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 Abstract 

 

Use of low-cost unmanned aerial vehicles (UAV) for documenting archaeological 

sites with close-range photogrammetry (CRP) and creation of 3D-models is an increasingly 

popular option for archaeologists looking to supplement or replace traditional mapping 

techniques. As this combined suite of technologies moves into mainstream use, the need to 

test the quality of the data, the accuracy and precision of site models becomes increasingly 

important. In this study, I assess the use of UAV CRP for its capabilities to capture the 

surface expression of Pueblo period archaeological sites in the Upper Gila River Watershed 

of southwest New Mexico. Five sites containing low relief archaeological features such as 

masonry rubble mounds, pit depressions, rock alignments, or signs of disturbance are 

documented with 3D-modeling and digital elevation models (DEM). I use a 3D-model of 

a built environment (a concrete skateboard park) with known dimensions as a basis of 

comparison to test the georeferenced accuracy and measurement precision of five 

archaeological site models. This thesis describes the methods used for the collection and 

post-processing of image data and an evaluation of the resulting site models. The results 

are assessed for their successes and failures to achieve a proper evaluation of 3D-model 

precision and accuracy.  
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Chapter 1.  Introduction 

 With each passing year, the whir and swoosh of unmanned aerial vehicles (UAVs, 

or drones) continues to increase as they crisscross the skies and find their way into new 

applications for commercial use. The recent surge in UAV use has been partly facilitated 

by the variety of relatively affordable options for entry-level drones, their ease of use, and 

their adaptability to a variety of passive and active remote sensing applications. Drones are 

now used across a diverse array of industries including agriculture, transportation, 

telecommunication, engineering, energy, mining, emergency response, and humanitarian 

assistance to name a few (Chisiza 2017; Gutiérrez and Searcy 2016; Joshi 2017; and The 

Economist 2017). In commercial applications, drones are predominantly used for aerial 

photography and photogrammetric applications. According to recent analysis from 

Business Insider Magazine (Joshi 2017), the “market for commercial and civilian drones 

will grow at a compound annual growth rate of 19 percent between 2015 and 2020.” This 

same article indicates that in 2015, 42.9 percent of all applications filed to the Federal 

Aviation Administration (FAA) for exemption to Section 333 of the FAA Modernization 

and Reform Act of 2012 were for unspecified aerial photography (Joshi 2017). A 2016 FAA 

white paper predicts a ten-fold increase in the “non-hobbyist” small commercial UAV fleet 

from an estimated 42,000 registered units in 2016 to over 420,000 by 2021 (Lizotte 

2016:32). According to the same report, aerial photography accounts for approximately 34 

percent of commercial use (Lizotte 2016:33). 

UAVs have been applied in archaeological research in recent years to produce 

photogrammetric documentation, or provide a platform for other remotely sensed digital 

technologies such as LiDAR (Light Detection and Ranging) and multispectral imaging 
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(Campana 2017; Gutiérrez and Searcy 2016). The use of these technologies by 

archaeologists and heritage consultants for mapping and three-dimensional (3D) site 

modeling is increasing because they provide a birds-eye-view perspective of cultural sites 

and landscapes. Specifically, use of low-altitude aerial photogrammetry is being used to 

create accurate and precise 3D models of cultural resources on the ground surface 

(Gutiérrez et al. 2016; Jalandoni et al. 2018; Mozas-Calvache et al 2012; Tscharf et al. 

2015). This type of modeling involves the use of specialized software to create 3D models 

with (or without) photorealistic detail that depict extant surface cultural features in either 

positive or negative relief of surface expression. These models can be used to create Digital 

Elevation Models (DEMs), which in turn can be used to measure horizontal and vertical 

spatial elements of a site for analysis and mapping.  

Using aerial photography to discover and document archaeological sites is not a 

new practice. In 1929, Anne Morrow Lindbergh, with her husband and aviation pioneer 

Charles Lindbergh, flew across the Southwest photographing already well-known sites like 

Chaco Canyon and Canyon de Chelly on behalf of noted archaeologist, Dr. Alfred Kidder 

of the Carnegie Institute (Cochrane 2016; McBrinn 2015). The capabilities of aerial 

photography have changed considerably in the past 90 years since this early pairing of 

flight and photography. Photogrammetry has taken the capabilities of aerial photography 

to new heights. The recent surge of both UAV and 3D modeling software technologies, 

coupled with their relative accessibility and ease-of-use, has interested many 

archaeologists looking for a practical and potentially affordable remote sensing option. 

However, as often happens, a coherent methodology for their use is not always as easy to 

find, or may be too specific to a region or particular brand or model of technology. That is 
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not to say that there are no methodological instructions for this approach—there are. For 

archaeologically specific methodologies, see Barcello (2014), De Rue and others (2016) 

Fernández-Hernandez and others (2014), Mozas-Calvache (2012), Nex and Remondino 

(2014), Walker (1993); Wernke and others (2014); for general photogrammetry 

methodologies see Linder (2016), Luhmann and others (2006), and Foster and Halbstein 

(2014).  

Although aerial photography has an early history in the Southwest U.S., available 

literature indicates little in the way of contemporary aerial photogrammetry that has been 

done in the region, especially in the greater Mogollon cultural region of Southwest New 

Mexico. I propose that low-altitude aerial photogrammetry from a UAV platform can offer 

a cost-effective alternative to traditional site mapping techniques, or at least offer an 

additional method to augment and enhance site documentation. In this thesis, I use UAV 

technology to document five Late Pueblo period sites in the Upper Gila River Watershed 

of southwest New Mexico, and then assess the effectiveness of photogrammetrically 

derived 3D models in illustrating low relief surface features such as masonry or melted 

adobe rubble mounds, rock wall alignments, or pit depressions that are commonly found 

on occupation sites of this period. 

This study has two components. The first component focuses on exploring the 

processes involved in conducting low-altitude aerial photogrammetry from a drone 

platform, and the subsequent creation of 3D site models as a potentially cost-effective 

means for archaeological site documentation and mapping. The project was initiated with 

a novice understanding of both technologies that I developed through an internship 

opportunity with Archaeology Southwest.  Under the direction of Dr. Douglas Gann and 
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Dr. Karen Schollmeyer of Archaeology Southwest, I learned to perform the drone flights, 

photo-document sites, and create 3D models. The second aspect of this study focuses on 

assessing the value of the data for its ability to inform on an archaeological context. In 

order to test these technologies, I used close-range photogrammetric analysis to create 3D 

models of five archaeological sites adjacent to the Gila River in the vicinity of Cliff, New 

Mexico. These sites represent a variety of cultural and temporal activities; however, their 

main components show evidence for possible habitation dating to the Late Pithouse to Post-

classic Mimbres Mogollon periods (A.D. 600-1400). I follow a basic methodology that can 

easily be used by other archaeologists interested in using similar hardware and software 

platforms modeling open-canopy sites of this type in arid environmental conditions similar 

to those in the southwestern United States. 

Two questions guided my research. First, is it possible to assess the precision and 

accuracy of 3D archaeological site models by first testing the precision and accuracy of the 

3D models of a built environment with known dimensions? Here, accuracy is used to refer 

to the closeness of true geospatial representation the models achieve. For instance, how 

closely do the local coordinates of the model, as derived through the 3D-modeling 

software, match real-world coordinate space of any given coordinate projection. The real 

world coordinate projection used in this study UTM in the WGS84 datum. Precision refers 

to the quality of distance measurements of discrete elements within the 3D-models and 

how closely they match the true distances of those same discrete elements in reality. 

The second research question asks, is there a cost-benefit gain using UAV’s and 

3D modeling software to map sites in terms of expense, time, and labor involved in data 

collection and manipulation as opposed to other methods of expedient site documentation, 
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such as traditional hand-drawn site maps? In this thesis, I explore whether UAV’s and 3D 

modeling technology is practical for use during archaeological survey. I demonstrate how 

aspects of 3D site models offer benefits of use over traditional hand-drawn sketch maps. 

 Chapter 2 offers a brief history of photogrammetry, a theoretical background for 

archaeological photogrammetry, and methodologies used in this research. I also provide a 

concise description of hardware (drone and camera) and software used to create the 3D site 

models, prior to detailing various methods used in three distinct phases of this study.  

 Chapter 3 discusses a detailed description of the study area, providing specifics of 

project location, environmental conditions, and a brief culture history of the Late Pithouse 

through the Late Pueblo Mogollon periods. Each site investigated in the thesis is 

summarized with a description of the cultural and temporal components, and the layout 

and surface features documented during survey.  

 Chapter 4 describes the scope and intent of the study for UAV and photogrammetry 

research. This is followed by a description of the specific field methods and workflow used 

to collect data. Beginning with initial image acquisition, I detail procedures used in the 

field for flying the drone and photographing sites. I go on to describe the documentation 

of Redrock Skateboard Park, a built-environment used as a proxy for testing precision of 

3D-models of archaeological sites with similarly shaped landscape features. Next, a 

concise description of equipment used, the hardware and software, is offered for 

comparison. Finally, brief description of current FAA drone flight rules are offered for 

safe, legal UAV operation. 
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 Chapter 5 describes the procedures involved in the post-processing workflow using 

AgiSoft’s PhotoScan Professional version 1.4. Five stages are described for the 3D-model 

creation process. Two additional stages described the creation of Digital Elevation Models 

(DEMs) and Orthomosaic view.  

Chapter 6 details the results of analysis for the skate park and five archaeological 

site models. 3D site models are also compared against three existing site sketch maps and 

one high-precision GPS site plan map.  

 Finally, Chapter 7 concludes this thesis with a synopsis of the research results. I 

discuss successes, failures, and shortcomings for testing 3D modeling. UAV 

photogrammetry mapping methods are evaluated for their time, cost, and accessibility of 

data. I also discuss to what degree my two research questions were satisfactorily answered. 

I directly address the missteps of my research, and offer alternative methods and 

approaches for data collection that may have helped me achieve better results to 

appropriately answer my research questions. I then offer a number of considerations for 

future researchers looking to use this same combination of technologies for projects of 

similar scope. 
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Chapter 2. Theory and Methodology 

 This chapter begins with a definition of photogrammetry. This is followed by a 

brief history of the technology. Next, a theory of photogrammetry for archaeological 

documentation is offered to inform the project methodology, close-range digital 

photogrammetry.  

 

2.1 Definition of Photogrammetry 

Photogrammetry has a long history born out of optics, mathematics, and 

photography. It is generally described as a technique or science of making accurate 

geometric measurements and other qualitative interpretations from objects depicted in 

photographs (Foster and Halbstein 2014; Luhmann et al. 2006; Remondino 2014). “The 

purpose of photogrammetric measurement,” according to Luhmann and other (2006:2), “is 

the three dimensional reconstruction of an object in digital form (coordinates and derived 

geometric elements) or graphical form (images, drawings, maps).” As a form of remote 

sensing, photogrammetry employs the use of passive sensors (cameras) to capture imagery 

in the visible light spectrum reflected from the sun (Remondino 2014:63). As an optical 

method for measurement, photogrammetry employs a non-contact technique that involves 

the use of triangulation to calculate three dimensions of the scene depicted in single or 

multiple overlapping images (Luhmann 2006:4). It is typically used for the “quantification 

of distances, heights, areas, volumes, and coordinates,” as well as creating “topographic 

maps, digital elevation models and orthophotographs” (Aber et al. 2010:23).  
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 Photogrammetry can be considered a number of different ways. Scale and position 

in relation to the object determine perspective, for instance satellite, aerial, terrestrial, or 

macro photogrammetry are all noticeably different scales. The number of images used for 

measurement—single versus multiple imagery—is another important consideration. Also, 

the method and format for image collection affect the type of photogrammetry considered, 

that is, digital versus analog photography. 

 

2.2 Brief History of Photogrammetry 

Foster and Halbstein (2014:7-9) identify four stages in the development of 

photogrammetry based on its technological progress. The first stage was developed in the 

early days of photography, when imagery taken from high places (rooftops, hills, balloons, 

etc.) was used in conjunction with linear perspective, simple math, and known heights of 

objects within the imagery to calculate the height of other objects in the field of view. One 

of the earliest applications of the photogrammetric technique was used by Aimé Laussedat, 

a French military officer who attempted to draw the facades of buildings during the mid-

nineteenth century using a reflecting “camera lucida” (Aber et al. 2010:3; Luhmann et al. 

2006:16). The first actual aerial photograph was taken from a balloon by Gaspard 

Tournachon in 1858 (Aber et al. 2010:3). However, the term “photogrammetry” was not 

coined until 35 years later by Meyenbauer, a German surveyor, in 1893 (Mikhail et al. 

2001:11).  

The second stage of development involves the early era of flight, aerial 

photography, and stereography (Foster and Halbstein 2014:9). In the early twentieth 
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century overlapping aerial photos were used in conjunction with stereographs and 

stereoplotters to derive accurate height and depth measurements from landscape imagery. 

