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Desert palaces in Jordan are unique pieces of art scattered in the desert as standing symbols of ancient
civilizations. Due to their location, these palaces witness different environmental conditions which affect
their status and sustainability. This raises the need to have a 3D documentation system reporting all
spatial information for each palace, which can be used later for monitoring purposes. Digital photo-
grammetry is a generally accepted technique for the collection of 3D representations of the environment.
For this reason, this image-based technique has been extensively used to produce high quality 3D models
of heritage sites and historical buildings for documentation and presentation purposes. Additionally,
terrestrial laser scanners are used, which directly measure 3D surface coordinates based on the run-time
of reflected light pulses. These systems feature high data acquisition rates, good accuracy and high spatial
data density. Despite the potential of each single approach, in our opinion, maximum benefit is to be
expected by a combination of data from both digital cameras and terrestrial laser scanners. By these
means the efficiency of data collection as well as the geometric accuracy and visual quality of the
collected textured 3D models can be optimized. Within the paper, a 3D documentation system for
Umayyad desert palaces in the Jordan desert will be presented using digital photogrammetry and laser
scanning. The approach is demonstrated by generating high realistic 3D textured models for Amra and
Kharanah palaces.

� 2008 Elsevier Ltd. All rights reserved.
1. Previous work and research goal

The generation of 3D models of historical buildings is an
important task while aiming at a continuous monitoring of the
related spatial information at different time epochs. Such photo-
realistic models have to provide high geometric accuracy and detail
at an effective data size. Traditionally, close range photogrammetry
is used during the required data collection of heritage sites (Gruen
et al., 2002; Debevec, 1996). Within the past two decades, the
efficiency of this image-based technique has been increased
considerably by the development of digital workflows. Further-
more, 3D data collection based on laser scanning has become an
additional standard tool for the generation of high quality 3D
models of cultural heritage sites and historical buildings (Alsha-
wabkeh, 2006; Boehler and Marbs, 2002). This technique allows for
the quick and reliable measurement of millions of 3D points based
on the run-time of reflected light pulses, which is then used to
.
afalkeder@hotmail.com (S.
wabkeh), norbert.haala@ifp.

All rights reserved.
effectively generate a dense representation of the respective
surface geometry.

Despite the transformation of these approaches from research
work to generally accepted techniques, there are still some limi-
tations, which have an effect on the quality of the final 3D model
(Shin et al., 2007; El-Hakim, 2007). Even though current laser
scanners produce dense information along homogeneous surfaces,
the resolution of this data can still be insufficient if breaklines such
as cracks have to be collected and analyzed. In contrast, digital
photogrammetry is more accurate if such outlines have to be
measured, while on the other hand, image-based modeling alone is
difficult or even impractical for surface parts, which contain
irregular and unmarked geometric details. Additionally, photo-
grammetry requires long and tedious work, especially if a consid-
erable number of points have to be captured manually. In addition
to geometric data collection, texture mapping is particularly
important for the area of cultural heritage to have complete
documentation. Photo-realistic texturing can for example provide
information on the object’s condition, such as decay of the material,
which is usually not present in the 3D model. Additionally, color
image information is also indispensable for features like frescos and
mosaics. Texture mapping is also considered a prerequisite for
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visualization and animation purposes. Thus, some commercial 3D
laser systems additionally provide model-registered color texture
using a camera, which is integrated in the system. However, these
images are frequently not sufficient for high quality texturing as
required for documentation. Usually, the ideal conditions for taking
the images may not coincide with those for laser scanning
(Alshawabkeh, 2006; El-Hakim et al., 2002). So it is therefore more
useful to acquire geometry and texture by two independent
processes and allow for image collection at optimal position and
time for texturing. If the characteristics of spatial data as acquired
from imaging and laser scanning systems are considered, the
combination of both techniques by integrated data processing will
be beneficial for accurate and complete description of the object
space. The disadvantages of one approach can be compensated for
by the advantages of the other technique.

