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ABSTRACT 

HYPERSPECTRAL IMAGERY AND TERRESTRIAL LASER SCANNING 

INTEGRATED WITH SURFACE AND SUBSURFACE DATA SETS FOR 
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An integrated digital mapping and modeling of the surface and surface of the petroliferous 

carbonates of the Permian Khuff Formation of Saudi Arabia is developed. The 3D digital models 

of geological outcrops, in their photorealistic form, are textured with color photographs by Lidar 

generated surfaces as triangular irregular network meshes of the outcrop surface, which is 

becoming a common concept for geologic mapping and analysis. The optical and physical target 

resolutions used in the process of acquiring data determine the extent of possible detail in these 

models.  In the identification of rock characteristics, terrestrial hyperspectral imaging is a 

significant development. The ability to map with a significant number (hundreds) of narrow 

spectral bands over a range from ultraviolet to thermal with hyperspectral imaging enhances the 

possible detail as indicated by the spectra acquired through spectroradiometers of rock types. This 

then allows much more detailed discrimination of the characteristics of the rocks than the visible 

spectrum from standard cameras or the near infrared or visible spectrum available with Lasers used 
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with Lidar mapping. The possibility of automated hyperspectral processing in identifying rock 

characteristics to determine more subtle variations and boundaries in rocks is explored and tested.   

Ground Penetrating Radar (GPR) is a high resolution geophysical technique which can map 

subsurface rock layers up to 20 meters in depth at resolution of 0.5m in this part of Saudi Arabia. 

The characteristics of the underlying layers, as well as the shape of the rock boundaries are defined. 

The 3D GPR imaging of the subsurface lithology and stratigraphy adjacent to the road cut is 

integrated with the models of the photorealistic and hyperspectral images of the exposed Khuff 

along the road cut, made possible because all the data sets are digital and positioned by global 

satellite positioning.  Programs are developed to link 3D GPR subsurface information with 3D 

outcrop models with both standard photo textures and hyperspectral textures draped onto 3D 

models from TLS scanning. This enables the accurate correlation and verification of surface and 

subsurface geological information. In addition Electrical Resistivity Tomography (ERT) is used 

in part of the area of the GPR mapping to provide another complementary subsurface data set and 

modeling.  This workflow demonstrates the integration and visualization of surface and subsurface 

information and models which can be used to interpret the geology, in this case rocks of the 

petroliferous Khuff carbonates. The existence of such an integrated and visualized data set can be 

reviewed in the office, and eventually merged with other digital data. The integration and 

visualization of photorealistic, hyperspectral, TLS, GPR and ERT modeling in a GIS environment 

facilitates their analyses and the interpretations of the geology.  
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CHAPTER 1 

INTRODUCTION 

1.1 INTRODUCTION 

In geosciences, geological outcrops or exposures are an important source of geological 

information such as the structure, mineralogy and lithology of features at all scales. Geological 

outcrops utilized in various field studies are often along largely inaccessible vertical exposures 

such as road cuts. Most conventional methods used in the field are obtained by means of hand 

sampling, photography, specimen description and non-digital quantitative measurements. These 

activities are analog not digital and hard to archive for comparison and integration (Xu et al). These 

manual activities can be time consuming and not geospatially very accurately located. Of course 

the development of global navigation satellite system positioning (GNSS, such as Global Satellite 

Positioning (GPS from the US)) allows global positioning at even centimeter level. And when 

combined with digital mapping methods, it enables the three dimensional integration of digital 

mapping data sets. Generally, the process can be thought as very challenging especially in eventual 

data type correlation and visualization. The advent of the digital spatial technology for data 

collection enhances the study of geosciences McCaffrey, 2005).  Note its efficiency in terms of 

data collection, visualization and analysis as compared to the traditional conventional methods. 

The rocks of The Saudi Arabia Kingdom, are located in the Arabian Plate, Figure 2, and are divided 

into basement metamorphic and igneous rocks and the sedimentary rocks often containing 

petroleum. Recently, the LiDAR technology has achieved widespread use in the process of 

geological modeling. The technology has been used for the purpose of developing a digital outcrop 
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model for the Khuff formation member Upper Khartam. The modeling was not performed on the 

entire upper Khartam outcrop, but was instead done on one road cut. The high frequency lower 

parts (HFS-4), the low frequency upper parts (HFS-1), as well as the entirety of parts HFS-3 and 

HFS-2 are the main areas of focus. The digital model is developed through three phases involving 

acquisition, interpretation and processing. The following paper intends to illustrate the entire 

process of digital modeling from planning all the way to interpretation. 

Terrestrial LiDAR can scan terrains and outcrops at a range of 4000 metersat rates of 

hundreds of thousands different points per second. Such features include the surfaces of geological 

outcrops that lie vertically and even with overhangs. Aiken and Xu (2004), were able to verify the 

application of LiDAR in the development of 3D models of geological outcrops that are indeed 

photorealistic the characterization of oil reservoirs by means of analog 3D models of outcrop 

surfaces is very common. A number of the representation made use of the Triangular Irregular 

Network meshes in place of the famous point clouds that have been long applied in the structuring 

of these models. The possibility of using LiDAR models in the characterization and exploration of 

petroleum is expected to largely boost the interest in analysis and construction of virtual 3D 

models.  

LiDAR, otherwise referred to as laser scanning, is often described  optical technology for 

remote sensing mostly used for the measurement various properties of a target such as distance to 

a target through the process of illumination with light. In most cases the illumination is derived 

from pulses from lasers. LiDAR is a relatively new method or technique that involves scanning 

terrains and outcrops  up to a degree of  hundreds of thousands different points per every second. 

The points, commonly referred to as cloud points, are integrated to come up with 3D models of 
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various geological surfaces. The points are often displayed as they are or colored resembling the 

structure of the target (Alfarhan et al., 2008). 3D models hold the greatest advantage of having 

very high resolution as compared to the models displaying only the point cloud. Such photographs 

can be easily draped onto the TIN mesh models. The only limiting factors in the resolution of 

photorealistic models are the distance separating the target and the camera as well as the camera 

focal length. The fact that photorealistic models have a continuous surface enables users to observe 

the entire details of the model through close zooming. On the contrary, the cloud point model with 

color disassociates whenever the users zoom in, which leads to eventual loss of detail and the 

solidity sense in the surface. The real appearance and the high resolution of the photorealistic 

models make them highly suitable for the application by oil and gas industries in the training of 

new geologists in the improvement of petroleum reservoirs exploitation. There is high level of 

compatibility between the 3D models and the modern computer game software with conventional 

features. Ad such the 3D models can be easily applied in enhancement of the understanding and 

appreciation of geological sites.  Located deeply in the Arabian plate, Saudi Arabia can be divided 

into two units. The first unit is the Arabia shield that is largely made up of metamorphic and 

basement igneous rocks. The other unit is the continental or Arabian shelf, which is known for its 

cover of sedimentary rocks. The rocks are located in the northern and eastern parts of the Arabian 

plate. The rocks of the Arabian shield are hugely sedimentary and crystalline in nature with a 

complex structure. The rocks are a sequence of shallow as well as deep continental and marine 

sediments.  

Among the most recent developments in remote sensing is the discovery of hyper spectral 

spectrometers for imaging with the ability to simultaneously acquire narrow bandwidth data in 
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hundreds of bands. Such data often provide detailed spectral curves, which is a trait that is not 

synonymous with the traditional sensors.  

Geospatial information on a fine-scale is important in a variety of applications especially in urban 

areas. Recent developments in remote sensing systems in spectral, spatial, and vertical resolutions 

have led to the discovery of hyperspectral, high spatial resolution reservoirs and LiDAR. Data 

sensed remotely by a multispectral have been acquired in 3 to 10 spectral bands of relatively wide 

bandwidths (SPOT, QuickBird, and Landsat TM). Hyperspectral data can have many narrow 

bandwidths. (Hyperion 220 bands, AVIRIS 224 bands, etc.)  

Hyperspectral data is similarily acquired as multispectral remote sensing system and makes use 

scanning mirror and linear array detector or whiskbroom. Hyperspectral data provides a reference 

spectrum   with a high spectral resolution for every picture in the image, enabling a direct 

identification.  

Ground Penetrating Radar (GPR) is geophysical technique that is highly similar to 

principles of analysis and processing techniques of seismology. (Cai and McMechan, 1992a, b; 

Hollender et a., 1999 1995; Fisher et al.,). Due to this similarity with seismological methods, rapid 

advances in GPR technology is possible and enables the application of seismic imaging algorithms 

data on electromagnetic wavefield (1995; Harbi, Cai and McMechan, and McMechan, 2011). The 

recent years have seen GPR encompass applications in engineering, archeology and hydrology due 

to its capability to produce high resolution imaging (from as large as tens of meters to as small as 

sub-centimeter and a wide range of penetration depths) (McMechan et al., 2002; Harbi and 

McMechan, 2011; Loucks et al., 2004; Corbeanu et al., 2002; Lee et al., 2007;). GPR has found 

wide applications in geotechnical technology providing important promising results in 3D and 2D 
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high resolution subsurface imaging for shallow faults and fractures, and have also found usage in 

carbonate and clastic reservoir analog characterization ((Harbi and McMechan, 2011), and fracture 

imaging (Zhou et al., 2005; Kowalsky et al., 2005; Liu, 2006 Hammon III et al., 2002;) 

The principles of reflection seismology are very similar to GPS, with a transmitter that relays 

electromagnetic pulses to the subsurface on the ground, reflecting from any dielectrical and 

electrical interface contrast, and then being received by a receiver (detector) at the surface of the 

ground (Davies and Annan, 1989). A receiver and transmitter in combination into one unit (zero 

offset) form a monostatic antenna and when separated, form (multi-offset) bistatic antennas. 

Acquiring of geophysical data is rapidly obtained by GPR surveys in time mode where data is 

collected with relatively constant speed, collected with antennas connected to a device that 

measures distance in distance mode or in step mode where data is collected in points at constant 

intervals.  

A combination of the two methods; the LiDAR and GPR enables scientists to make an analysis of 

the underground and ground surfaces of geological sites. With such two methods in combination, 

it becomes easy to capture all data aspects in the metrics involved. 

The dissertation is organized in seven sections. Chapter 1 is the overview. Chapter 2 is on the 

geology of the area of the study; Chapter 3 is on photorealistic mapping, modeling and analysis 

along the road cut, Application of a 3D photorealistic model for the geological analysis of the 

Permian carbonates (Khuff Formation) in Saudi Arabia, already published; Chapter 4 covers the 

hyperspectral imaging and modeling of the road cut and the development of automatic 

classification system. Chapter 5 is the GPR and ERT subsurfacing mapping and modeling of an 

area adjacent to the road cut, Imaging Fracture Distributions Of Al-Khuff Formation Outcrops 
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Using GPR And ERT Geophysical Techniques, Al-Qassim Area, Saudi Arabia, and in Chapter 6 

the surface (photorealistic and hyperspectral) and subsurface (GPR and ERT) models are 

integrated, Integrated (LiDAR, Hyperspectral) Within Surface And Subsurface Data Sets For 

The Geologic Analysis Within Arc GIS 

1.2 PUBLICATION STATUS 

The current (Mar, 2017) publication status of this dissertation is: 

Chapter 3: published to Arabian Journal of Geosciences. First-authored with Mohammed      

Alfarhan, Jarvis R. Cline, and Carlos L.V.Aiken. 

Chapter 5 to be submitted to Arabian Journal (the submission id is: AJGS-D-17-00485) of 

Geosciences. First-authored with Hussein Harbi, Mohammed Alfarhan, Kamal Abdelrahman, and 

Carlos L.V.Aiken. 

1.3 ACCOMPLISHMENTS 

1.3.1 Published Papers 

1. Alhumimidi, M.S., Alfarhan, M.S., Cline, J.R. et al., Application of a 3D photorealistic 

model for the geological analysis of the Permian carbonates (Khuff Formation) in Saudi 

Arabia, Arab J Geosci (2017) 10: 112. doi:10.1007/s12517-017-2874-7 

1.3.2 Posters and Presentations 

I. Mansour Alhumimidi LiDAR & Photogrammetric Applications in Geoscience, 

International--Remote Sensing Conference Saudi Arabia, Riyadh, January 17-20   2016. 

https://irsc-sa.org/ 

https://irsc-sa.org/
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II. Urbanski, Tara L.; Mansour Alhumimidi; Dr. Carlos Aiken, Photogrammetric 

Applications in Geoscience Education, Presentation at the SPAR International 

Conference in Houston Texas, April 2015. 

http://www.sparpointgroup.com/international/2015-presenters/16-presenters/spar-

international-2015-presenters/349-mansour-alhumimidi . 

III. Urbanski, Tara L.; Mansour Alhumimidi; Dr. Carlos Aiken. LiDAR Applications in 

Geoscience Education.2015 GSA Annual Meeting in Baltimore, Maryland, USA (1-4 

November 2015) Session No. 35--Booth# 183. 
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CHAPTER 2 

GEOLOGIC SETTING 

2.1 INTRODUCTION 

Saudi Arabia is detached into four geologic terrains (Figure 1); (1) the Arabian Shield of igneous 

and metamorphic rocks; (2) Clastic, calcareous and evaporitic sequences of the Arabian platform 

of that dipping gently eastward away from the shield; (3) the Tertiary calc-alkaline intrusive rocks 

"harrats" covering the Arabian Shield area; (4) Red Sea coastal strip composed of Tertiary and 

Quaternary alluvial sediments and coral reefs. 

2.2 TECTONIC SETTING OF THE ARABIAN PLATE 

According to Johnson and Stern (2010), the Arabian plate detached from African plate about 25 

million years ago, creating the closure of the subducting Tethys Sea in the northeast (Figure  2). 

The African and Arabian plates rifting movement produced the Red Sea and the Gulf of Aden 

bordering the plate from the southwestern and southern sides respectively. The rate of movement 

of Gulf of Aden westward is about 3 mm/yr while the Red Sea opening with10 mm/yr (Vita-Finzi, 

2001). Due to Red Sea continuous opening, the collision of Arabian plate with Eurasian Plate 

formed Zagros Mountains zone with diminishing rate of 9 ± 3 mm/yr in the southeastward and 5 

± 3 mm/yr in the northwestern direction (Hessami et al. 2006). While, Dead Sea transform fault 

spreads along western boundary of the Arabian plate since the mid-Miocene with 107 km of left-

lateral displacement with 6-10 mm/yr of slip along the fault (Vita-Finzi, 2001). However, the 

Owen Fracture Zone bordered the plate from the eastern side (Johnson and Stern, 2010). 



 

28 

 

Figure 1. Geologic map of Saudi Arabia (Saudi Geological Survey). 
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Figure 2. Tectonic framework of the Arabian Plate (Stern and Johnson, 2010). 

2.3 GEOLOGIC SETTING OF THE STUDY AREA 

The area of study lies within Buraydah quadrangle in Al-Qassim Province, central Saudi 

Arabia (Figures 3 and 4) and covered by the Khuff Formation that extends from Middle Permian 

to Early Triassic age (Manivit et al., 1986, Powers, 1963 and 1966, El-khayal, 1983 and Al-

STUDY AREA 
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Laboun, 1982). This formation constituted by clayey facies, sandy, dolomitic, gypsiferous and 

calcareous rocks, of about 264 m thickness (Manivit et al., 1986). 

 

 

Figure 3. Geologic map of the study area (modified after Manivit et al., 1986). 
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Figure 4. Geologic map of the central part of Al Qasim Province, Saudi Arabia (modified after 

Bramkamp et al., 1963). 
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2.4 LITHOSTRATIGRAPHY OF THE KHUFF FORMATION 

Nomenclature of the Khuff formation was referred to Steineke et al. (1958), while Powers et al. 

(1966) and Powers (1968 differentiated into three members from base to top as: the Khuff Member, 

the Midhnab Member and the Khartam Member. Moreover, A1Laboun (1982, 1986, 1987 and 

1988) added Unayzah Formation, of Late Carboniferous-Early Permian, for the sandstones and 

shales that included previously in the lower part of the Khuff Formation at A1 Qassim Province. 

Furthermore, Al Aswad and Kamel (1992) divided the Khuff Formation, south of latitude 30°, into 

four members from the bottom to top as: the Huqayl Member, the Duhaysan Member, the Midhnab 

Member and the Khartam Member.  

 

In addition, Delfour et al. (1982) studied, in details, the Khuff Formation at Al-Dawadimi 

quadrangle and subdivided it into five members from base to top as Unayzah, Huqayl, Duhaysan, 

Midhnab and Khartam Members. They are separated the Khuff formation in Ad-Dawadimi area 

from the underlying Saq Sandstone with a regional stratigraphic unconformity. The Khuff 

Formation rests on the Upper and Lower members of the Saq Sandstone, to the north and south of 

lat. 24 47 N respectively. 

Recently, Vaslet et al. (2005), studied the Permian-Triassic Khuff Formation in central Saudi 

Arabia and subdivided it into five members, from oldest to youngest, as: Ash Shiqqah Member, 

Huqayl Member, Duhaysan Member, Midhnab Member and Khartam Member. They divided the 

Late Permian Huqayl Member into a Lower and an Upper unit and identified two units within the 

Khartam member, a Lower dolomite and clayey limestone, and an Upper oolitic limestone. 
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Rahim et al. (2013) reported that Khuff formation signifies the earliest major transgressive 

carbonates of shallow continental shelf in the eastern zone of Saudi Arabia. These carbonates were 

formed in tidal flat environments including subtidal, intertidal and supratidal (sabkha) that include 

four cycles as Khuff-A, Khuff-B, Khuff-C, and Khuff-D, from top to bottom. Each cycle started 

by a transgressive grainstone facies that produced the Khuff reservoirs, and ended by regressive, 

muddy, anhydritic facies which formed the non-reservoir units (reservoir seals). 

In Saudi Arabia, the deposition of Khuff happened over shallow continental shelf and made of 

transgressive carbonates (Janson et al., 2013). The Permian and Triassic series of the Arabian 

Peninsula are extending north to south in a belt bounding the Arabian Shield. The formation is 

almost 180 m thick (Vaslet et al., 2005) and has been demonstrated through outcrop sections and 

subdivided into five members which are Al-Shiqqa (formerly Unayzah Member of Khuff 

Formation), Huqayl, Duhaysan, Midhnab and Khartam Members (Manivit et al., 1986; Vaslet et 

al., 2005; Angilini et al., 2006), with basal khuff clastics within the first member. Each member 

was formed during different depositional cycles beginning with sub-tidal carbonates and 

shallowing upward into a regressive phase of intertidal and sabkha sediments in a carbonate – 

evaporate shelf (Al-Jallal, 1995 and Alsharhan and Nairn, 2003). The members of Khuff 

Formation are excellently cropping out in Buraydah quadrangle, Al-Qasim area, and are well 

distributed and preserved. Angiolini et al., (2006) and Vaslet et al., (2005), studied the Khuff 

outcrops in different approaches and the following are brief descriptions for the basic information 

about each member in the type section: 

2.4.1 Al-Shiqqa Member  

The Al-Shiqqa Member is equivalent to the outdated Unayzah Member of Khuff Formation. It has 
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Figure 5. Study area stratigraphy. 
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the age of Middle Permian and deposited in environments ranging from transitional to continental 

and supratidal. The member consists of terrigenous sediments with sandy and silty dolomite, 

gypsiferous claystone and dolomite at the top (Vaslet et al., 2005). 

2.4.2 Huqayl Member 

The age of Huqayl Member is Late Permian resembles the marine transgressive event consisting 

of two sequential units. The lower unit started by bioclastic intraclastic dolomite, and then 

changed to gypsiferous clay and clayey dolomite. The upper unit consists of bioclastic dolomite 

arranged in tidal channels, gypsiferous clay and fine grained cherty dolomite, clayey dolomite 

with local chert nodules or disbanding breccias or pseudomorphs of gypsum and anhydrite.  

2.4.3 Duhaysan Member 

The Duhaysan Member is allocated to Late Permain in age. It is understood to be deposited in 

subtidal to littoral settings. The member composed of dolomitic calcarenite, gypsiferous dolomitic 

clay, and peloidal limestone with bioturbation (Vaslet et al., 2005). 

2.4.4 Midhnab Member 

Based on benthic foraminifers, conodots and isotope analysis Midhnab Member is dated as a late 

Permian Changhsingian to Late Capitanian or early Wuchiapingian (Angiolini et al., 2006). This 

member shows a sequence oscillating from marine fossiliferous limestone at the bottom, to 

gypsiferous and dolomitic rocks at the top and deposited in restricted environment. In north central 

Arabia, the Midhnab Member changes at the top to continental sandstone channels and claystones 

in meandering stream system and swamps (Angiolini et al., 2006).   
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2.4.5 Khartam Member 

Khartam Member is the uppermost mainly carbonate unit of the Khuff Formation. It is subdivided 

into two marine units characterized by littoral to tidal and intertidal paleoenvironments. The lower 

unit, dated as Late Permian, was deposited in supratidal to tidal environments and consists of 

coquina and peloidal limestone, bioclastic dolomite and dolomitic claystone. The upper unit dated 

as Early Triassic, was deposited in littoral to tidal and intertidal environments and consists of 

oolitic and peloidal limestone with calcitized and stromatolitic construction, dolomitic coquina 

limestone and clayey dolomite and massive oolitic limestone (Vaslet et al., 2005).  