The first aerial photograph taken from a plane was in 1909 by Wilbur Wright during a 

flight over Centoceli, Italy (Mikhail et al. 2001:11). The earliest instrumentation for the 

“automatic plotting of contours” was developed in the early twentieth century. The English 

developed the Vivian Thompson Stereoplotter in 1908; and in 1911 the Germans developed 

the Orel-Zeiss Stereoautograph (Luhmann 2006:18; Mikhail et al. 2001:11).  

The third stage of photogrammetry developed during the early age of computers, 

shifting the focus from analog processing to digital analytical approaches. Computers 

enabled the use of more complex algorithms and other mathematical calculations to 

increase the precision of measurements from photos. Photogrammetric triangulation was 

among the first numerical methods to greatly affect the course of photogrammetry 

(Luhmann 2006:20-21). This development ultimately led to major improvements in close-

range photogrammetry and the development of an image coordinate system whereby 

images could be internally calibrated. This replaced the need for metric cameras, thus 

opening the possibility for use of nearly any type of camera, while also freeing the 

restrictions on camera position and orientation (Luhmann 2006:20-21).  

The last stage, according to Foster and Halbstein (2014:9), is marked by the 

development of other remote sensing technologies such as satellite imaging and LiDAR, 

which further increased the scale and accuracy of photogrammetry. I would add that digital 

camera technology and modern computer technologies, both hardware and software, have 

also helped define this last stage of development of photogrammetry, especially in regard 

to close-range photogrammetry. NASA took modern photogrammetry beyond the 
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stratosphere with the launch of Landsat I in 1972. The Landsat satellites are equipped with 

multispectral scanners capable of capturing images of the Earth’s surface in both visible 

and infrared light spectrums (Aber et al. 2010:8–9). The development of digital imaging 

technologies during the 1960s through 1980s led to the first development of all-digital 

commercial cameras in the 1990s (Luhmann 2006:22). Digital imaging technology 

eventually increased image resolution, while also allowing for easier integration into image 

processing software. Here, image resolution refers to the horizontal distance of a scene 

represented by a single pixel of the digital image. Depending on the megapixel capacity of 

the digital sensor, the smaller the distance represented by a single pixel, the greater the 

potential for making precise measurements between two points in an orthorectified 

photogrammetric image. James Walker (1993), and early pioneer of UAV-based 

photogrammetry applications in the U.S. Southwest, designed his own fixed-wing remotely 

piloted vehicles and custom camera mountings before any commercially available 

alternatives were available. With his purpose-built drones, he also developed the method 

of low altitude large-scale reconnaissance for aerial photography and photogrammetry 

documentation of modern, historical and prehispanic sites including Pueblo Bonito 

(Walker 1993:8-10). 

Modern digital photogrammetry is enhanced by a variety of other fields such as 

computer science, specifically computer vision. Computer vision is a multidisciplinary 

field dealing with the “construction of explicit, meaningful descriptions of physical objects 

from images” (Ballard and Brown 1982:xiii). In relation to photogrammetry, Foster and 

Halbstein (2014:2-3) described computer vision as, “applying computer algorithms that 

automate the understanding and output from photogrammetry.” These algorithms are used 
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to orient multiple overlapping images and match them together to create a photomosaic 

and detect common features visible between photos (Chibrando et al. 2011:698; Verhoeven 

2011:68). There are a variety of algorithms developed for different stages in the workflow 

pipeline. One common technique is Structure-from-Motion (SfM). Structure-from-Motion 

operates in a similar fashion to traditional stereoscopic photogrammetry to derive a 3D 

structure from overlapping imagery; however, SfM relies on complex algorithms and 

computer processing to determine the location and orientation of the camera locations and 

the geometry of the scene without the need for external geographic location ties (Westoby 

et al. 2012:301; Verhoeven 2011:). Two other common algorithms developed from 

computer vision are scale-invariant feature transform (SIFT) and multi-view stereo (MVS) 

(Fernandez-Hernández et al. 2015:113; Fukukawa and Hernandez 2013:14). These 

algorithms were also developed to address computational problems associated with 

stereoscopic matching of imagery, image rotation, and feature detection and matching 

(Fernandez-Hernández et al. 2015:113; Fukukawa and Hernandez 2013:14; Verhoeven 

2011).  

AgiSoft PhotoScan professional version 1.4 was used in this study to generate 3D-

model, DEMs and orthomosaics of sites. Agisoft does not disclose the type of algorithms 

it uses in its PhotoScan software; however, PhotoScan is frequently used for SfM-type 

pipelines and uses algorithms similar to SIFT, and MVS to perform functions (Semyonov 

2011). In this study, close-range photogrammetry (CRP) and 3D-modeling were used as 

techniques for documenting archaeological sites.  
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2.3 Photogrammetry Theory for Archaeological Documentation 

 Prior to recent technological innovations in computer vision, image-based 

computer modeling, virtual reality, and 3D printing, representation of three-dimensional 

objects in space has been largely limited to two-dimensional depictions. With the exception 

of three-dimensional copies such as replicas or scale models, two-dimensional 

representations like maps, perspective drawings, matrices, and photographs have been the 

dominant medium for displaying and interpreting three-dimensionality (Campana 2014; 

2017). Photogrammetry and 3D-modeling offer a different method for capturing the spatial 

complexity of landscapes with less abstraction than are offered by maps or photographs 

alone. 

Archaeological research has traditionally relied on 2D representations of reality. 

Maps and photographs allow archaeologists to capture and preserve some of the three-

dimensional qualities of landscape, context, and artifacts, but not all. Concerning maps, 

Campana (2014:7) states, “three dimensionality has in general been represented in a ‘non-

measuring’ mode, predominantly through the development of a language of symbols.” In 

this regard, there are two common map types used to convey three-dimensionality 

(topography) of a landscape, the shaded relief map and the contour map. Other mapping 

elements such as icons, projections (topology), scale, orientation, and simple textual 

description provide additional information for interpreting three-dimensionality. From a 

Cartesian perspective, maps and photographs of known scale offer the user a medium for 

making discrete measurements of a landscape along the horizontal plane between ‘X’ and 

‘Y’ values; however, these formats typically lack data necessary to make discrete 

measurements along the vertical plane between ‘Z’ values. While isocline-style maps (i.e. 
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topographic maps and contour maps) offer one method for documenting and depicting 

three-dimensionality, depictions of this type have limitations. Topographic maps cannot 

display all type of geometry present in the landscape. Contours are also limited to small 

scale maps that depict vertical relief with low precision. New techniques for capturing and 

depicting three-dimensionality, such as photogrammetry, challenge the traditional frames 

of reference offered by static 2D mediums. 

Individual aerial photographs are also of limited use for measuring three 

dimensionality in a scene displayed, especially those taken from an oblique perspective to 

the ground. In order to capture the least distortion possible in an image, the photographic 

orientation should be vertical or nadir to the ground surface. Orthorectification, a key 

component of photogrammetry, is a method for correcting the geometry of a scene by 

reducing or removing perspective distortion, using overlapping images of a scene. 

Interpretation of three-dimensional information in a 2D format can be ambiguous, 

especially for an observer not directly familiar with the scene or object represented. 

Campana (2014:7) states, “interpretation relies on a clear understanding of the object itself, 

and of its essential characteristics.” Even when three-dimensionality is not under 

consideration, maps in general privilege certain types of information over others. All maps, 

by necessity, must exclude some forms of information in order to relate other information 

chosen for display, and the information on display is typically simplified for visual benefit. 

Traditional site plan view maps, especially those depicting spatially expansive sites, are 

often “abstraction-based” representations (Limp 2016:355). Realistic depictions are 

replaced by symbolic representation in what Limp (2016:355) terms the “Cartesian gaze,” 

the “complex decoding process that allows us to ‘understand’ what these symbolic 
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representations ‘mean,’ requires “reverse decoding ... to create any sense of an 

understanding.” While the “encoding process … allows us to reduce the content to a 

minimum it also excludes the uninitiated from participating” (Limp 2016:355). Again, it 

requires first-hand or experiential knowledge to interpret the scene represented. As a means 

of conveying information to the “uninitiated” or lay public, maps of this type may pose a 

barrier to understanding. A 3D representation offers the potential to not only analyze and 

interpret data in new ways that surpass a 2D map (especially for those without firsthand 

knowledge of site), but also offers a more inclusive way to share and visualize data with a 

non-archaeological audience.  

In this way, 3D representations allow archaeologist to interface with various data 

inputs through manipulation of 3D-models on a 2D computer monitor or increasingly 

through virtual reality technologies. Virtual reality is an immersive visual experience. 

Visual immersion into a virtual archaeological site situated within its landscape and 

modeled on an accurate reconstruction of the past, can open new opportunities for 

interpretation of site dynamics in relation to the landscape. Opitz and Limp (2015) point 

out  

Archaeologists interested in how the built environment and landscapes shape 

social interactions and reflect social structures have pursued modeling, notably of 

lines of sight and movement, using a variety of digital tools such as GIS analyses 

… or virtual worlds built around reconstructions (e.g., Paliou et al. 2014). By 

focusing on people’s reactions to space and form, these approaches turn on themes 

such as movement through an environment, responses to visual cues in 

architecture, control of visual or physical access, or social positioning through art 

and monuments. 
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This type of visualization of the past offers a transition between a “sensuous” and 

“experiential” way of knowing the world and a “scientific” and “Cartesian” way of creating 

knowledge (Limp 2016: 358). In this regard, a theory of photogrammetry relates to theories 

of landscape archaeology and phenomenology (e.g., Aston 1985; Shanks and Tilley 1987; 

Tilley 1994). 

However, just as with maps or photographs, a 3D-model of a scene or object does 

not serve as a replacement of the original. In modeling archaeological landscapes, 

familiarity of the site or scene captured in 3D should be documented through visual 

confirmation. Because interpretation of in situ archaeological contexts frequently requires 

direct observation of nuanced details, even current 3D-models cannot capture the full 

complexity of a site. However, the ability to visualize a site in photorealistic, spatially-

accurate three-dimensional detail offers a more relatable, familiar way to visualize spatial 

information as opposed to the abstractions inherent in maps. Furthermore, digital 3D-

models also offer a means of storing a great deal of positional data that can be referenced 

for new measurements at any time (Campana 2017). 

In standard archaeological practice, the initial documentation, mapping, and 

interpretation of a site’s surface expressions is normally done during survey. Because UAV 

and camera technology is now relatively cost-effective, portable, and user-friendly, field 

survey offers an ideal opportunity to utilize low-altitude aerial photogrammetry (LAAP). 

Opitz and Limp (2015:348) propose High Density Survey and Measurement (HDSM) as a 

catchall term for the new technologies that, “give us the ability to measure, record, and 

analyze the spatial, locational, and morphological properties of objects, sites, structures 

and landscapes with better resolution and precision that ever before.” This includes CRP 
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which captures information that is precise, three-dimensional, and dense (regarding the 

millions of possible three-dimensional points generated in a dense “cloud” of 

measurements). 

Opitz and Limp (2015:348), Limp (2016:352), and Campana (2017:283) suggests 

the use of new technologies, such as HDSM, which includes UAV CRP, can change the 

basic analytical sequence of archaeological survey. Campana (2017:283), following Limp 

(2016:350), states: 

Traditional field survey is based on a sequence that can be expressed as 

follows: 

observation → interpretation/abstraction → measurement → recording → 

analysis 

Field survey using high density measurement technologies breaks out of 

this logical sequence and leads us towards a new ordering of the process: 

observation → recording → measurement → analysis → 

interpretation/abstraction. 

It is this “new ordering” facilitated by HDSM that Limp (2016:350-352) says, “moves us 

toward a recursive and reflexive engagement with the data, in which we observe, record, 

measure, analyze, and abstract/interpret repeatedly, and in various orders.” In this way, 

“form and space” move from their “past roles as dependent observations to independent,” 

thus facilitating the direction of archaeological knowledge from raw data collection toward 

information creation (Limp 2016:351, after Bellinger et al. 2001:1). This idea draws on 

theories of knowledge management and data integration which have been extensively 

explored and synthesized elsewhere (e.g., Ackoff 1989; Kansa 2005; Opitz and Limp 

2015).  
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2.4 Close-Range Digital Photogrammetry Methods and Basic Principles 

Close-range photogrammetry (CRP) is a technique for capturing imagery from a 

close distance to the object or scene documented. In this study, CRP is facilitated through 

low-altitude aerial photography (LAAP), using a multi-image approach (through 

PhotoScan) to determine location and spatial features from over-lapping photos. Low-

altitude aerial photography can be achieved from a variety of platforms including planes, 

balloons, kites, and UAVs, each with their own advantages. While there are no universal 

standards for or specifications of distance that apply to CRP, Luhmann and others (2006:4) 

and Aber and others (2010:23) consider distances of 200 m or less with accuracies of 1 cm 

or less to provide a reasonable standard for CRP. Because the depth and technical nature 

of CRP is complex and the evolving literature is extensive (e.g., Aber et al. 2010; 

Chiabrando et al 2011; Fernández-Hernandez et al. 2011; Luhmann et al. 2006), I only 

review key concepts relevant to initial digital image acquisition. Likewise, actual digital 

photogrammetric post-processing of imagery is dependent on the software used. For this 

reason, post-processing methodology is reviewed in the subsequent section for PhotoScan 

workflow. 