In archaeology and especially in projects dealing with historical
building survey, laser scanning and other digital technologies’’
capacity of representing the entire 3D nature of archaeological
objects has initially provoked – and still continues to cause –
overwhelming enthusiasm (Weferling et al., 2001; Riedel et al.,
2006). A large number of projects focusing on using such spatial
technologies for 3D modeling of heritage sites can be seen in the
literature. Among these is the work of Lambers et al. (2007) for the
3D modeling of the site ground plan and stone architecture at
Pinchango Alto, Peru, based on a combination of image and range
data. Their work emphasizes the importance of using such inte-
grated technologies in 3D documentation of heritage areas. The
generated 3D textured models in their work suffer from a large
number of occlusions in both point clouds and images, which
causes difficulties during surface reconstruction and texture
mapping. Our work focuses on solving such occlusion problems
efficiently. Along these lines is the project carried out to record
stone 11 of the Castlerigg stone circle in Cumbria through two
different non-contact techniques: laser scanning and ground-based
remote sensing (Dı́az-Andreu et al., 2006). Researchers in this
project encourage the usage of such technologies, based on the
digitization of 3D surfaces, due to their ability to produce models
with high accuracy without being in direct contact with the object.
3D laser scanning also presents a future direction for researchers to
enhance the quality of their 3D models. This is clear in the work of
Losier et al. (2007) who are planning to use 3D laser scanning as
a substitute for generating 3D models from GPS positions taken at
the top and the bottom of the excavation units’ boundaries. Another
example of current documentation projects is the work of Henze
et al. (2005). Their interdisciplinary research project for the
sustainable restoration of the late Gothic St. Petri cathedral of
Bautzen used combined of geodesy and photogrammetry methods,
supported by several laser scans from different positions, to create
a form-correct and deformation-true documentation of the facades.
Due to the extensive use of laser scanning in documentation, some
researchers (e.g. Barber et al., 2003) call for articulated work to
define specifications for such usage. This includes defining standard
deliverables relevant to cultural heritage subjects.

Our work presented in this paper introduces a methodology for
the 3D high quality digital preservation of selected desert palaces in
Jordan, using laser scanning and digital photogrammetry. The 3D
digital documentation of such palaces is of considerable interest for
heritage management professionals besides its importance for
conservation, education, virtual visits and as a monitoring system.
A complete description of the work carried out at these palaces is
presented, including the acquisition of laser scan and image data,
co-registration of point clouds, 3D modeling and texture mapping.
The acquisition of the relevant image and laser scanning data
besides data pre-processing, which is mainly required for a perfect
alignment of laser and image data for high quality mapping as well
as our approach for texture mapping, is presented in Section 3. Only
the exterior facades of the buildings have been covered in the
paper. This work will be expanded in the future to cover the rest of
these palaces in Jordan to form a complete documentation system.

2. Desert palaces in Jordan

2.1. Umayyad palaces

Umayyad is the first Arab Muslim dynasty of caliphs (religious
and secular leaders) founded by Muawiyah I in 661 and lasting until
750. The buildings erected by the Umayyad dynasty constitute the
earliest Islamic monuments reflecting the dynasty’s adaptation of
the Hellenistic and Sassanian cultural traditions in their region
(Bosworth, 1996). The most famous Umayyad architecture is
a number of desert palaces, constructed of stone and/or brick that
have been interpreted as princely residences, scattered in the
region containing areas of Jordan, Syria, Lebanon and Palestine. The
purpose such palaces served is not completely known, however
existing theories indicate that they might have served a variety of
defensive, recreational, agricultural and/or commercial agendas
(Creswell, 1989; Finster and Schmidt, 2005; Genequand, 2005).
Examples of the most famous desert palaces in the region include:
in Jordan (Kharanah, Amra, Azraq, Hallabat, Qastal, Mushatta, Tuba
and Muaqqar); Syria (Qasr Al-hayr East, Qasr Al-hayr West and
Palmyra); Lebanon (Anjar); and in Palestine (Khirbat Al-mafjar).
Fig. 1 presents a detailed GIS map (the topography layer is �HU GIS
lab and other GIS layers are created by the authors) showing the
distribution of the most famous desert palaces in the region. Desert
palaces in Jordan (Fig. 1) are located in the desert to the east of
Amman (capital of Jordan) on the ancient trade routes. These
palaces are easily accessible by following the northern route from
Amman to Azraq city. The architecture of these complexes, a square
floor plan of stone construction with corner bastions and semi-
circular towers, has the influence of construction techniques drawn
from Egypt, Mesopotamia and elsewhere throughout the region
(Ettinghausen and Grabar, 1987).