2.5 PERMIAN – TRIASSIC KHUFF RESERVOIRS 

The Khuff in the subsurface of Saudi Arabia is separated into five members those are in ascending 

order Khuff E, Khuff D, Khuff C, Khuff B and Khuff A. Khuff reservoirs in Central Arabia were 

deposited in shallow water environment with restricted marine fauna, but, the environment tends 

to be a more open marine fauna in the south-eastern part of Arabia in Al-Rub Al-Khali, UAE and 

Oman (Al-Jallal, 1995). Because of its economic benefits and the commercial amount of the 

natural gas, Khuff Formation has been studied by several scientists and companies in the Middle 

East. In this study, digital outcrop modelling approach will be used, being the first time to be 

applied on Khuff Formation. Khuff in the subsurface in Central Saudi Arabia is overlain by Sudair 

Shale and overlies Unayzah Formation. There is sharp unconformity surface between the 

siliciclastics which existed at the bottom of Khuff and the one at the top of Unayzah (Hughes, 

2005). According to Hughs (2005) there is no direct relationship between Khuff Members in the 

outcrop and the one in subsurface. On the other hand, Al-Jallal in 1995 published a correlation 
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between these members as following: Sudair Shale and Khartam Member are correlated to Khuff 

A, Midhnab Member is correlated to Khuff B, Duhayssan and Huqail Members are correlated to 

Khuff C, and Al-Shiqqah Member correlated to Khuff D and Khuff E in the subsurface. In Saudi 

Arabia, Khuff Formation deposited in a cyclic pattern started with subtidal carbonates and ended, 

ascendingly, with a regressive phase of intertidal and sabkha sediments formed on a carbonate 

evaporite shelf (Al-Jallal, 1995; Alsharhan and Nairn, 2003). The reservoir units in Khuff 

Formation are present in Khuff A, Khuff B and Khuff C. The reservoir quality in the Khuff is 

controlled by several factors such as; lateral continuity of facies, diagenesis, energy during 

deposition (deposition of grainstone under the high energy of the shelf break and open-marine 

condition such as in Oman and Iran resulted in higher porosity than the one deposited in restricted 

carbonate shelf like in Saudi Arabia and Kuwait). Another factor is the anhydrite percentage 

(increase in anhydrite content lead to decrease in the reservoir porosity and hence the quality and 

vice versa; see Al-Jallal, 1995). In other words; the reservoir heterogeneity illustrates the variation 

of reservoir properties with space either vertically or horizontally including permeability, porosity, 

thickness, saturation, faults and fractures, rock facies and rock characteristics. Khuff-A is a 

naturally fractured gas carbonate reservoir and its quality varies according to the matrix porosity 

and permeability and also affected by the ratio of anhydrite to carbonate components. Also, the 

interpretation of the subsurface data revealed that there is vertical and areal pressure 

compartmentalization which in turn indicates some heterogeneity (Al-Anazi et al., 2010; Janson 

et al., 2013). For higher resolution and estimation of heterogeneity for the purpose of field 

development and reserves estimate, detailed reservoir characterization and modelling is required. 

Several methods might be used for determining and assessing the lateral variation in the 
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petrophysical properties such as; basic statistical parameters (mean and standard variation), the 

variance along the distance, correlation coefficient between the porosity and permeability values 

and experimental semivariograms (Pranter et al., 2006). Several studies have been conducted on 

the Khuff Formation in both outcrop analogs and subsurface reservoirs.  

Dasgupta et al., (2001) Khuff-C reservoir characterization for the inter well heterogeneity 

(cemented dolomite layer) to minimize the drilling risk. Vaslet et al., (2005) illustrated the  Khuff 

outcrops in central Saudi Arabia, in term of lithology, age, depositional sequences and 

environments. Vachard et al., (2005) studied the foraminifers and algae, indicated Late-Permian. 

Alsharhan, (2006) Studied Khuff in subsurface in UAE, a second-order composite sequence, ten 

facies units and four distinct depositional settings Al-Dukhayyil, (2007) Studied the Triassic Khuff 

A and B reservoirs in subsurface, and provided a sequence stratigraphic scheme based on detailed 

core description. Maurer et al., (2009) Geological investigation about Bih Formation (UAE, Khuff 

analog), they described a secondary dolomitization on the outcrop. Zeller et al., (2011) used a 

combination of traditional and digital geological data to describe the heterogeneity on the outcrop 

scale in Oman. Koehrer et al., (2012) described the distribution and textural variation of 

grainstones as potential reservoir facies on outcrop scale, Oman. Bendias et al., (2013) investigated 

the lower Khuff (KS6) in outcrop in Oman sedimentologically and how the paleorelief affect the 

thickness and composition of the sequence. Potential reservoir units been revealed. Haase et al., 

(2013) made a high resolution sedimentological study on the grainstone bodies within the Khuff 

KS4 in Oman.  

According Moustafa (2011), the distribution of faults and fractures in reservoir rocks may 

controlled by several factors including regional stress field, local strain, deformation history, 
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present-day stress field, diagenetic changes, and mechanical stratigraphy. The eastern part of the 

Arabian Plate is affecting by the regional stress field since Permo-Triassic time. Consequently, the 

extensional tectonics during Permo-Triassic led to breakup of Gondwana and opening of 

NeoTethys while, folding and thrusting tectonics were formed in later times by compressional 

forces. This stress history played an important role in the appearance of north-south and NW-SE 

fold traps in the eastern zone of Arabian plate. Furthermore, the small-throw faults dividing the 

fold traps as well as numerous fractures in the Khuff Formation were developed due to the local 

strain related to the fold/fault structures.  

These fractures were developed as a result of regional stress field or folding and/or faulting-

damaged zones. During later phases of compressional tectonics, the Permo-Triassic normal faults 

reactivated and additional sets of fractures were developed that will be increase the hydrocarbon 

flow in Khuff reservoirs. The fracture density can be affected by diagenetic changes of fractures 

and mechanical stratigraphy. 

Khuff Formation illustrates two phases of fracturing in the Saudi onshore fields as; the 

older phase related to the Permo-Triassic extensional tectonics while, the younger one 

accompanying with the Zagros compressional tectonics. These fractures represent key element in 

reservoir performance than matrix porosity where gas production rate is nearly double that in wells 

having only matrix porosity. 
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3.1 ABSTRACT 

Three dimensional (3D) photorealistic models for geological outcrops improves the teaching 

process in several subjects including earth sciences. They provide scaled models that can be 

used with the help of virtual reality. These models can be run on low-cost desktop computers. 

Photorealistic models for geological outcrops are a digital illustration of outcrop photographs 

with either a point cloud representation or Triangular Irregular Network (TIN) mesh of the 

outcrop surface. The physical and optical resolutions during data acquisition will govern the 

level of details for those models. In addition, the technique used while rendering the data as 

a digital model will affect the level of detail that can be observed by the geologists. A colored 

point cloud representation is suitable for large-scale features. However, the details will be 

compromised when the geologist zooms in for a closer look. In contrast, the photorealistic 

model which is constructed by draping photographs onto a triangle mesh surface derived from 

Light Detection and Ranging (LiDAR) point clouds will provide a level of detail that is 

restricted only by the photographs resolution. 

3.2 INTRODUCTION 

In recent times, the Light Detection and Ranging (LiDAR) technique has become 

extensively used in geological modeling. Accordingly, the LiDAR technique is used here to 

develop a digital outcrop model for the Upper Khartam Member of the Khuff Formation. The 

digital modeling was done on one road cut and not the entire Upper Khartam (Khuff Formation) 

outcrops. The area of focus includes the lower parts of high frequency sequence (HFS-4), the upper 

parts (HFS-1), and the entirety parts HFS-2 and HFS-3. The development of the digital model 
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involved acquisition, processing, and interpretation. This paper will illustrate the digital modeling 

process from the planning stage to the interpretation phase. 

The National Aeronautic Space Agency has used LiDAR scanning since 1996. LiDAR has 

also been used by the United States Geographical Survey (USGS) for topographic modeling of the 

continental shorelines (NOAA.gov). Although the USGS survey developed geological models that 

provides an overhead view, they could not include occluded features such as cliff overhangs or the 

vertical faces of geological outcrops. In 2000, a study by Aiken and Xu verified the application of 

LiDAR to develop three-dimensional (3D) photorealistic digital models of geological outcrops 

(Aiken and Xu 2004; Aiken et al. 2004a, b). 

At the 2008 Society for Sedimentary Geology (SEPM) conference in Kilkee, Ireland, a 

number of presentations demonstrated how surface outcrop 3D model analogs can be used for 

petroleum reservoir characterization, with a few applying Triangular Irregular Network (TIN) 

meshes instead of point clouds for the underlying structure of the models. The majority of 

presentations at the SEPM conference, however, established the use of fracture characteristics in 

geological outcrops. It is expected that the interest in constructing and analyzing 3D virtual models 

will increase based on the possible application of LiDAR models for the purposes of petroleum 

reservoir characterization and petroleum exploration. 

LiDAR, also known as laser scanning, is an optical remote sensing technology that measures the 

distance to a target by illuminating it with scanner-sourced light, often using laser pulses 

(http://en.wikipedia.org/wiki/LIDAR). The relatively new technique of using LiDAR to build 3D 

models of geological outcrop surfaces involves scanning outcrops and terrain utilizing a speed of 

thousands  to hundreds of thousands of points per second (Alfarhan et al. 2008; Mccaffrey et al. 
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2005). These points are called a point cloud and are built up to form a 3D model. LiDAR point 

clouds may be displayed as is or colored to resemble the target structure. Compared to displaying 

only the point cloud, the primary advantage of 3D photorealistic models is the very high resolution 

of the photographs that can be draped onto the TIN mesh surface model (White et al. 2009). 

The optical resolution of a photorealistic model is restricted only by the focal length of the 

camera and the target distance. The continuous nature of the surface of the photorealistic model 

allows the user to see the full detail of the model as he zooms in closer to the model. In contrast, a 

colored point cloud model will disassociate as the user zooms in, losing detail, and thus the sense 

that the surface is solid. Due to their high resolution and their real-world appearance, photorealistic 

models can be used by the oil and gas industry to train new geologists and to improve the 

exploitation of petroleum reservoirs. These 3D models are compatible with conventional computer 

game display software and could be used to enhance the appreciation and understanding of 

geological sites. 

Saudi Arabia is geologically located within the Arabian Plate (Le Nindre et al. 2003), 

which can be divided in two major units: basement igneous and metamorphic rocks, called the 

Arabian Shield, and sedimentary rocks located in the eastern and northern part of the plate, called 

the Arabian Shelf or the continental shelf. The sedimentary rocks are based on a complex 

crystalline basement (rocks of the Arabian Shield) and are a thick sequence of deep and shallow 

marine and continental sediments (Figure 6). 
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Figure 6. The location of the study area (red rectangle) in the Buraydah quadrangle NWof 

Riyadh. A: Map showing the Qassim area. B: Map showing the Buraydah quadrangle. C: Close 

up view of the location of the outcrop (Google Earth Pro 6.2.1.6014 (beta) (January 5, 2014). 

 



 

46 

3.3 DATA ACQUISITION AND MODEL CONSTRUCTION 

A 3D photorealistic model (3DPM) of any outcrop is established through transforming the 

point cloud into a TIN mesh that estimates the outcrop surface measurements (Olariu et al. 2005; 

Mccaffrey et al. 2005; Alfarhan et al. 2008; Olariu et al. 2008). The reliability of the model is 

assessed by the precision of the point coordinates and point density in relation to their location on 

the outcrop. After this, draping the generated TIN model is done utilizing the captured 

photographs. This generates the photorealistic model in a sense that we will get a colored model 

of the reality. Virtual Reality Modeling Language (VRML) and Wavefront object (OBJ) are some 

of the widely used file formats that support 3D photorealistic models. 

There are two main techniques for capturing the surface as a point cloud; the first technique 

is image-based modeling or in recent years known as “Structure from Motion” (SfM, a style of 

multi-view photogrammetry). The second method, and the one that is used in this study, is high-

speed terrestrial LiDAR Scanning (TLS) that generates short light pulses measuring the time of 

travel of each pulse from the source, to target and back to receiver. The elapsed time is called time 

of flight (TOF) (Amann et al. 2001). Calculating the distance is done considering half the TOF, 

then multiply it with the speed of light. 

In Cartesian coordinate system, calculating the target's location is done through identifying 

the vertical and horizontal angles of the scanner when it was capturing the points (through light 

pulses). Moreover, additional control points are placed around the target. Those control points 

have known real world coordinates. Linking the locations of the control points with the scanner's 

angle and location will allow us to identify the location of the target. Hence, the model is 

georeferenced. 
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Figure 7. Field measurement documentation. 

Saudi Arabia has good outcrop analogs for subsurface reservoirs (Figure 5), and there are 

governmental plans to apply the digital outcrop modeling approach. The developed digital model 

will be integrated into conventional field investigations. The data from this study will be enhanced 

by integration with data from the subsurface to increase the reliability and accuracy of the results. 

Turning to the specific method for this study, the raw data was displayed in the point clouds. In 

this regard, the first step was to display the final point cloud model for the area around the outcrop. 
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The laser scanner captured everything that crossed its ray path. As such, there was expected 

to be undesirable points in the final result. Therefore, these point clouds needed to be cleaned so 

as to remove undesired objects. It is important to mention that the cleaning of the point clouds was 

achieved by using the RiSCAN PRO software (Figure 8). 

Figure 8. Zoomed-in from left to right for the point clouds. 

Also, each scan position had its own point cloud file with the scanner format. The same 

software was used to convert each file to an ASCII file. Then, the next step of the processing was 

done by using Polyworks software and its toolbox from the aligning of the scans to the construction 

of the polygonal model. After the four scan files have been converted to ASCII files, they imported 

to the IMAlign tool in Polyworks software. The files are imported as gray not RGB-colored point 

clouds to do the rest of the processing steps. The imported files are displayed clearly in dark 

background which allowed differentiation between the desired point clouds and the undesired 
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points around the outcrop. Therefore, it was a good opportunity to clean the point clouds and 

minimize the size of the file. 

This was done by selecting those undesired points and deleting them directly from the 

entire point cloud file, thereby leaving the points that make sense. Then, the model was displayed 

on the purple clip plane to select part of the point cloud to be interpolated and to hide the rest of 

it. This step was done because of the large size of the single file and to enhance the accuracy of 

the final triangulated model. Triangulation or decimation is a process that produces a solid mesh 

surface model by connecting the points as triangles. The final model was referred to as the 

polygonal model. This process minimized the size of the point cloud file and made it easy to 

interpret it. After selecting the first part of the model to be triangulated, some parameters were 

determined before start of the triangulation. These parameters include max edge length, 

interpolation step, and max angle. 

The registration and alignment were performed with custom software developed in 

collaboration between King Abdulaziz City for Science and Technology (KACST) and Geological 

& Historical Virtual Models (GHVM). Meshing of the point cloud data, into a tin mesh, i.e., an 

interpolated set of triangles, has been performed in Polyworks software by InnovMetric. 

Triangulation, or triangulated surface interpolation, is a process that produces a solid mesh 

surface (Figure 9) by connecting the points as triangles (from original scan data points or from 

representative vertices possibly subject to some smoothing). The final model is referred to as the 

polygonal model. This process minimized the size of the point cloud file and made it easy to 

interpret it. After selecting the first part of the model to be triangulated, some parameters were 

determined before starting the triangulation. These parameters include maximum edge length, 
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Figure 9. Solid mesh surface. 

interpolation step length, and maximum angle. These parameters depend on the resolution that is 

being sought. In this case, these parameters were set to 0.05 m, 0.5 m, and 89°, respectively. 

3.4 APPLICATION OF LIDAR IN GEOSCIENCE 

The Khuff Formation in Al Qassim Region of Saudi Arabia (about 350 km northwest of 

Riyadh City) was used as the test site because it was important to compare the data collected on 

the field to their corresponding measurements that were generated by the analysis software and the 

photorealistic model. The targeted test area was in the carbonates, which is in the Khuff Formation. 

The field data was captured in February 2014. At specific locations along the outcrop, manual 

geologic measurements were made in the field and rock samples were taken. Each of these specific 

locations was assigned a number and documented by photograph and GPS location. These specific 

locations could also be identified in the LiDAR and photogrammetric model of the area, which 
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was an intended outcome. The model was referenced by reflector targets. RTK GPS was used to 

get the location of the reflectors in world coordinates (Figure 10). 

 

Figure 10. Laser scanner, robotic camera, and total station used in the field. 

 

3.5 GEOREFERENCING AND CONTROLS 

Georeferencing is the process of assigning actual (real world) coordinate to each point in 

the model. It is required to have at least three control points in order to successfully complete the 

georeferencing process. However, two control points will suffice if the measurement system 

orientation is at the same level as the horizontal plane. 
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A group of eight primary control points of nails was constructed in the ground of the 

surveyed area. The control targets were fixed over the nailhead on a survey tripod every day. These 

control targets (360°, zero-offset) were retroreflective prisms secured on the survey tripods. They 

were linked to world coordinate system using differential (base + rover) global navigation satellite 

system (GNSS) instruments (Alfarhan et al. 2008). The positions of the reflectors were acquired 

in real world coordinates using the Topcon HiPer V RTK global navigation satellite system 

comprising of a rover unit and base station unit. 

3.6 TERRESTRIAL LASER SCANNING (TLS) 

The 3D model for the Khuff Formation was developed using a RIEGL VZ-4000 scanner 

to detect the point cloud’s outcrops. The maximum range of the VZ-4000 depends on a target 

surface reflectivity. The utmost range in this project was estimated to be 200 m. The scanner’s 

minimum step angle is 0.002° (0.035 milli-radians) with a beam divergence of 0.15 milli-radians. 

This will yield that at a 300 m range, the minimum stepping distance would be 1.0 cm, and the 

beam diameter would be 4.5 cm. We usually scanned for a target resolution of 2 cm, with greater 

than 50 % overlap between scan positions. 

The scans were located to provide coverage from a range of directions in order to minimize 

the occurrence of irregular surfaces that create gaps on the model surface. Each area of an outcrop 

is scanned from three directions: left, right, and directly in front. If the outcrop is complex, extra 

scan positions are necessary in order to reduce the obstructed surfaces. The location of the scan 

was a road cut across the length of the Khuff Formation, Al Qassim. The road cut was assessed to 

have a height of 7 to 20 m. The length of the scanned area was about 400 m on each side of the 

road cut. Its formation was better observed on the north side of the road cut, partly because the 



53 

lighting is better. Scanner locations were therefore placed at the top of the south side of the road 

cut. This made it possible to scan the whole of the north side using four scan locations (Figure 11). 

Figure 11. Sketch of area of study. 

This process was repeated by setting up the scanner on the north wall in order to scan the 

south wall. Establishing the scanner and scanning the control reflectors are the foremost activities 

on a scan site. The VZ-4000 was used to scan a 360° panoramic view from each position at a low 

resolution. RiSCAN PRO scanner software (RIEGL Laser Measurement Systems GmbH (2016) 

http://www. RIEGL.com/nc/products/terrestrial scanning/productdetail/ product/scanner/30/) was 
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configured to detect the most highly reflective controls in the panorama scan and consequently 

used to scan the reflectors at high resolution. It then extracted the centroids of the reflected signals 

that emanated from the reflectors. It was useful to slice the outcrop scan into multiple point clouds 

(i.e., multiple, slightly overlapping sub-scans) if the outcrop had segments with considerable 

differences in distance from the scanner. 

Areas in close proximity to the scanner can be examined at more flexible step angle settings 

in comparison to areas more distant from the scanner. If the differences in distance are significant, 

then the scan resolution should be optimized in order to reduce the amount of time it takes to scan 

the outcrop. Furthermore, it is also important to divide the outcrop into a relatively small sized 

segments. It is advisable to work on smaller areas because it allows for more effective scanning to 

be done. The efficiency of the process follows from the fact that the smaller areas have a similar 

orientation for the scanner. 

A Nikon D800 DSLR camera with a lens of 105 mm and a 300-mm focal length was used 

to collect photographs of the outcrops. At 200 m, the 105-mm lens’s spatial resolution is 1.0 

cm/pixel in the middle of the photograph with a slight decrease in resolution towards the edge. A 

photograph from a typical, even professional, camera has a misrepresentation of the true geometry 

of the scene because of lens distortion and related lens optics such as the optical axis of the lens to 

the sensor of the charge coupled device (CCD). The anomaly of lens distortion is most apparent 

when evaluating straight lines close to the perimeter of the photograph (Figure 12). 

In cases where the lens has a barrel misrepresentation, the straight lines are curved outward. On 

the other hand, when the lens has a pincushion distortion, the lines are curved inward. Photograph 

distortions can be eliminated through the application of software that is widely available in the 
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market such as PhotoModeler. The camera that was used in this case was modeled using 

PhotoModeler, and the image distortions in the photographs were adjusted by an add-on (idealize) 

module for PhotoModeler. 

 

Figure 12. Visualization of the colored point clouds using RiSCAN PRO software. A: The 

interface of the software and the map view from the point clouds. B & C: Zoom out display from 

the target outcrop. D & E: Zoom in to the face of the target outcrop. 

 

To drape the photographs on the TIN model, it is important to create an inventory of tie-in 

control points on the photographs that appear in more than one image (Figure 13). Manual 

correlation is not an effective way of linking the photographs to points on the model surface. 
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Regardless of whether or not the points in the model are colored by a camera or not, it is often 

challenging to achieve good correlation in some areas because the covered photos are not properly 

aligned to the model, and the transition from one photo to the adjacent photo is thus observable. 

Even if the automatic (once calibrated) registration of photos from a scanner-mounted camera to 

the scan data is accurate, it is often limited in the lens that can be used or the optical (photographic) 

detail that can be obtained. 

Figure 13. TIN model. 

The imaging total station was used in the field to pinpoint the tie points between the outcrop 

and the photograph that has significantly enhanced the alignment of the photographs to the model. 