Camera type, its position and orientation, image scale, image overlap, and geo-

referencing are all important considerations in performing LAAP for CRP. Although 

analog or digital cameras can be used for this purpose, this particular study used a digital 

camera. Modern digital cameras offer a variety of advantages over analog cameras but are 

used here for two practical reasons: (1) most off-the-shelf commercial UAVs use digital 

cameras, and (2) most automated digital photogrammetry software (such as PhotoScan) are 

designed to directly integrate digital photo formats.  
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From an aerial perspective, there are two image positions (tilt or depression angle) 

that contribute to determining image scale and are necessary for calculating the geometry 

within an image. The vertical vantage (or nadir) is the view straight down with a depression 

angle of nearly 90 degrees. Vertical photos capture less distortion in the center point of the 

image and are typically preferred for mapping and measurement in 3D-models (Aber et al. 

2010:16). Tilted or oblique advantage photos range from 87 to 0 degrees (where 0 degrees 

is parallel to the horizon). Oblique view images offer a different perspective of the scene 

that is often easier to interpret; however, harder to process for accurate measurements 

because there is more distortion in a tilted scene (Aber et al. 2010:16).  

Interior and exterior camera orientation are also important for determining three-

dimensional accuracy. Interior orientation is the position of the photo as it is derived from 

the camera. It is based on the “focal length (measured at infinity), the parameters of radial 

lens distortion, and the position of the so-called principal point in the image coordinate 

system,” where the principal point is, “defined as the intersection of the optical axis with 

the image plane and falls close to the origin of the image coordinate system and the image 

center” (Aber et al. 2010:26). The exterior orientation concerns the location of the camera 

in relation to the geographic coordinate system and the three-angle rotation (pan, roll, and 

tilt) of the camera on its axis (Aber et al. 2010:26).  

In addition to image position and camera orientations, camera resolution is another 

factor that affects the definition of scale (image-scale). Image resolution is dependent on 

the size of the camera sensor calculated in megapixels. Ground sample distance (GSD) is 

the smallest visible spatial resolution detected by the camera sensor. It is calculated using 

the scale of the photo (height of the camera above the ground surface multiplied by the 
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focal length of the camera) multiplied by the pixel size of the sensor (Aber et al. 2010:17). 

Because the terrain of a scene is highly irregular, the GSD is an average of many points. 

PhotoScan recommends digital cameras with high resolution of >5 MP (PhotoScan 

2018:8). 

Another important consideration for spatially accurate CRP models is overlap 

between stereo-paired images. Overlap between images is required for determining tie 

points, which are arbitrary points that are common to two or more overlapping images that 

provide a reference point to tie those images together in a frame of reference (Aber et al. 

2010:32-37). Because PhotoScan uses a type of automatic image matching MVS algorithm 

to identify common of features between photos and subsequently tie all the photos together, 

it is critical for the imagery to overlap. In the case of aerial photography, the recommended 

overlap requirement in PhotoScan is 60 percent of side overlap of photos and 80 percent 

of forward overlap (PhotoScan2018:9). 

Overlapping photos grouped together through tie points are known as bundles or 

blocks. Aber and others (2010:32) state “[O]nce a set of corresponding points in the 

overlapping images has been identified, their 3D coordinates are computed by space-

forward intersection using the block triangulation results.” This “block triangulation” is 

also known as a bundle adjustment technique that improves the accuracy of the overall 

model (PhotoScan 2018:42).  

Lastly, geo-referenced images are considered for their importance to spatial 

accuracy. Most off-the-shelf commercial UAVs contain a global navigation satellite 

system (GNSS) in addition to inertial navigation system (INS). Paired together, 

information containing x, y, and z coordinates, directional flight path, and attitude of the 
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UAV are appended to individual image metadata that can be used by PhotoScan to improve 

the accuracy of the bundle adjustment, thereby spatially orienting the subsequent 3D-model 

according to real world coordinates. In this case, the DJI Phantom UAV uses GPS and 

GLONASS (the Russian geo-positioning satellites) as well as a type of INS for improved 

precision of georectified locations.  

Control points or ground control points (GCP) can also be used locate and orient 

the block bundle (and subsequent model) in relation to a global coordinate system, greatly 

improving the overall accuracy. Despite this benefit to model accuracy, this method of geo-

referencing was not used in this study because survey grade GPS or Total Station survey 

equipment necessary for geospatially marking GCPs was beyond the cost and time 

considerations for this study.  
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Chapter 3. Study Area Description and Culture History  

 The study area for this thesis was developed during an internship with Dr. Douglas 

Gann and Dr. Karen Schollmeyer of Archaeology Southwest in Tucson, Arizona. 

Archaeology Southwest, in conjunction with the University of Arizona, conducted the 

Upper Gila Preservation Archaeology Field School, which performed archaeological 

survey and excavation on The Nature Conservancy (TNC) land during the 2016 and 2017 

field seasons. Dr. Schollmeyer suggested I contact Martha Cooper, the Southwest New 

Mexico Field Representative for TNC, to request permission to conduct research on TNC 

lands in the Upper Gila Valley near the communities of Cliff and Gila, New Mexico. Four 

archaeological sites on TNC land were investigated for this thesis: TNC-1, TNC -4, TNC-

5, and TNC-6. Each of these four sites exhibits evidence for occupation during the Late 

Pithouse to Late Pueblo periods. The sites have various types of surface features that are 

suitable for testing the effectiveness of photogrammetric 3D modeling. These surface 

features include rock alignments, rubble mounds, pit depressions and, in the case of TNC-

4, TNC-5 and TNC-6, evidence of bulldozer disturbance. Four of these sites (TNC-1, TNC-

4, TNC-5, and TNC-6) were recorded during archaeological survey.  

Additionally, Dr. Schollmeyer suggested I include the Woodrow Ruin site in my 

study because it offers a variety of rubble-mound surface features consistent with masonry 

or adobe architecture. Woodrow Ruin is located on Museum of New Mexico lands 

northeast of Cliff southwest of TNC-1 and TNC-6. Maxine McBrinn, Curator of 

Archaeology at the Museum of Indian Arts and Culture/Laboratory of Anthropology in 

Santa Fe, granted permission to access Woodrow Ruin for this study. 
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3.1 Project Location, Geography, and Environmental Setting 

 The five sites in this study are located next to the Gila River. TNC-1, TNC-6, and 

Woodrow Ruin are on the floodplain or first terrace adjacent to the river northeast of Cliff 

and Gila along County Road 293 (Figure 1). TNC-4 and TNC-5 are on an escarpment 

overlooking the river to the south of Cliff, off NM State Highway 180. All of the sites are 

located within a 12.1 km (7.5 mi) radius of Cliff, New Mexico. 

The study area is located in the Mexican Highland Section of the Basin and Range 

Province of the Intermontane Plateaus physiographic province (United State Department 

of Agriculture, Natural Resources Conservation Service [USDA NRCS] 2006:101–102). 

The Upper Gila Watershed forms to the east of the Mogollon Mountains in the greater 

Mogollon-Datil volcanic field on the southern Colorado Plateau. Geology in the study area 

consists of younger deposits of alluvium from the nearby volcanic mountains, overlaying 

older igneous and sedimentary bedrock of valley floors and terraces (USDA NRCS 

2006:101-102). In many places within the study area, bedrock outcrops are exposed at the 

surface where the river is channeled into older deposits, forming escarpments along the 

river’s edge. Elevations in the study area range from 1387 m to 1448 m (4550 to 4750 feet) 

above mean sea level. 

The climate in this region is arid to semi-arid with average annual precipitation 

ranging from 25.5 to 94 cm (10 to 37 inches) per year, nearly half of which originates 

during summer monsoons (USDA NRCS 2006:102). The study area is located in the Semi-

desert Grassland biotic community, which typically contains a mix of native grasses such 

as black grama (Bouteloua eriopoda), blue grama (Bouteloua gracilis), side-oat grama 

(Bouteloua curtipendula), and curly mesquite (Hilaria belangeri). Other shrubs, forbs, and 
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succulents common to the study area include mesquite (Prosopis glandulosa and Prosopis 

velutina), broom snakeweed (Gutierrezia sarothea), burroweed (Isocoma tenuisecta), cat-

claw acacia (Mimosa dysocarpa), and prickly pear (Optunia spp.), among others. TNC-1 

is located more directly in riparian habitat and has a partial overstory canopy of mostly 

cottonwoods (Populus spp.), willows (Salix spp.), juniper (Juniperus spp.), and mesquite 

(Prosopis spp.). Woodrow Ruin, TNC-4, TNC-5, and TNC-6 were located in mostly open 

grassland with only occasional small juniper or mesquite tress dotting the surface. Surface 

visibility of exposed sediments varied from site to site but overall ranged from 

approximately 10 to 50 percent visibility. 
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Figure 1. Study area location map. 
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3.2 Culture History 

This culture history focuses on the Late Pithouse, Early Pueblo, and Late Pueblo 

periods in the study area. Excavation data from the Woodrow Ruin site documents 

occupations representative of these three archaeological periods. The three archaeological 

periods cover a range of time in which features that retain a physical presence on the 

modern ground surface are typically found in relation to habitation or agricultural sites. 

Broadly speaking, structural features used for habitation, ritual use, or agriculture are of 

primary concern to this study because they often produce a visible footprint on the surface. 

The Early Pithouse period is not discussed here because none of the sites in this study have 

evidence for occupation during this period. 

The study area is associated with the Mimbres Mogollon cultural tradition (AD 

200–1400) of southwest New Mexico and southeast Arizona. This tradition is generally 

differentiated from the contemporaneous Hohokam cultural tradition to the west and the 

Ancestral Puebloan tradition to the north, based on ceramic technologies, architectural 

styles, and mortuary practices (Cordell and McBrinn 2012; Schollmeyer et al. 2008). 

Because this study only considers archaeological surface expressions, the following culture 

history summarizes only changes in architecture and prominent surface features (masonry 

and adobe) as well as site layout and location in the landscape. Archaeological periods 

defined in this study are based on the New Mexico Cultural Resources Information System 

(NMCRIS) designations of cultural and temporal periods. 

3.2.1 Late Pithouse Period 

The Late Pithouse period of the Mogollon archaeological tradition dates from AD 

600–1000 (NMCRIS 2013:36). It is marked by a number of changes in architectural style 
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from those of the preceding Early Pithouse period (Cordell and McBrinn 2012; Diehl and 

LeBlanc 2001). Major shifts include the move away from circular kivas in favor of square-

shaped kivas, as well as an increase in aggregation and larger settlement sizes (Cordell and 

McBrinn 2012; Schollmeyer et al. 2008). Anyon and others (2010:160) and Diehl and 

LeBlanc (2001:21) indicate that settlement location is an indicator of change from the Early 

to Late Pithouse period. The preference for placing sites on “high isolated knolls 

overlooking flood plain agriculture lands” during the Early Pithouse period was replaced 

by use of sites at lower elevations on the first river terrace closer to water (Anyon et al. 

2010:160–162). At larger village sites, larger communal pit structures or great kivas also 

occurred with greater frequency during the Late Pithouse period (Hegmon et al. 2016:63). 

The Georgetown Phase (AD 550–700) is characterized by the presence of San 

Francisco Red Ware, agave-roasting pits (noted in the Safford Valley), external hearths, 

external storage pits, and agricultural features of masonry and canal construction (Anyon 

et al. 2010:160-162; Schollmeyer et al. 2008:925). The trend toward larger village size 

increases during the San Francisco phase although single-family pit house groups persist. 

Georgetown phase pit houses were typically oval or D-shaped with rounded corners (Diehl 

and LeBlanc 2001:22). Site layout and architecture during the San Francisco phase (AD 

700–825/850) change little from that of the Georgetown phase. 

Rounded and sub-rounded pit houses are replaced with square-shaped or 

trapezoidal-shaped pit structures in the Three Circle phase (AD 825/850–1000) (Diehl and 

LeBlanc 2001:22; Gilman 2010:124; Nelson 1999:28). A major shift in ideology appears 

to precipitate the end of the Late Pithouse period. In addition to new architectural styles of 
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the Pueblo period, most of the great kivas show evidence of burning and ritual closure at 

the end of the Three Circle phase (Nelson and Gilman 2017:267-269). 

3.2.2 Early Pueblo Period 

 The Early Pueblo period includes the range of time from AD 1000–1200 (NMCRIS 

2013:36). This begins with the Classic Mimbres period which dates from AD 1000–

1130/1150 and is demarcated by the transition from pit house architecture to aboveground 

masonry pueblos often in contiguous room block arrangement (Anyon et al. 2010:170; 

Hegmon et al. 2010:180; Hegmon et al. 2016:55; Schollmeyer et al. 2008:926). Population 

continued to increase in the region with aggregation in larger room block villages located 

in or adjacent to major floodplains. The largest concentration of villages during this period 

is located in the Mimbres Valley. Often, room blocks were built over earlier pit house 

villages, indicating a continuity of land use and tenure by Mimbres peoples (Nelson and 

Gilman 2017:268; Schollmeyer et al. 2008:928). Great kivas were replaced by smaller 

communal spaces within room blocks and plazas, and populations in the region were at 

their height (Nelson and Gilman 2017:267-268). Cobble masonry architecture suggests 

influence from the Ancestral Puebloan region to the north (Schollmeyer et al. 2008:928). 

