project, the freely available and popular gaming engine Unity was chosen. Furthermore, since it is
mainly designed for game development, it provides several tools to add 2D and 3D objects, a physics
system, visual effects and rendering tools, the possibility to add animation and movement and so on.
These characteristics make gaming engines ideal to create immersive visualizations and serious games
in a further developed stage. For instance, appropriate lighting was assigned to the different parts of
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the mesh to increase the visibility. A point light source was used to brighten the dark interior mesh
parts and to make the scene lighting more realistic (Figure 16 left).

Figure 15. The torpedo base at the fortress Sint-Marie in Zwijndrecht, Belgium is located at the banks
of the tidal Scheldt River. The mudded bottom part of the scene, caused by the almost constant
submersion, complicates the photogrammetric process.

Figure 16. Added point light source to brighten the scene in the Unity gaming engine (left); and the
animation added to the camera to create the video (right).

To easily present the data to the client, an overview video of the project site was made.
An animation path was added to the available camera module along with a set of key frames. A video
editing script interpolated the trajectory and created a video from the extracted frames along the path.
Additionally, an immersive 3D visualization game of the site was produced. A script was added to the
camera to allow player movement. This way a user can intuitively traverse the scene and visit any
detail in the maximum resolution. By building the final game as an executable file the user is capable
of playing the game with all of its components without the need to install any software. This way, the
resulting game is not only useful for heritage experts but also for other stakeholders, who can virtually
explore the scene and perform their own analysis.
This end product can serve as a basis for a game or analysis application. There are numerous
possibilities to add functionalities and develop our end product further, e.g., by adding measurement
tools so heritage experts can remotely calculate distances and areas without visiting the site.
Furthermore, the game can also be played with VR goggles to increase the degree of immersion.
Different types of analyses can be performed by simulating lighting, weather conditions and so on.

Remote Sens. 2018, 10, 1607

24 of 32

Overall, it significantly lowers the stepping stone to interact with the data and offers an intuitive
development platform.
6. Conclusions
Innovative remote sensing techniques are becoming more accessible for heritage projects.
Along with it, the amount of data being captured from heritage sites is rapidly increasing. To properly
use this information for analysis or documentation purposes, a good understanding is mandatory
for transferring the raw information to a useful set of deliverables. However, there currently exists
a gap between the deliverables and the methods of acquiring raw information from heritage sites.
In this work, an overview is presented of the possible workflows to represent the information in an
accessible way with limited loss of information. An extensive literature study is performed to identify
the needs of the industry and the shortcomings of current heritage workflows. In response, a set of
general deliverables is proposed that are closely related to the current processes. The goal of this
paper is to provide heritage experts with the tools to better document and communicate information
about tangible heritage. More specifically, the emphasis of the work is on the physical appearance of
the objects.
In the practical study, four methods are discussed that integrate the innovative technologies and
are easy to use for both experts and novices. The advantages and opportunities of each deliverable
are presented with respect to the current literature. Furthermore, test cases are presented of each
technique to provide heritage experts with a practical example of how to implement the deliverable.
The first method is the use of orthomosaics. These aggregates of reprojected images are perspectively
undistorted and have the proper scale. They contain significantly more information than conventional
imagery since they can be used for measurements and give a more realistic overview of the asset.
While typically employed for aerial applications, this technique can also be used to document indoor
spaces that suffer from occlusions and low accessibility. Aside from orthomosaics produced by imagery
and a set of control points, this information can be also generated by integrating point cloud data and
imagery. This results in more accurate information and increases the consistency of the technology in
complex environments.
The second set of deliverables are panoramic images. A panoramic application is developed
based on the Google API that combines omni-directional imagery and geospatial maps to provide
an immersive and comprehensive viewer. Heritage experts can use this technique to better display
heritage scenes where conventional imagery would struggle. Additionally, the accompanying map
provides much needed context of the environment.
The third set of deliverables are meshes. These surface-based geometric representations offer a
watertight data representation and also allow the integration of highly detailed texture. Furthermore,
the data can be significantly reduced as planar surfaces can be represented more efficiently. Meshes
can be used for a wide range of 3D applications as they allow the interaction with the information in
3D. By doing so, crucial details can be analyzed which is unfeasible in 2D.
The final deliverable is the embedding of the geometry in gaming engines which are typically
heavily optimized for mesh visualization. Within this gaming environment, expert and novices can
intuitively access the information in a low cost and efficient environment. Numerous possibilities
are already available that stimulate users to learn, analyze and interact with the data. This is a very
promising tool for heritage applications as the immersive environment of a gaming engine allows
users to experience cultural heritage with unprecedented detailing and accuracy.
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