A number of desert castles are adjacent to an international
highway that connects Jordan to Saudi Arabia and Iraq. For this
reason these palaces witness different environmental conditions
which affect their status. The most fatal threat to the monuments
results from the vibration of heavy trucks and lorries traveling
along the highway (Euromedheritage, 2008). The effect is clearly
visible through the serious longitudinal cracks in the walls, as can
be seen in Fig. 2. A comprehensive study is needed to assess the
current threats and the conservation needs of the palaces to ensure
their sustainability.

2.2. Amra and Kharanah desert palaces

This section provides a detailed description of the two most
famous desert palaces documented in this paper, Amra and Khar-
anah, in terms of geographic location, functions, architectural style
and conservation status.

Amra palace, a UNESCO World Heritage site located about 85 km
to the east of Amman, was built by the Umayyad Caliph al-Walid
between 712 and 715 AD probably for use as a vacation residence or
rest stop (Bianchin et al., 2007). Most of the Amra buildings, orig-
inally protected by a small square fortress and a watchtower on
a nearby hill, are still standing and can be visited (Meloy, 1996).
Fig. 3 shows a number of pictures of the Amra exterior from
different view points.

Fig. 4. shows a detailed plan of the Amra main edifice (Abela and
Alliata, 2001; Arida, 2003), which is composed of three long halls
with vaulted ceilings resting on transverse arches: the audience
hall, the baths and the hydraulic system (Al-Asad and Bisheh, 2000;
Creswell, 1989; Ettinghausen and Grabar, 1987; Hillenbrand, 2000).



Fig. 1. Detailed GIS map of the study area showing the distribution of the desert palaces.
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The audience hall is rectangular with a throne alcove in the middle
of the south side. The bath complex comprises three rooms corre-
sponding to the frigidarium, tepidarium and calidarium, i.e. the
cold, warm and hot rooms respectively. The hydraulic structure
includes an elevated water-tank, a masonry-lined deep well, and
the apparatus for drawing water from the well into the water-tank.
The real attraction at Amra is the extensive frescoes that depict
a variety of subjects including hunting scenes, athletic activity,
mythological images, and astronomical representations. In term of
conservation status, Amra is the best preserved among desert
palaces. It was added to the UNESCO World Heritage list in 1985
Fig. 2. Serious longitudinal cracks extended through the
which has proven vital to the conservation and preservation efforts
of this beautiful building complex (Bianchin et al., 2007).

Kharanah palace, located about 65 km east of Amman and 18 km
west of Amra, which dates from the early Umayyad period
(inscriptional evidence confirms a date prior to 710 AD) is one of
the best preserved Umayyad sites in the Jordanian steppe (Urice,
1987). Fig. 5 shows the Kharanah exterior (aerial view is from Atlas
Travel and Tourist Agency (TTA) website, 2008) while Fig. 6 shows
a plan of its architecture. As it is strategically located on a rise some
15 m above its neighboring wadi, Kharanah might have served
a variety of defensive, recreational, agricultural and/or commercial
Amra palace walls (World Cultural Heritage Site).