The abrupt change in building style, arrangement, and layout suggests a major 

reorganization of the population and a significant change in how living space and ritual 

practice was conceived (Hegmon et al. 2016:61-63; Nelson and Gilman 2017:271). 

3.2.3 Late Pueblo Period 

 According to NMCRIS (2013:36), the Late Pueblo period for this region dates from 

AD 1200 to AD 1400. However, the end of the Mimbres Classic period at about AD 1150 

may serve as better time marker to separate the Early and Late Pueblo periods because of 
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declining population, shifting settlement patterns, and the declining manufacture and 

eventual replacement of the Mimbres pottery. These patterns indicate an abrupt change in 

societal cohesion.  

 Hegmon and others (2010:187-191) separate the Late Pueblo period into the 

Terminal Classic and Postclassic periods. The Postclassic Mimbres period is less well 

defined and marked by sub-regional variation in settlement and material culture. Adobe 

architecture is used alongside the continued use of cobble masonry in many places 

(Hegmon et al. 2010:190; Putsavage 2015:53). The organization of pueblos during the 

Postclassic period is different from the Classic period. Whereas Classic period room blocks 

were typically organized as room suites with separate rooms for habitation, storage, and 

work areas, Postclassic rooms, while still contiguous with adjoining rooms, were self-

contained habitation units (Hegmon et al. 2010:190). 

 

3.3  Sites Investigated in this Study 

Four sites (TNC-1, TNC-4, TNC-5, and TNC-6) were recorded during 

archaeological survey by the Upper Gila Preservation Archaeology Field School during the 

2016 field season (Giomi 2016). Site recording conformed to common cultural resources 

inventory methods, including close-interval pedestrian survey transects, feature 

identification, artifact concentration delineation, and digital site mapping using Trimble 

Geo XH GPS units (Giomi 2016:3-4). Sites were also mapped using compasses and tapes, 

and sites were documented using Laboratory of Anthropology forms.  
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Woodrow Ruin (LA 2454) is one of the largest sites in the Upper Gila region and 

has been extensively documented with various remote sensing and digital mapping 

techniques as well as excavation of subsurface deposits. A detailed site description and 

discussions of field methods are found in Sedig (2015) for Woodrow Ruin. The following 

Nature Conservancy site descriptions are summarized from Giomi (2016). 

3.3.1 TNC-1  

TNC-1 is a small multicomponent site located north of the northern terminus of 

Grant County Road 293. It is situated at the base of a mesquite-covered hill within the Gila 

River floodplain. It contains three archaeological components defined by the presence of 

surface artifacts and features. A Late Pithouse period occupation is evidenced by three 

possible rock-ringed pit features and a small sample of Mogollon Red-on-brown and Three 

Circle Red-on-white ceramics.  The Early Pueblo period occupation is expressed as a single 

masonry rubble mound feature and a single Mimbres Style III Black-on-white sherd 

suggesting a Classic Mimbres phase occupation. The rubble mound measures 1.3m by 

2.7m. The third component contains a variety of historic artifacts including multiple 

diagnostic items of metal and glass food-storage containers that date the use-period of this 

occupation to the early twentieth century. Much of the site is overgrown with mesquite 

thickets that obscure large portions of the site surface, including the described features.  

3.3.2 TNC-4  

TNC-4 is a Late Classic period Mimbres site with a possible Reorganization phase 

component. It is located on an escarpment edge of the first floodplain terrace of the Gila 

River near the community of Riverside, west of State Hwy. 180. Multiple habitation 

features are arranged in two contiguous room groups. There is also an artifact scatter of 
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flaked stone, ground stone, and ceramic items. A large J-shaped pit disturbance has nearly 

bisected the middle of the site, causing significant impacts to subsurface deposits. The 

disturbance is interpreted as a backhoe trench used to facilitate pot-hunting activities. 

The southern room group exhibits a cimiento-style foundation of parallel upright 

facing stones on interior and exterior sides that once supported adobe walls. Two rooms 

are visible on the surface with a single interior dividing wall of coursed unshaped cobbles. 

This structure was likely looted because the sediments of the room interior are lower than 

the exterior ground surface and interior construction is visible. The northern room group 

has evidence for both cimiento and coursed cobble masonry construction defining at least 

three complete rooms and part of a fourth. Additional surface cobbles suggest that this 

room group may have been much larger but surface erosion as likely displaced much more 

material off the edge of the escarpment. 

The presence of Mimbres Style II and III ceramics, non-local flaked stone of Zuni-

spotted chert and obsidian, and adobe architecture suggest this site was continuously 

occupied through the end of the Mimbres Classic period into the twelfth century 

Reorganization phase. The site surface is mostly open with no canopy while surface 

vegetation consists of mostly medium grasses and sparse mesquite shrubs. 

3.3.3 TNC-5  

TNC-5 is located approximately 80 m from TNC-4 and occupies portions of the 

same first terrace and escarpment overlooking the Gila River to the west. The two sites are 

separated by a small wash that may have formed after occupation of the sites. TNC-5 is 

also a Late Classic period Mimbres habitation site with a possible Reorganization phase 
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component. The close proximity of the two sites and contemporaneous occupation indicate 

they were co-occupied or were perhaps a single continuous site that has since been divided 

by a wash.  

The site suffers from extensive disturbance from mechanical grading of surface 

deposits and therefore surface deposits are poorly defined. The western portion of the site 

may contain undisturbed deposits. It shows evidence of poorly defined rectilinear rock 

alignments made of unshaped cobbles; however, these were not identified a masonry room 

features. The site is open with surface vegetation of sparse grasses and mesquite scrub. 

3.3.4 TNC-6  

TNC-6 is a multicomponent site containing a Classic period Mimbres occupation 

and a Historical period occupation. It is located near the mouth of Box Canyon where the 

Gila River transitions from the mountains to open valley. It occupies a first floodplain 

terrace overlooking the river to the west. This site was not fully documented by the field 

school because of limited time. They did document a variety of artifacts including a high 

density of Mimbres Style III Black-on-white ceramics. Despite a profusion of cobbles, no 

definitive architectural alignments were defined.  

The second component contains a possible historic masonry features and scatter of 

artifacts including diagnostic glass that dates to the early twentieth century. The masonry 

feature was associated with the historic component based on its direct proximity to the 

artifact scatter. A Google Earth satellite image of the site shows east-west trending 

striations across the site, which are suggestive of bulldozer disturbance. This type of 
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disturbance may account for the lack of visible Classic period surface architecture despite 

the high density of surface artifacts; however, this hypothesis is unconfirmed.  

3.3.5 Woodrow Ruin  

The Woodrow Ruin Site (LA 2454) is a large Classic period Mimbres village with 

an underlying Late Pithouse period village occupation. It is located on an escarpment and 

first floodplain terrace of the Gila River, near the northern terminus of Grant County Road 

293. Woodrow Ruin is one of the largest sites in the upper Gila region and has been 

investigated on multiple occasions beginning with its initial recording by Burt Cosgrove in 

1929 (Sedig 2014:53). An earlier survey of the site by Danson (1957) estimated over 100 

cobble masonry rooms with evidence for adobe wall architecture in places. Additionally, 

underlying pit house depressions in association with high trash mounds were thought to be 

reminiscent Hohokam sites (Sedig 2014:53). A second survey of Woodrow Ruin by Stuart 

Peckham in 1969 identified discrete room block concentrations with possible open plaza 

areas. Peckham also estimated 33 pit house depression and surmised the site was occupied 

from AD 700-1200 (Sedig 2014:54).  

 In fieldwork at Woodrow Ruin from 2011 to 2013, Jakob Sedig (2014) 

comprehensively analyzed surface artifacts and conducted test excavations. Sedig 

(2014:85-86) performed the first comprehensive surface survey of the site, including GPS 

mapping and magnetometry to delineate surface and subsurface features. The GPS survey 

produced a map of surface topography with 10-cm contours. Based on his results, Sedig 

(2014:200-201) estimates that the Late Pithouse period occupation at Woodrow “included 

approximately 75 contemporaneously occupied pit houses” with a population of between 

300-450 individuals. He goes on to state, “the Classic period occupation contained at least 
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100 surface cobble rooms distributed amongst 10-13 room blocks,” and “[I]n some 

instances, these rooms and room blocks were built directly on top of the earlier Transitional 

and Late Pithouse period structures” (Sedig 2014:201). 
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Chapter 4. Project Description and Field Methods 

This chapter begins with a brief description of the current UAV and 

photogrammetry approach used in this study. A description of field methods and workflow 

set the background for a description of the UAV flight, field condition, and camera settings 

used for site documentation. This is followed with an explanation of the method for 

comparative analysis of the archaeological site models against a 3D-model of a built-

environment to test for model precision. Next, a description of equipment and software 

used in this study is offered for comparison by other researchers. Finally, the chapter is 

concluded with a summary of FAA rules for safe UAV flight. 

 

4.1 Description of Current UAV and Photogrammetry Research  

 In this study, I demonstrate one application for UAV-based CRP to document and 

map low-relief, open archaeological sites. There are many recent examples where 

successful application of these technologies has modeled free-standing architecture or 

monumental architectural landscapes at heritage sites across the world (e.g., Campana 

2014; Chiabrando et al. 2011; De Rue et al. 2013; Gabellone 2017; Remondino 2013, 2014; 

Tscharf et al. 2015). These applications typically provide visually stunning and extremely 

useful results; however, these heritage resources are generally associated with high 

visibility and well-defined spatial attributes, in environments free from overgrowth. There 

are fewer instances of successfully using these technologies to model and map low-relief 

archaeological sites with subtle surface expressions that exist in various states of obscurity, 
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decay, and overgrowth (e.g., De Rue et al. 2016; Mozas-Calvache et al. 2012; Verhoven 

2011).  

I initially conceived this study from the perspective of a field researcher conducting 

archaeological pedestrian survey in an unmaintained natural setting, often covered by 

sediments and vegetation. Not every archaeological site has features visible on the ground 

surface. Use of aerial photogrammetry (excepting multi-spectral imaging photography) 

will have limited use to document archaeological sites that lack surface expressions, unless 

the aim is to simply model the landscape itself. In order to effectively test UAV-based CRP 

for use in a survey application, sites with visible surface expressions are needed, e.g., sites 

with rubble mounds, pit depressions, rock alignments, and similar features. Features of this 

type, with visible surface relief, serve as the study target for this research. 

Additionally, another important factor to be considered is an unobstructed line-of-

sight from the air to the ground surface, one free from canopy, excessive surface vegetation, 

or visual obstruction. Prehispanic and Historical period sites in the U.S. Southwest often 

exist in these conditions, and with high enough frequency to test these technologies. 

I undertook this research from the perspective of a novice, with no prior background 

knowledge of UAVs or other remotely-controlled vehicles, and with only cursory 

experience creating 3D models of archaeological features. An internship with Archaeology 

Southwest provided basic training in drone flight and procedural instruction necessary to 

capture aerial imagery of sufficient quality to generate 3D site models. Additionally, I 

received basic instruction in the use of AgiSoft Photoscan 3D modeling software. My 

approach and understanding of the process and procedures developed during the course of 

the project. Although the internship provided a foundation, much of what I learned resulted 
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from trial and error during fieldwork and data processing. My successes and mistakes in 

implementing the methods are detailed in Chapters 6 and 7.  

To appropriately address my research questions, I evaluated the combined 

technologies of UAVs and photogrammetry under two different considerations. The first 

consideration, the creation and use of 3D-models for archaeological applications, was 

further regarded under two conditions. First, the effectiveness of using UAV-CRP to 

document surface features and other site elements for mapping and interpretation was 

explored. To accomplish this stage I proposed to create 3D site models and DEMs that 

show surface relief, archaeological features, and other elements such as disturbance. These 

models were then analyzed for the identification of new and extant features and other 

surface anomalies such as disturbances. Second, the precision of measurements within each 

site model was assessed by using tools in PhotoScan and ArcGIS software to make discrete 

measurements of feature elements. Measurement precision was evaluated by first 

calculating average horizontal and vertical measurement errors taken in a 3D-model of a 

built-environment with exact dimensions. The error average served as one way to evaluate 

the potential precision of the other five archaeological site models. 

The second set of considerations looks at the cost of the equipment and software as 

well as the time requirements involved in using this complement of technologies for 

mapping sites. However, because there are myriad conditions affecting a cost and time 

evaluation of conventional pedestrian survey and field mapping standards, a direct 

comparison of traditional methods (tape and compass maps or GPS maps) and UAV site 

mapping is not made here. Nevertheless, the cost of equipment, time spent both collecting 
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data in the field and processing the data to create the site models is discussed in Chapter 7. 

This information can be used as a baseline for future endeavors of similar scope.  