In this approach, an Imaging Total Station (IS), manufactured by Topcon, was set up in the field 

from the same, or a similar vantage point, as that from which the high-quality photographs were 

taken. Specific points were identified in each photograph taken, and these specific points were 

then measured by the imaging total station. In the post-processing phase, these laser measurements 
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were used to provide the true X, Y, and Z location of each point that is identified in each photo. 

Approximately nine points were identified per photo, distributed for example in a 3 × 3 grid over 

the photo. Extra care was taken to manage the processing and meta-data of this procedure. In an 

original (and illustrative) approach, ArcMap by ESRI was used to annotate photographs by point 

shapefiles. Subsequently, in collaboration with a semiautomatic data acquisition and processing 

workflow pioneered by GHVM, photographs were acquired systematically by a camera mounted 

on a robotically controlled pan-tilt platform, and the imaging total station was programmed to a 

custom behavior of scanning the outcrop for tiepoints matched to the photos using image matching 

(the IS by Topcon has the ability to record a telephoto image corresponding to each laser 

measurement point; this small telephoto image that records the location of the measurement is 

meta-data and can be used in processing steps such as image matching to identify the tiepoints in 

the high-quality photographs that are to be textured onto the model and whose exterior orientation 

parameters need to be derived). 

In either the manual (using handpicked tiepoints) or automatic (using systematically 

scanned tiepoints) approach, the laser measurements from the imaging total station are transformed 

in post-processing into the model coordinate system then they are utilized as tiepoints between the 

model and the photographs. This approach is preferred because it will yield an alignment quality 

of the photos such that the changeover from one photo to an adjacent photo is not noticeable unless 

the brightness of the image color of a photo is changed relative to the other. 

Another important task before the laser scan data from each scan position can become 

usable is to register all scan data into a common coordinate system. This can be achieved by finding 

the relative positions and orientations of each scanner setup position. This alignment and 
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registration process was performed on the basis of measurements from the retroreflective prism 

survey targets set up consistently around the scan site. The prisms were measured by each laser 

scanner setup position as well as measured by each total station setup position, and their locations 

were measured independently by survey-grade differential (base + rover) GPS. In post-processing, 

data from all systems were registered together and georeferenced into true UTM coordinates using 

the custom-developed GeoTransformation Tool software by GHVM. 

The resulted raw point cloud has complex and excessive data points due to the scan field 

going beyond the perimeter of the targeted area. Moreover, there are points representing the ground 

between the outcrop and the scanner. In addition, there is unwanted data of near or distant 

structures that are not part of the outcrop boundary. In some instances, those extra unwanted 

structures (or vegetation) can hinder scanning the outcrop. 

The model development process was improved through the removal of these extraneous 

data points. The RIEGL software trademarked RiSCAN PRO was used to clean the scanned data 

for any unnecessary points. The resulted clean data was then exported as a text file (a modern 

alternative would be a las file) to be used later on by the model development program. Polyworks 

software was used to develop the TIN model (InnovMetric Software Inc. 2004). 

The processing workflow within Polyworks was to import the already-georeferenced laser 

scan data from multiple scan positions at a time. First, the laser scan data was aggregated so that 

individual surfaces could be imported into the Polyworks software for modeling as a TIN mesh. 

For example, one entire wall of the outcrop could be imported at a single time. Within the software, 

the imported point cloud was then changed to TIN model (a triangulated mesh) and then exported 

as a Wavefront (.obj) file. 
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The photographs were projected onto the TIN model, resulting in a photorealistic model of 

the outcrop (Xu 2000; Alfarhan et al. 2008). A software program may use conventional 

photogrammetric principles to link the vertices of the TIN model to their appropriate UV 

coordinates in the photograph. This linkage is used to convert the untextured OBJ file to a textured 

OBJ file. The specific software used in this post-processing step was GeoConstructor and 

GeoModel Builder by GHVM. The photographs and photo-to-model tiepoint information was 

acquired during fieldwork are compatible with that of the software. Ultimately, the untextured TIN 

mesh files were converted to textured TIN mesh files, still in the Wavefront OBJ format but with 

texture information added, according to an accurate projection of photographs onto the triangles 

of the model. 

A final caveat we will discuss regards the use of fully georeferenced data in various 

common computer software programs. Fully georeferenced data, such as in UTM coordinates, 

requires ten significant digits in order to represent vertex coordinates to 1 mm. In terms of common 

computing data formats, the accurate representation of a ten-digit real value would require 64-bit 

(as opposed to 32-bit) binary floating point precision (with reference to the IEEE 754 standard). 

Many computer programs and software packages, however, are limited to 32-bit floating point 

manipulations, especially in the context of 3D viewing and graphical rendering software. It would 

be very useful; therefore, to prepare a special version of the data products (such as the textured tin 

mesh 3D model and/or the co-registered point cloud) which both contain georeferencing meta-data 

and are compatible with 32-bit data limited software. One strategy for this is simply to offset the 

coordinates of the fully georeferenced (e.g., UTM) model to a local origin or project origin such 

that model point and vertex coordinates are then representable within seven digits or so; such offset 
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data retains its true-world orientation (so that, for example, strike/dip values are correct) and the 

true-world positions can be recovered for any point by re-adding the translational offset that has 

been applied. Colloquially, the original fully georeferenced coordinates and the offset, 32-bit 

floating point compatible coordinates, are referred to as “Full UTM” and “Short UTM,” 

respectively. Producing the “Short UTM” versions of the models (as appropriately documented 

with regard to the offset used) improves the usability and software compatibility of the resulting 

models. 

3.7 RESULTS 

The ability to understand the precise location where the field measurements were taken was a great 

aid into the comparison of the field measurements vs. the model measurements. An important 

observation is that the orientation of the surface was much more obvious to the viewer during the 

outcrop model manipulation than it was during the on-site field exercise. In the field, it was easy 

to observe the nature of the layer bedding of being of a fractured nature. However, the high 

dispersion nature of the fragments was not fully appreciated until the model in the lab was 

inspected. The bed thicknesses have been measured and the beds have been traced and then 

compared with field measurements (Figures: 14, 15, 16, 17, 18, 19, 20 and Table 1). 
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Figure 14. A: The ArcScene software interface (part of the ArcDesktop suite by ESRI) with the 

model displayed in it. B & C: Zoomed-in view to the model in ArcScene. 
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Figure 15. Outcrop analysis. 
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Figure 16. Bedding boundaries. 
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Figure 17. Bed classifications. 
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Figure 18. Traces of bedding boundaries. 
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Figure 19. Tracing the bedding to identify the bedding layers and classification of each layer as a 

standalone and extraction of the beds to the other models or outcrops. 
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Figure 20. High-resolution photos draped on a 3D model. 
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Table 1. Ground truth of bedding thickness. 

Lithofacies Thickness (m) from 

field 

Thickness (m) from 

ArcMap 

Mudstone 2 1.8794 

Grainstone lens 0.6 0.5442 

Graded mud- to wacke- 

stone 

3 3.1079 

Well sorted thick oolitic 

grainstone 

3 2.6435 

Wackestone 0.7 0.6989 

Skeletal oolitic grainstone 0.6 0.7266 

Graded wacke- to pack- 

stone 

1.5 1.6750 

Skeletal peloidal 

dolomitic grainstone 

1.0 0.9897 

3.8 CONCLUSION 

Four vertical stratigraphic outcrop sections of the Upper Khartam Member, Khuff 

Formation, in Central Saudi Arabia were investigated. A composite section was constructed for 

the Upper Khartam Member. This overlies the Permian boundary and underlies a sequence 

boundary within the Upper Khartam Member. Sedimentology and stratigraphy investigations 
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revealed that the composite sequence comprises six lithofacies for the Upper Khartam. These 

lithofacies were deposited in different environments including ravine marine transgression, 

foreshoal, shoal complex, and back shoal. In the studied outcrop, the Upper Khartam Member 

composed of three HFSs) These HFSs exhibit a generally upward pattern as one move upwards. 

The bottom parts of HFS-1 and HFS-2 represent the shallowest environments or marine 

transgression, whereas the top parts of HFS-1 and HFS-2, and all of HFS-3, represent relatively 

deep water. LiDAR scanning was applied on a part of the studied outcrop using a RIEGL VZ-4000 

instrument. The digital model produced was integrated with the sedimentologic and stratigraphic 

data to build both the facies and stratigraphic models. The stratigraphic scope was accurately 

identified from the digital model along with the bed thicknesses. The detailed study for the lateral 

profiles of the reservoir units revealed that the reservoir unit B was of high quality but is poor 

when it comes to variability. The reservoir unit C, meanwhile, is considered to be the most 

heterogeneous unit because of the variation in its microfacies, petrophysical properties, and 

mineral composition. The least heterogeneous unit is A because of the similarity between its 

microfacies and petrophysical properties (Figure 21). 
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Figure 21. The final 3D model. 
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CHAPTER 4 

HYPERSPECTRAL IMAGING, VISUALIZATION AND FIELD PROCEDURE FOR 

(HYPERSPECTRAL, GPR, LIDAR) 

4.1 ABSTRACT 

Multispectral remotely sensed data have been acquired in 3 to 10 spectral bands with 

relatively broad bandwidths.(Landsat TM, SPOT, QuickBird). Hyperspectral data have many more 

bands with relatively narrow bandwidths.(AVIRIS 224 bands, Hyperion 220 bands, etc.). 

Hyperspectral data acquisition similar to multispectral remote sensing system, it uses whiskbroom 

or linear array detector and scanning mirror Hyperspectral data can provide high-spectral 

resolution reflectance spectrum for each picture element in the image for the direct identification. 

And the Aim of the Hyperspectral part is to develop two curve-to-curve matching strategies for 

the hyperspectral data to identify unknown objects, Kullback-Leibler (KL) divergence based and 

Kolmogorov-Smirnov (KS) based classification. They will operate on the direct comparison of an 

unknown curve with reference curves of known classes and assigning it to the reference with 

highest similarity. 

4.2       INTRODUCTION 

Hyperspectral imaging systems are new imaging that can collect hundreds of bands of 

very narrow bandwidth, which in turns result in an increased data accuracy of the data collected 

(ElRahman, 2016). Hyperspectral imaging, although considered as a natural technological 

evolution of imaging technology, is believed to have improved the quality of research outcomes 
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in many fields such as rock formation, vegetation, and even in health sciences and food safety 

(Lua & Fei, 2014). In order for this massive and detailed data to be usable, it needs to be 

analyzed using effective algorithms. 

Generally, there are two methods of analyzing and classifying hyperspectral data: 

supervised and unsupervised classification. This research involves analyzing and comparing 

three supervised classification methods for analyzing hyperspectral images. There are many 

image classification methods; but in this research, I will use and compare three methods. These 

image classification methods are: Spectral Angular Method (SAM), Kullback-Liebler (KL), and 

Kolmogorov-Smirov (KS). The focus will be in implementing these methods to analyze and 

classify outcrop rock formation data. In the following paragraph, I will introduce these 

supervised classification methods. 

For supervised classification of remotely sensed images, each pixel of the image is 

classified based on a reference signature. The spectral reflectance of a remotely sensed surface is 

a function of the dominant material contained on area being sensed. The angle at which the 

reflectance occurs is used to identify the mineral decomposition in, let’s say the rock formation 

for example. In a supervised image classification, the analyst creates a signature that is a used as 

reference spectrum for each specific formation (i.e., tree, rock, building, etc.) that is to be 

classified. The Spectral Angular Mapping (SAM) technique classifies or detects “spectral 

similarities between two spectra by using n-dimensional angles to match each pixel with 

reference spectra.” (Kuching, 2007). That is, spectral reflectance that has a reflectance angle of 

zero or almost zero compared to the reference signature will be classified as whatever that 

reference signature formation is assumed by the analyst (Kruse).  
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Kullback-Liebler image classification method is a statistical supervised image 

classification technique based on Kullback-Liebler measure of divergence introduced on 1951 

(Kullback & Leibler, 1951). The same technique of measuring distance between two statistical 

populations is used in discriminating pixels of remotely sensed image in order to classify an 

image based on a manually classified sample of it. In this case however, the populations being 

compared are the spectral data of each pixel in the training sample (treated as reference) and the 

image. 

The Kolmogorov-Smirnov (K-S) image classification technique is a supervised technique 

that is based on Kolmogorov-Smirov binary test of similarity. The KS technique is applied to 

remote sensing by treating the spectral data as distribution and comparing it to the distribution of 

a reference category. If both the sample and the reference data, follow the same distribution then 

the data is assigned the same sample as the training. The function evaluated to compare the 

distributions is a binary maximum distance function, “where 0 indicates maximum similarity 

while 1 indicates minimum similarity.” A nonparametric test of the equality of continuous 

probability distributions. Compare the dissimilarity of the two samples.
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Figure 22. Original 

Figure 23. Destriped 
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4.3      ASSESSING ACCURACY 

There was a need for consistency with previous studies. Consistency in an experimental 

study enables investigators to determine the degree of validity of the samples and the data obtained. 

Comparing the results obtained with results obtained in another previous study allows investigators 

to detect deviations from the expected outcome. For this consistency, representative reference 

objects used by Sridharan and Qiu (2013). McNemar’s test was to measure the significance 

between the two classifications (Agresti, 1996 Bradley, 1968 ;). The McNemar’s test is a non-

parametric test that relies on samples accurately classified by the first classifier but wrongly 

classified by the second classifier. F21 represents the number of samples misclassified by the first 

classifier but correctly classified by classifier two. The resulting v2 value with a standard chi-

square distribution is used to determine the statistical significance of the differences between the 

two classifications. 

4.4       SOFTWARE 

The KL/KS Classification is an ArcMap Add-in tool which makes supervised classification 

based on KL/KS (Kullback-Leibler/Kolmogorov-Smirnov) algorithms for hyperspectral images 

were performed with custom software developed in The University of Texas at Dallas by my 

colleague Cheng Zhang who is the developer. This is an extension to ArcMap utilizing ArcObjects 

SDK for .NET Framework. 
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Figure 24. KL/KS Classification Software. 

Figure 25. Study area. 
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Figure 26. Training sample. 

Figure 27. The Classification. 
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Figure 28. Accuracy assessment. 
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4.5 METHODOLOGY 

Figure 29. Hyperspectral flowchart. 

For two discrete probability distributions, P and Q, the KL divergence from Q to P is defined as 

𝐷(𝑃||𝑄) =∑log(
𝑃𝑖
𝑄𝑖
) × 𝑃𝑖

𝑛

1

 

With the requirement that both P and Q sum to 1. (Olszewski, D., 2012) P refers to the probability 

distribution of a spectral curve of a reference pixel, while Q refers to that of an unknown pixel, 

and I refers to the radiance value of ith bandSince, the divergence of KL is not symmetric, meaning 

that the divergence from Q to P is not equal to divergence from P to Q, that is, 𝑫(𝑃||𝑄) ≠ 𝐷(𝑄||𝑃) 

The mutual KL divergence �̂� between P and Q is calculated as the mean of 𝑫(𝑷||𝑸) and𝑫(𝑸||𝑷). 

�̂� =
1

2
× (𝑫(𝑷||𝑸) + 𝑫(𝑸||𝑷)) 

If we have n training samples in this case, we are going to have n KL divergence values between 

a unknown pixel and all training samples, where  
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𝑫𝒎𝒊𝒏(𝒊, 𝒋) = 𝑴𝒊𝒏{𝑫𝟏, 𝑫𝟐, …𝑫𝒏}

Then the pixel (i) will be classified as the same class with training sample (j). 

For two discrete empirical probability distributions, P and Q, the KS deviation from Q to P is 

defined as 

𝑫(𝑷,𝑸) = 𝑴𝒂𝒙{|𝑷𝟏 − 𝑸𝟏|, |𝑷𝟐 − 𝑸𝟐|, … |𝑷𝒏 − 𝑸𝒏|}

Where n refers the number of bands and 𝑷𝒊 refers the empirical probability value for the i th band 

for pixel P. If we have n training samples in this case, we are going to have n KS deviation values 

between a unknown pixel and all training samples.  

𝑫 = 𝒎𝒊𝒏{𝑫(𝑷,𝑸𝟏),𝑫(𝑷, 𝑸𝟐), …𝑫(𝑷,𝑸𝒏)}

Where 𝑸𝒏 refers the n the training sample. Then the pixel P will be classified as the same class 

with training sample𝑸𝒏. Training samples: 90 .Testing points: 87. 

4.6      FIELD PROCEDURE 

1. Look at the survey area in google earth/google maps, to plan.

2. Load up all the gear and go to the location.

3. Spend one day just to examine the site and plan where we will put all your scan positions,

where we will put your GPS base station, find the benchmarks in the area to measure by

GPS also , put some survey flags down to mark each scan position for each instrument.

Also, put flags or install monuments (nails) for each reflector target position.

4. Start work each day by installing the reflector targets used as control points (/tie points).

These are retro-reflective targets such as survey prisms or specially constructed cylinders 

covered with retro-reflective tape which can be installed in survey-fashion on tripod locations.  

These reflector targets were not left in the field for multiple days because concern they could be 

stolen or disturbed, instead, they were taken down and re-installed each day, however, during or 
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before the first-time setup of the reflector targets, a nail was pounded into the ground to mark the 

reflector location (Figure 30). 

It's good if the nail is as long of length as you can successfully drive into the ground, we used 

around 6-inch to 8-inch nails.  Also, it's very useful if the nailhead has a circle mark in the center 

of the nailhead to mark the precise center for this tiepoint or control point.  Each day, reflector 

targets are installed on tripods set up above the ground monument (nailhead).  Heights are 

measured (for example, taking a slant height measurement and performing adjustment to vertical 

height) to obtain the height of the center of each reflector over the nailhead as installed on the 

given day. These height measurements are recorded in a field notebook, it is also worth measuring 

that reflector targets were installed on a tribrach installed on top of the tripod so that precise 

leveling and centering above the nail could be performed.  Tripod legs can be weighed down with 

rocks, etc. to prevent disturbance of the tripod by wind or footsteps, etc. (Figure 31). 

Figure 30. Survey nails were emplaced where instruments were sited. 
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  Also, a first step in the morning was to set up the GPS base station. After reflector targets are 

set up, the work for the day begins and each instrument is generally operated independently from 

the others (Figure 32). 

Figure 31. Height measurement for referencing the data to the ground. 
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Figure 32. GNSS Topcon base station along cables for an electrical survey. 

  The instruments used to gather field data were:  

 Hyspex SWIR-320 hyperspectral camera

 Riegl VZ-4000 laser scanner

 Topcon Hiper-V base+rover GPS kit

 Topcon Imaging Total Station Topcon-IS

 Nikon D800 camera with 105mm lens on a robotic pan/tilt stage

 GPR
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4.6.1 Procedure for Hyspex SWIR-320 

Figure 33. Hyspex SWIR-320. 

The Hyspex SWIR-320 hyperspectral imaging camera was operated in the field on a 

Hercules-type tripod (Figure 33).   Additionally, a rotation stage was used, the camera resting on 

the rotation stage and the rotation stage set up on the tripod.  The rotation stage allowed the 

pushbroom hyperspectral camera to sweep out panoramic images from each scan position or 

imaging position.  In fact, full 360-degree panoramic images (with some overlap, so actually ~390 

degree panoramas) were generally obtained in order to check or calibrate the horizontal scale of 
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the pixels -- despite the fact that the target of interest or interest area was perhaps only +/- 40 

degrees field of view from the vantage point of the instrument set up location. 

The vertical field of view of the pushbroom camera (slit field of view) is about 14 degrees, 

which was sufficient to capture the target area of interest without requiring multiple or various tilt 

orientations.  Instead, for each setup position, a single tilt orientation, close to horizontal 

orientation, was chosen to frame the target area of interest in the main view of the camera.  The 

data acquisition software provided by the manufacturer of the Hyperspectral camera, software 

called Hyspex Ground, was used to operate the camera in the field in conjunction with a ruggedized 

portable field computer, which also supplied power to the camera, and which computer was run 

off of portable electric generator. 

Within the data acquisition software (Hyspex Ground), procedure was followed at each 

scan position to check for proper operation of the horizontal rotation stage.  Additionally, due to 

winding of the cables connecting the hyperspectral camera to data acquisition unit (the computer) 

and power, it was necessary to pre-twist the camera in a 180 degree "left" direction so that it would, 

in the process of taking a full panoramic image, twist from 180 degrees left, through 0, through 

180+ degrees right, in order to complete a full panoramic image (~390 degrees) without twisting 

the cables too much or causing the cables to catch or snag. 

The Hyspex Ground software includes a user interface to perform image capture (using the 

rotation stage to sweep out the image from the push broom camera), and in this user interface 

various settings can be specified such as:  taking a background reading, what this means is to 

shutter the aperture of the instrument and measure the amount of stray light collected in the CCD 

sensor or photon-sensing pixel array over the frame exposure period;  this amount of background 



86 

or stray light is then considered a constant "background noise" for each image and is therefore 

subtracted from the light levels read in every frame of any subsequent image taken and this is 

performed automatically by the software. 

The number (in terms of digital number, representing a number taken on the scale of the 

native dynamic range of the instrument pixels) representing the background noise is displayed in 

the user interface and procedure is to perform background noise calculation several times and 

confirm that the value is stable; this is to ensure that the internal temperature of the instrument has 

stabilized, as the background noise level is temperature-dependent.  Therefore, it is proper 

procedure to wait some minutes before operating the instrument for data collection so that the 

thermoelectric (peltier) cooling system can stabilize the internal temperature of the sensor and its 

immediate enclosure or environment. 

The other settings needing to be specified in the user interface of the Hyspex Ground 

software are to choose a rotation speed, choose frame period and integration period specified in 

microseconds, and specify whether any high-signal-to-noise mode is used.  Frame period specifies 

the interval between readings (and subsequent clearing) of the pixel array into a single "row" of 

hyperspectral pixels in the resulting image of an image acquisition.  Integration time specifies the 

period of time, within one frame period, during which the aperture is open and light is collected 

on the pixel array.  Integration time is therefore less than the frame period, and must be at least 

3ms less than frame period as required by the instrument to give a window of time in which to 

read and clear pixel values between frames. 

