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1. Introduction 
Documentation of architectural and archaeological sites and monuments is an activity that 
requires the capture of information from different sources. Metric information is mandatory 
as the basis for documentation, information management, archiving, analysis, monitoring 
and dissemination activities, among others. In highly weathered environments, accurate 3D 
models are required for multi-temporal analysis over time in 4D, altogether with imagery. 
Experience has shown that it is possible to provide the necessary information with the 
required accuracy and completeness only by integration of multisource data (Georgopoulos 
& Ioannidis, 2006). Especially in large and complex monuments parallel use of geodetic and 
surveying measurements, photogrammetric data acquisition with imagery and terrestrial 
laser scans has proven to be the ideal combination (Haddad, 2007; Haddad & Ishakat, 2007). 
Furthermore, the multi-sensor integration of surveying data (not only terrestrial but also 
aerial) and architectural needs should be combined with a multi-resolution approach, 
spanning from few centimetres down to millimetres, if necessary, both in geometry and in 
texture (Guidi et al., 2008; Remondino et al., 2009). A general overview of the typical 
requirements and solutions for cultural heritage documentation based on purpose, product, 
methodology or eventual emphasis is presented in Patias (2006). 
Modern technology has changed matters in documentation radically and promises to keep 
bringing rapid changes. Photographic and non-photographic (graphic) documentation tools 
are merging in one process, in which the digital photographic technology is the main base 
(Haddad, 2010; Haddad & Akasheh, 2005). Until the wide spread used of terrestrial laser 
scanning (TLS) for cultural heritage documentation, most of the multi-temporal information 
for documentation and conservation activities was based mainly on graphic documentation: 
2D drawings of elevation plans, cross-section and last but not least, images (analogue or 
digital). However, photographs are easier to interpret and recognize than drawings; they 
contain information about surface detail and can provide information on the condition of a 
monument, before, during, and after restoration. Nowadays, the afore-mentioned 
documents are still requested by architects or building personnel but the analysis is starting 
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to be fully in 3D owing to: first, the simplified and comprehensive data acquisition of data 
sets in 3D mainly by terrestrial laser scanners and 3D cameras; second, availability of easy-
to-use software that handles millions of features such as points, point splats, meshes and 
textures fully in 3D; third, availability of surveying equipment all over the world either 
image-based, range-based or satellite-based. 
It is well-known that the input data (points with intensity and/or colour values) coming 
from TLS after registration has a limited impact on architectural and archaeological 
documentation in contrast to the widespread used of photographs (Fig. 1). In fact, the field 
of conservation has very slowly assimilated the advancements of technology (Eppich & 
Chabbi, 2006). The techniques range from simple hand-drawn sketches to sophisticated 
virtual reality representations. The point clouds are generally used for visualisation 
purposes in 3D, dissemination and extant surveys (Fig. 2). Out of the point clouds is 
possible to deliver, on the one hand, position and linear measurements, top and elevation 
plans, cross-sections and fly-through animations, on the other, efficient and accurate way to 
record and reconstruct digitally large-scale cultural heritage monuments and sites (Takase et 
al., 2003).  
Despite the time consuming processing and required user’s interaction, 3D models are 
preferred for automating the processing of delivering not only a large number of cross-
sections but contours and volumetric deformations in the three dimensions. 3D models are 
also required to analyse thoroughly structural damage assessment (Olsen et al., 2010), 
deformation on surfaces (Schueremans & Van Genechten, 2009), alterations on materials and  
 

 
Fig. 1. View of the Obelisk Tomb (upper  storey) and the Bab As-Siq Triclinium (lower 
storey) in Petra/Jordan. 
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Fig. 2. 3D view of the four point clouds collected for the Obelisk Tomb and the Bab As-Siq 
Triclinium in Petra/Jordan. 