 

4.2 Field Methods and Workflow 

As a novice to UAVs in general and a new user of the Phantom 4 Pro platform, I 

first familiarized myself with the equipment to develop a basic understanding of UAV 

operations and flying the drone. I also reviewed basic LAAP CRP methods to establish a 

frame of reference for field procedures used in this study. After purchasing the Phantom 4 

Pro, I checked all the requisite functions were operational and updated both the drone and 

controller to the latest firmware, a critical step that should be taken before each flight. I 

also registered the drone with the FAA as required under Part 107 (14 CFR part 107).  

Prior to every field visit, a pre-field checklist was used to ensure that all essential 

equipment was on hand and functioning properly. This included the main drone housing, 

remote controller, visual interface (smart phone), three batteries, extra rotor blades, battery 

charger, micro-USB connection cord, and backpack carrying case. Additional equipment 

included a 1.5 meter long scale, north arrow, clipboard, paper, and pencil.  

4.2.1 UAV Flight and Field Conditions 

Three separate field visits were made to the study area between September 3 and 

November 19, 2017. Field visits were opportunistic and not organized around optimal 

seasonal or weather conditions. Two sites were flown and photographed during each visit 

(TNC-4 was flown on two separate occasions). Site accessibility was a consideration in 

choosing sites to investigate. Three sites (TNC-4, TNC-5, and Woodrow Ruin) were easily 
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reached from state and county roads. TNC-1 and TNC-6 required less than an hour hike to 

reach. Additional supplementary documentation included overview photography, notation 

on environmental conditions (atmospheric and ground surface), and total time spent 

performing the UAV flight (Error! Reference source not found.On average, each photo 

in DNG format was 38.3 MB in size. 

 

).  

On average, two hours were spent at each site to accomplish these tasks. Most 

flights were conducted between 10am and 3pm—the portion of the day typically offering 

optimal lighting conditions with shorter shadows cast. Atmospheric conditions were 

typically sunny to mostly sunny with wind speeds below 20mph. Surface vegetation and 

other environmental conditions present on site during each visit varied. During the 

documentation of TNC-1 and TNC-6, dense surface vegetation obscured much of the 

ground surface (including surface features). Woodrow Ruin, TNC-4, and TNC-5 were 

sparsely-to-moderately vegetated, with surface features easily visible.  

No flight planning software was used in this study. To emulate an ad hoc UAV 

survey as it may transpire during pedestrian survey in remote locations, the UAV was flown 

manually over each site. No area-of-interest was defined ahead of time and GSD was not 

considered a requisite factor for image acquisition or flight planning. Sites were 

documented for complete coverage of all surface remains and in the case of Woodrow 

Ruin, TNC-4, TNC-5, and TNC-6 a significant portion of the surrounding landform was 

also recorded to further highlight the capabilities of spatial modeling for more dynamic 
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topographies. The Woodrow Ruin site boundary was known from high-precision GPS site 

plan maps made by Sedig (2015) and the TNC site boundaries known from survey 

recordings conducted by Giomi (2016).  

A gridded flight pattern was attempted for each site. Flight transects were not 

oriented according to cardinal direction but flown in relation to the longest axis of the site-

landform. Site plan view maps were used to help orient the intended flight paths. Because 

each flight was under manual operation, transects were often slightly irregular in 

orientation and not quite parallel with preceding or subsequent flight paths. However, full 

photo documentation of each site was achieved through redundant flight patterns. In most 

cases, fewer photos taken from pre-programmed flight path locations would likely achieve 

similar results. 

4.2.2 Camera Settings 

The Phantom 4 Pro camera was set to an autofocus infinity mode, therefore each 

photo had a range of slightly different settings. Generally, photos collected in this study 

had a f-stop range of 6.3 to 7.1; ISO-200 to 400; and a shutter speed of 1/200 to 1/1000. 

All photos were recorded in a 3:2 aspect ratio and stored as an unprocessed, uncompressed 

DNG file format, a type of raw format. This resulted in large file sizes and longer write 

time to the microSD card used to store the photos as they were taken. On average, each 

photo in DNG format was 38.3 MB in size. 
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Table 1. Environmental condition and specifics of photo documentation for each site in 

the study. 

Site 
Number 

Size 
(approx. 
hectares) 

Flight 
Time 
of Day 

Environmental/ 

Atmospheric 
Conditions 

UAV  

Altitude 
(ft) 

Camera 
Settings 

Number 
of 
Photos 

TNC-1 1.17 2:30-
4:00 
pm 

Mostly sunny, winds < 
10mph. Surface 
vegetation dense 
mesquite thickets and 
other riparian brush. 

75 3:2 aspect ratio 

ISO-400  

f/5 and f/6.3  

Shutter 1/200 to 
1/1000 

670 

TNC-4 0.32 2:30-
3:15 
pm 

Sunny, winds < 20mph. 
Surface vegetation 
sparse short grasses 
and small shrubs. 

75 3:2 aspect ratio 

ISO-200 to ISO-
400  

f/6.3 and f/7.1 

Shutter 1/200 to 
1/1000 

280 

TNC-5 1.54 2:30-
3:15 
pm 

Sunny, winds < 20mph. 

Surface vegetation 
sparse short grasses 
and small shrubs. 

100 3:2 aspect ratio 

ISO-400  

f/6.3 and f/7.1 

Shutter 1/800 to 
1/1000 

530 

TNC-6 2.71 11:00-
12:30 
am 

Sunny, winds < 20mph. 

Surface vegetation 
dense tall grasses and 
small shrubs. 

100 3:2 aspect ratio 

ISO-400 

f/6.3 to f/7.1 

Shutter 1/800 

703 

Woodrow 
Ruin 

2.75 11:00-
11:45 
am 

Sunny, winds < 10mph. 

Surface vegetation 
sparse short grasses 
and small shrubs. 

100 3:2 aspect ratio 

ISO-400 

f/6.3 

Shutter 1/800 

615 

 

4.3 Skateboard Park Comparison 

 One method for testing the precision of PhotoScan’s 3D-modeling technology is to 

create a model of a built landscape with exact known dimensions. In this case, a concrete 

skateboard park serves a proxy for a similar set of landscape features that are frequently 

found on Late Pueblo Period habitation sites in the Southwest. The Redrock Community 

Park in Redrock, Arizona, hosts a concrete skateboard park (Redrock Skate Park) with a 

large central W-shaped bowl containing a flat bottom, sloping transition and vertical sides; 
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two isolated, mound-shaped berms; two rolling berms; and two low flat rails at the lip of 

the bowl. These features, with low and subtle relief, curvilinear profile, and sloping 

transitions approximate the type of surface relief one might encounter on sites of this period 

containing masonry or melted adobe rubble mounds, pit house depressions, or isolated 

masonry alignments. 

 The Redrock Skate Park was documented with the same methods of UAV 

documentation for CRP described for archaeological sites. Additionally, a selection of 

skate park features were measured in horizontal and vertical dimension using nylon 

measuring tapes, plumb bob, and compass to generate a field map style plan view. Because 

PhotoScan offers the ability to measure length, area, and volume of discrete elements 

within a model, the known dimensions of the skate park can be directly compared against 

those same measurements taken from the model. The only aspect of these features not 

documented were dimension for curvature of the transition in the bowl and on the slope 

angle of the berms. These aspects were omitted because PhotoScan is unable to calculate 

these dimensions. A comparison of measurements resulting from these two methods serves 

as a proxy for determining precision standards of ad hoc style UAV photogrammetry that 

does not employ the use of GCPs. 

 

4.4 Equipment, Hardware, and Software 

4.4.1 UAV and Camera Specifications  

 The UAV platform selected for this project was the DJI Phantom 4 Pro. The 

Phantom 4 Pro is an entry-level professional-grade UAV camera platform (Dà-Jiāng 
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Innovations Science and Technology [DJI] 2018). It typically retails for approximately 

$1,300.00 without any add-on features or accessories. This drone was selected for a number 

of reasons including cost, built-in features, portability, and ease of use among others.  

The Phantom 4 Pro is a compact quadcopter aircraft capable of vertical takeoff and 

descent, with a maximum flight ceiling of approximately 6000 m (19,685 ft) above mean 

sea level. It has a flight time of approximately 30 minutes per battery and is capable of 

speeds of 72 kmh (45 mph). Onboard GPS and GLONASS provide guidance and 

positioning in three-dimensional space (DJI 2018). A particular attractive feature of the 

Phantom 4 series is the infrared collision avoidance system that helps protect the drone 

from unseen obstacles.  

The Phantom 4 Pro comes with a built-in 20-MP camera on a gimbal mounted to 

the bottom of the drone. The gimbal provides 3-axis stabilization during flight and has a 

tilt range of -90º to +30º. The camera is capable of taking still photos and 4k resolution 

video in a number of capture modes and resolutions (DJI 2018:62). The camera is DJI 

model FC6310. It uses a 1-inch CMOS sensor with a mechanical shutter. It has an 84º field 

of view, f-stop range of 2.8-11, and manual ISO range of 100-12800 (DJI 2018:63).  

The Phantom 4 Pro uses an external controller for manual flight operations. It has 

a maximum transmission distance of 7 km (4.3 mi) under FCC standards (DJI.com 2018). 

The controller requires a visual user interface, such as a tablet or smart phone that can 

support the DJI Assistant application. This allows the user to interface with additional on-

screen controls to manipulate drone functions such as the camera, pre-programed flight 

path, and various built-in sensor settings. 
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4.4.2 Software Specifications 

AgiSoft PhotoScan is a leading image-based photogrammetry software for the 

creation of 3D spatial models. I chose this software in part because it is frequently used in 

cultural heritage applications and has been successfully used in similar archaeological 

applications (e.g., De Rue et al. 2016; Lercari 2016). I used the PhotoScan Professional 

version 1.4 (and 1.4.1 update), which handles photogrammetric triangulation, dense point 

cloud generation, 3D-modeling, and digital elevation model (DEM) creation and export 

(PhotoScan 2018). The ability to create DEMs and Orthomosaics from 3D-models is one 

way to measure geometry within models as well as visually display the information in an 

intuitive format. 

Two other software packages were used for image editing and map creation. Adobe 

Illustrator CC 2015.2 (version 19.2.0) was used for image editing of static model captions. 

Additionally, ESRI ArcMap10.5 and ArcScene 10.5 were used to generate site maps and 

for additional manipulation of DEM site models. 

4.4.3 Hardware Specifications 

 Post-processing of photogrammetric imagery requires a computer with an adequate 

central processing unit (CPU), graphics processing unit (GPU), random access memory 

(RAM), and hard drive storage capacity. The high resolution digital image files needed for 

photogrammetry are typically large in size and require intensive computer processing. The 

AgiSoft user manual for PhotoScan Professional version 1.4 (2018:1) recommends 

configuration settings for various Windows users, Windows 7.1 SP 1 (64 bit) or later is 

recommended. Likewise, an Intel Core i7 CPU processor and at least 16 GB of RAM are 

recommended for processing. PhotoScan supports GPU acceleration from both NVidia and 
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ATI graphics cards (PhotoScan 2018:1-2). Although not directly stated, a hard drive of 

sufficiently large storage capacity is needed to store the imagery and finished models. 

Furthermore, capabilities of the CPU, GPU, and RAM are all limiting factors that affect 

the amount of time required to process a particular project. Using components with higher 

performance specification and greater computing capacity will reduce the processing time 

of PhotoScan, which can often continue for multiple days for a single site model build.  

For this project, I used a Lenovo Y520 15IKBN laptop for processing and initial 

editing of site models. The Y520 has an Intel Core i7-7700HQ, 2.8 GHz CPU. The Y520 

has two GPU’s, an NVidia GeForce GTX 1050 Ti GPU card, and an Intel HD Graphics 

630 integrated GPU. Although the Y520 comes with 16 GB of DDR4 2400 MHz RAM, I 

upgraded this system to 32 GB of RAM to improve processing capabilities. Lastly, the 

Y520 comes with a 1 TB HDD hard drive for storage. I used a Western Digital 3 TB 

portable hard drive to store and transfer photos and models for this project. 

 

4.5 FAA Small UAS Rule (14 CFR part 107) 

 I became familiar with U.S. federal regulation of drone use to ensure that legal and 

safety considerations were met. There are many restrictions for UAV flight in the U.S. 

These restrictions are identified in “Part 107” of the Code of Federal Regulations. Part 107 

applies to all unmanned aircraft (the FAA also uses the abbreviation UAS, referring to 

Unmanned Aircraft Systems) weighing less than 55 lbs (25 kg). Unmanned aircraft 

weighing more than 55 lbs are subject to regulation under Section 333 of the FFA 

Modernization and Reform Act of 2012 (FMRA). Since the Phantom 4 Pro weighs in at 
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just over 3 lbs (1.388 kg), regulation under Section 333 is not reviewed here. Typically, a 

drone pilot license is required for all commercial operations of UAV’s under Part 107; 

however, a 2016 FAA memorandum about Section 336 of the FMRA provides exemption 

to this licensing requirement, stating, “[A] student may conduct model aircraft operations 

in accordance with Section 336 of the FMRA in furtherance of his or her aviation related 

education at an accredited educational institution.” (FAA Memorandum to Section 336 of 

the FMRA 2016). All drone flights performed for this research were conducted with an 

understanding of the licensing exemption stated Section 336. Furthermore, all flight safety 

protocols and flight restrictions as indicated in Part 107 were adhered to for this study. A 

full description of CFR Title 14, Chapter I, Subchapter F, Part 107 is available at e-CFR 

website (www.ecfr.gov). Key information regarding Part 107 is detailed in Table 2. 