High-signal-to-noise-ratio setting indicates whether multiple frames should be combined 

into a single row of pixels in the output image, possibly using a slower rotation rate of the rotation 
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stage so as to make the sequence of frames overlap in space.  However, we typically did not use 

this built-in high-SNR functionality.  Instead, a rotation speed was chosen in a way matching the 

frame period so that each exposure of the vertical slit of pixels occurred at a horizontal-angular-

offset corresponding to the width, in terms of horizontal field of view, of one vertical row of pixels; 

that is, to make an image without overlapping pixels (i.e., the fields of view for each pixel in the 

recorded image are approximately mutually exclusive and collectively exhaustive).  However, 

being aware of some calibration issues relating to rotation stage push-broom images, full 

panoramic images with fields of view greater than 360 degrees were acquired so that accurate 

horizontal field of view measurements of the pixels could be performed;  the nominal field of view 

of a single pixel was square and 0.75 milliradians.  

A test acquisition was performed for the scan position with the hyperspectral camera, and 

the statistics charts produced by the Hyspex Ground software were examined in order to check 

exposure levels.  Ideally, integration time should be chosen such that the image is over-all well-

exposed but without saturating any bands or pixels.  Typically, integration time was chosen so that 

average exposure was around 50-75% of the dynamic range, so as to ensure a well-exposed image 

without saturation.  A typical integration time in our specific field conditions and with the specific 

instrument was around 10,000 microseconds.  After performing these checks, one or two actual 

images were recorded and saved in the native format for the camera (.hyspex files).  It was ensured 

that the reflector targets were within the field of view of the acquired image.  One pixel of the 

hyperspectral image had a typical ground-sampling-distance or pixel size on the target of around 

10 centimeters.   



88 

In post-processing of hyspex images, the vendor-provided Hyspex RAD software was used 

to convert to industry-standard .img,.hdr files compatible with for example the ENVI software.  

Custom-built software was used to pick tiepoints. 

4.6.2 Procedure For Riegl Vz-4000 Laser Scanner 

Figure 34. Riegl Vz-4000 Laser Scanner. 

Instrument was operated from standard survey tripod.  50 amp-hour, 12 volt batteries were 

used to power the laser scanner as well as an inverter for the field laptop which operates the laser 

scanner.  Two 12-volt batteries were connected in series to produce 24V input for the laser scanner 
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(Figure 34).  The laser scanner has ability to mount, in our case, a Nikon D750 camera on top of 

it. 

Software running on the laptop, provided by the scanner manufacturer Riegl, called 

RiSCAN PRO, was used to operate the laser scanner from each scan position.  The scanner was 

connected to the laptop by ethernet cable.  At the start of the first day of data acquisition, a new 

project was created within the RiSCAN PRO software and at each scan position (i.e., each setup 

location of the instrument), a new "Scan Position" was created within the project within the 

RiSCAN PRO software.  This Scan Position acts somewhat like a "folder" to store measurements 

associated with that setup location. 

After setting up the laser scanner on top of a leveled tribrach on top of the tripod, the first 

step is to perform a panoramic scan using the full field of view of the instrument, which is 360-

degrees horizontal and 60 degrees vertical.  This panoramic image is a low-resolution scan, quickly 

performed within a few minutes, which provides structure for subsequent scans and data 

acquisitions from that scan position.  Within the panoramic image, all visible reflector targets 

(control points) are manually identified and, by mouse-click, their positions indicated to the 

software.  Then, a "reflector scan" mode is activated by which the laser scanner will search the 

vicinity marked representing each reflector (control point target) and perform a high-resolution 

/fine-grained laser scan and data acquisition of that vicinity.  This results in a small but high-

resolution file containing the time-of-flight measured points as a scan, in which scan the reflector 

target should be fully and plainly visible by the high-return-reflectance-values of the points which 

were measured on its surface. 
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Algorithms within the RiSCAN PRO software can then identify the precise center location 

of the reflector target, according to the user-specified type of the reflector target; in particular, user 

specifies whether reflector type is cylindrical or prism, etc.  Cylindrical reflectors and zero-offset 

prisms were used for control point targets; these have an advantage over flat disk targets that they 

do not need to be rotated to face the laser scanner for each scan position.  The procedure of 

scanning each reflector and correctly identifying its center-point is manually checked by the 

operator of the laser scanner, and if a reflector was not successfully scanned or its center-point not 

successfully identified, the scan can be repeated, for example by marking the location of the 

reflector again and scanning it again. 

After scanning all of the reflector targets visible from that position, a "detailed scan" (as 

opposed to the lower resolution, panoramic scan) was performed of the target area that was visible 

and germanely before the laser scanner at that position.  This region was typically chosen as a +/- 

~35 degree field of view relative to the straight-on view to the target outcrop.  The higher-

resolution scan, or detailed scan, was then performed and the data saved.  User-specifiable settings 

include the stepping angle in horizontal and vertical directions during the laser scan, and stepping 

angles were chosen to achieve approximately 2cm resolution on the outcrop. 

Note that the data was saved and checked before closing down from one scan position and 

moving to the next scan position.  A time of around ninety minutes was typical for the occupation 

time of each laser scan position, to account for the time for setup, panoramic scan, reflector scans, 

and "detailed" target scan. 
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4.6.3 Procedure for Topcon Hiper-V base+rover GPS kit 

Figure 35. Topcon Hiper-V base GPS kit. 

Each morning, reflector targets were set up over previously installed monuments; in our 

case, the monuments were survey nails pounded into the ground.  (The ground was composed of 

sedimentary rock which, at its top layer, was easily-enough penetrable by the survey nails.)  Each 

day, a GPS base station was set up also over a local monument (Figure 35).  Heights were measured 

to account for the vertical offset from the GPS base station antenna reference point (in the case of 
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GPS base station) and center-point of each reflector target (for reflector targets), and height values 

recorded in daily log-book. 

Throughout the day, at least two rover-GPS measurements were taken of each reflector 

target.  Specifically, the GPS base station was allowed to run all day, being one of the first 

instruments set up in the morning and one of the last instruments shut down towards late afternoon 

or evening.  Meanwhile over the course of the day, at least two rover circuits were performed.  A 

rover circuit, as we term it here, consisted of first powering on the rover GPS unit and waiting a 

few minutes for it to initialize.  Then, a field team of two persons worked together to carry the 

GPS rover (while it remained turned on and tracking satellites) to the location of the first reflector 

target.  The reflector target was removed from its tribrach (the tribrach being the leveling device 

on top of the tripod) and the GPS rover was installed onto the 5/8"X11 thread. 

A GPS rover occupation, recording raw satellite observations data, was started after 

installing the rover GPS receiver on the tribrach.  The rover GPS occupation was taken for a 

nominal period of one minute.  Coordination with the rest of the field crew (those operating the 

instruments such as the laser scanner, cameras, total stations, etc.) was necessary in order to 

prevent removal of a reflector target during any time when needed by the other operators or to 

prevent conflicts. 

After the rover GPS measurement of the reflector target position (by base of the tribrach 

threads) was taken, the original reflector target was again installed at that location.  After 

measuring each reflector target, the GPS field team proceeded to the next reflector target 

(according to the assigned numbering sequence of the reflector targets) and took GPS rover 

measurement of that reflector target position, in turn.  Field notes were taken indicating the time 
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of day of each GPS rover measurement, the reflector target / control point being measured, and a 

note as to the type of reflector and its corresponding vertical offset from the base of the tribrach 

threads (position measured by GPS rover) to the center of the reflector target.  After completing a 

rover circuit consisting of measuring each reflector target, the rover GPS was powered down until 

needed again (at least two full rover circuits were conducted each day).  

At the end of the day, the GPS base station was checked and powered down.  That night 

(i.e., back at the accommodations), the data from each GPS receiver was downloaded and archived, 

and batteries charged for the next day. 

4.6.4 Field Procedure for Topcon Imaging Total Station Topcon-IS 

Figure 36. Topcon Imaging Total Station Topcon-IS. 
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Our project aimed to combine hyperspectral data with high quality photography with lidar 

data with GPR data.  In order to facilitate transforming these disparate data sources and data 

products into a unified coordinate system, a special use was made of imaging robotic total station 

(Figure 36). 

A total station is a survey device primarily intended to take laser measurements of specific 

targets.  In our case, and using special software to operate the robotic imaging total station from a 

laptop computer, the following additional features of (in our case) the robotic imaging total station 

were utilized:  ability to take and record a "through-the-crosshairs" (zoomed-in) photo of each 

measurement target, ability to scan a set of measurements in a regular grid pattern across a defined 

area or field of view of the instrument, and ability to save this data in a project format facilitating 

the organization of the acquired data and storage of associated meta-data. 

Specifically, the robotic imaging total station was installed each day at (at least) one 

location from which it could survey all reflector targets and control points used that day, across 

the local set of reflector targets and control points used by all other field instruments that day.  If 

not all reflector targets and control points can be surveyed from a single setup position of the 

robotic imaging total station, it is worth noting that the imaging robotic total station can be set up 

in as many positions as needed in order to ensure full coverage, provided that a sufficient number 

of targets-in-common are available when moving from one setup position to the next (similar to a 

survey resection, but utilizing modern and unbiased algorithms for the post-processing). 

Laser measurements were taken and recorded in the coordinate system of the instrument, 

along with meta-data identifying the corresponding day and setup position (e.g., Topcon-IS-Setup-

Position-Day-1-Location-1). Post processing would be used in order to transform measured 
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reflector target positions (relative to each total station position from which they were surveyed) 

into a common coordinate system.  During setup of each location for the total station, a tripod was 

set up and the instrument installed on the tripod and precisely leveled (using the digital bubble 

level of the instrument).   

In addition to using the total station to measure the reflector targets and control point 

positions for each day of fieldwork, a special use was made of the "scanning" ability of the total 

station in order to acquire assorted tiepoints for use in post-processing together with the high-

resolution RGB photography taken by the "Nikon D800 camera with 105mm lens on a robotic 

pan/tilt stage".  This will be discussed in the following section. 

4.6.5 Procedure For Combined Use of Topcon Imaging Total Station Topcon-Is and 

Nikon D800 Camera with 105mm Lens on A Robotic Pan/Tilt Stage 

A goal of the project was to acquire high quality visible-light (RGB) photography and 

merge this photographic information with, for example, the 3d shape information acquired by the 

laser scanner.  The laser scanner natively acquires data in a 3D coordinate system; therefore, to 

combine various data measured in 3D, a simple 3D-to-3D coordinate transformation can be used, 

such as a rigid body transformation if appropriate, and such as on the basis of target points or 

control points in common.  However, a frame camera when taking a picture of a 3D scene will 

record an image in a 2-dimensional coordinate system.  Special processing, such as using the 

science and ideas of photogrammetry, is necessary if 3-dimensional measurements are to be made 

upon or using such images, or indeed if such images are to be combined in any way with 3D data 

(Figure 37 and 38). 
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Figure 37: Topcon Imaging Total Station Topcon-Is and Nikon D800 Camera with 105mm Lens 

on A Robotic Pan/Tilt Stage. 

Let us refer to the 3D data acquired by laser scanning as representing a 3D model.  One 

method of combining a 2D image with a 3D model is via simple perspective projection, provided 

that the nodal point (hypothetical central point of focus for the camera, or ideal center point 

according to the pinhole camera simplifying-abstraction) is known in model coordinates (i.e., the 

same 3D coordinate system as the 3D model), and provided that the interior parameters for the 

camera are known (i.e., field of view of the camera in both axes and lens characterization 

parameters such as principal point coordinates, i.e., the location within an image representing the 

optical axis, and lens distortion coefficients to account for probable barrel distortion, etc. of the 
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Figure 38. Nikon D800 Camera with 105mm Lens on A Robotic Pan/Tilt Stage. 

lens), and finally provided that the external orientation parameters (i.e., which direction the camera 

is "pointing", which can be defined by its forward-optical axis and up-vector, in model space 

coordinates) are known.  That is to say, provided that the nodal point (i.e., position) of the camera 

is known for a given image, and the camera (and lens) internal parameters such as field of view 

are known for the given image, and the orientation of the camera in model space coordinates is 

known, then perspective projection may be used to extend a ray passing from the image plane and 

nodal point out into 3d space for each pixel.  By image plane, we mean a 3D embodiment of the 

2D image as a "rectangle" positioned in 3D space, with "pixels" arranged over its surface; the 

image plane may be imagined behind the nodal point for a closer representation of physical reality 

corresponding to the sensor array of the frame camera being located behind the focal point of the 

lens, or for convenience and without loss of generality the image plane may be imagined in front 

of the nodal plane. 
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Also, if a distortion-corrected and optical-axis-centered raster of the image pixel values is 

used, then the mathematics of finding the 3D position of every pixel on the image plane is 

simplified -- for example, by linear interpolation (the 3D position of image pixels move linearly 

across the imagined 3D rectangle of the image plane, e.g. from one corner to the other;  and the 

corners which represent the base of the pyramid of perspective projection, with the nodal point 

representing the peak of the pyramid, may be calculated from the orientation of the camera and its 

known field of view, together with actual or arbitrary focal length). 

With the mathematics of this perspective projection method, each pixel in the image can 

be projected into the 3D coordinate system of the 3D model, and the location of intersection of the 

projection ray with a point or triangle, etc. taken on the surface of the 3D model will represent the 

source location corresponding to that optical pixel value.  In this way, for example, imagery of the 

sandstone layers including their fractures, cross-bedding, grain appearance, etc. may be applied or 

recovered onto a 3D model which represents their shape.  Note that the optical resolution or pixel 

values are commonly at a higher resolution than the original 3D point measurements.  When 

performing perspective projection from imagery data upon 3D model data, it may be helpful or 

convenient to interpolate a "solid surface" for the 3D model, such as interpolating a connected set 

of triangles over the point cloud measured by the laser scanner.  

In order to perform the post processing operations (such as perspective projection from 2D 

image to 3D model) contemplated in the previous paragraph, a workflow needs to be followed 

which will facilitate acquiring the images during fieldwork along with all information which will 

be needed for subsequent processing steps in order to use those images.  There is a trade-off where 

additional care and procedures during fieldwork may facilitate or make easier the post-processing, 
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or conversely, more sophisticated post-processing may alleviate the need for precise care and 

procedures during image acquisition.  For example, one possible approach could be to draw on 

developments made in photogrammetric processing in recent years such as are sometimes called 

"structure from motion" or image-based-modeling, in which relative 3D positions of camera shots 

for a set of overlapping images can be automatically calculated;  however, our methodology was 

not to use "structure from motion" techniques.  Instead, "extra field work" was performed in order 

to acquire a dataset which could be used in post-processing, in a custom workflow, to find the 

camera vantages for each image (we use the term 'vantage' to succinctly describe "position and 

orientation".)  This custom workflow will be described as follows.  

The methodology we use to combine 2D images with 3D model is to solve for the position 

and orientation of the camera (corresponding to each image), separately and independently for 

each image, on the basis of 2D-3D tiepoints, namely, points for which the 3D model coordinate is 

known and for which the 2D pixel coordinate within the image is also known. 

The question then becomes of what method to use to find these 2D-3D tiepoints.  One 

possible method is to pick them manually; for example, in post-processing, for every 2D image of 

the rock outcrop, a set of tiepoints could be selected by manually finding corresponding features 

between the 2D image and the 3D model.  Such a manual method of picking tiepoints would be 

labor-intensive and error-prone, especially as it is often difficult to find corresponding features 

between 2D images and 3D shapes, because it requires matching fundamentally different data 

types.  Whereas, automatic methods often exist for matching multiple measurements or images of 

the same data type, for example, point-cloud-matching to automatically register 3D vector data or 

image matching (e.g. template matching) to match 2D raster data;  but direct matching from 2D 
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raster data to 3D vector data seems not as straight forward.  Therefore, a somewhat unique method 

of field data acquisition and subsequent processing was used, the critical piece of which is to use 

the robotic imaging total station to acquire points for which 2D and 3D information is 

simultaneously known. 

Specifically, the robotic imaging total station can acquire a laser measurement of a target 

and, at the same time, a telescopic photo, where the center of the telescopic photo marks the 

position of the laser measurement (subject to parallax calibration and/or principal point calibration 

of the telescopic lens, etc.)  Using the facts just described is the central innovation of a workflow 

pioneered by the company Geological & Historical Virtual Models (GHVM), which consulted 

with us for this project.  This workflow is as follows.  

A series of setup positions is marked for which both the robotic imaging total station and 

the professional camera mounted on a robotic pan/tilt stage (in our case a Nikon D800 camera with 

105mm lens on a FLIR D48 pan/tilt stage) will be set up.  Each setup position should cover a field 

of view on the target outcrop of approximately +/- 30 degrees, with a certain amount of overlap 

among setup positions.  In our case, an overlap between scan positions of 50% was chosen to 

ensure that head-on-to-the-target photography could be used over all facets of the target, with 

minimal occlusion (i.e., minimizing the occurrence of areas of the target not being visible to 

photography from at least one good vantage point corresponding to a setup position). 

During field work, two tripods are installed in nearby proximity to each other:  one on 

which the robotic imaging total station is mounted and leveled, and one on which the camera with 

its robotic pan/tilt stage is mounted and leveled, facing towards the outcrop (i.e., towards the target 
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area of interest).  We will refer to the camera mounted on its robotic pan/tilt stage as the "robotic 

camera".  

Data acquisition proceeds as follows.  First, with both instruments (total station and robotic 

camera) controlled by software running on the same laptop, the operator maneuvers each 

instrument to take a measurement of each visible reflector target / control point.  In the case of the 

total station, it may be helpful to have a team-mate manually sight the total station on each control 

point while the person operating the laptop triggers the tiepoint measurement and recording of 

associated meta-data (such as an image of the measured target).  Otherwise, the person operating 

from the laptop can maneuver the total station to measure each control point, navigating using the 

software and its viewport display of the wide-angle photography from the instrument (the software 

can toggle between wide-angle and telephoto photos, downloaded from the instrument, and user 

can click in the viewport which shows the currently downloaded image in order to maneuver). 

Separately, albeit a skilled operator can control both instruments somewhat in tandem, the 

operator maneuvers the robotic camera to face forward towards each control point and take and 

download a corresponding photograph.  Navigation of the robotic camera is similar as software-

controlled navigation of the imaging total station, namely by downloading photos from the camera, 

clicking somewhere in the photo, and causing the camera to robotically maneuver to point 

approximately in that direction. 

Manual pan, tilt angles can also be entered to maneuver the camera to approximately the 

correct direction; in either case, the camera photo should be centered on each control target as 

precisely as possible prior to taking the photo.  Then, a photo is taken for each control point and 
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marked in the project meta-data as corresponding to that control point (e.g. by control point 

number). 

Finally, the sensor operator zooms in on the downloaded photo and precisely identifies the 

center-point of the control point or reflector target in the photo, which center-point information is 

saved as a pixel coordinate or "uv" coordinate within the project meta-data.  It is worth noting that 

the imaging total station may have its backsight (0-angle azimuth setting) taken to correspond to a 

distinctive feature or, for example, to one of the reflector targets;  this can be useful to "re-

establish" the position if the instrument is disturbed in any way;  however, leaving the total station 

instrument's backsight at an arbitrary azimuth angle is also acceptable (and if needed, horizontal 

azimuth of the instrument can be re-established even at an arbitrary angle, for example using the 

known azimuth angle of any point measured so far). 

Meanwhile, the pan-tilt stage (platform) of the "robotic camera" has a limited extent of 

rotation in the horizontal (azimuth) angle of approximately +/- 170 degrees.  In order to prevent a 

potential blind spot, it is best to set up the pan tilt stage with its 0-horizontal-angle facing directly 

forward to the target area of interest.  Additionally, there is no way to precisely orient the 0-angle 

of the robotic pan/tilt stage for the camera to a defined-in-advance point;  therefore, the "backsight" 

or 0-degree-azimuth of one or both of each instrument (robotic camera and total station) is 

arbitrary, and therefore the two instruments are not natively in the same coordinate system (even 

if they could otherwise be assumed to be, such as by ignoring parallax effects, if one simply 

assumed each instrument to be in approximately the same position and level and hypothetically 

identical backsight).  But, for reasons just recounted, even the backsight or 0-horizontal angle of 

the two instruments is different, and so they are natively setup in different coordinate systems, 
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albeit with similar level and differing in physical location by perhaps at most 1.5 meters.  We 

would like to register the instruments' two coordinate systems together so as to synchronize the 

required data acquisition between them. 

To synchronize the coordinate system of the two instruments, a transformation is 

performed within the GeoConstructor field laptop software by GHVM whereby the 3d 

measurements of the control points as measured by the total station, in the total station's coordinate 

system, are used as a reference and a specially crafted transformation is solved for the relative 

position and orientation of the robotic camera system for the corresponding robotic camera 

instrument setup.  The "position and orientation" of the robotic camera system is modeled in the 

software as follows.  There is a central vertical axis (i.e., a point-vector, i.e., an axis defined by a 

point in space and an up-vector extending from it) about which the pan/tilt stage rotates 

horizontally (the "pan");  and at an orthogonal angle to the "up-vector", there is a "forward vector" 

which describes the forwards direction the instrument points at 0-degrees pan.  A particular photo 

taken with the robotic camera system will have its own specific position and orientation which (to 

a first approximation) is derivative to the coordinate system established by the setup of the robotic 

camera system as a whole. 