decay mapping either standalone with topographic survey (Rüther et al., 2009) or in 
combination with image-based sensors such as visible non-metric cameras (Navarro et al., 
2009) and thermal cameras (Cabrelles et al., 2009), mainly on large and inaccessible parts of 
the monuments. Fig. 3 displays four perspective views of one 3D model in which is possible 
to identify the effects of weathering on architectural features and elements such as cornice, 
arches, columns and obelisks.  
The direction of the light helps to interpret the deteriorations on the surface of the stone 
monuments due to the concavities of the own high resolution 3D model (Fig. 3). 
Nevertheless, the incorporation of the texture onto the 3D model increases the ability of 
visualisation and understanding of the 3D models (cf. Fig. 3 vs Fig. 4). Texture can be 
acquired by the laser scanner itself (most of the present laser scanning systems support 
internal or attached digital cameras) or by the user with an external high resolution camera. 
High quality texture mapping frequently requires external draping of imagery onto the 3D 
model. With external photography, the user can select the most appropriate position and 
attitude to take the pictures, the appropriate exposures, and, last but not least, the model of 
the camera that fits best for the project on purpose. Definitely, the selected camera might not 
have the same features as the camera integrated in the TLS. Furthermore, there is neither 
restriction to take pictures with high-end cameras nor metric ones. The user might make use 
of compact off-the-shelf digital cameras, SLR cameras, high speed camera systems for 
scientific applications, etc. It is recommended to take pictures with a good camera body and 
lens to improve the quality of the photorealistic 3D modelling.  
This chapter presents the integration of terrestrial laser scanning (TLS) and imagery to 
generate effectively high quality photorealistic 3D models. This integration is one of the 
most effective solutions existing nowadays to deliver metric products with high level of 
appearance (Georgopoulos & Ioannidis, 2006; Remondino et al., 2009; Lerma et al., 2010b). 
The TLS provides the 3D information which is used to compute eventually the triangulated 
3D meshes of the monument, whereas the photogrammetric processing is used to texture 
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Fig. 3. Perspective views of the Obelisk Tomb and the Bab As-Siq Triclinium 3D model with 
the lights on: top left) left; top right) right; bottom left) top; and bottom right) Detail of the 
Triclinium. 

accurately the content from the imagery onto the meshes. The approach is suitable to texture 
either complex architectural monuments such as towerlike tombs (Navarro et al., 2009), high 
altar and vaults (Biosca et al., 2007) or tiny archaeological engravings at high resolution with 
close up imagery (Lerma et al., 2010b). Texturing of the virtual monument is based on multi-
images to select the best texture map, taking into account occlusions between the object and 
the set of imagery (Al-kheder et al., 2009).  
Other reality-based solutions for 3D modelling of object and sites consider only image-based 
approaches (Remondino & El-Hakim, 2006; Cabrelles et al., 2010). The image-based 
photogrammetric solution can most of the times yield similar results as the integration of the 
range-based and the image-based approaches, but not always due to texture, light or 
geometrical conditions. The two kinds of data, image-based and range-based, can be 
integrated as proposed herein and used at different resolutions for complementary purposes 
and merged eventually together.  
Our approach requires the extraction of point features in contrast to the alternative 
presented by Alshawabkeh & Haala (2004), owing to the high probability of success in 
weathered sandstone monuments. Instead of registering the images to the 3D model by 
minimising a photo-consistency cost function (Chetverikov et al., 2007), the well-known 
collinearity equations are used to relate all the images and the architectural monuments. The 
performance of the integrated photogrammetric approach presented herein is particularized 
for complex and highly weathered stone-carved architectural monuments in the Petra 
Archaeological Park in Jordan, the Obelisk Tomb and the Bab As-Siq Triclinium (Figs. 1-3).  
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The remainder of this chapter is structured as follows. Section 2 reviews the architectural 
documentation mission, specifying the requirements for the surveying, mapping and the 
modelling. Section 3 describes the context of the monument inside the Petra Archaeological 
Park, the state of conservation and the weathering effects regarding the Obelisk Tomb and 
the Bab As-Siq Triclinium. Section 4 is focus on the integration of TLS and photogrammetry, 
describing our approach for the production of high quality photorealistic 3D models. 
Section 5 presents the results achieved in the context of architectural documentation and a 
discussion of the results. Section 6 sums up the presented approach and what is still missing 
for optimal photorealistic 3D models of today. 