Table 2. Small Unmanned Aircraft Rule (Part 107).  
Operational 
Limitations 

 Unmanned aircraft must weigh less than 55 lbs. (25 kg) 

 Visual line-of-sight between the aircraft and remote pilot in command 
must be maintained. 

 Daylight-only operations, or civil twilight (30 minutes before official sunrise 
to 30 minutes after official sunset, local time with appropriate anti-collision 
lighting. 

 Must yield right-of-way to other aircraft. 

 Maximum ground speed of 100 mph (87 knots). 

 Maximum altitude of 400 feet above ground level. 

 Operations in Class B, C, D, and E airspace are allowed with the required 
ATC permission. 

Remote Pilot in 
Command 
Certification and 
Responsibilities 

 Establishes a remote pilot in command position. 

 A person operating a small UAS must either hold a remote pilot airman 
certificate with a small UAS rating or be under the direct supervision of a 
person who does hold a remote pilot certificate. 

Aircraft 
Requirements 

 The remote pilot in command must conduct a preflight check of the small 
UAS to ensure that it is in a condition for safe operation. 

 

  

http://www.ecfr.gov/
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Chapter 5. Post-Processing Workflow in Photoscan 

This chapter details the post-processing and 3D-model creation workflow which 

includes step-by-step operation for PhotoScan Professional version 1.4, as well as model 

scaling, editing, and export for use with other software platforms. 

 

5.1 PhotoScan Professional v. 1.4 Workflow 

For most workflow operations, I used the PhotoScan User Manual as a guide. I also 

build on PhotoScan workflows by Verhoeven (2011), James (2017), and others. While the 

PhotoScan user manual generally offers detailed instruction throughout the workflow, 

there are many ancillary functions that are poorly described or omitted altogether. Despite 

this, high-quality models can be made in a relatively short amount of time by following the 

basic workflow (with default settings) presented here and in the user manual. 

The following section details seven steps in the workflow progression toward the 

creation of a DEM and an Orthomosaic model-view for archaeological sites. An example 

of workflow progression toward 3D-model creation can be seen in Figure 2. Likewise, a 

visual representation of these modeling steps is displayed in Figure 3.  In each step 

PhotoScan offers a variety of options for data inputs that affect the outcome of each stage 

in the model build process. Many of these options have default settings that were used and 

are not discussed here unless otherwise noted. Additionally, PhotoScan contains a number 

of preference settings that can affect time required for processing and quality of models 

made. Two important settings under the Preferences Dialog in the General Tab through the 

Tools menu dropdown include: (1) selecting all available graphical processing units 
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(GPUs), thus boosting processing speed; and (2) enabling extra camera data for location 

accuracy (PhotoScan 2018:12). For this study, all image-, and subsequent model-

coordinates were converted to World Geodetic System (WGS) 84 coordinates for Zone 12 

of the northern hemisphere, in which the project area is located. 

One final consideration prior to starting the workflow is saving the project. Because 

processing can be time consuming and often takes a day or more for certain processes, the 

project should be saved between each step under a new file name that reflects the step just 

completed.  

 

 

Figure 2. Field data collection and post-processing workflow operations. 
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Figure 3. Workflow 

progression of 

TNC-1 showing 

four stages of model 

creation.  
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After processing was completed and final site models created, the graphic model 

display and Orthomosaic view of PhotoScan was used to visually inspect and identify 

surface features and disturbances within each model. Identified site elements were outlined 

using PhotoScan’s drawing tools. The “shapes” function can create points, polylines, and 

polygons on the model surface.  

PhotoScan also has a function for measuring coordinates, distances, and surface 

areas of drawn shapes. The “ruler” tool was used assess horizontal precision within each 

model by measuring a metric scale stick that was placed on the site surface during UAV 

photography, thus serving as one way to check horizontal precision.  

5.1.1 Add Photos 

  After initial image acquisition, the first step in starting a new project in PhotoScan 

is to add the photos to the Workspace. Selecting Add Photos from the Workflow menu 

allows the user to select either individual photos or the contents of an entire folder. This 

process creates a “chunk” of all “cameras” (photos) that will be processed together for the 

model build (James 2017:3). It is recommended to assess image quality during this step by 

right-clicking on an image in the Workspace and selecting Estimate Image Quality from 

the sidebar. This process checks for poorly focused photos and assigns a “Quality” rating 

between 1.0 and 0.1 (PhotoScan 2018:17). The PhotoScan recommends disabling any 

photos with a value of 0.5 or below because poorly focused images can affect feature 

recognition between photos. Individual cameras with low quality can be disabled (or re-

enabled) from the Workspace.  



62 
 

5.1.2 Align Photos 

 The second step in the workflow is to align the photos, thereby calculating the 

location and orientation of the individual cameras, creating a sparse point cloud in the 

process. Selecting the Align Photos option under the Workflow menu opens a dialog box 

to specify parameters for the process (PhotoScan 2018:18). The most important 

consideration for this step is selecting the desired accuracy for camera alignment. Accuracy 

is ranked from “highest” to “lowest” settings, with options in between. Higher accuracy 

settings will increase the processing time for this step because it uses the original photo 

size, while subsequent settings downscale the images by a factor of four for each selection 

(PhotoScan 2018:18). The resulting display in the Model window is a sparse point cloud 

that shows the general shape of model (object or scene). Camera locations are also depicted 

as blue tiles with a black line through their center indicating direction. At this stage, poorly 

aligned cameras and points can be removed or deleted from the workspace and the chunk 

can be realigned. 

 Another important consideration at this stage is referencing the camera positions. 

Most off-the-shelf UAVs use GPS/INS to assign location information to each photo taken 

with the built-in camera. Referencing camera positions is important for aligning each 

camera and determining the accuracy of the model overall. For this example, the DJI 

Phantom 4 Pro appends geographic coordinate and other inertial data, such as yaw, pitch 

and roll of the drone, in the metadata of each photo. Coordinate information for each or all 

cameras in a chunk can be converted to a number of different coordinate systems. Under 

the Reference pane, the View Sources button will display latitude, longitude, altitude and 

other metadata for the cameras. Selecting the Convert button allows the user to change the 



63 
 

coordinate system to a more common or regionally appropriate system such as WGS84, a 

common survey standard.  

5.1.3 Build Dense Cloud 

  The third step is building a dense point cloud. This action generates depth 

information from each camera position by identifying common feature elements in 

overlapping photos. Depth is calculated for each point in the cloud resulting in a visible 

three-dimensional surface of scattered points representing the general form of the model. 

Selecting Build Dense Cloud from the Workflow menu opens a dialog box where Quality 

can be assigned. The quality parameter, similar to the options for Align Photos, allows the 

user to designate the quality of the dense cloud output from Highest to Lowest, whereby 

each successively lower quality setting reduces the photo input size by a factor of four each 

time (PhotoScan 2018:20). In the same dialog box, the Advanced dropdown offers options 

for Depth Filtering. The depth filtering option uses various algorithms to identify outlier 

points that result from poor image quality. Depth filtering has four possible settings, 

Disabled, Mild, Moderate, and Aggressive. Each option has different considerations 

depending on the subtle details the intended model is to reflect. For aerial imagery, 

PhotoScan recommends either Aggressive or Mild. The resulting display should look 

similar to the sparse point cloud from the previous step, only with many more points that 

very closely approximates the shape of the intended model. 

 At this stage, values for the dense cloud points are generically classified as 

“created.” These points can be reclassified to differentiate a number of conditions that may 

be present in the point cloud such as vegetation, ground surface, buildings, and noise 

(misaligned points). Depending on the user’s needs, one or multiple classes can be 
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specified. The command Classify Ground Points can be selected from the Tools menu. 

Since DEM creation is part of this workflow, classifying ground points in the dense cloud 

differentiates the ground surface from taller vegetation, and important component in this 

study. Because archaeological features of the type considered for this study are expressed 

as subtle changes in the ground surface of a site, the ability to differentiate between top of 

vegetation and the physical ground surface is key to their physical form being represented 

in a DEM. 

5.1.4 Build Mesh 

 The fourth step in the workflow is building the mesh of the model. This action 

generates a three-dimensional mesh of the model by assigning vertex values for vertical 

relief. A polygon mesh links the vertices adding three-dimensionality to the scene or object 

depicted. Selecting the Build Mesh option from the Workflow menu opens a dialog box 

with a variety of parameters. Three important options, Surface Type, Quality, and Face 

Count are located under the General section of the dialog box. There are two options for 

Surface Type: Arbitrary and Height Field. The Arbitrary (3D) setting allows for surface 

modeling of any object but may not be the best option for planar surfaces such as terrains 

(PhotoScan 2018:22). The Height Field (2.5D) is a better option for terrains and larger data 

sets as it requires lower amounts of memory for processing. Quality, as in previous steps, 

contains options for high and low settings and is a reflection of input quality and subsequent 

mesh build accuracy. Face Count is only available if the Height Field option is selected. 

Face count determines how many polygons will be created for the mesh. More polygons 

add detail to the model but requires more time to process. The number of polygons in the 
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mesh can also be reduced through the Decimate option under the Tools > Mesh menu 

options. 

 The Advance section in the Mesh dialog box contains two important parameters 

(Interpolation and Point Classes) that affect the outcome of the mesh. Interpolation refers 

to method for filling in “holes” in the mesh that would otherwise result from gaps in the 

dense cloud. For instance, tall vegetation and steep changes in terrain can lead to holes 

through poor visualization from the imagery. Interpolation essentially fills in the geometry 

of the holes through the specified Point Classes. Having previously specified Point Classes 

after the creation of the dense cloud, ground points (or others) can be used as a parameter 

for interpolation. 

 The resulting display can be viewed by toggling three different settings in the view 

mode tool bar: Shaded, Solid, and Wire Frame. The shaded view shows color shading of 

each polygon that closely approximates the color value for that area based on the color 

values in the photos. The Shaded option shows the model in a single color with shading to 

indicate relief within the mesh. The Wire frame view shows empty polygons with shaded 

lines connecting vertices. 

5.1.5 Build Texture 

 The fifth step in the Workflow is adding texture back to the mesh model. Texture 

is the visual quality of the model based on mosaic of the original imagery. PhotoScan uses 

a variety of algorithms to perform this action. There are six options for packing the texture 

on the texture atlas, Generic, Adaptive Orthophoto, Orthophoto, Spherical, Single Photo, 

and Keep UV. Adaptive Orthophoto is recommended for mapping terrain that has a range 
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of orientations from nearly planar to nearly vertical. The Orthophoto option may be 

considered if there are no vertical orientations in the model. The other options are not 

considered here. Other texture generation parameters include the Blending Mode that 

defines how the pixel values from the source imagery are assigned. Mosaic is the default 

option and uses a two-step approach to avoid seamline problems (PhotoScan 2018:25). The 

texture display shows much greater photorealistic detail to the mesh model. At this stage, 

a model is suitable for visual interpretation and display. It can be exported to a variety of 

other applications or platforms for additional manipulation or for publication. 

5.1.6 Build DEM 

 A DEM model is a representation of height values for all points above mean sea 

level (Ajayi et al. 2017:3113). In PhotoScan, a DEM can be made using sparse cloud or 

dense cloud source data, and does not require the mesh or texture steps to be completed. 

However, there is an option to build a DEM from a mesh but the most accurate values are 

derived from the dense point cloud data (PhotoScan 2018:27). In PhotoScan, the resolution 

of a DEM is reported as centimeters per pixel which represents the vertical scale of the 

smallest measurable unit in a model. 

Selecting Build DEM from the Workflow menu opens the DEM dialog box. The 

projection type parameters allow for Geographic, Planar, and Cylindrical projections. In 

this example, the Geographic projection is used to select the WGS84 projection, which 

orients the model in real world coordinates and allows for the model to be exported into 

other mapping software such as ArcMap. The Parameters section of the dialog box allows 

for the selection of various Source Data, Interpolation, and Point Class options.  
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Once dense cloud is selected for source data, the point class options is populated 

based on the previous point class designation created during the previous Dense Cloud 

step. In this case, “ground points” would be selected to generate an accurate DEM of just 

the ground surface and low vegetation, otherwise, the resulting model will reflect the entire 

surface coverage of the model including all vegetation and structures, thus resulting in a 

digital surface model (DSM). Similar to the Build Mesh step, the Interpolation options 

allows for the filling of missing data or “holes.” The Enabled (default) mode is 

recommended for this step because the interpolation will calculate an elevation for all areas 

of a scene that are visible in at least one image, resolving most issues with holes (PhotoScan 

2018:27). 