In particular, each photo has a pan and tilt value describing the way the pan/tilt platform 

was oriented when the photo was taken. We will make a few notes as follows about the 

mathematical modeling of this.  The horizontal/pan rotation of a photo is taken by rotating about 

the robotic camera system's vertical axis, with the robotic camera system's "forward" vector 

representing 0-degrees pan. 
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The robotic camera system's "forward" and "up" vectors also effectively define the way tilt 

rotations of a photo are calculated, in that tilt angles are modeled by rotating about the vector which 

is orthogonal to both "forward" and "up" (namely, the "right" vector found by cross product;  

"right" = "forward" X "up", and tilt rotations are modeled around the "right" vector).  It is worth 

noting that inside the mathematical procedure, the vertical/tilt angle rotation for a specific photo 

should be performed around the corresponding or "effective" right angle for that photo, or around 

the "right" angle corresponding to the forward,up vectors after applying the horizontal/pan rotation 

(namely of the forward vector) for a particular photo.  Recall we use the term "vantage" to refer to 

position and orientation.  It suffices when deriving camera vantages (that is, a vantage for a specific 

photo, on the basis of pan/tilt values, relative to the vantage of the robotic camera system itself as 

setup on a tripod, i.e., relative to a specific instrument setup):  it suffices to apply the vertical/tilt 

rotation first, i.e., first apply vertical/tilt rotation around the "right" vector for the robotic camera 

system, then apply horizontal/pan rotation by rotating about the "up" vector for the robotic camera 

system. 

In summary, the robotic camera instrument setup vantage (position and orientation) is 

modeled as a "nodal point, forward-vector, up-vector" (and the approximate exterior camera 

parameters for individual photos can be derived relative to that, on the basis of pan/tilt angles).  

The "nodal point (XYZ), forward-vector, and up-vector" modeling is equivalent to a six parameter 

model (X,Y,Z,yaw,roll,pitch), which is a good starting basis for what we have thus far described. 

Therefore, there is a logically "six parameter" (X,Y,Z,yaw,tilt,roll) set of variables which can 

describe the position and orientation of the "nodal point" of the robotic pan-tilt stage itself. 
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On top of this, there is physically a lever arm on which the camera sits, i.e., the camera 

does not rotate around its own nodal point but rather around the "nodal point" of the robotic camera 

system and as offset by a lever arm; additionally, the forward angle of the camera may not be 

perfectly aligned with the forward angle of the pan-tilt stage; and the camera may not be at a perfect 

right-angle to the mounting plate on the pan-tilt stage. Of these physical variations, a compromise 

should be made between trying to model explicitly each parameter that has a corresponding basis 

in the real world, versus avoiding too many parameters when realistically they may be highly 

correlated or conflated with each other or not convincingly solvable given the (in our case, 

relatively small, as in five to nine) number of measured control points and the underlying accuracy 

of the measurements involved.  Therefore, in accordance with the software developed by 

Geological and Historical Virtual Models (GHVM), a specially crafted transformation between 

robotic camera position and imaging total station position is taken as follows:  a "six parameter" 

(X/Y/Z/roll/pitch/yaw, but actually solved within the software as center-point, forward-vector, and 

up-vector) set of variables is used to describe the position of the robotic camera position, and a 

"droop angle" is solved which accounts for a tendency of the camera, as installed on the pan/tilt 

stage to bend forward slightly, i.e., the camera is not perfectly level even when the pan/tilt stage is 

level;  however, because the pan/tilt stage is panoramic or has nearly 360-degrees of rotation, in 

general the camera should not be leveled on one side (e.g. the "forward" side) by compensating 

the level of the pan/tilt stage, because this would result in the camera being "twice" as much out-

of-level when pointing in the reverse direction. It was found that utilizing a camera droop angle 

(as opposed to other possible real-world parameters, such as camera lever arm or deviation of 
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camera forward angle from robotic pan/tilt stage forward angle) was most effective at achieving 

low-residual measurement errors in the panoramic sense.   

Using the target points / control points measured by each the total station and robotic 

camera, a seven-parameter transformation (X/Y/Z/roll/pitch/yaw/droop, as described above) is 

used to solve for the relative position and orientation (and droop angle) of the robotic camera 

relative to the coordinate system of the total station.  This proceeds by extending rays from the 

robotic camera position corresponding to each measured control point, taking into account the 

pan/tilt angles of the photo in which that control point was measured as well as the user-identified 

center-point of that control point within the photo, together with the field of view of the camera;  

parameters are solved which minimize the set of errors which are the perpendicular-distances from 

the 3d points as measured by total station to each ray extended from the robotic camera position 

for the corresponding point.  After this set of parameters is solved, it is possible to for example, 

find the pan/tilt angle for the robotic camera that would correspond to a photo taken straight-on to 

any point measured in 3d space by the total station.  The operator in the field, after measuring the 

control points with each instrument (total station and robotic camera), is able to solve the 

transformation between their two coordinate systems using the software interface of the laptop 

software, and this is performed as the next step after measuring the control points.  The errors / 

residuals are checked to ensure a reasonably good registration solution has been obtained; if not, 

the operator can check for outliers or re-measure any control points if needed.  

After obtaining a registration solution between the robotic camera and imaging total station 

while in the field, the operator will define the target area of interest for the current setup position; 

this would be, for example, an area on the target outcrop or area of interest corresponding to a +/- 
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30 degree horizontal field of view of the target directly before the setup position.  Specifically, the 

user defines this area using the laptop software, preferably using the total station to mark corner 

points of the area or to define a polygon which represents the area of interest; and for every 3d 

point measured by total station (defining the extents of the area of interest), a corresponding pan/tilt 

angle can be found for the robotic camera.  Alternatively, parallax can be ignored (or an average 

distance to target assumed) and the target area of interest can be defined in terms of 

vertical,horizontal angles to each vertex of the polygon defining the area of interest, making it 

possible to define the area of interest using images acquired by the robotic camera if preferred.  

Once an area of interest is defined for the current setup position, a scan is defined within 

the project meta-data (by the laptop software) for each instrument.  For the robotic camera, the 

scan defines a set of pan/tilt angles at which images (i.e., full resolution, high quality photographic 

images) should be obtained in order to fully cover the area of interest.  These "stepping angles" for 

the scan are defined also by the field of view of a single image from the camera along with a user-

specified overlap factor; a typical chosen overlap factor is 50%.  Separately, for the total station, a 

scan pattern is defined which indicates positions distributed all along the target area of interest, 

but contained strictly within the defined area-of-interest polygon;  for each position defined in the 

scan pattern, the total station is to take its set of measurements, namely a 3d laser measurement 

and a corresponding telephoto measurement;  optionally, the (possibly cropped) wide-angle 

photograph corresponding to that measurement angle can be saved as well.  The scan pattern for 

the total station is defined, for example, by a desired or average number of point measurements 

that should be locatable in each photo from the robotic camera scan; for example, a target of 6-9 

laser measurements per robotic photo may be typical.   
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With the scan pattern defined for each instrument, the operator presses the button in the 

software to initiate data acquisition of the target area of interest for each instrument; namely, the 

robotic camera starts its scan and data acquisition of photos and associated meta-data such as 

pan/tilt angles, and the robotic imaging total station begins its scan and data acquisition of 3d laser 

measurements and corresponding telephoto images, etc.  The operator should be mindful of several 

factors, such as:  making sure the camera properly focused on the target and that its exposure, etc. 

settings are well-specified (if possible, it may be helpful to keep a single focus, e.g. infinity, and 

single exposure level for all photos of the data acquisition, as this can arguably be helpful during 

post-processing steps; however, adjustments may be made if needed). 

Additionally, the operator should ensure that the photos of the data acquisition are as un-

obstructed as possible, for example, if scanning a road cut area as in our case, the operator may 

wish to pause data acquisition if large trucks, etc. are passing by obstructing the field of view; the 

sensor operator may "rewind" in the scan and re-acquire any of the photo shots, if necessary.  

Additionally, the sensor operator should ensure that the total station scan is carrying on similarly 

well; it is especially important that the sensor operator ensure a good photos of the telephoto 

images being acquired.  If the instrument has trouble taking the laser measurement for any position, 

the operator may elect to try again or simply skip that scan step. 

A typical number of photos in a scan of the robotic camera is perhaps 10-60 photos, and a 

typical number of step locations for the imaging total station is perhaps 30-200.  After the scan is 

complete for each instrument, (and data recorded and checked by the operator), the instruments 

may be shut down from that setup position.  If being especially attentive to detail, it is optional 

that the operator perform a repeat-series of measurements of the control point targets for the total 



109 

station, such as to check if there was any settling or drift in the instrument position over the course 

of the occupation;  such data is always useful in post-processing, such as for QA purposes.  

One aspect of the scan performed by the robotic camera, not discussed above but discussed 

here, is the possibility to acquire HDR photography.  That is, the camera can be configured to 

acquire for example a bracketed set of images (taken at e.g. different exposures), and the laptop 

software may be configured to trigger and download the corresponding number of images (e.g. 3) 

for each pan/tilt image stepping location in the scan, and save appropriate meta-data.  The set of 

multiple-exposure/HDR photographs can be useful in post-processing to obtain superior 

photographic results.   

The typical occupation time for a single setup position of the robotic imaging total station 

and robotic camera is similar as with the laser scanner; perhaps 90 minutes total for one setup 

position. 

4.6.6 Procedure for Use of GPR and ERT in the Field 

We marked out the area where we would perform the GPR survey.  The GPR survey area 

was a area of ground on the north side of the road cut (north of the northern outcrop face which 

was scanned by methods discussed above) (Figures 39, 40, 41 and 42).   A GPR survey over the 

GPR survey area was planned by marking out a set of profile lines as well as a set of tie-lines (at 

approximately right-angles to the profile lines).  The endpoint of each line was marked by a flag.  

The GPR survey was carried out by the GPR survey team. 

In order to establish a common coordinate system for all data sets, particular attention 

was paid to the GPR survey as against the lidar and laser-measurement surveying as follows.  At 

least once during the field work campaign, reflector targets were installed on tripods set up above 
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the end-point of each GPR line (profile line or tie line).  These reflector targets were measured 

by total station, and vertical height measurements taken for each reflector target above the 

ground; this dataset effectively measures the 3d point position of the GPR line endpoint as 

located at the top of the surface of the ground, for each endpoint.  The total station which 

performed these measurements, from the same setup position, also measured the reflector targets/ 

control points used by the laser scanning, hyperspectral imaging, and robotic camera scanning 

setups; that is, the total station which measured the endpoint positions of the GPR lines was 

registered (in post-processing) into the overall project system for the combined survey, on the 

basis of the reflector targets/ control points measured in common by all instruments. 

Figure 39. GPR in the Field. 
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Figure 40. GPR in the Field. 

Figure 41. ERT in the Field. 
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Figure 42. ERT in the Field. 
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Figure 43. ERT in the Field. 
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4.7 RESULTS AND DISCUSSIONS FOR HYPERSPECTRAL 

Table 2. Spectral Angle Mapper Accuracy assessment 

SAM Classification 

Reference 

GrainStone wackStone MudStone Total 

Classification 

GrainStone 21 5 0 26 

wackStone 3 26 0 29 

MudStone 0 3 24 27 

Total 24 34 24 

Overall:71/82= 87% 

Producer's accuracy User's accuracy 

GrainStone 21/24=0.88 21/26=0.81% 

wackStone 26/34=0.76 26/29=0.90% 

MudStone 24/24=0.7 24/27=1.0% 



115 

Table 3. Kolmogorov-Smirov (KS) accuracy assessment 

KS Classification 

Reference 

GrainStone wackStone MudStone Total 

Classification 

GrainStone 19 5 0 24 

wackStone 4 24 0 28 

MudStone 1 3 22 26 

Total 24 32 22 

Overall user's accuracy 91% 

Table 4. Kullback-Liebler (KL) accuracy assessment 

KL Classification 

Reference 

GrainStone wackStone MudStone Total 

Classification 

GrainStone 20 4 0 24 

wackStone 5 20 2 27 

MudStone 2 1 22 25 

Total 27 25 24 

Overall user's accuracy 94% 
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As you see in above tables (2, 3, 4), the accuracy assessment for spectral Angle Mapper 

was 0.87% but the Accuracy assessment for Kolmogorov-Smirov is 0.91% and the Accuracy 

assessment for Kullback-Liebler is 0.94% which is the accuracy improve with KS and KL. 

Advantages: Better classification results; non-parametric method; Limitations: Select training 

samples is still important, Future work to do: Add function to make it be able to deal with a spatial 

subset of the input raster, Add the function for accuracy assessment, Improve algorithm for KL/KS 

classification. 
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5.1      ABSTRACT 

Khuff Formation is of utmost importance in Saudi Arabia for oil and gas reservoir although 

it is composed mainly of limestone. This reason refers to the existence of intensive fractures that 

play vital role in the increasing of porosity and permeability of this formation. The fracture pattern 

in the study area was verified through 2D and 3D GPR define and ERT define survey. In this 

respect ten of 2D GPR surveys were collected along intersected grid of profiles covering the study 

area while ERT data were conducted along three profiles of GPR grid. The results were interpreted 

in light of the field-based structural and stratigraphic assessment of the outcropping rocks. The 

ERT analysis and filtered GPR sections analysis revealed fractures presence. Multiple resistivity 

and electromagnetic reflection anomalies were identified (laterally and vertically) across the 

measured sections clarifying fractures that extend to depth of 24 m in the limestone. Most fractures 

are oriented vertical to sub-vertical dipping both east-west and north-south. 

Keywords: Khuff limestone, fractures, ERT, GPR, Al-Qassim District 

5.2      INTRODUCTION 

Al-Khuff Formation has a great importance economically where it is major oil and gas 

reservoir the eastern region of the Arabian Plate (Bahrain, Qatar, Kuwait and Iran). Majority of 

porosity and permeability in carbonate reservoirs are due to fracturing and/or mineral dissolution 

as secondary process (Amthor and Friedman, 1991).  

In Al-Qassim area the Khuff reservoirs outcrops on the surface that deposited in shallow 

water environment with restricted marine fauna, but, the environment tends to be a more open 

marine fauna in the south-eastern part of Arabia in Al-Rub Al-Khali, UAE and Oman (Al-Jallal, 
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1995). The associated strain with the structures contributes in the forming of several sets of 

fractures in the Khuff Formation. There are two phases of fracturing; the older phase related to the 

Permo-Triassic extensional tectonics while the younger phase accompanied with the Zagros 

collision tectonics. However the Khuff reservoir act based mainly on matrix porosity (up to 12%), 

some wells display distinct effect of fractures on reservoir recital where gas production rate is 

nearly double that in wells having only matrix porosity (Moustafa, 2011). 

GPR became one of the utmost popular geophysical methods recent years owing to the 

large frequency mixture that range from 10.0 MHz, imaging tens of meters in ideal soils condition 

or even hundreds of meters in ice and salts, up to 2.0 GHz for sub-centimeter imaging (Davis and 

Annan, 1989; Jol and Bristow, 2003). The non-disturbance method is extensively used in 

hydrology, geology, engineering, military and archeology (Goodman, 1994; Grandjean et al., 

2000; Kim et al., 2007; Farmani et al., 2008). GPR as an electromagnetic (EM) wave behaves as 

the acoustic wave making the GPR method comparable in survey, processing and interpretation to 

the seismic techniques; best examples can be seen in previous studies by Fisher et al. (1992); 

Hollender et al. (1999); Lehmann et al. (2000); Bohidar and Hermance (2002). The main idea of 

this method is the transmitting of Electromagnetic waves into the ground and recording the 

reflected waves due to the variation in the dielectric or electrical properties of the subsurface. The 

recorded data are, then, processed and plotted for further analysis and interpretation.   

Fractures analysis in deep reservoirs is localized around drilled boreholes and generalized 

using seismic attributes for the whole reservoir with maximum resolution of 5 m and 25 m vertical 

and horizontal resolutions respectively (Corbeanu et al., 2002). Reservoir outcrop, analog, 

provides emplace analysis as an alternative option for detail and high resolution reservoir 
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characterizations. Reservoir analog characterization involves imaging the fractures distributions 

and orientations, which makes the GPR method for its high resolution one of the best options to 

perform this task (Hammon III et al., 2002; Corbeanu et al., 2002; Clement and Barrash, 2006; 

Harbi and McMechan, 2011). Instead, the electrical resistivity is one of geophysical techniques 
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that used for measuring the behavior of electrical current injected into the ground. The main 

objective of this work is to perform 2D GPR and electrical resistivity tomography (ERT) profiling 

surveys to detect the fractures and sequence stratigraphy in the area of study (Figure 22). 

Furthermore, ERT geophysical technique has been successfully used to detect the near-surface 

fractures and weak zones at several sites all over the world (Reiser, et al, 2009, Ha et al., 2010, 

Chávez et al., 2014, Tassis et al., 2014). 

5.3      GEOLOGY OF THE STUDY AREA 

The study area located northeast of Buraidah city in Al-Qassim area between longitudes 

34o 59 59.43 and 44o 00 17.21 and latitudes 26o 25 33.39 and 26o 25 50.52 (Figure 43). 

Geologically, the surface of this area is constituted by the Khuff Formation (Figure 44) that attract 

the attention of several geologists and geophysicists to study, in detail, the stratigraphic sequence 

and diagenetic processes of this formation. 

Khuff Formation was firstly defined by Steineke and Bramkamp (1952) and Steineke et al. 

(1958), later; Powers et al. (1966) subdivided the Khuff Formation into three members, Unayzah, 

Midhnab and Khartam while Delfour et al. (1982) subdivided it into Unayzah, Huqayl, Duhaysan, 

Midhnab and Khartam Members. 

  At the base, Khuff clastics have unconformable contact with the underlying massive Saq 

sandstone of Cambro-Ordovician age. The top boundary was placed at a sharp contact between 

Khuff carbonate and red to green gypsiferous Triassic Sudair Shale. Al-Aswad and Kamel (1992) 

studied the microfossils in Khuff Formation and they found foraminifera, ostracods and calcareous 

algae that indicate Late Permian age for the Khuff Formation. Crasquin-Soleau et al. (2006) 
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Figure 45. Geological setting of the study area (modified after Manivit et al., 1986). 

 

discovered ostracod fauna for the first time in the Khuff Formation in Saudi Arabia and improved 

the existence of the Permian – Triassic boundary that appears between the lower and upper units 

of Khartam Member. The Permian – Triassic Khuff Formation comprises of a horizontally 

constant succession characterized by cyclic sedimentation of carbonates and evaporites 

precipitated in a shallow marine shelf environment. This indicates the existing of a flat carbonate 

ramp extending greater than 2500 Km in SE – NW strike direction and exceeds 1500 Km in SW 

– NE dip direction (Zeller et al., 2011). This resulted in a creation of layer-cake 19 type platform 
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comprising of meter – scale marker beds traceable for hundreds of kilometers across the Arabian 

platform (Al-Jallal, 1995). 

5.4  DATA ACQUISITION AND PROCESSING 

This study uses the 2D GPR and ERT methods along different profiles for better understand 

of the fracture distribution of Al-Khuff reservoir analog. For this purpose, the study area is 

discretized into seven East-West GPR profiles and three North-South tie-lines, which then ERT 

survey is conducted along profiles 2 and 4 and Tie-Line 2 (Figure 45). 

Figure 46. Field-survey design for data acquisition. 
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Profiles length and separation are vary based on the topographic and accessibility to the 

survey station of the used method. GPR data accusations are performed using RAMAC GPR 

manufacture and IDS system of 25 MHz nominal frequency dipole antennas system. The two 

antennas are at one meter offset directed horizontally to the survey line. The GPR scans are 

acquired each 10 cm interval along the profile for good horizontal resolution. ERT survey was 

conducted along straight profiles of 2 m electrodes spacing for higher resolution using 100 steel 

electrodes. 

The preprocessing sequence in GPR is well known and universal for most GPR systems. 

In this work, the data subjected to sequence of preprocessing steps as: declippling, dewowing, time 

zero and static corrections, constant gain, background removal, filtering using Butterworth 

bandpass filter, smoothing and despicking using average x-y filter. Then, the first-derivative of the 

instantaneous phase using absolute threshold values is applied for the final processed GPR data to 

enhance the horizontal stratigraphy delineation. Reflexw is the software in the main processing. 

(Figure 46) clarifies the raw GPR data in (a), final processed amplitude data in (b) and the first-

derivative instantaneous phase in (c). Along all GPR profiles, only the first 160 ns two-way time 

has reflections from subsurface strata and the rest of all sections have been attenuated completely 

due to the increase of electrical conductivity.   

The ERT data acquisitions are collected using Syscal-Pro 120 resistivitymeter channels 

system by IRIS (http://www.iris-instruments.com/syscal-prosw.html). The Syscal Pro measures 

resistivity as well as chargeability. It is perfect for bedrock depth estimation, and mapping of 

weathered bedrock. With a maximal output voltage of 1000V, the Syscal Pro is adapted to detect 

deep fault in a fractured aquifer, or to characterize both depths and thickness of the deep 
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groundwater aquifers. During the data acquisition, all electrodes show well-grounded coupling 

with less than 1k.Ohm resistance. The data set is filtered using Prosys II to remove bad data and 

off-range values. Then, the Res2dinv software by IRIS is used to invert the apparent acquired 

resistivity into true resistivity and pseudosections for interpretation. However, the chargeability 

values are not accurate due to the use of steel electrodes, but variations between values can be 

good for clay and water content distributions along with the resistivity profiles. The maximum 

depth of penetration using ERT configurations is 27 m. 