2. Architectural documentation 
Documentation is one of the principal ways available to give meaning, understanding, 
definition and recognition of the values of the cultural heritage. The importance of 
documentation may be undertaken as an aid to various treatment activities including: 
protection, restoration, conservation, preservation, identification, monitoring, interpretation, 
management of historic buildings and sites and cultural landscapes (Haddad & Akasheh, 
2005; Haddad, 2007), in addition to creating a register of stolen movable objects. However, 
documentation is not only needed for proper conservation and preservation, but foremost to 
raise public awareness.  
It is a fact that each documentation method has its own advantages and disadvantages. 
The method which should be applied in each case depends on various factors: cost and 
time, location facts, size extent of task (content as well as quantitative), accuracy class, 
kind of approach (preferable non-destructive), and style of results for presentation, 
interpretation and monitoring. In the photographic methods, the entire vicinity is quasi 
completely determined, point by point, and the filtration for the extraction of the essential 
points happens later, meanwhile a relevant difference arises in the acquisition process in 
situ, compared to a laboratory process. This concept is completely different from the 
graphic documentation process, where the in situ needs more time (Haddad, 2007; 
Haddad, 2010). However, a shadow always causes errors in the results, because certain 
picture information is lost. 
A digital orthoimage allows users to point out and manage information about many 
elements on the documented architectural monument on different layers which is a very 
important issue in architectural conservation and preservation, for example architectural 
elements, shape relationships, construction techniques, texture of materials, historical 
phases, colour values, decorative elements and decay conditions (Agosto et al., 2005; Artesea 
et al., 2005). In architectural surveys of historical buildings using digital photogrammetry 
and TLS methodologies, the support of different specific skills is often required; hence it is 
crucial to choose the correct tools for a multidisciplinary analysis. Actually, architectural 
documentation is dependent on the instruments used (degree of reliability and precision), 
representation methods (flexibility degree and amount of information), research approaches 
(degree of exportability, interdisciplinary nature and transformation), and means of 
communication (degree of compatibility with other technologies and ability to diffuse) 
(Bornaz & Dequal, 2004; Artesea et al., 2005). In fact, when dealing with architectural 
documentation as in our case, it is important to represent materials, colours, decorations, 
physical and chemical decay and other phenomena. 
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3. The obelisk tomb and the Bab As-Siq Triclinium in Petra 
Petra is in zone 36 North in the WGS 1984 UTM coordinate system. It forms a plateau 
(around 850 m above sea level) surrounded by higher mountains, the Sharah Mountain 
range, characterized by limestone deposits. At about 900-950 m elevation, Ordovician 
sandstone with its white colour and high porosity is found abundantly. The Precambrian 
sandstone can be found at a lower elevation and forming the largest geologic deposit in 
Petra. It is characterized by its beautiful multi-coloured mineralogical formations. After 
walking down the Petra Archaeological Park predominates a wide streambed called the 
Outer Siq. Most of the important monuments were carved from the Precambrian rock massif 
on both sides of the wadi (streambed or valley in Arabic). Ordovician monuments are 
mostly found in the Outer Siq. 
It seems that Petra, the ancient Capital of the Nabataean Kingdom, flourished towards the 
end of the second century BC, and during the course of the first century BC, while most 
significant contact was with Ptolemaic Egypt during the first century BC, as reflected in 
Nabataean architecture. The city is remarkable both for its location and its construction. The 
Nabataeans were creative builders. From the cliffs they carved great altars, temples, tombs, 
theatres, and even an entire water collection and distribution system. These rock-cut 
monuments in the Petra Archaeological Park have substantial dimensions which are unique 
in antiquity. The architecture of Petra constitutes a main source of evidence, not only for the 
city, but also for the architecture of the late Hellenistic and Roman period. It stimulates a 
new speculation and evolution of the roughly studied Eastern Hellenistic architecture, 
which at the very least must be placed, in the much larger context of Hellenistic traditions in 
the Near East. In fact, during the Roman rule there were changes in patterns in architecture 
that allowed greater circulation and more freedom of interaction.  
Several scholars have noted that the architectural façade formation images of the main 
monuments of Petra are shared with other Hellenistic and Roman architecture. In fact, the 
architectural treatments applied at the rock-cut Nabataean façade are maintaining the 
particularity of the late eastern Hellenistic stylistic architecture. These morphological 
stylistic elements made Petra a model of a metropolis during the Hellenistic and Roman 
periods. Actually, Nabataean Petra is the best model to understand the cultural interaction 
of late Hellenistic stylistic morphology reflected in the Tomb façade formation (Haddad, 
1999). The architectural formation of the facades can roughly be divided into two main 
categories “oriental with Hellenistic doorways” and completely “Hellenistic”. However, this 
means that there is reason to believe that the simpler façade formation, showing stronger 