5.1.7 Build Orthomosaic 

 An orthomosaic is the total set of aerial images that have been geometrically and 

geographically corrected or “orthorectified” (Jalandoni et al. 2018:608-609). The 

orthomosaic consists of high resolution imagery that are based on the source photos 

(PhotoScan 2018:29). Much like DEMs, they can be used for making relatively accurate 

measurements of true distances within the image. The orthomosaic view in PhotoScan 

cannot be exported for use in a different software package unless converted into a Tiled 

Model, which is not covered in this study. 

In PhotoScan, open the Workflow menu and select Build Orthomosaic from the 

dropdown. Similar to steps in the DEM build, the projection type parameters allow for 

geographic, planar, and cylindrical projections. Again, the geographic projection is used to 

select the WGS84 projection which orients the model in real world coordinates (PhotoScan 

2018:29). The Parameters section of the dialog box allows for the selection of various 
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Surface type and Blending mode options. Mesh is the default option for surface data. 

Similar to the Texture step, the Blending Mode defaults to the Mosaic option. Hole-filling 

is also an option in this step and should be considered if using a mesh that has not already 

had this step performed. There are also options to define the region and values for pixel 

size. 
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Chapter 6. 3D-Model Analysis and Results 

This chapter presents the CRP 3D modeling of five prehispanic archaeological sites 

and one modern built environment (a concrete skateboard park). The skate park is used 

here as a benchmark to assess the precision of the technology. All sites were successfully 

modeled in 3D; however, only the TNC-4 and Woodrow Ruin models successfully 

captured surface features with detailed resolution for visual interpretation and 

measurement. Likewise, DEMs created from 3D-models of these sites show surface 

features in shaded relief, clearly contrasted against the surrounding ground surface. The 

3D-models for TNC-5 and TNC-6 were also able to show the ground surface in detail; 

however, discrete archaeological features were not evident and likely destroyed as 

evidenced by surface disturbance. The model for TNC-1, while faithfully displaying the 

current surface conditions on the site, was unable to show the ground surface because of 

overstory vegetation. The model of Redrock Skate Park faithfully depicts an unobstructed, 

well-defined, built-landscape with attributes uncommon in nature but sometimes similar to 

those found on mostly buried Pueblo period sites on open land.  

The results for each site summarize the workflow operation in PhotoScan where 

relevant to highlight the successes and failures in each case. The specific attributes of the 

model build process are displayed in Table 3. These attributes include the final number of 

cameras used, the number of generated tie points, parameters selected for the depth map, 

number of points in the dense cloud, number of polygon faces in the model, and resolution 

of the DEM or Orthomosaic model, or both. These factors primarily represent the size of 

the model measured in areal coverage and digital file size, which are contingent on number 

of photos used and other parameters affecting the quality of the model build. 
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Table 3. Input and output results at various stages in the PhotoScan 3D-model build 

process, by site.  
Site  
Name 

Number 
of 
Cameras 
in Final 
Chunk 

Number 
of Tie 
Points 

Depth Map 
Parameters 

Number of 
Dense Cloud 
Points 

Number of 
Polygon 
Faces in 3D 
Model 

DEM 
Resolution 
Measured in 
Centimeters 
Per Pixel 

TNC-1 587 418,035 Medium 
Quality, 
Moderate 
Filtering 

39,852,505 6,916,842 3.22 cm 

TNC-4 249 265,086 High Quality, 
Aggressive 
Filtering 

78,331,520 15,664,742 1.94 cm 

TNC-5 530 602,793 High Quality, 
Mild Filtering 

148,270,062 25,389,499 1.6 cm 

TNC-6 570 397,254 Medium 
Quality, 
Moderate 
Filtering 

67,246,358 13,446,663 3.93 cm 

Woodrow 
Ruin 

466 511,813 High Quality, 
Moderate 
Filtering 

217,625,195 43,524,310 1.37 cm 

Redrock 
Skate Park 

145 83,472 High Quality, 
Mild Filtering 

16,132,905 3,224,435 1.26 cm 

 

Camera location errors are reported in Table 4. This error is a default calculation 

generated during the alignment and camera calibration processes of PhotoScan. Camera 

error can directly impact the georeferenced position of subsequent models. For this study, 

GCPs were not used and camera locations were not calibrated. Because precision standards 

of models created for this study are only considered for horizontal and vertical distance 

within the model, camera location error, and thus large georeferencing error are only 

considered for their potential accuracy of the model in 3D coordinate space. Had GCPs and 

camera calibration methods been used for improving camera accuracy, the resulting errors 

would likely be reduced. 
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Table 4. Error reports for camera locations. Camera error effects the georeferencing 

precision of the final model. 
Site Name X error (m) Y error (m) Z error (m) XY error (m) Total error (m) 

TNC-1 1.59282 1.32912 4.33753 2.07452 4.8081 

TNC-4 1.40587 1.44158 4.93943 2.01361 5.3341 

TNC-5 1.32066 1.35881 1.9255 1.89486 2.7148 

TNC-6 2.15056 1.3889 3.47009 2.56006 4.31225 

Woodrow Ruin 33.03 21.6707 7.11436 39.5045 40.14 

Redrock Skate 
Park 

0.835854 1.03803 1.07257 1.33272 1.71072 

 

 PhotoScan also calculates a number of other metrics for the 3D-model resolution 

and projection accuracy (Table 5). Ground resolution indicates the size of the surface area 

represented by one pixel in the model. Projection, in this case, is the triangulated 

measurement of distance between a single point that is present in at least two photos. The 

3D-model derived location of that point is then cross referenced to the same point in other 

images in which it occurs. “Accuracy of tie point projections depends on the scale at which 

they are located” (PhotoScan 2018:42). Errors are calculated for mismatched distances 

between tie points. 

Table 5. 3D Model scale (calculated as ground resolution) and projection error data. 

Site Name Ground Resolution 
(millimeters per pixel) 

Number of Projections Averaged Reprojection 
Error 
(in pixels) 

TNC-1 8.05 1,116,546 0.477 

TNC-4 9.7 822,759 0.479 

TNC-5 8.02 1,816,263 0.625 

TNC-6 9.84 984,907 0.579 

Woodrow Ruin 6.86 1,176,932 0.436 

Redrock Skate Park 6.31 352,658 0.623 
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6.1 Redrock Skate Park 

The Redrock Skate Park 3D-model was generated using the same UAV CRP 

techniques employed for the archaeological sites in this study. Because the park is an 

example of a built environment with a variety of concrete features that are similar in size 

and form to those considered for this study (e.g., pit depressions, mounded berms, rock 

alignments, etc.), it is used here a proxy to test the precision of measurements derived from 

PhotoScan 3D-models (Figure 4). Selected measurements are compared to measurements 

taken in the field using nylon reel metric tapes. A field sketch map of key elements, similar 

to a tape and compass type field sketch map used to document archaeological sites in the 

field, was made and rendered in Adobe Illustrator CC 19.2 (Figure 5). Measurements in 

both sketch map and 3D-model were taken at the same locations for direct comparison. 

Some key elements, such as slope angle and transition curve in the bowl itself, were not 

measured in the field. Likewise, PhotoScan does not currently have the ability to directly 

measure this type of geometry. For this study, only horizontal and vertical measurements 

are made.  

 

Figure 4. Oblique overview of Redrock Skate Park, facing north. The entire park is made 

of poured concrete. The central “M”-type feature is a pool-style bowl. Sloping berms and 

cone launchers flank the bowl. 
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Figure 5. Partial field sketch of the east end of Redrock Skate Park, rendered in Adobe Illustrator CC 19.2. This mockup shows 

various measurements.
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Figure 6. Detail views of skate park 3D-model with key measurements (light blue) taken 

using PhotoScan’s “ruler” tool. [Top] This view shows the eastern end of the bowl with 

the concrete seam lines (dark blue). [Bottom] This view shows more seam lines and a rail 

box (outlined in red).  

 

All 145 photos taken of the skate park were used to construct the model. A 

combination of both vertical and oblique images taken from a height of 75 feet were used 

for this model. The photo alignment resulted a sparse cloud with 83,472 tie points (Table 

3). The dense cloud build was processed at high quality with mild depth filtering. These 
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options were chosen because the surface of the skate park is smooth and generally free 

from irregularities that obscure the target surface, like vegetation. The dense cloud resulted 

in 16,132,905 points. The Mesh was also processed at high quality, resulting in 3,224,435 

polygon faces.  

In most cases, effort was made to take measurements from the exact same locations 

between sketch and model; however, because visible location targets were not used to mark 

the position of measurement points for the aerial photos, measurements taken in the 3D-

model are close approximations. Likewise, many of the elements measured were 

symmetrically consistent (e.g., rectangles with 90 degree corners), measurements at 

different locations on symmetrically consistent elements were considered essentially the 

same as at other locations on the same element. The concrete seam lines were used for this 

purpose because they are easily visible in the model and serve as reliably fixed locations. 

Similarly, the rail box (outlined in red in Figure 34), was measured at its corners. The seam 

gaps between concrete sections are less than 2 cm wide and in most cases less than 1 cm. 

All field measurements are accurate to within one to two cm of real-world dimensions.  

A comparison of measurements between Figure 5 and Figure 6 shows that in most 

cases, there is less than 10 cm of difference between measurements at any given location. 

Only the distance spanning the bowl from lip-to-lip, depicted in Figure 33 (center-left, 

vertically oriented) as 7.33 m. In the model (Figure 34, top left) this same distance is 

measured to 7.407 m, a difference of 11.7 cm. Only one measurement of vertical height 

within the model was taken. The rail box feature is 33 cm high in the sketch and only 29.2 

cm high as measured in the model, a difference of 3.8 cm.  
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With one exception, the Redrock Skate Park model consistently returns horizontal 

measurements with precision of less than 10 cm. The largest error was 11.7 cm and the 

smallest 1.6 cm. An average error for all 10 horizontal distances measured is 4.04 cm. 

The single vertical measurement has an error of 4.2 cm. This small sample of 

measurements errors offers a tentative baseline for model precision estimates in the five 

archaeological site models.  

 

6.2 TNC-1 

TNC-1 is a medium-size site compared to other sites documented in this study. Due 

to how the site was mapped, an exact site boundary is not available; however, it is estimated 

to occupy 1.17 hectares of surface area. UAV flight and CRP documentation of TNC-1 

presented a number of challenges for modeling. When the site was documented for this 

study, the ground surface was mostly obscured in shrubs, mesquite, and cottonwood trees. 

The dense canopy over the footslope and bottomland portions of the landform was an 

obstacle blocking line-of-sight to the ground surface from the UAV camera.  

Of the original 670 photos taken of this site, 587 were used to construct the model. 

A combination of images with vertical and oblique orientation to the ground surface were 

used. Photos that were excluded from this build were either of low quality resolution (as 

defined with PhotoScan’s “image quality” assessment) or poorly aligned. The photo 

alignment process resulted in robust sparse cloud with 418,035 tie points (Table 3). 

Because the sparse cloud was large, the dense cloud build was performed with the “medium 

quality” with “moderate depth filtering” settings in PhotoScan to reduce the processing 
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time. Even at medium quality settings, the dense cloud resulted in 39,852,505 points. Mesh 

generation produced 6,946,842 polygon faces; however, for the purpose of display, this 

was reduced to 200,000 faces (Figure 7). A portion of the resulting textured model shows 

the dense vegetation coverage in relation to the approximate site boundary (Figure 7). 

Consequently, the three possible pit houses and one rubble mound feature located at the 

bottom of the slope, under this dense vegetation, are not evident in the textured 3D-model. 

A DEM of TNC-1 was created to closely approximate the ground surface beneath the 

vegetation. The principle method used to differentiate ground point information from other 

point classifications like vegetation, is the “classify ground points” function (see Section 

5.1.3). The results, shown in Figure 8, depict a shaded relief of ground point topography 

generated through PhotoScan’s classification algorithm. Ideally, a ground surface model, 

like that shown in Figure 8 which depicts only ground surface points, would not show 

vegetation peaks (represented as clusters of yellow grading into red) in the site area of the 

model. Although various input parameters were attempted to extract only ground point 

information, all results were ultimately unsuccessful. 
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Figure 7. Two different views of TNC-1 3D-model. [Top] Detail view of mesh with the 

approximate location of site boundary outlined in red. [Bottom] Oblique view of textured 

model showing location site boundary. 
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Another consideration is that the DEM resolution was rather low, 3.22 cm per pixel, 

which could also contribute to the difficulty separating the difference between vegetation 

and ground points. As a result, CRP documentation of this site was unable to show surface 

features in 3D relief. 

Because surface features could not be identified, horizontal precision was not tested 

with this model. Likewise, overall geospatial accuracy of the 3D-model is difficult to 

determine. PhotoScan does provide error assessments of camera location and, these error 

estimates affect the spatial accuracy of camera locations, in turn affecting the overall 

geospatial accuracy of the model itself (Table 4). The camera locations for TNC-1 have a 

total error average of 4.81 m.  