 

Figure 47. Processing steps, A) raw data; B) processed data; C) 1st derivative of the 

instantaneous phase of the processed data in (b). 
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5.5       RESULTS AND DISCUSSIONS 

Each of the processed GPR and ERT profiles are combined with each other to form fence 

diagrams for the processed GPR data, first-derivative of the instant phase, and true resistivity 

pseudosections as illustrated in Figures 47, 48 and 49, respectively. The z axis in Figures 47 and 

48 are in depth scale converted from the two-time scale in the original GPR data using 0.11 m/ns 

average velocity for easy correlation with the ERT results.  

Figures 47 and 48 illustrate the GPR amplitude and its attributes along the ten survey 

profiles. They give a well understand of the stratigraphy and clay content distribution. The decay 

in GPR amplitude is attributed to electrically conductive zone due to clay content and/or water 

content in fractured limestone (Figure 47). 

 

Figure 48. Fence diagram of the processed GPR data. 
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Detail correlation between GPR and ERT data can be represented in Figures 50, 51 and 52. Figure 

47 shows the interpreted fractures distribution along all the GPR profiles in fence diagram view. 

Due to large distance between profiles (~25 m), cross-lines fracture distribution cannot be imaged, 

but with use of 10 cm reading interval along each profile, in-line fracture distribution is well 

imaged. Most fractures illustrate vertical to sub-vertical dipping for both east-west and north-south 

profiles. 

Figure 49. Fence diagram of the first-derivative instantaneous phase of the processed GPR data. 
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Figure 50. Fence diagram of true resistivity pseudo-sections along profile (2, 4 and Tie-Line 2). 

 

The true resistivity pseudosections in Figures 50a, 51a and 52a can be classified depending 

on the electrical resistivity values into 4 sub-horizontal stratigraphic units. Unit 1 is a high 

resistivity zone with average depth of 7 m, which can be interpreted as a dry fractured surface 

layer. The small electrical resistivity variation in this unit is due to difference in the fractures 

thickness, which may accumulate low resistivity clay and sediments filling with some water 

saturation. While, the highest resistivity represents intact limestone blocks. From the chargeability 

pseudosections, Figures 50b, 51b and 52b, this unit has low clay contents as characterized by the 

low chargeability values (< 3.0 mV/V).   

Unit 2 illustrates a low resistivity value of 2-24 Ohm.m with 8m average thickness (7-15 

m depth). It can be explained as saturated fractured limestone with some clay contents. The unit 
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presents isolated sections of low resistivity values that connected to similar resistivity values in 

the above unite (Unit 1). Different sizes of clay lenses can be seen in the east and central portion 

of profile 2 (Figure 50b) and in south portion of the tie-line 2 (Figure 52b).  In general, the surface 

fractures of Unit 1 are the surface water pathway for the saturated sections in Unit 2, and the high 

resistivity strips of Unit 2 are connected with similar values with the above and bottom units as an 

intact limestone blocks. Unit 3 is a high resistivity values (> 34 Ohm.m) with 9 m average thickness 

(15-24m depth). In Figures 50 and 51, this unit present intact layer along the profiles, and it 

separated by major fracture and clay lenses along the tie-line 2 (Figure 52). The high resistivity 

values may result of large undamaged limestone blocks or a dry low clay contents fractured 

limestone (Figure 50b, 51b and 52b), and the high resistivity values are due to less water 

saturations.  

Unit 4 is low resistivity value zone at average depth of 24 m. From the chargeability 

pseudosections in Figure 50b, 51b and 52b, the low resistivity values are due to the clay content, 

which present high chargeability values (> 34 mV/V). This layer contains a large limestone blocks 

or boundaries that present high resistivity and low chargeability values; for example, the east 

portions of profiles 2 and 4 (Figures 50 and 51), and the middle of tie-line 2 (Figure 52).  

In all GPR sections, only reflections from Unit 1 in the above resistivity distribution zone 

are present. The low resistivity values of Unit 2 work as electromagnetic barriers for deeper 

reflection. Most GPR signals attenuated within this layer or completely reflected from clay thin 

sheets along the topmost of Unit 2 (Figure 50c, 51c and 52c). However, deeper reflections have 

recognized in areas of high resistivity and low clay contents portion such as between 75-100 m 
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surface distance along profile 4 (Figure 51d). There is a great matching between GPR and 

resistivity surveys for the first 7 m depth. It can be recognized from the attenuation of the GPR 

amplitude along Profile 2 and 4 and Tie-Line 2, and the resistivity pseudosections along the same 

profiles (Figures 50a and 50c; 51a and 51c; 52a and 52c). The fractures distributions are well 

imaged along the GPR profiles, and enhanced for better resolution using the first-derivative of the 

instantaneous phase (Figures 50d, 51d and 52d). 

 

Figure 51. A correlation between resistivity and GPR survey output along profile 2; A) resistivity 

pseudosection; B) chargeability pseudosection; C) processed GPR amplitude; D) 1st derivative 

of the instantaneous phase of the processed GPR data. Red and black lines represents fractures. 

GPR limit

GPR limit

0.5
3.7
7.9

11.5

15.8

21.0

27.2

D
e
p

th
 (
m

)

0.5
3.7
7.9

11.5

15.8

21.0

27.2

D
e
p

th
 (
m

)

0.0 32.0 64.0 96.0 128.0 160.0 192.0
20 40 60 80 100 120 140 160 180

0.0 32.0 64.0 96.0 128.0 160.0 192.0

Distance (m)

0

100

200

T
im

e
 (

n
s
)

0

100

200
T
im

e
 (

n
s
)

0 20 40 60 80 100 120 140 160 180 200

0 20 40 60 80 100 120 140 160 180 200

0

5

10

D
e
p

th
 (
m

)

0

5

10

D
e
p

th
 (
m

)

a)

b)

c)

d)

E W



 

132 

 

Figure 52. A correlation between resistivity and GPR survey output of the same profile (Line-4); 

A) resistivity pseudosection; B) chargeability pseudosection; C) processed GPR amplitude; D) 

1st derivative of the instantaneous processed GPR data. Red and black lines represents fractures. 
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Figure 53. A correlation between resistivity and GPR survey output of the same profile (Tie 

Line-2); A) resistivity pseudosection; B) chargeability pseudosection; C) processed GPR 

amplitude; D) 1st derivative of the instantaneous processed GPR data. Red and black lines 

represents fractures 

The bottom layer (Unit 2) saturations are interconnected with surface layer fractures. The 

more fractures density in the surface layer (Unit 1), the higher water saturation in the bottom layer 

(Unit 2). The surveyed GPR profiles have different trends, but in general, most fractures of the top 

layer present vertical to sub-vertical dip (Figures 53, 54). 
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Figure 54. Fracture from all profiles, A) from profile 1 of trend (255N); B) from profiles 2 to 7 

of trend (225N); C) from Tie-Lines of trend (370N). 

5.6 CONCLUSION 

In this study, the presence of the near-surface fractures is investigated using Ground 

penetrating radar (GPR) and electrical resistivity tomography (ERT) techniques in the study area. 

Based on the results of ten 2D GPR profiles, the maximum depth of penetration is about 7.0 m due 

to the existence of a low resistivity and clay layer thin sheets at this depth. Based on the results of 

three ERT profiles, there are four resistivity layers with different thickness were identified. This 

thickness ranges from 7 to 24 meters. These layers can be interpreted as a dry fractured surface 

layer, saturated fractured limestone with some clay contents, intact layer, and a large limestone 

blocks respectively. Khuff formation is suffering from intensive fracturing as indicated by the 

pattern of fractures in the area of study. Most of these fractures are detected in the top layer 

illustrating vertical to sub-vertical dip for both east-west and north-south profiles. 
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CHAPTER 6 

 

INTEGRATING (LIDAR, HYPERSPECTRAL) WITHIN SURFACE AND 

SUBSURFACE DATA SETS FOR THE GEOLOGIC ANALYSIS USING ARC GIS 

 

6.1 ABSTRACT 

Visualization of hyperspectral, Lidar, Hyperspectral and GPR data is very important for 

understanding the formation of the outcrop. ArcGIS, which is an industry-standard mapping 

software, could be used as a platform for such visualization. It also has Geo-Analysis Tools (GAT) 

that are used frequently in performing further analysis of such data. This chapter details the field 

procedure and data analysis procedures used in analyzing and visualizing the outcrop data. 

6.2 Data Processing Steps 

1. Processing control point positions to be used for all the project. 

2. Align the laser scan data to these control points. 

3. Align the imaging total station data to these control points. 

4. For GPR, process individual profiles and take the dimensions of the profile as a simple 

rectangle, then create a rectangle in 3D space using the surveyed endpoints of the profile 

line or tie line and extending straight down vertically, then applying the processed GPR 

image as texture to create textured Obj model (3d model). 

5. For Hyperspectral IMAGES, use GeoModelBuilder to manually pick tiepoints between 

cylindrical photo (from rotating pushbroom camera) and 3D model (lidar data) and solve 

camera positions, on an original panoramic image. 
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6. For a selected hyperspectral image for a given scan position (setup position), crop it to the 

target area of interest and process it in ENVI using your techniques to get a classified 

image. 

7. Use GeoModelBuilder to perform a cylindrical-to-flat perspective image reinterpolation, 

and cut the possibly panoramic image into smaller pieces (theoretically must be less than 

180 for perspective projection, to avoid distortion vs image resolution effects, better to take 

sections of around 30-degree slices with, in our case, 10-degree overlap).  Project the flat 

images onto the 3D model as texture and save as OBJ format. 

8. For The 3D model from the lidar, process the lidar point cloud in RiScanPRO after 

importing scan position (position and orientation) values (represented as 4x4 matrix) for 

each scan position.  Clean the point cloud, such as removing isolated or noisy points.  

Export the points (as las file or ASCII text file).  Import the points into 3D modeling 

software such as Polyworks or 3D Reshaper to create the 3D mesh. 

9. Use GeoConstructor (GHVM, 2015) software to find points in common between Nikon 

photos and the 3D coordinate space by using image matching against points measured by 

imaging total station.  Using the (photo-u, photo-v, model-x, model-y, and model-z) 

tiepoints the perspective projection parameters for each photo are solved.  Project them 

onto the lidar-derived TIN mesh and save as OBJ format. 

10. For all data products, transform them from the local project coordinate system to fully 

georeferenced UTM coordinates based on GPS measurements of the control points. 

11. Finally, import all of the textured 3D models (GPR profile rectangles, hyperspectral 

textured model, true-color textured model) into ArcGIS.  We used a tool within 
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GeoAnalysisTools ( GHVM, 2010) to convert from Obj file to Textured MultiPatch 

shapefiles (or rather, feature classes within a Geodatabase).  

6.3       Project Coordinate System. 

To establish the project coordinate system to which all data will be registered in common. 

based on  control points and tie points, and solving for the relation from each data set to the 

common project coordinates.and to combine the data sets from various instruments (such as Lidar, 

hyperspectral, GPR, GPS, total station, etc.) into a single coordinate system 3D points common to 

or visible in the data products of each data set.  The first step was to establish a skeleton coordinate 

system that is based on the reflector targets:  the lidar measurements, total station measurements, 

and GPS measurements were combined and co-registered into this system, established on the basis 

of reflector targets well measured by each of these three systems.  Once the "skeleton" or 

framework coordinate system was in place, then the high-quality visible light (RGB) photography, 

hyperspectral images, and GPR profiles could be aligned into it as well.  That is, we are describing 

the registration of all the data as a two-step process:  First, instruments which accurately and 

natively measure individual point measurements in 3D space have their data-sets harmoniously 

aligned (registered);  then, data from other instruments which do not natively and accurately 

measure 3D points, such as the imaging, are applied and registered to the full 3D data set as that 

data set is filled in not only by original reflector target or high accuracy point measurements, but 

also as filled in by the laser scan data and additional total station and GPS measurements which 

fill out the 3D space after performing the core or "skeleton" registration described above, and 

described in more detail as follows. 
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Aligning (on the basis of the high accuracy measurements made of specific points) the laser 

scan data, total station data, and GPS or rover measurements data.  Because the same 3D point, in 

our case a reflector target, is measured multiple times by various instruments, it is possible to 

incorporate all of these measurements (along with an expected accuracy of each measurement) 

into a kind of overall weighted sum solving primarily for the most consistent relative positioning 

of each 3D point in an arbitrary local coordinate system, and secondarily (on the basis of GPS 

measurements) the true real-world coordinate of each 3D point serving as a control point. 

The two instruments able to take the most precise measurements of the relative positions 

of the control point targets (such as reflector targets) are the total station (in our case, an imaging 

robotic total station) and the laser scanner.  The specified accuracy of the Riegl VZ400 laser 

scanner, for example, at distances of around 100-200 meters, is 5mm accuracy and 3 mm precision.  

(We were using a VZ4000 laser scanner, however we were using it at distances similar as the 

VZ400 would operate, and our experience under those conditions leads us to conclude it achieves 

similar accuracy/precision.)  The specified accuracy of the Topcon Imaging Total Station at similar 

distances is around around 2.3 mm (2mm + 2ppm of range).  Meanwhile, survey-grade (differential 

GPS) GPS measurements have a relative accuracy (i.e., accuracy relative to nearby local base 

station) of around 1-2 centimeters in horizontal and perhaps 2-3 centimeters vertical (looking at 

some of our own post-processed GPS data for repeat rover measurements made on the same day, 

the repeatability is better than /less than 2 cm horizontal, and the "statistics" or predicted solution 

quality, while notoriously optimistic, is in the several millimeter range, lending credence to actual 

repeatability of a couple centimeters).  Because expected accuracy of a 3D point position improves 

proportional to the square root of the number of distinctly useful separate measurements of it, it is 
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theoretically useful to incorporate all of the measurements from all of the instruments of a given 

3D point (reflector target);  and because some of these measurements are more accurate than 

others, e.g. laser-measurements being more accurate/prices than GPS measurements, it is 

appropriate also to accommodate the expected accuracy of each measurement when incorporating 

the set of measurements into an overall or averaged solution. 

Also, consider the relationship of control point targets which are reflector targets measured 

in the air, as installed above a survey nailin the ground on a given day; and the nail head positions 

themselves.  Because reflector targets are installed on tripods which are taken down and set up 

again each day, reference is made to the nail heads in the ground in order to register data from 

separate days or to establish a repeatable (re-establishable) coordinate system.  Given the 

considerations of the preceding paragraph however, care should be given as to how this is done.  

One could say that every individual measurement of the reflector target, as installed in the air, is 

indirectly also a measurement of the nailhead; one simply performs subtraction of the height value 

measured for that day, for the given reflector.  In that sense, all "nailhead" measurements could be 

directly combined without special consideration of on which day (for which physical reflector 

target setup) the measurement was made.  However, we argue that such an approach is not the best 

nor most systematic.  In order to perform height adjustment from measured 3D point to nailhead 

in the ground, it must be assumed that the local coordinate system in which the measurement was 

made is a level one, i.e., that the laser scanner or total station performing the measurement is level.  

As interesting as it may sound, leveling of the instruments or finding an "average level" of the 

dataset for the day is also something that can be averaged over, and improved by averaging over, 

multiple instrument setups.  A related issue is that it is assumed, each day, that the reflector target 
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is installed exactly vertical above the nailhead, but in fact a small horizontal displacement or 

"wobble" (if aggregated over multiple days) of the true reflector target center above the nailhead 

is expected.  For these reasons, performing adjustment from reflector center position to nailhead 

position itself involves some error, which should be avoided by using a two-step process if 

possible, and only involving the error of reflector-center-to-nailhead adjustment when necessary, 

i.e., when aligning data from multiple days.  The fact is that measurements of a reflector target are 

made of that reflector target, as it exists in 3D space at that point in time, regardless of how 

accurately it has been installed above a nailhead or its height above such nailhead measured;  

additionally, errors of accurate installation above nailhead and height above nailhead are 

themselves errors which can be averaged out by repeat "measurements", (if the reader allows the 

term "measurement" to be used in an abstract sense for now, which will be described more fully 

below), if a structured and care-ful approach is used. 

In particular, our procedure was as follows.  For a given day, a given reflector target was 

measured an abundance of times, for example:  two rover GPS measurements from different rover 

circuits (i.e., measured hours apart in time from each other); at least two measurements of each 

target from, respectively, two different total station positions; and at least two measurements of 

each target from, respectively, two different laser scanner positions.  For each measurement type, 

appropriate adjustment was made to adjust the surface measurement to the center of the reflector 

target:  for zero-offset prisms measured by laser measurement, no adjustment is necessary;  for 

cylindrical or spherical measurements made by laser measurement, a horizontal offset in the 

direction of the measurement vector, in the amount of the radius of the cylinder or sphere, is made 
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to attain the center;   and for a GPS measurement, a vertical offset is applied to translate from the 

antenna reference point (i.e., base of the threads) to the physical center of the reflector target. 

6.4 GeoTransformationTool 

After the adjustments are made, the resulting X, Y, Z measurements are imported into the 

GeoTransformationTool software developed by Jarvis Cline, similar as the following screenshot. 

Figure 55. GeoTransformationTool software. 

After importing the control point measurements into the GeoTransformationTool software, 

a structured alignment process was proceeded as follows.  All the measurements of a reflector 
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target for a single day were registered together in an arbitrary local coordinate system in order to 

obtain the most consistent relative positioning of the reflector targets in 3D space for that given 

day.  From this most consistent relative positioning (which gives an X,Y,Z position location for 

each reflector target), or effectively in conjunction with it, the instrument coordinate systems for 

each setup position from that day (i.e., laser scanner and total station setup positions) were 

registered into that same, but arbitrary local coordinate system;  in the same process, the "level" or 

horizontal planes of each instrument, as aligned to each other, were averaged (in a weighted 

average that gives most weight to the superior leveling and tilt compensation of the total station), 

therefore, in addition to attaining the most consistent relative geometry of the reflector targets for 

that day, their positions were also obtained in an arbitrary but best-leveled coordinate system.   

 The process was repeated separately for each day.  Now consider that for each day, 

we have obtained the most consistent relative positioning of the reflector targets which we can 

obtain (derived from many combined measurements).  These combined measurements constitute 

a single "measurement", if you will, of the geometry of the reflector targets for a given day;  by 

subtracting heights, we have effectively obtained a "measurement" of the nailhead positions or at 

least their relative geometry in that arbitrary but level coordinate system.  That is, an individual 

"measurement" of the reflector nail head relative positions is obtained for each day of surveying, 

using all the combined measurements of that day coming from (1) measured and network-

adjustment-averaged target reflector point positions,  instrument setup coordinate system 

horizontal-plane levels, and the measured vertical height of the reflector above the nail for each 

day.  Any individual "measurement" of nailhead positions incorporates errors particular to that 

given day, such as any off-centering error or height measurement error for a given reflector above 
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the nailhead that day; by averaging "measurements" of nailhead positions across all days, a most-

consistent relative nailhead positioning can be obtained, and the "nailhead positions" measurement 

of any single day then aligned to that.  In this way, data from multiple days can be combined into 

a common project coordinate system, being a project coordinate system with local (or arbitrary) 

origin and arbitrary orientation, except that the horizontal level of the coordinate system is highly 

precise, i.e., orientation of the project coordinate system according to our alignment process 

described thus far is arbitrary only with respect to Z-axis rotation.  In summary, to this point we 

have described registering data from laser scan and total station positions, (and possibly 

incorporating GPS measurements but as relevant to relative geometry of reflector targets only), 

and deriving a set of coordinate systems between which the transformations are known, in 

particular from a given instrument setup position for a given day, to the coordinate system 

established by all measurements of the reflector targets for that given day, to the coordinate system 

established for the local project in which data from multiple days can be combined, on the basis 

of matching "nailhead position measurements" across days.  After this, all data can be put into the 

same, but local or arbitrary, coordinate system; we call this a "Project_NotGeoreferenced" 

coordinate system. 

There is one final step to be described, which is transforming data from the 

"Project_NotGeoreferenced" coordinate system to a georeferenced system, which is performed as 

follows.  

A key observation is that laser measurements (as aggregated, network-adjusted, and height-

adjusted) of nailheads are more accurate, in relative accuracy and precision, than are original GPS 

measurements made of the same points (and instrument horizontal levels, and the averaged levels 
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of coordinate systems derived from them, are more accurate than GPS "horizontal levels", if a GPS 

horizontal level is taken by measuring the tilt of a plane formed by taking vertical error bars on 

rover GPS measurements over a local area).  This motivates the initial registration of all data into 

a "Project_NotGeoreferenced" coordinate system which is a best available system for registering 

data from multiple days and setup-positions into a common coordinate system in the most 

consistent way, where consistency reflects relative error of data points (such as points in the point 

clouds of registered lidar scan positions).  However, after registering all data together in the most 

consistent way, using the common coordinate system best suited to that purpose, a final rigid body 

transformation would like to be performed so as to align the full dataset into a georeferenced and 

final coordinate system.  For this purpose, we summarize the workflow as follows.  A table of 3D-

to-3D tiepoints is to be constructed, where the left-hand side of the tiepoints represent target 

reflector center positions (as installed on any given day), and the right-hand side represents survey-

grade GPS measurements, with vertical offset to the same center position of the reflector target, 

for the given day.  This calculation of the "left hand side" proceeds as follows:  from the best-

averaged nailhead positions (which represent the "Project_NotGeoreferenced" coordinate system), 

we reconstruct the best-estimated positions of the reflector target centers for each day, relative to 

the "Project_NotGeoreferenced" coordinate system;  this is equivalent to taking the best-averaged 

nailhead positions and adding back the "wobble" for the given day (or best-estimated horizontal 

errors of reflector target setup positions over nailheads that day, i.e., plummet off-center errors), 

and adding back the height offset from nailhead to reflector target center measured for that day. 