oriental influence, would be older than the richly Hellenistic decorated ones such as the Al-
Khazna. What visitors can see in most of the Nabataean rock-cut façade formation in Petra 
are some of the best preserved samples of the late Hellenistic morphology often in an 
appealing combination of oriental stylistic elements (Egyptian cavetto or the Assyrian crow 
steps and Western stylistic Pedimental doorways). Indeed, through the variety and richness 
of the decorative architectural elements of the façades (Zayadine, 1987), the Nabatean 
architects adopting the architectural conception of Hellenization, moved among different 
cultures create high artistic standards in architecture in cooperation with local tradition 
materials and landscape (Haddad, 1995; Haddad, 1999). This synthesis with these 
architectural elements is unique in the History of architecture, and is clear in the significant 
architectural treatment of the façade formation of the Obelisk Tomb and the Bab As-Siq 
Triclinium (1st century BC-1st century AD).  
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The architectural complex of the Obelisk Tomb and the Bab As-Siq Triclinium (Figs. 1-3) is 
the first major monument encountered when entering Wadi Musa on the way to the 1.2 km 
long Siq, the main gorge entrance to the ancient city of Petra, facing NW and dominating the 
left side of the road, a few meters down from a complex of three Djin blocks. In reality, the 
Obelisk Tomb is separated into two monuments, stacked on top of each other: the Obelisk 
Tomb (upper storey); and the Bab as-Siq Triclinium (lower storey), Fig 1. The Obelisk Tomb 
(also known as 'Nefesh' Tomb) is named after the four obelisks (approximately 7 m height) 
that decorate the top of the entrance of the tomb guarding the rock-hewn cave tomb 
entrance and was used for burials. The lower storey, the Bab as-Siq Triclinium is decorated 
in a more classical style and was apparently used for funeral banquets as many such 
chambers in Petra were used for memorial feasts in honor of the dead, a practice that was 
also common among the Greek and Romans. This rock-cut architectural connection between 
the Obelisk Tomb and the Bab As-Siq Triclinium is unique in tomb architecture of Petra.  
The Obelisk Tomb houses the graves. The interior space consists of an approximately square 
chamber (5.80 m x 5.90 m, h. 4 m ) with aboard recess in the back wall in a form of 
rectangular arcosolium (2.90 m x 1.70 m, h. 3.10 m), with two loculi (each one is 
approximately 2.50 m x 1.25 m, h. 2.30 m), carved in each side of the wall. The façade wall 
has a slightly raised band on both sides of the doorway and two splayed windows which 
emerge as slits on either side of the entrance doorway (Fig1). The doorway width is about 
1.35 m and is approached by four steps; each one is 0.40 m in width. 
The lower storey (Bab as-Siq triclinium) is approached by stairs on the left. Generally the 
façade is highly weathered. The interior space is approximately a square room (6.45 m x 7.40 
m, h. 4.35), with benches on three sides. The left and the right sides-walls are plain; 
meanwhile the back wall has two loculi high up starting 2 m above the bench top. The 
triclinium façade (w. 15.60 m, h. 11.20 m), is more in the classical Nabataean style. It consists 
of an engaged order with six semi-columns and a broken pediment framing a segmental 
pediment and an upper dwarf order with a broken pediment as characteristic features of the 
so called Baroque style (McKenzie, 1990). The doorway pillars have anta-type capitals while 
the entablature has a Doric frieze.  
This Nabataean architectural style mixed the Hellenistic visual conception with purely 
pharaonic features (Obelisks). Here the Nabataean architectural style is an interaction of two 
different architectural traditions; scenes in which Egyptian and Greek themes create a new 
dialogue and were juxtaposed in a duality or "double style" at the same façade, that 
consciously attempted to respect the uniqueness, integrity, and artistic heritage of each 
architectural tradition. Actualy, these two different historical architectural treatments at the 
same monument were not only decorative but they indicate how this family wanted to be 
seen for the eternity. The complex façades are conceived as an independent stylistic screen 
set in the front of the structure rather than organic and logical elements of the structure as a 
whole (Haddad, 1999).  
Actually, the architecture of the rock-cut façades in Petra represents the final artistic model 
of the evolution of late Hellenized stylistic morphology (Haddad, 1999; Haddad & Ishakat, 
2007). However, according to the architectural concept of the Eastern Hellenistic 
architecture, especially the luxury architecture of eastern late Hellenistic palaces reflected in 
the architecture of Nabataean Petra and the Roman wall painting of the so – called “second 
Pompeian style” must not only be considered and understood as an actual representation of 
the free standing models, but as a model of cultural interaction between the East and West 
and the architectural treatments of the Obelisk Tomb and the Bab As-Siq Triclinium consist 
of a model of this approach. 
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4. Geometric and appearance modelling by integration of laser scanning and 
photogrammetry 
This section describes the methodology followed to deliver the high-resolution 
photorealistic 3D models on large and complex monuments. The general frame of the 
integration of the range-based and image-based data acquisition and processing is presented 
in Fig. 4 as part of the architectural documentation. The geometric and appearance 
modelling by integration of laser scanning and photogrammetry is focus on achieving both 
the required geometrical accuracy and maximum reliability in the texture mapping. 
 