Fig. 3. Amra palace exterior from different view points.
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agendas (Creswell, 1989). Kharanah is a two-storey rectangular
palace with thick stone walls interrupted by rounded interval and
corner towers (Euromedheritage, 2008). A three-quarter-round
buttress supports each of its four corners and two quarter-round
towers line the entrance in the middle of the south side whereas
half-round buttresses occupy the middle of the three remaining
sides (Urice, 1987). Kharanah’s slits are narrow, of a constant width,
and probably too high off the floor for providing light and venti-
lation. While today Kharanah is extremely well preserved,
contemporary restoration efforts have masked some of the original
features altering the spirit and initial intent of several of the rooms
(Creswell, 1989).
3. Methodological work

3.1. Field investigation

Also due to the current threats, the conservation of the desert
palaces as a significant part of Jordan’s heritage is very important. As
a first step, a documentation system is required in order to record
and monitor all of their external and internal features. An adequate
documentation system needs to be effective at both levels: infor-
mation gathering and data representation. This section presents the
3D documentation work carried out at Amra and Kharanah based on
laser scanning and digital photogrammetry. The collection of the
data, which has been used for our investigations, was performed in
cooperation with the Institute for Photogrammetry, Stuttgart
University. Similar to other research groups our work aims for 3D
model generation by the integration of multiple techniques in order
to capture all geometrical details and to represent these features
with high-resolution triangular meshes for accurate documentation
Fig. 4. A detailed top plan of the Amra main ed
and photo-realistic visualization (El-Hakim et al., 2004a,b, 2008;
Remondino and Zhang, 2006; Kersten et al., 2004). The main
equipment used for in situ documentation in our work are a 3D laser
scanner and a digital camera.
3.2. Technology and equipment used

For 3D laser scanning the GS100 system manufactured by Mensi
SA, France, is used. This scanner features a field of view of 360� in
the horizontal direction and 60� in the vertical direction, enabling
the collection of full panoramic views. The distance measurement is
realized by the time of flight measurement principle based on
a green laser at 532 nm. The scanning range of the system allows
distance measurements between 2 and 100 m. The scanner’s spot
size is 3 mm at a distance of 50 m; the standard deviation of the
distance measurement is 6 mm for a single shot. The laser scanning
system is able to measure 5000 points per second. During data
collection, a calibrated video snapshot of 768 � 576 pixel resolution
is additionally captured, which is automatically mapped to the
corresponding point measurements. The top row of Fig. 7 shows
images which were collected by this integrated camera during the
collection of the 3D point clouds.

Because it is not possible to completely cover such complex 3D
structures from a single station without occlusions, different
viewpoints are required. As is visible in the top row of Fig. 7, the
different acquisition time and positions of the images collected by
the camera integrated in the laser scanner results in considerable
differences in brightness and color. This will definitely disturb the
appearance of the textured 3D model. For this reason, additional
images were collected simultaneously by a Nikon D2x camera,
which provides a resolution of 4288 � 2848 pixels with a focal
ifice (Abela and Alliata, 2001; Arida, 2003).



Fig. 5. Kharanah exterior from different view points.

Fig. 6. Plan of Kharanah (upper floor, Arida, 2003).
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length of 20 mm. These images, depicted in the bottom row of
Fig. 7, were collected at almost the same time, and thus are much
more suitable for texture mapping of the 3D models generated
using a laser scanner.

3.3. Processing of collected data and 3D modeling

In order to provide complete 3D coverage for the palace facades,
eight different scanner viewpoints were used during data collec-
tion. The selection of appropriate viewpoint positions is very
important for a successful survey of such monuments since the
number of potential sensor stations is usually restricted by the
complexity of the structure. The collected scans contain sufficient
overlapping regions to allow for subsequent integration, however,
due to the flat desert environment, no scans could be collected from
elevated viewpoints.

The different processing steps to generate the required 3D
models were realized using the PolyWorks software from Innov-
Metric. For the registration of the different scans corresponding
points in overlapping areas were used. This is demonstrated
exemplarily in Fig. 8, which shows the registration of two scans
collected for Amra palace. After registration, the Polyworks soft-
ware constructs a non-redundant surface representation, where
each part of the measured object is only described once. The
resulting combination of scans for 3D model generation is given in
Fig. 9. The model of Amra (bottom) has an average resolution of
2 cm on the object surface with more than six million triangles,
whereas the final model of Kharanah (top) has around four million
triangles.