This process is handled efficiently within the GeoTransformationTools software as a result 

of the information already contained within the project meta-data and as a result of the 
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transformations solved within the project thus far.  The "right-hand side" is straight forward, where 

individual GPS rover measurements are entered in spreadsheet form into the 

GeoTransformationTools software as alignment targets for the "left hand side" of reflector target 

centers described.  In this way, the entire dataset across multiple days can be aligned by a single 

rigid body transformation into a georeferenced-by-GPS coordinate system, even when data and 

GPS measurements are taken on different days, i.e., without necessarily direct relationship 

between the day data was acquired and the day GPS measurements were taken.  As multiple rover 

GPS measurements (and post-processed relative to local base station and surrounding CORS 

stations) may be made of the same reflector target control point on the same day, both or all post-

processed GPS measurements are entered into the software to allow averaging and best-fit subject 

to expected measurement accuracies.  The overall solving of a single rigid body transformation 

from "Project_NotGeoreferenced" coordinates to georeferenced coordinates also takes into 

account the highly precise horizontal level of the "Project_NotGeoreferenced" coordinate system, 

conceptually similar as if XY translation and Z translation of the resulting transformation were 

solved separately, but in practice implemented by allowing a full 3-dimensional rigid-body 

transformation which keeps the original horizontal level of the "left hand side" coordinate system 

as a strong weight.  Ideally, earth-centered earth-fixed XYZ post-processed GPS coordinates might 

be used for the right-hand-side of the registration;  however, as the data, in order to be useful, will 

need projection into a standard projection system such as UTM at some point anyway, projected 

GPS coordinates are used for the right-hand side;  meaning the "Proejct_NotGeoreferenced" 

coordinate system is finally registered directly (and all other coordinate systems, such as individual 

instrument setup position coordinate systems, registered transitively) to a UTM coordinate system.  
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 At this point in our narrative, we have established a georeferenced coordinate system and 

aligned the laser scan data and total station data to it.  With this framework, registration can 

proceed for the rest of the data, namely:  hyperspectral images, robotic camera (high quality true 

color photography) data, and GPR.  The registration procedure for each of these three will be 

described as follows.  

6.5 Hyperspectral Images Registration  

 To register hyperspectral images, tiepoints were manually picked between the cylindrical 

(i.e., coming from a push-broom camera on a panoramic rotation stage) hyperspectral image on 

the "left-hand-side" and the registered (as described above) lidar point cloud. 

In the hyperspectral image shown in the viewport of the program in the screenshot below, 

the "left" side is a true-color rendering of the hyperspectral image and the right-side (where there 

is a clear boundary between the two) is a classified false-color rendering of the hyperspectral 

image.  Various classifications can be performed on the hyperspectral image for application to 

(projection onto) the 3D model, but the tiepoints which define that projection can be picked on the 

original panoramic hyperspectral image under any display settings.  Above, a cropped section of 

the hyperspectral image has been classified, using in this case an unsupervised classification such 

as principal components; in order to avoid extraneous input to the unsupervised classification 

algorithm, a crop of only the spatial pixels intended to be applied as texture to the outcrop have 

been used in the classification, resulting in the composite (partly truecolor, partly classified 

falsecolour) image shown above. 
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Figure 56. User-interface used to pick tiepoints between the hyperspectral image and the 3D 

model. 

After picking tiepoints between hyperspectral image and 3D model, and after then solving 

for the cylindrical-projection parameters of the image (camera position, orientation, and field of 

view as discussed in the logfile and figure caption above), the next step was to prepare the 

hyperspectral image for projection onto the 3D model as texture.  Because 3D graphics texturing 

works by texture coordinates on polygons, i.e., triangles, where the texture across the surface of 

the polygon is interpolated linearly (i.e., bilinear interpolation) over the surface of the polygon, a 

cylindrical raster is mathematically incompatible to be used as texture for such polygons, at least 
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Figure 57. This figure shows side-by-side picking tiepoints on hyperspectral panoramic image 

(zoomed in on left) and 3D point cloud (laser point cloud, 3D cropped view shown on right, 

selected 3D tiepoints shown in green). 

 

 

Figure 58. This figure again shows side-by-side picking of tiepoints between hyperspectral 

image (left) and laser scan point cloud data (right).  The most distinct features were chosen as 

tiepoints, such as distinct points on man-made objects, and tiepoints were chosen across the full 

~360 view of the panoramic hyperspectral images - even though the target area of application 

was to apply the hyperspectral image onto the geology, but it was often difficult to find distinct 

points in the geologic layers/geologic features that could be matched between hyperspectral 

image and lidar point cloud. 
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if we are being rigorously precise (because the field of view subtended by a single triangle in the 

cylindrical/hyperspectral image is small, the error in using the "cylindrical" image as a "flat" image 

would be small, but nonetheless the appropriate resampling correction was made as follows). 

To prepare the hyperspectral image for perspective projection onto flat triangles, (and also 

to make use of the perspective projection pinhole camera model for the hyperspectral image even 

though the panoramic hyperspectral image may span a field of view greater than 180 degrees), the 

panoramic hyperspectral image was divided into segments (overlapping wedges which subtend 

smaller fields of view, which are then resampled from cylindrical to flat images).  Following are 

some examples. 

Notice on below figure (Figure 59) the small black curved artifacts are visible on the top 

and bottom of each segment, resulting from resampling from a cylindrical image model to a flat 

image compatible with perspective projection.  Additionally, excerpts from the meta-data are 

shown for each image section, indicating the perspective projection parameters for the sub-image 

(regular perspective projection parameters, and given in an XML format).  This meta-data is 

automatically calculated and associated with each image segment when the panoramic image is 

divided into overlapping segments using the GeoModelBuilder software.  Notice how the vertical 

axis and field of view of each image is the same, but the forward axis of each photo segment is 

different. 

Finally, the perspective projection-compatible segments of the hyperspectral image are 

projected onto a TIN mesh model of the lidar data.  The lidar point cloud is first interpolated to a 

TIN mesh format using commercial software such as Polyworks or 3D Reshaper. 
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Figure 59. Report from the GeoModelBuilder software (implemented by Jarvis Cline) showing 

solution log and residual errors from aligning the cylindrical image to the 3D model space.  Total 

vertical field of view and horizontal field of view of the cylindrical image were solved for, along 

with the position and orientation of the "nodal point" of the camera.  In retrospect, it would 

probably have been preferable to include a ninth parameter, namely vertical principal point, or 

effectively the drop of the camera as it rotates about its central vertical axis, to more closely 

model the physical characteristics of the rotation stage but without the camera model becoming 

too complicated.  Additionally, a horizontal tilt parameter (i.e., camera rotating about an axis 

which is not perfectly in-line with its own vertical axis, i.e., misalignment between vertical axis 

of a pixels frame and vertical axis of rotation) could also have been included. 
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Figure 60. Several sections of the hyperspectral image, after it has been cut into overlapping 

segments. 

 

We have described how the hyperspectral images are registered to the project coordinate 

system after the lidar data has itself already been aligned and registered (necessary because 

tiepoints are picked between hyperspectral images and lidar data).  
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6.6 Alignment and Registration Process 

We will now describe the alignment and registration process for the photos taken by the 

robotic camera;  this alignment and registration process uses saved pan, tilt and other information 

for each photo (e.g. on the left hand side) and laser measurements and corresponding telephotos 

taken from, in our case, the robotic imaging total station (e.g. on the right-hand side).   

Recall that high-quality true-color photography was obtained as part of the integrated 3D 

modeling survey by sweeping the target area of interest (geologic outcrop) with telephoto photos 

taken by a high-end camera mounted on a robotically actuated pan-tilt platform, mounted on a 

survey tripod. The setup of the survey tripod with pan-tilt platform and camera mounted on top is 

logically similar to setting up an instrument position; the instrument position has its own 

"coordinate system" such as its position and orientation relative to the target controls (reflector 

targets), those used to frame in the common coordinate system used by all instruments (including 

laser-measurement instruments, hence use of reflector targets) in the project.  The reflector targets 

could easily (manually, during fieldwork) be identified in the photos specifically taken of them for 

each robotic camera setup position.  Recall that after imaging each of the reflector targets (and 

marking the pixel-location of the reflector target), and saving this information in a project meta-

data format for use in subsequent processing, data acquisition proceeded with the robotic camera 

by sweeping the target area of interest and snapping an overlapping set or grid of photos, with the 

pan, tilt orientation saved for each photo (pan, tilt values relative to the "robotic camera" 

instrument setup's own coordinate system).    

From the data and meta-data saved during the data acquisition fieldwork, "back in the 

office" the processing workflow for the high-quality true-color photography proceeds as follows.  
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There are two main initial processing tasks which can be performed separately or in parallel:  one 

task is to find the perspective projection parameters to each photo (meaning the exterior orientation 

and optionally refined camera intrinsic parameters); another task is to perform quality checks and 

quality enhancements on the photos.  On the side of photo quality check and enhancement, first, 

photographs are manually reviewed and unwanted parts of the photographs, such as cars passing 

that appear in the way of the outcrop, are masked.  (A bi-level mask image is created for the photos 

for which masking is desired; such a mask can be created in various software, including in-house 

developed software.)  Photographs which are "bad" or unsuitable are removed from further 

consideration in the toolchain (e.g. photos which can and should be replaced /substituted by other 

candidate photos; recall that plenty of photos and significant overlap are taken).  A second 

processing step which offers significant quality enhancement in the color, detail, and perceptual 

quality of the photographs is to perform HDR processing on the images.  Images were acquired in 

3- or 5-set bracketed exposure, using the robotic pan-tilt stage to capture successive images (as a

set) from the same vantage point, making the images highly suitable for HDR processing (that is, 

for each "stop" of the robotic pan/tilt stage, 3 or 5 photos were taken corresponding to the bracketed 

exposure mode).  The commercial software chosen for HDR processing of the photos was 

PhotoMatix by HDRsoft.   

Meanwhile to the photo quality check and enhancement task (described in the preceding 

paragraph), a special processing workflow was performed to find the perspective-projection 

registration parameters of the photos to the outcrop model.  This proceeded in a novel workflow 

developed by GHVM as follows.  An approximate 3D registration is performed for the "robotic 

camera setup position" on the basis of photographs taken from the setup position of the project 
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target controls (reflective targets which are also measured separately by laser instruments).  The 

coordinates of the project target controls are taken from the previously accomplished registration 

of lidar and total station data.  The 3d-coordinates of the target controls are placed on the "right 

hand" (reference or destination) side of a registration procedure and the angular measurements of 

these controls are placed on the "left hand" (floating or image) side of the registration procedure.  

The "left hand side" angular measurements represent the angles (similar to unit vectors on a sphere) 

at which the target controls appear to the "robotic camera setup position", where each angular 

measurement of a target control is derived from the recorded pan,tilt values of the photograph in 

which it appears, as adjusted by the pixel which has been marked as the target control center 

appearing in that photograph, i.e., at a specific angular location within the field of view of that 

photograph. The registration procedure approximately orients the "robotic camera setup position" 

within the project coordinate space, so that the perspective projection parameters (exterior 

orientation) of each photo is approximately known; this solution of the perspective projection for 

each high-quality photo is taken as an initial estimate.  

The initial estimate of the perspective projection parameters for each high-quality 

photograph is refined using a workflow and software developed by GHVM as follows.  A imaging 

total station setup position that was set up near to the robotic camera setup position has already 

been processed such that the position and orientation of the imaging total station is known in the 

project coordinate system.  Therefore, all point measurements taken by the imaging total station 

have their coordinates available in project coordinates.  We would like to transfer point 

measurements taken by the imaging total station to each high-quality photograph taken by the 

robotic pan/tilt camera; such point measurements, if their pixel location within each photo can be 
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determined accurately (and given that the true 3D location of such point measurements is expected 

to be highly accurate), could be used to accurately register the photographs to the 3D model.  The 

creative use of the imaging total station to accomplish this goal is as follows:  for each laser 

measurement taken by the imaging total station (measurements taken in a scan or sweep over the 

outcrop area of interest), a corresponding telephoto for that measurement is recorded by the 

imaging total station.  These measurement telephotos by themselves are not of high photographic 

quality nor do they entirely cover the outcrop area target of interest; however, they record in 

photographic terms exactly where the point laser measurement was taken. (Let us use the term 

"robotic camera photo" to describe the high-quality photographs taken by the camera mounted on 

the robotic pan/tilt platform.)  Note that for each laser measurement taken by the imaging total 

station, an estimated test of whether that laser measurement appears within a given robotic camera 

photo, and approximately where it appears, can be performed using the approximate (or initial) 

estimate of the perspective projection parameters for that photo.  For each robotic camera photo, 

the set of imaging total station measurements which are likely to appear within the scene captured 

by that given photo are tallied; their approximate locations within the given photo are initialized; 

and finally, an image matching procedure is used to match the telephoto image recorded by the 

total station for that measurement, with the robotic camera photo in which it is likely to appear. 

This image matching process allows a fine registration process of the robotic camera photos 

to the 3D model in that individual, high quality tiepoints are transferred to the robotic camera 

photo, where the 2D (u,v) pixel coordinate of the tiepoint within the photo is obtained by image 

matching, and where the 3D XYZ coordinate of the tiepoint is obtained by the total station laser 

measurement.  The precise 2D pixel coordinate of the tiepoint is obtained after adjusting for 
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principal point of the telephoto photo of the total station measurement, after the telephoto image 

itself has been image-matched with the robotic camera photo image.  Because the image rasters 

which are being matched are taken from photos taken from similar perspectives, a simple template 

matching procedure with rotation and scale adjustment is used in order to "register" the telephoto 

(of the laser measurement) and robotic camera photo together in a "2D" coordinate system, suitable 

merely for transferring the XYZ location of the measurement corresponding to that telephoto, to 

the robotic camera photo in a procedure which tallies u,v,x,y,z tiepoints for that photo as has been 

momentarily described.  Bad matches (where the image-matched location of the telephoto to the 

robotic camera photo could not be achieved with high-confidence) are discarded.  Finally, using 

the U, V, X, Y, Z tiepoints tallied for each robotic camera photo, the perspective projection 

parameters (camera exterior orientation and some intrinsic parameters such as focal length) are 

solved individually for each photo.  The overall methodology made creative use of an imaging 

robotic total station in order to finely register high-quality photographs taken in a controlled 

manner by use of a robotic pan/tilt platform.  In retrospect and with subsequent profusion of "SfM" 

and modern image-based modeling techniques, future work could expand the procedure to utilize 

additional photo-to-photo tiepoints or to register photographs as a set; nonetheless, the key 

innovation of using an imaging total station to "speak both languages" (3D measurements and 2D 

photographs) for purposes of bridging and registering the two types of data sets remains 

interesting.  Additionally, "SfM" or modern image-based modeling approaches typically use 

wider-field of view photographs, whereas our methodology allowed fine registration of telephoto 

(300mm) high quality photographs taken systematically by the robotic pan/tilt stage.  
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After solving for the perspective projection parameters for each high-quality image (and 

performing the HDR processing and photograph curating steps described previously), the 

photographs are ready to be applied as texture to a mesh derived from the lidar point cloud data to 

create a photorealistic 3D model.  Application of photographs as texture to the mesh was performed 

using custom software developed in collaboration between King Abdulaziz City for Science and 

Technology and Geological and Historical Virtual Models;  the developed software prioritized 

choosing the "best" photo available to apply to each triangle in the mesh, based on factors such as 

inherent photo quality, distance (resolution) and skew-angle of the photo region to the triangle, 

and based on a preference for texturing adjacent triangles with the same photograph in order to 

present a consistent texture appearance, all guided by any fine-tuning that may be performed by 

the user (dividing the photographs into hierarchies applied with precedence and settings defined 

by the user).  The application of the perspective-projection photographs onto the tin mesh resulted 

in a 3D photorealistic model, with approximately 2mm optical (photographic) resolution and good 

cosmetic appearance, all appropriately georeferenced.  

Thus, a high-quality result in a lifelike, photorealistic model was obtained for integration 

with and to supplement the other survey results of this project (such as hyperspectral imaging and 

ground penetrating lidar) and to provide a good basis for applications such as use by a geologist 

for virtual digital outcrop analysis or virtual field trip activities. 
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Figure 61. The image on top shows (within the GeoConstructor processing software by GHVM) 

an original robotic camera photo.  The image on bottom shows the image matching result by 

embedding telephoto images taken by the imaging total station into the robotic camera photo (for 

visualization/QA purposes). 

In above figure (Figure  60), notice in the bottom image, near the center of each embedded 

telephoto image is a corresponding, highly accurate laser measurement of the outcrop face which 
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has been transferred to the meta-data of the robotic camera photo as a U, V, X, Y, Z tiepoint. 

Because the robotic camera photo pictured above was taken with the 105mm lens as opposed to 

the 300mm lens (resulting in a wider field of view), a large number of tiepoints are available. 

Figure 62. This figure shows a robotic camera photo acquired with a 300mm lens.  The 

corresponding measurements made by the imaging total station are shown embedded in the 

image, in blue tone with center crosshair.  The bluish-tone regions (although this is their natural 

color) represent the telephoto images acquired by the imaging total station as they have been 

image-matched (and overlaid) with the robotic camera photo; the center black crosshairs 

represent the XYZ coordinates which are available for each imaging total station measurement, 

and which have been transferred to the robotic camera photograph as U, V, X, Y, Z tiepoints 
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Figure 63. Camera setup, values near the end in each line such as 0.88, 0.95, 0.97... show the 

correlation coefficient of the template-based image matching. 

Notice below figure (Figure  64), this tabulated data shows the tiepoints for a single 

robotic camera photo, after performing image matching with telephotos taken by imaging total 

station and performing the iterative solving (similar to least squares) of the perspective 

projection parameters of the photo.  The format of each line in the data above shows the error or 

residual of the perspective projection solution (in pixels) for each tiepoint after solving said 

solution, followed by the U, V location (on a scale of 0.0-1.0) of the tiepoint within the photo, 

followed by the X, Y, Z location of the tiepoint (measured by imaging total station) in project 

coordinates. Additional data recording the origin (paper-trail) of the tiepoint follows in the rest of 

the line. 
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Figure 64. Tiepoints for a single robotic camera photo. 
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Figure 65. This shows a meta-data log file showing a solved perspective projection parameters 

solution for a given photo.  The photo intrinsic parameters (namely, focal length in two axes) 

have been solved as part of the photo registration process, along with the exterior orientation of 

the photo specified in 4x4 matrix form.  Additional meta-data is recorded such as the usable 

region of the photo for application as texture to the 3D model, as specified by the user (here, only 

the middle 60% of the photo in each axis will be applied, because sufficient overlap was taken 

between photos and because the center region of the photo is typically the most accurate). 
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Figure 66. A view of the north wall of the photorealistic digital outcrop model, rendered here in 

OpenSceneGraph. 
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Figure 67. A zoom-in of the photorealistic digital outcrop model. 

6.7      INTEGRATING GPR DATA WITH THE PHOTOREALISTIC AND 

HYPERSPECTRAL-TEXTURED SURFACE MODELS 

A goal of my research is to integrate lidar, hyperspectral imaging, high quality 

photography, and ground penetrating radar all for the same geologic outcrop (an exposure of Khuff 

formation) and to integrate this data to be presented to the user in a common, 3-dimensional 

framework.   Above, we have discussed data processing steps to establish a common coordinate 

system for all data;  process the lidar data to derive a registered point cloud;  convert the point 

cloud to a triangulated TIN mesh; and apply both (either) hyperspectral images or high quality 
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truecolor photography as texture to the mesh models of the outcrop faces.  We would now like to 

discuss methodology to process the GPR profiles and present them in a format integrated with the 

other results (the textured mesh models).  This constitutes a contribution of this original research.  

 To integrate the GPR profiles with the 3-dimensional photorealistic and hyperspectral-

textured outcrop facie surface models, we began by processing each GPR profile and tie-line as a 

2-dimensional raster with the horizontal axis of the raster representing the spatial distance between 

endpoints of the profile on the ground surface, and the vertical axis representing depth.   The 

processing of the GPR profiles was performed in Reflexw software by Sandmeier Geophysical 

Research.  Endpoint coordinates were imported to the processing software for each profile along 

with the raw data from the GPR acquisition. 

 

Figure 68. Hyperspectral Camera, Laser Scanner, Total Station, Robotic Camera. 
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Figure 69. GPR-Section-1.  A small cairn (rock pile) marks the endpoints of each GPR profile, 

also marked more specifically by a survey flag.  Pictured, a rover GPS measurement is being 

taken of the GPR profile surface endpoint 

 

In addition to measuring GPR profile endpoints by rover GPS, their locations were also 

measured by total station (Figure 68).  To accomplish this measurement, a tripod with a laser 

measurement target was set up directly above each GPR profile surface endpoint.  The total 

station is registered into the project coordinate system by measurement of eight tripod-mounted 

retroreflective prisms setup around the combined survey area.  Meanwhile, at closer 

measurement distance, a reflective cylinder target is setup above each GPR profile endpoint for 

measurement by total station. 



167 

Figure 70. GPR-Section-2. 

Figure 71. GPR-Section-3. The GPR surveyor, Dr. Hussein Al-Harbi, preparing to run one of our 

GPR profile lines using a custom shoulder-mounted antenna rig. 
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Figure 72. GPR-Section-4.  The GPR surveyor in the process of walking a profile line and 

acquiring data to his chest-mount field laptop.  Ground penetrating radar samples were acquired 

every ten centimeters 

Figure 73. GPR-Section-5.  A wheel-mounted antenna configuration was also used to acquire 

GPR profiles. 
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Figure 74. A diagram map of our geophysical survey area, located on flat ground behind the 

north face of the scanned outcrop.  Seven ~200-meter long GPR profiles were acquired in 

roughly the east-west axis, with three additional GPR profiles (referred to as tie lines) acquired at 

orthogonal angles to them. 