 
Fig. 4. General pipeline to deliver photorealistic 3D models from image sensors, laser 
scanners and geodetic instruments 
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The pipeline described in Fig. 4 focus the attention on two main activities: on the one hand, 
field work using different data acquisition systems or sensors, such as GNSS, laser scanner 
and cameras, opened to either terrestrial or aerial acquisition; on the other hand, parallel 
processing of the data coming from the different sensors. Each data acquisition system 
requires typical adjustments. The photogrammetric measurement of the image features 
previous to the orientation and calibration of the bundle block of imagery can start 
independently of the laser scanning processing and the geodetic computations, and vice 
versa. The laser scanning follows a typical workflow: noise reduction, registration, filtering, 
meshing, hole filling and smoothing, among others. Nevertheless, processing converges 
towards the end. In particular, after handling the geodetic data (mainly the GNSS network), 
the Cartesian coordinates of the control points are used to set up the local or official 
reference frame of the mapping, depending on the country and on the project. Moreover, 
texturing of the multiple images is carried out onto the 3D model to yield eventually the 
photorealistic 3D model. After the photorealistic 3D model, different activities and analysis 
can follow within the own architectural documentation mission such as metric reports and 
plots, stone surface monitoring, analysis and effects of damages. Out of the previous 
mission, there are applications that can be conducted best with the photorealistic 3D models, 
for instance, production of high definition movies, virtual reconstructions, interactive 
museums, or just print-outs for dissemination activities. 
The photogrammetric approach presented herein combines the 3D models (developed from 
the laser scanning data) and the multiple high resolution external images to yield 
photorealistic 3D models with subpixel accuracy in image space (Lerma et al., 2010b). The 
approach consists of two steps which will be developed next: 
1. Orientation and calibration of the bundle of images onto the laser scanner datasets. 
2. ZI-Buffer for assigning the right texture mapping onto the DSM, after analysing 