3.4. High quality texture mapping for constructed 3D models

The purpose of texture processing is to integrate the 3D
measurements from the laser scanner with 2D image information
taken with the camera. In order to warp the independently
collected images onto the corresponding object surfaces using
perspective or affine transformation projection, different
approaches are available (Kada et al., 2003; Remondino and



Fig. 7. Top row, Mensi laser scanner images (768 � 576); bottom row, images collected using Nikon D2x camera (4288 � 2848).

Fig. 8. An example of two scans registration at Amra
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Fig. 9. 3D Model of Kharanah (top) and Amra palace (bottom).

Fig. 10. Visibility occlusions and double projection problem.
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Niederoest, 2004; Visnovcova (Niederoest) et al., 2001). However,
such approaches can only be applied for simple objects with
a restricted number of surfaces with no occlusions. Otherwise, if
a direct projection transformation is applied without considering
occlusions, the mapping between object geometry and image will
be incorrect.
Fig. 11. Problems related to texture mapping: double projection problem (top right image, a
grass (bottom right image, b-II); master image is on the left in Fig. 7.
If the image is warped naively over the geometry, each 3D
point is just transformed to a corresponding pixel in the color
image. By these means texture gets mapped onto all occluded
polygons on the path of the projected ray. So the geometry that is
occluded in the image will receive incorrect texture coordinates
instead of remaining in shadow. Fig. 10 shows this problem and
defines the three types of occlusion problem as they are known in
computer graphics applications: ambient, self and view frustum
occlusions.

The occlusion problem can be avoided by manual texture
extraction and mapping, however, this task is very tedious and can
take up to several days for good results. Fully and semi-automatic
texture extraction and placement of the real scene have been
presented in different works (Grammatikopulos et al., 2004;
Sequeira et al., 2000) but with more complex processing. Those
approaches use automatic techniques for occlusion detection,
such as the z buffer algorithm (Cutmull, 1974). An effective auto-
matic approach to the problem of high-resolution photo-realistic
texture mapping onto 3D complex models generated from range
images is presented by Alshawabkeh and Haala (2005). This
approach allows taking the images at different times from laser
scanning and at whatever locations will be best for texturing. This
method of texture mapping is based on the selection of a combi-
nation of optimal image patches for each triangle of a 3D model.
According to the best possible geometric and radiometric condi-
tions, the locations of the image triangles are computed from
object faces via co-linearity equations. The procedure consists of
-I) using the master image and the erroneous projection of the artifacts such as ground



Fig. 12. 3D textured model using the master image, the occluded parts which do not appear in the master image have zero texture values. These parts will be textured from the
other images.
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three main steps: pre-processing, which includes camera cali-
bration, color corrections and data co-registration; visible surface
computing; and texture warping.

3.4.1. Camera calibration
Distortion free images and a high quality registration process are

crucial factors for getting a realistic looking model. This requires an
accurate determination of the camera’s interior and exterior
orientation parameters. For our investigations, the interior orien-
tation parameters were computed using a calibration computed by
the Australis software. These parameters were used to create zero
distortion images as an intermediate step. Corresponding coordi-
nates between image and laser scanner were measured using the
Photomodeler software, which was also applied to calculate the
camera position and orientation in the coordinate system of
the geometric model.