 

GPR profile endpoint positions were measured by rover GPS and total station laser 

measurement. The results of both were tabulated by spreadsheet and it was opted to use the total 

station measurements as representing higher quality measurements, however, the post-processed 

rover GPS measurements served as a check that each measurement was reasonable. 

GPR profile endpoint positions were imported into the Reflexw GPR processing software.  

Raw data for each GPR profile was acquired using the antenna setups pictured above.  Radar 

samples were acquired every ten centimeters as each profile line was traversed with the GPR 

antenna, from one endpoint to the other.  It was suggested that a superior methodology may have 

been to have a rover GPS unit attached to the GPR antenna rig so that the ground surface elevation 
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could be sampled at close intervals all across the GPR line, i.e., from one endpoint to the other.  

An alternative idea may have been to use laser scanning to measure the ground surface and obtain 

surface elevations for each GPR line by according to registered lidar data.  However, due to 

constraints and exigencies, only the endpoint positions (and elevations) of each GPR profile line 

were measured.  These were imported into the processing software along with the raw data from 

each GPR profile, resulting in 2D output for each GPR profile (and tie line) similar as follows. 

Figure 75. GPR-Section-7. This figure shows an overhead view of the study area (Screenshot 

taken in Google Earth).  Of the seven profiles of ~200 m each oriented East-West, the first 

profile is about 25 m away to the North of the outcrop for correlation purposes between GPR 

output and the road cut outcrop. 
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Figure 76. GPR-Section-8. Tabled post-processed coordinates of GPR profile endpoint positions. 

 

 

 

Figure 77. GPR-Section-9.  A 2D GPR profile. In general, we can notice the decrease in the 

amplitude bellow about 7 m (about ~115 nano-seconds). This mainly because of a thin sheet of 

shale layer at this depth 
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Figure 78. GPR-Section-10.  This figure shows the 2d output from three east-west GPR profiles, 

and illustrates one tie-line profile as measured at an orthogonal (north-south) direction to them. 

The east-west GPR profiles with their north-south GPR tie line profiles can be visualized in context 

as shown in above (figure 78). 

Once the 2D-raster GPR profiles have been processed for each GPR line acquired in the 

field, a method was devised to display and integrate these profiles in context with the photorealistic 

and hyperspectral-textured digital outcrop models developed by this research.  The chosen method 

was to convert all data to a common data format, namely textured triangle mesh format (stored in 

Wavefront Obj file format).  The triangle mesh format was a good match (the native format in fact) 

for the photorealistic and hyperspectral-textured digital outcrop models. 

The GPR profiles had to be converted to this format in a procedure as follows.  First, simple 

billboard quadrilaterals, located in our 3D project coordinate system, were created by taking the 



 

173 

total-station measured endpoints of each GPR profile as the two surface vertices for the billboard 

quad and extending down from each surface vertex the estimated depth of the GPR profile output 

raster (straight down in the Z-axis) to obtain the two bottom vertices for the 3D quadrilateral.  Each 

three-dimensional quadrilateral was partitioned into two triangles (partitioned so as to be 

composed by two triangles) for consistency with the rest of our TIN-mesh data.  Once a simple 

billboard tin-mesh had been prepared as a substrate for each GPR profile raster, the 3D billboard 

was textured appropriately with the corresponding GPR profile 2D output raster. 

 

 

Figure 79. GPR-Section-11.  3-dimensional billboard quadrilaterals (each composed of two 

triangles) prepared as a substrate for embedding the 2D GPR profiles into a 3D context 
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Figure 80. GPR-Section-12.  3-dimensional billboard quadrilaterals after applying the 2D GPR 

profiles as texture, resulting in GPR profiles embedded into 3D space. 

 

At this point, all of the data sets from our combined (lidar, hyperspectral, truecolor 

photography, and GPR) survey have been processed into a common data format and in a common 

coordinate system.  In order to present the data in a way most useful for analysis and interpretation, 

it was decided to import the data into the ArcGIS environment.  Bringing the data to a geospatial 

platform also enabled the use of custom analysis software, such as GeoAnalysisTools.  

Measurements could be made in common between the digital outcrop model and three-

dimensional GPR data.  Different layers can be visualized (such as toggling between 

hyperspectral-textured or truecolor-textured versions of the digital outcrop model) and all of the 
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data can be navigated, viewed, and measured in 3D.  Combining such diverse data sets to achieve 

this integrated output is a novel result. 

Prior to importing the photorealistic textured digital outcrop models of the outcrop facies 

into the ArcGIS environment (for visualization such as in ArcScene), it was necessary to minimize 

the total texture size of the models in order to avoid program and graphics memory limitations.  

We wanted to achieve this minimization, however, without sacrificing the resolution and detail of 

the texture data, or at least preserve the texture detail as best as possible.   

A custom-developed program tool was developed to optimize the photographic texture properties 

of a photorealistic model.  The tool operated on TIN mesh models in OBJ file format and associated 

texture files in standard format such as JPEG.  The native resolution of our robotically-acquired 

images from our D800 camera was 7360 x 4912.  The number of photos used to texture the 

photorealistic model of each outcrop facie was high; for example, the North wall was textured with 

546 photographs.  Usually, only a small portion of each photograph is utilized due to significant 

overlap available among the photos and due to unnecessary portions of each photo, such as portions 

captured of the sky or of the ground in front of the outcrop.  However, the association of the 

photographs as texture to the TIN model may be naive in the data format and in the 3D graphics 

software used to load or display the photorealistic model such that the entire raster area of all of 

the photographs may be loaded into memory as texture, and in particular may be loaded as texture 

into the computer graphics card video memory, which is frequently more limited than the computer 

general-purpose RAM.  In a naive approach, the loading of 546 photographs (for example) each 

of resolution 7360x4912 might require up to 78 gigabytes of texture memory if stored in a four-

bytes-per-pixel format (19.7 gigapixels).  If the images are upsampled by the software to a power-
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of-2 texture resolution size as is commonly required by computer graphics software or hardware, 

then the required texture memory would be even significantly more, although conversely, some 

savings might result from storing the texture in a 3-channel and compressed format.  Still, in order 

to display the photorealistic 3D models conveniently in a variety of software, it has been necessary 

to prepare versions of the models with significantly reduced texture size from their full-resolution 

and naive format.  

 The simplest way to reduce texture size requirements is to subsample the photographs or 

image files which are used as texture for the 3D model.  For example, 7360x4912 original images 

might be subsampled to a size of 4096x4096, 4096x2048, or 2048x2048 (for example).  The choice 

of resizing each axis to a power-of-2 is to improve compatibility with computer graphics software, 

however doing so may also distort the aspect ratio of the texture image, as in our example of 

starting with a 7360x4912 image (about a 1.5 aspect ratio).  The 1.5 aspect ratio is not compatible 

with powers of two; powers of two will only provide aspect ratios such as 1x1 or 2x1, if each axis 

of the image file is resized to a power-of-2 resolution.  Therefore, subsampling an original texture 

image to a power-of-2 resolution in each axis will preserve more detail in one axis than the other 

(or there will be wasted space, which is neither desirable); however, when rendered in 3D by 

appropriate graphics software, the texture is rendered at its physically true aspect ratio irrespective 

of the asymmetric loss of detail in the axes of the texture, and indeed the effect (of the asymmetry) 

is commonly not noticeable.  For example, when resizing a 7360x4912 image to a power-of-2 size 

of 4096x4096, 4096x2048, or 2048x2048, although overall detail continues to degrade as overall 

resolution is reduced, it is nonetheless not especially apparent that resolution degradation is 

asymmetric when viewing the textured model in 3D.  So, we establish somewhat empirically that 
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asymmetric reduction of texture detail (between the two axes) is generally acceptable provided the 

relative factor is something is like 1.5 or less;  we also believe it is preferable to preserve the extra 

resolution in one axis if possible, even if this results in asymmetric resolution.   

 Aside from simply subsampling the photographs used as texture for the photorealistic 3D 

model in order to reduce texture memory load, a preferable but complementary method is to crop 

out of the texture images any unused portions of their rasters.  For example, for a photograph in 

which the bottom half of the photograph covers the outcrop but the top half of the photograph 

covers the sky, there is no logical need for the 3D graphics software to load the "sky" portion of 

the photograph if all that is needed is to texture the outcrop.  A model processing tool was 

developed which takes as input a textured TIN mesh model and finds the inclusive bounds of the 

texture coordinates for each texture actually used by the textured triangles in the model.  If there 

exist unused portions of the texture image such as due to only a part of a photograph being used 

as texture for triangles, then these unused portions can be cropped out of the image and the image 

can be re-saved using "only the part that is needed".  Finding the bounds of the texture coordinates 

of the model triangles with respect to a given photo is a good start; however, let us further observe 

that there may be unused portions of the photograph within the rectangular bound of the used 

space.  It could become quite computationally complex to identify more precisely the "mask" of 

actually used pixels from a texture raster and to divide that mask into a set of 2D raster regions 

(rectangles, as required by standard image formats) so as to optimally "cut up" the texture into its 

used portions.  Note that the arrangement of triangle texture coordinates into a photograph is 

already quite compact, i.e., there would not likely be any benefit from synthesizing an entirely new 

texture image at least on a triangle-by-triangle basis.  In order to still attain some of the 
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conceptually possible benefit of "intelligently" cutting up the used portion of a photograph-used-

as-texture, while still remaining straight-forward and computationally feasible, a compromise was 

devised as follows.  Several prospective "tests" are made of dividing the photograph raster into 

sections and each section is "shrink-wrapped" to its actually used portion; the most optimal 

outcome from this battery of tests is used to crop, and possibly cut up, the photograph so as to 

optimize away unneeded portions.  For example, a 1x1 subdivision is tested which would only 

crop out unused portions of the photograph along the outer edges; a 2x2, 3x2, 3x3, etc. set of 

subdivisions can also be tested where each subdivided portion is shrink-wrapped to its actually 

used texture coordinates, which may result in savings of overall number of pixels in the set of 

subdivisions;  it does not necessarily follow that more subdivisions achieve tighter bounds around 

the used portions of the texture image, however, because the subdivisions require a small amount 

of overlap (the textured triangles are irregular and will cross subdivision boundaries, if boundaries 

do not have the calculable required overlap).  Subdividing and cropping images is a useful method 

of removing unnecessary texture space from those images, but doing so will result in cropped or 

subdivided sections which are again not necessarily in power-of-2 resolution.  If however we 

perform the cropping and subdividing of images in conjunction with a necessary subsampling step, 

where the subsampling step is nonetheless necessary in order to reduce texture memory load 

sufficiently, then the pre-operation of cropping (and subdividing as necessary) the images to more 

efficiently used sections is a significant benefit, that merely allows additional texture resolution to 

be preserved in context of the required reduction in total number of megapixels.  

For example, the texture optimization and texture memory size reduction tool was used on our 

photograph-draped photorealistic model of the south wall of our Khuff outcrop exposure.  A logfile 
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result from the tool and an example of the photographic optimization it performed is given as 

follows. 

 

Figure 81. Log-file showing output from our texture optimization tool as run against our south 

wall model. 

 

The original model prior to running the tool had only 80 mega pixels of texture due to using 

lower-detail 105mm photographs (instead of 300mm) and due to subsampling the images to 

2048x2048 prior to using the tool.  However, additional texture optimization was necessary to 

successfully load the full set of models including the south wall into software such as ArcGIS; 

therefore, the optimization tool was run as presented in the log-file shown.  The log-file shows that 

by cropping out un-used portions of the photographs alone (such as portions in overlap or photo 

portions of foreground or sky), the number of mega pixels of texture was reduced from 79.6 to 

20.7.  In addition to cropping out unused texture however, the resulting cropped tiles were 

furthermore subsampled to final power-of-2 resolutions on each side to achieve additional texture 

memory reduction as well as standard power-of-2 dimensions for texture rasters.  As summarized 
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in the log-file, the space savings was equivalent to 86.7% reduction in texture memory 

requirement, but the resolution degradation was "only" 49.5%. The difference between these two 

figures is accounted for by the additional savings found by cropping out unused portions of 

photographs.  

For example, the texture image from the original model: 

"KF105_D03Pos05Sc02JA_001A_B_C_Adjusted2_2048x2048.jpg" was divided into four cropped sections, 

"KF105_D03Pos05Sc02JA_001A_B_C_Adjusted2_2048x2048_crop827x383subsampledTo512x256_hp.jpg", 

"KF105_D03Pos05Sc02JA_001A_B_C_Adjusted2_2048x2048_crop829x454subsampledTo512x256_hu.jpg", 

"KF105_D03Pos05Sc02JA_001A_B_C_Adjusted2_2048x2048_crop830x455subsampledTo512x256_sp.jpg", and 

"KF105_D03Pos05Sc02JA_001A_B_C_Adjusted2_2048x2048_crop836x456subsampledTo512x256_su.jpg".  

The first section represents a crop of 827x383 pixels located towards the "bottom left" quadrant of 

the image; the second section represents a crop of 829x454 pixels located towards the "top left" 

quadrant of the image; the third section represents a crop of 830x455 pixels located towards the 

"bottom right" quadrant of the image, and the fourth section represents a crop of 836x456 pixels 

located towards the "top right" of the image.  The sum of pixels of the subdivided sections 

(1,451,973 pixels) is less than the (4,194,304 pixels) of the original 2048x2048 image, representing 

that at most only 35% of the original photograph was being used as texture for the photorealistic 

outcrop.  The odd-numbered 1,451,973 pixels of the four subdivided sections were resized to four 

sections of 512x256, a total of 524,288 pixels.  Therefore, of the 87.5% achieved reduction in 

texture load, a factor of 2.88 reduction was achieved due to cropping unused photo portions and a 

reduction factor of 2.77 was achieved due to simple sub-sampling.  On balance, the workflow 

represents a graceful way to reduce photorealistic model texture load, while achieving texture tiles 

which are themselves power-of-2 resolutions and while benefitting from the cropping-out of 



 

181 

unused portions of the photograph, with the balance of required texture load reduction occurring 

from sub-sampling. 

 

Figure 82. Screen capture of a photograph that has been draped on the 3d model (applied as 

texture to the TIN mesh).  Note the amount of unnecessary space in the photograph, e.g. portions 

of the sky above and the ground in the foreground of the outcrop 
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Figure 83. Cropped image. 

 

The image above has been automatically cropped to only the areas actually used as texture 

by triangles in the TIN mesh (Figure 68).  Additionally, the cropped in-use region of the original 

photo has been subdivided into four sections, each subdivided section "shrink-wrapped" to only 

the usable portion, and each section saved individually and downsampled to a power-of-2 size, to 

optimize the preserved resolution against unused space in the photos and to improve compatibility 

of the textured model for various 3D graphics software. 
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After processing the 3D models into a common and texture-optimized format for the 

photorealistic truecolor digital outcrop models, hyperspectral-textured digital outcrop models, and 

ground penetrating radar-derived data, all of the data was converted to a format of textured 

multipatch feature classes within an ESRI geodatabase file, for visualization of the entire dataset 

in georeferenced GIS context such as within the ESRI software, ArcScene. 

 

 

Figure 84. Screen-capture of the North Wall digital outcrop model (Khuff formation) as 

displayed in ArcScene 

 

 

Figure 85. Screen-capture of the South Wall digital outcrop model as displayed in ArcScene.  

Note the darker colour as result of less preferable sun angle as opposed to the north wall 

 

 

Figure 86. Screen-capture of the North Wall digital outcrop model textured with classified 

hyperspectral image (maximum noise fraction, first three components as red, green, blue). 
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6.8 RESULTS AND DISCUSSIONS 

 

Figure 87. 3D-positioned profiles obtained by ground penetrating radar, located north of the 

roadcut north wall outcrop (Each color shows different reflection from different layer). 

 

 

Figure 88. Screen capture of the entire dataset displayed as selectable layers within ArcScene. 
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Figure 89. Another screen-capture of the combined data-set visualized in ArcScene. 

 

 

Figure 90. Manually picked points (black dots) along an apparent bedding layer boundary as 

identified by the ground penetrating radar. 



 

186 

 

Figure 91. The points picked from Figure 75 (above) have been connected and extruded (as a 

corrugated sheet surface) in the direction of the north wall outcrop exposure.  The extruded 

surface intersects the digital outcrop model of the north wall and erupts slightly from its surface 

for comparison and cross-reference of the bedding layers.  Because the bedding layers are 

approximately flat, an angle of zero degrees was used and the points were extruded in a north-

south direction matching the natural viewing orientation of both the north wall digital outcrop 

model and the nearest-to-it ground penetrating radar section. 

 

Refer to below figure (figure 93). Comparison between the resulting ground penetrating 

radar profiles in 3D position and the 3D model of the outcrop face permits qualitative and 

quantitative matching and cross-reference of features. 

Based on this figure, the degradation of the ground penetrating radar slice is matched 

well with a similar degradation in the northern wall of digital outcrop model.  A visual alignment 

of the two features showed a trend of 181 degrees; while, by manually picking of the central 

point in the degradation of the digital outcrop model and that of GPR profile, the straight line  
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Figure 92. Similar to previous figure, showing different angle (Due to clay or shale layer at 7-8 

m depth there is no reflections from deep layers (deeper than 8 m)). 

 

 

Figure 93. Similar to Figure 92 above, showing a different viewing angle. 
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Figure 94. Another set of points has been manually picked at the interface of two bedding layers 

in the GPR profile, and extruding these into the north face digital outcrop model we find they 

correlate well with a wackestone layer in the digital outcrop model. 

 

 

connecting both points was 180.4 degrees. This shows that this degradation feature is oriented 

approximately true north-south. 

Refer to below figure (Figure 94). The thick light blue layer in the hyperspectral image 

(with yellow highlights) corresponds to a claystone layer visible in the true color digital outcrop 

model and a dark maroon layer in the hyperspectral image corresponds with a whitish-appearing 

mudstone layer in the true color digital outcrop model.  Although the hyperspectral classification 

shown here is unsupervised, supervised methods such as Spectral Angle Mapper can also be used 

and in either way the comparison between high resolution true color digital outcrop model and 

hyperspectral-classified digital outcrop model can be used to more accurately identify rock types. 
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Figure 95. Placing the ground penetrating radar profiles in 3D position with the 3D model of the 

outcrop face (Outcrop and GPR show very good correlation in layers stratigraphy and fractures). 
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Figure 96. Comparison of truecolor digital outcrop model with hyperspectral-classified digital 

outcrop model (same perspective, hyperspectral classification is first three components of MNF). 
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CHAPTER 7 

CONCLUSIONS 

This study was to understand the important Khuff Formation in Saudi Arabia by looking 

with both surface and subsurface methods and to integrate  the results into a three dimensional 

model of the geology. In order to do this photorealistic surface models were generated with Lidar 

scanning combined with GNSS positioning and imagery, initially standard RGB imagery and then 

hyperspectral imagery. For subsurface information an extensive GPR survey is carried out behind 

the imaged road cut along with a simultaneous ERT electrical sounding survey. These integrated 

data sets are then geologically analyzed. The lithofacies of the Khuff were deposited in different 

environments including ravine marine transgression, foreshoal, shoal complex, and back shoal. 

The digital model produced was integrated with the sedimentologic and stratigraphic data to build 

both the facies and stratigraphic models. The stratigraphic scope was accurately identified from 

the digital model along with the bed thicknesses. The detailed study for the lateral profiles of the 

reservoir units revealed that the reservoir unit B was of high quality but is poor when it comes to 

variability. Reservoir unit C, meanwhile, is considered to be the most heterogeneous unit because 

of the variation in its microfacies, petrophysical properties, and mineral composition. The least 

heterogeneous unit is A because of the similarity between its microfacies and petrophysical 

properties. The Khuff formation has intensive fracturing in the. Most of these fractures are 

identified in the top layer illustrating vertical to sub-vertical dip for both east-west and north-south 

profiles. In the present study, four resistivity layers with different thickness were identified with 

ranges from 7 to 24 meters.These layers can be interpreted as a dry fractured surface layer, a 

saturated fractured limestone with some clay contents, an intact layer, and another with large 
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limestone blocks respectively. From the Hyperspectral studies we use an automatic classification 

system with improved accuracy with the updated SAM to KS and KL analysis. The existence of a 

significant number of spectral bands in hyperspectral data makes the process of constructing 

spectral curves much easier, resulting in a specral resolution similar to that defined through 

spectroradiometers. 

 

Figure 97. Data Integration (Hyperspectral, LiDAR, and GPR) in GIS environment. 

 

The characteristics of the petroleum reservoir are more detailed after combining the 

Hyperspectral and LiDAR surface data with the GPR and ERT subsurface data sets. 
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 Terrestrial laser scanning 
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 GPS surveying and processing 

 SAR interferometry 

 GIS (geographic information systems) 

 Earthquake monitoring  

Software 

 ArcGIS (ESRI) 

 RiSCAN PRO  (Riegl LMS) 

 Polyworks (Innovmetric) 

 GeoModelBuilder  (GHVM) 

 GeoAnalysis Tools (GHVM) 

 Antelope premier Commercial-Off-The-Shelf (COTS) system software 

 Trimble pathfinder office 

 Topcon ImageMaster Software 

  Sirovision 

  Photomodeler   

  ERDAS 

  Envi 

 MATLAB 
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Equipment 

 Riegl VZ-4000 laser scanner 

 LMS-Q1560 Fully Integrated Airborne Scanning System 

 Riegl VZ-400 laser scanner 

 Riegl LMS-Z620 laser scanner 
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 Trimble GeoXT 
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 Member of The GeoClub at The University of Texas at Dallas  
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 Member of Dhahran Geoscience Society (DGS) 

 Member of the Saudi Geographical Society 

 Member of Saudi Council of Engineers (SCE) - Mining and geology engineering section 

 Member of Saudi Students Association at Southern Methodist University 

 Member of The Office of Student Volunteerism at UT Dallas 
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