occlusions and double-projections. 

4.1 Orientation and calibration of the bundle of images onto the laser scanner 
datasets 
The bunch of images used to texture the model has to be accurately positioned and oriented 
in the object space. This is a geometric requirement that needs to be satisfied to guarantee 
reality-based modelling from imagery. This step is conventionally achieved by means of the 
exterior orientation of the image, which relates the coordinates of an object point with the 
image coordinates of the image point through the perspective centre. The mathematical 
relationship between the image and object space reference system is set by the well-known 
collinearity equations (Slama, 1980; Kraus, 1993; Wolf & Dewitt, 2000; Mikhail et al. 2001).  
When the camera is non-metric or uncalibrated, the interior orientation parameters of the 
camera have to be determined. A review of the different approaches to adjust the different 
set of additional parameters can be found in (Fraser, 1997; Gruen & Huang, 2001; Lerma, 
2002). For close range applications with non-metric digital cameras, self-calibration bundle 
adjustment is the most satisfactory approach.   
The strategy used to determine the exterior orientation parameters is presented in Lerma et 
al. (2010a), without adding baseline distance constraints. It can be summarize in the 
following steps (Fig. 5): 
1. Manual, semi-automatic or automatic measurement of homologous image features. 
2. Determination of the fundamental matrix of pairs of imagery 
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3. Relative orientation of image pairs and block initialization 
4. Bundle block adjustment 
5. Self-calibration bundle block adjustment 
The determination of the blunders in the first and second step is considered crucial to 
compute quickly the different sets of orientation parameters. Although it is possible to take 
into account different sets of additional parameters for each image, it is recommended to fix 
the focus of the camera in order to simplify the self-calibration bundle block adjustment.  
 

 
Fig. 5. Multi-image orientation strategy 

The delta threshold (Δ) included in Fig. 5 means that the solution is iterative till all the 
requirements in the computation of the orientation parameters are satisfied. On the 
contrary, checking the precision of the different adjusted parameters is crucial to determine 
eventually high accuracy in the adjustment. Image residuals should be below or around one 
pixel to consider that the adjustment is correct, despite it not only depends on those values 
but in the geometry of the bundle of images, the geometry of the monument and the 
distribution of the image features to compute the afore-mentioned five steps. 
The absolute reference frame established by the ground control points (GCPs) can be used at 
the beginning of the approach, in the middle or at the end. The classical way is to carry out 
the self-calibration bundle adjustment in the absolute reference frame at the beginning of the 
photogrammetric processing. It is recommended that the GCPs used in the self-calibration 
bundle adjustment be the same as those used for the transformation of the unified point 
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cloud from the laser scanner onto the absolute reference system. As the number of GCPs 
usually is smaller than the number of required object points for the registration of the 2D 
images onto either the 3D point cloud or the 3D model, manual registration is unfortunately 
the common way required to perform a successful match between the range-based and the 
image-based datasets. This concept is also known in the literature as co-registration or 
fusion of 2D and 3D data sets. Nevertheless, it is possible to find in the research community 
some interesting approaches to automate the identification of 2D and 3D data (Forkuo & 
King, 2004, González-Aguilera et al., 2009). Unfortunately, the automatic transfer of 
homologous features is neither implemented in conventional software nor reliable enough 
although the future is promising. As stated in Remondino et al. (2009), this is the bottleneck 
of the texturing phase and it is still an interactive procedure. 

4.2 Texturing from multiple images onto the 3D model  
Texturing of single images onto the 3D model is commonly used in the photogrammetric 
and the computer vision communities. For the former, mainly to build up 2D products such 
as image rectifications (that correct the perspective), orthoimages and image mosaics; for the 
latter, to build up quick and fast texture mapping, most of the times requiring virtual-based 
appearance instead of reality-based appearance.  
It is understood that a snapshot of a high quality photorealistic 3D model should be 
equivalent to a picture taken from the same camera position and attitude. Biosca et al. (2007) 
present a comparative study of texture mapping in 3D between conventional laser scanning 
software and the photogrammetric approach. The output textured 3D models coming from 
conventional software can not be considered of high quality compared to the presented 
photogrammetric approach. A summary of our implemented strategy is displayed in Fig. 6. 
A particularization of the texturing approach to build up high-resolution photorealistic 3D 
models in archaeological caves can be found in Lerma et al. (2010b).  
The texturing of the multiple images is carried out onto one final 3D model obtained from 
the point clouds acquired by the TLS, image by image. The ZI-buffer strategy described by 
Amhar et al. (1998) is used to test the visible faces from the 3D mesh. From each image there 
is one output textured 3D model that will be eventually merged to deliver the final 
photorealistic 3D model. For that purpose, an additional best face perspective check is 
implemented considering different weights based on the normal angle and on the distance 
camera model. 