3.4.2. Color correction
Different illumination conditions prevent color continuity at the

borders of each image, leading to observable discontinuities in
color and brightness. For high realistic 3D texture mapping the
artifacts caused by illumination changes during image collection
have to be removed. For this purpose we used ENVI 4.1 software to
perform a histogram equalization enhancement for all three
channels in the texture images.
Fig. 13. The overall procedu
3.4.3. Summary of the overall procedure
During texture mapping every point on the surface of the object

(in x, y, z coordinates) is mapped to some point (in u, v coordinates)
on the texture image. If no special care is taken, erroneous pixel
values are extracted for the occluded parts of the scene as can be
seen in Fig. 11. To avoid such artifacts, occlusion detection is real-
ized. In our approach (Alshawabkeh, 2006), invalid pixels that
belong to the shadow polygons are identified and marked as
depicted in Fig. 12. The occluded parts are then used as input for the
second selected texture image, i.e. the process for checking visi-
bility and texturing is repeated automatically until the model is
textured from all the available images. One advantage of using
multi-image photo-texturing approach is the flexibility to avoid any
moving or stable artifacts such as tourists, trees or other occluding
objects. As an example, the master image in Fig. 11 shows ground
grass which is projected together with the correct image texture to
the 3D model. This erroneous projection can be handled easily
using another image taken from a different angle.

For this procedure, both a triangulated 3D mesh describing the
object surface as well as calibrated color images along with their
exterior orientation parameters are required. Additionally two
threshold values have to be set: the object space threshold (T1)
represents the maximum length of the triangle edge in the scene
space (sampling interval), and the image space threshold (T2)
represents the maximum number of pixels of triangle edge
re for texture mapping.



Fig. 14. Final 3D textured model of Amra palace.
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projected onto the image. The overall procedure for texture
mapping as depicted in Fig. 13 can be summarized as follows
(Alshawabkeh, 2006):

(1) Select the most appropriate image that depicts most parts of
the object (master image).

(2) Given the exterior orientation parameters, the texture coordi-
nates associated with each polygon vertex can be located using
the co-linearity equations.

(3) Check for frustum occlusion to exclude texturing the coordi-
nates that are not within the range of the image. Store the other
texture coordinates in a matrix with the Z value of the corre-
sponding vertex.

(4) In image space define the searching area using the threshold
(T1), search and sort all the triangles within the specified area,
then select the nearest triangle dependent on the Z value and
the (T2), give an ID for such polygons as an occluded polygon.

(5) The occluded polygon vertices will take zero textured values.
(6) The un-textured parts will be used as input for the second

selected textured images.
(7) The process for visibility will be repeated automatically until

the model is textured from all angles/sides using all available
images.
Fig. 15. Final 3D textured model of Kharanah palace.
In our approach, Cþþ and VRML modeling language are used.
The approach has been demonstrated for texture mapping the
Amra and Kharanah palaces, as is depicted in Figs. 14 and 15.
4. Conclusions and future work

The work introduced in this paper presents the initial phases of
establishing a documentation system for desert palaces in Jordan
using 3D laser scanning, digital photogrammetry and GIS technol-
ogies. The documentation of such important heritage is vital in
order to provide a complete monitoring, protection and mainte-
nance plan. Besides its importance for conservation, education,
virtual visits and as a monitoring system the 3D digital documen-
tation of such palaces is of considerable interest for heritage
management professionals. A complete description of the work
carried out at selected palaces, Amra and Kharanah, is presented,
which includes steps like the acquisition of laser scan and image
data, co-registration of point clouds, 3D modeling and multi-image
texture mapping of the palaces’ exterior facades. Certain issues, as
related to 3D modeling and texture mapping, such as visibility
occlusions and double projection problems are discussed in the
paper to enhance the generated 3D textured model. This work will
be expanded in the future to cover the remaining palaces in Jordan
to form a complete documentation system. The proposed system
design as integrated with GIS, which will be the base for the 3D
documentation system to be developed, is anticipated to be linked
with the internet through WebGIS to provide updated information
about the palaces’ system to different users. All the extracted
information from the constructed 3D models, such as palace
structural condition and maintenance activities, can be stored in
a GIS database for spatial modeling and follow-up purposes. Other
spatial information, related to the palace system, such as road
infrastructure, landmarks, hotels and other services will be entered
as layers in GIS for comprehensive landscape modeling. This system
upon completion will be a necessary tool for all boards in the field
of heritage management and urban planning, for assessment,
maintenance, and monitoring of such palaces.
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