5. Results and discussion  
The results presented in this chapter were acquired basically with three kinds of 
instruments: first, a non-metric digital SLR camera Canon 1Ds Mark III which provides a 
maximum resolution of 5616x3744 pixels and fixed lens of 50 mm principal distance (Fig. 
7 displays the four images used for texturing); second, a panoramic midrange time-of-
flight terrestrial laser scanning Mensi GS 100 from which four point clouds were scanned 
at a resolution of 5 mm (one scan) and 10 mm (three scans), Fig. 2; third a Leica 
reflectorless total station from which 12 GCPs were measured following a pattern of three 
rows. All the measurements, the photogrammetric adjustments and the algorithms for 
texture mapping in 3D were performed with our in-house FotoGIFLE software developed 
by the first four authors at the Universidad Politécnica de Valencia. The final results are 
depicted in Fig. 8. 
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Fig. 6. Workflow used to build up photorealistic 3D models from multiple 2D images 
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Fig. 7. Set of images used for the photorealistic 3D model of the Obelisk Tomb and the Bab 
As-Siq Triclinium in Petra 

 
The production of high quality photorealistic 3D models of large and complex monuments 
and sites is not free of issues such as data management, accessibility, emplacement and, last 
but not least, money. The results shown in Fig. 8 are mainly for the exterior façade without 
considering indoors and the upper side of the monument. For the top, additional equipment 
should have been considered such as the employment of unmanned aerial vehicles (UAVs), 
but due to economic restrictions that solution was not estimated.  
Full data collection of these monuments with terrestrial laser scanning is not advisable. The 
best way to deliver fully covered indoor and outdoor high quality photorealistic 3D models, 
with different resolution levels (multi-resolution) depending on the requirements of the 
project, is integrating both image-based and range-based data, as stated in Forkuo & King 
(2004), Georgopoulos & Ioannidis (2006), Alshawabkeh, Y. & Haala, N., (2004), and 
Remondino et al. (2009). Nevertheless, our approach presented herein is valid whether the 
user extracts the metric information from the laser scanning or from the digital cameras.  
Besides, the integration of different sensors and techniques requires that most of the steps be 
automated. It is preferable to have fully automatic solutions than semi-automatic, and better 
semi-automatic solutions than manual. The expertise of the user when matching 
homologous features either in 2D (for images standalone) or in 2D-3D (for images and point 
clouds or for images and meshes) can be ideally replaced in perfect scenarios; however, it is 
difficult to accomplish in real projects. Further research is advisable to succeed in everyday, 
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everywhere projects with smaller, faster and lighter laser scanners and modern off-the-shelf 
digital cameras. 
 
 

 
 

Fig. 8. Perspective views of the Obelisk Tomb and the Bab As-Siq Triclinium photorealistic 
3D model seen from different points of view: top left) left; top right) right; bottom left) top; 
and bottom right) Detail of the Triclinium. 

6. Conclusions and future research 
This chapter has presented a successful approach for photorealistic 3D modelling of cultural 
heritage by integrating laser scanning technology and photogrammetry. The approach 
combines the 3D models (developed from the range-based data) and the multiple high 
resolution external images to yield photorealistic 3D models. The subpixel accuracy in the 
2D-3D co-registration process between the images and the model is fundamental to match 
accurately the texture from the imagery onto the final 3D model without distortion.  
The presented approach is not only suitable for yielding high quality perspective views and 
photorealistic 3D models but amazing reality-based movies (highly appreciated by 
managers, conservators and restorers of cultural heritage). 
Today, the benefit of adding texture with low-cost digital cameras compared to the high-
cost of terrestrial laser scanners is paramount. Future research should be focus on 
automating the matching between homologous features either in 2D for imagery, in  
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2D-3D for imagery and the model or even in 2D-4D and 3D-4D mainly for monitoring 
applications. 
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