 

 

 

Figure 8. DEM model of TNC-1 generated with ArcScene 10.4, using DEM data from 

PhotoScan 1.4. The blue polygon represents the site boundary in relation to the small hill 

landform. Color gradient of terrain set to high contrast in order to show residual 

vegetation signatures (yellow and orange peaks) contrasted from ground surface (green) 

within the site boundary.  
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6.3 TNC-4 

 Unlike TNC-1, TNC-4 is an open site with no significant overstory vegetation 

blocking visibility of the ground surface. The site is also unique in that it is constrained to 

a somewhat isolated escarpment adjacent to the Gila River. These two factors offer ideal 

conditions for testing CRP from a UAV platform because the surface expression of the site 

is both restricted and unobstructed. Furthermore, TNC-4 contains a large, looter’s pit in the 

form of a J-shaped trench in the middle of the site (Figure 9). This disturbance breaks the 

continuity of the surrounding ground surface and is easily visible from a distance, serving 

as a good example of a pit depression feature type targeted in this study. Likewise, the site 

also contains a number of rock alignment features representing the remains of at least two 

small adobe room blocks. 

A total of 279 photos were taken of this site, of which 249 were used to construct 

the model. TNC-4 was the smallest site documented in this study (0.32 hectares). Fewer 

photos were used than for TNC-1 model build; however, the coverage was more than 

adequate for the surface area of the site. The “align photos” stage of processing revealed 

30 camera locations excessively out of alignment, which were subsequently removed 

before the “build dense cloud” step (Figure 10). The sparse cloud resulted in 265,086 tie 

points (Table 3).  

Because TNC-4 has easily distinguished surface features, the dense cloud was built 

using the “high quality” and “aggressive depth filtering” parameters with the expectation 

of obtaining greater vertical detail in the final mesh, thus highlighting the nuances in feature 

relief. The high quality dense cloud contained 78,331,520 points.  
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Figure 9. TNC-4 plan view sketch map of site showing important element of the surface 

expression. (used with permission from Evan Giomi of the University of Arizona and 

Archaeology Southwest Field School [Giomi 2018]) 

 

Figure 10. TNC-4 dense cloud model showing camera locations as dark blue rectangles. 

Poorly aligned and excluded camera locations represented as blue dots. 
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The subsequent mesh was also built using the highest quality setting, resulting in 

15,664,742 polygon faces. Figure 11 offers two views of TNC-4. In the top view, the site 

boundary, rock alignment features, and pit disturbance are outlined in relation to their 

location in the mesh frame site model. The bottom image shows the textured version of the 

same model with the same site elements visible (Figure 11). This side-by-side comparison 

of the mesh frame and textured 3D-model viewed from an oblique angle, offers a sense of 

dimensionality in a 2D perspective. 

A top-down plan view of the site model is seen in Figure 12. Using PhotoScan’s 

“shape” tool, the site boundary is outlined in red, visible alignments of two room blocks 

are outlined in green, and the J-shaped pit disturbance is outlined in yellow. From this plan 

view, TNC-4 is displayed in similar fashion to traditional site plan sketch maps (e.g., Figure 

9). Visible wall alignments of the two room blocks were measured using the “ruler” tool 

in PhotoScan. A side-by-side comparison of a detailed orthomosaic view the features is 

shown in Figure 13, next to a version of the same scene where the wall segments are 

highlighted and measured.  

This method of remotely mapping site elements does have limitations. For instance, 

certain features like the “concentrations of architectural debris” and “potential wall” 

alignments seen in Figure 9 are not easily identifiable or even visible in the orthomosaic 

view. However, one benefit of documenting sites with the CRP technique is the capacity 

for 3D-models to retain photo-realism and offer a multitude of visual perspectives not 

easily achieved in 2D representations.  
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Figure 11. [Top] Detail view of mesh with the location of TNC-4 site boundary outlined 

in red, large J-shaped pit disturbance outlined in yellow. [Bottom] Oblique view of 

textured model showing site boundary and pit disturbance. 
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Figure 12. Top down overview image of TNC-4 model showing site plan view. Site 

boundary is outlined in red, features in green, and pit disturbance in yellow. The blue 

flags represent vertices along each line but serve no other purpose in this display. 
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Figure 13. Detail images from TNC-4 orthomosaic view showing undefined room block 

features [Left] and defined feature alignments with measurements [Right]. 

 

The precision of these measurements is not known because of two reasons. First, 

the location of rock alignment features measured from the orthomosaic image is contingent 

on which rocks are considered part of a particular alignment and at which position on those 

rocks that a measurement is taken. Similar to real-world conditions, the placement of the 

measuring tape at the margins of degraded features is subjective to the observer’s 

interpretation of feature size and arrangement of elements. For this example, measurements 

were taken from visible, contiguously arranged rocks. Embedded rocks or those obscured 

Room block 1 

Room block 2 
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under vegetation could not be accounted. The second reason that precision of 

measurements are unknown is contingent on the various model parameters used for each 

model build, each potentially affecting the accuracy of the model. In this case, since GCPs 

were not used, the georeferenced spatial location of the model is not likely to be very 

accurate. In fact, PhotoScan estimates the spatial accuracy of camera locations which are 

presumed to affect the overall geospatial accuracy of the model itself (Table 4). Horizontal 

and vertical dimension within the model itself are more precise. During UAV flight of 

TNC-4, two metric scale bars (1.0 m and 1.5 m in length) were placed on the site surface 

(Figure 14). Each was measured using the ruler tool from the orthomosaic view. The 1.5 

m scale stick was off by 4 cm while the 1.0 m scale was off by 5 cm. Multiple measurements 

were made in this fashion and each measurement was off by less than 8 cm, with most 

having errors of 4 cm or less.  

 

Figure 14. Precision assessment of measurements made using the “ruler” tool in 

PhotoScan to measure meter sticks placed on the site surface during UAV CRP of TNC-

4. The top scale is 1.5 m and the bottom scale is 1 m. 
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This in-model test of measurement precision is consistent with the margin of errors 

calculated for the skate park test site which are less than 10 cm on average. 

The DEM model created for TNC-4 was more successful at extrapolating the actual 

ground surface than that for TNC-1. This is mostly attributed to the lack of overstory 

vegetation on TNC-4. A close inspection of Figure 15 shows four detail pop-out images 

highlighting the two room block locations within the site model. The top two inset images 

show Room Block 1 located at the north end of the site. In upper left image, feature 

elements are not highlighted; however, a close inspection of this image shows the rock 

alignments in faint relief. The upper right inset shows the same elements highlighted in 

green for comparison. The bottom two pop-out images detail the location of Room Block 

2. In the lower left image, rock wall alignments are much harder to detect than those visible 

in Room Block 1. This is attributed to increased surface vegetation (grasses and small 

scrub) within and adjacent to the feature. Notice too, the two mesquite thickets in these 

images identified as darker red clumps among the orange hillshade. Also plainly visible in 

the central overview DEM, is the J-shaped pit disturbance. Although it is outlined in yellow 

it is also distinguished by the yellowish-orange hillshade effect indicating lower elevation 

than the surrounding surface in reddish-orange. 

 Modeling efforts for TNC-4 offer a glimpse at the mapping and measurement 

potential for UAV CRP. The precision assessment using ground surface meter stick 

measurements indicates a horizontal precision error of less than 10 cm; however, this 

precision is subject to georectification accuracy in the overall model and user judgment 

when choosing which points to measure for each feature. A direct comparison of 
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measurements made in the model to those taken from the site sketch in Figure 9, could not 

be made because of the ambiguity of where the field measurements were taken. 

 

Figure 15. Detail view of room block feature locations derived from DEM model of 

TNC-4. The upper pop-out images show the location of Room block 1 while the bottom 

pop-out images show Room block 2 adjacent to a portion of the pit disturbance. 
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6.4 TNC-5 

TNC-5 is located approximately 65 meters to the east-southeast of TNC-4, on an 

adjacent floodplain terrace (Figure 16). It occupies the same elevation and contains similar 

vegetation cover to TNC-4. It too offers ideal conditions for UAV CRP. Unlike TNC-4, 

TNC-5 has no intact surface features but it does contain a number of somewhat diffuse 

rock concentrations that may represent the disarticulated remains of masonry features. 

These rock concentrations are thought to result from mechanical disturbance of the site 

surface. There are no other obvious signs of disturbance such as excavated pits, push berms 

of debris, or vehicle tracks through the site. 

 

Figure 16. TNC-5 plan view sketch map of site showing important element of the surface 

expression. Used with permission from Evan Giomi of the University of Arizona and 

Archaeology Southwest Field School (Giomi 2018). 
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TNC-5 is approximately 1.54 hectares in size, in the middle range of sites in this 

study. A total of 530 photos were taken. No photos were excluded because they all aligned 

properly and of adequate quality. The sparse cloud resulted in 602,793 tie points. For this 

site, I used different input parameters for the dense cloud build than those used for the 

previous two sites. Because there are no well-defined features on TNC-5 that meet the 

visibility criteria in this study (e.g., pit depressions, rock alignments, etc.), I chose the high 

quality and mild depth filtering parameters to build the dense cloud (Table 3). PhotoScan 

(2018:21) recommends the “mild” depth filtering option if there are “important small 

details which are spatially distinguished in the scene to be reconstructed.” Based on this 

statement, the mild depth filtering at high quality option had potential to define subtle 

changes in surface topography, thereby showing previously undetected features, if present.  

The resulting dense cloud contained 148,270,062 points. The mesh was built with 

a high face count resulting in 25,389,499 polygon faces. Figure 17 offers two views of 

TNC-5. In the top view, the site boundary (in red) and rock concentrations (green and 

white) are outlined in relation to their location in the mesh frame model. The bottom image 

shows the textured version of the same model with the same site elements visible. Again, 

this side-by-side comparison of the mesh frame and textured 3D-model offer a sense of 

depth from this perspective which highlights the large ravine that bounds the site to the 

northwest (located in lower left corner of Figure 17). 

A plan view of the site model with detail pop-out views of select rock 

concentrations is seen in Figure 18. With this perspective, the orthomosaic view is used to 

analyze the 3D-model for feature identification and documentation of details. The pop-out 

boxes shown in Figure 18 are just one example of how this technology can be used to 
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identify and document discrete elements within a scene. In this case, visual confirmation 

of the scattered rock concentration is made to corroborate the findings made by the 

Archaeology Southwest Field School’s (ASFS) survey of TNC-5 (Giomi 2016). This 

method can be used to find new features, for example the pop-out image in the lower right 

corner shows a small contiguous rock concentration that was not previously documented 

on the ASFS site map. 

The DEM created for TNC-5 failed to highlight any new or existing features in 

(Figure 19). As with the other DEMs, the TNC-5 DEM was created from only ground 

points as classified by the software.  Again, various input parameters were attempted to 

extract only ground point information, all results were ultimately unsuccessful. The DEM 

resolution for this model was half that (1.6 cm per pixel) of the TNC-1 model. Even with 

better resolution, this DEM was unable to show surface features in 3D relief. However, the 

large central scatter of rock does appear to stand out in the DEM. This is likely a result of 

increased vegetation density (mostly grasses) mixed with the rock concentration. 
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Figure 17. [Top] Detail view of mesh with the location of TNC-5 site boundary outlined 

in red, scattered rock concentration outlined in green and white. [Bottom] Oblique view 

of textured model showing the same site attributes. 
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Figure 18. Overview of TNC-5 showing the site in plan view. The site boundary is 

outlined in red and rock concentrations outlined in green and white. The four pop-out 

boxes show detail perspectives of various rock concentrations including a newly 

identified concentration of rocks shown in the lower right box. 
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Figure 19. DEM model of TNC-5 showing the location of the site boundary (outlined in 

red) and rock scatters (outlined in green and white) in relation to the regularity of the 

landform indicated by the fairly consistent orange and red-orange color shading. 

 

6.5 TNC-6 

TNC-6 is the second largest site area flown, encompassing about 2.71 hectares. The 

site is open with a dense cover of tall grasses and scrub vegetation resulting in poor surface 

visibility. The site area delineated for this particular study differs from the site boundary 

defined by the ASFS survey of 2016 (Figure 20). The site area in this study is much larger, 

nearly double the surface area of the ASFS boundary (Figure 21). The reason for this 

boundary increase is because the initial ASFS survey was incomplete.  
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Figure 20. TNC-6 plan view sketch map of site showing important element of the surface 

expression. Used with permission from Evan Giomi of the University of Arizona and 

Archaeology Southwest Field School (Giomi 2018). 

  

Despite the poor surface visibility, while in field for the UAV flight I identified additional 

artifacts covering much of the landform. Therefore, the site boundary depicted in this study 

is different than that shown in Figure 20. 

TNC-6 site model uses 466 of the original 615 photos taken in the field. Most were 

excluded because of redundancy and others because of poor alignment. The alignment step 

in the workflow resulted in 511,813 tie points in the sparse cloud.  
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Figure 21. Orthorectified overview of TNC-6 with newly defined site boundary outlined 

in red. 

 

Although fewer photos were used, the dense cloud build had the potential to take a long 

time to process at the higher settings. Therefore, the dense cloud was built using the 

medium quality and moderate depth options which resulted in 217,625,195 points. Mesh 

generation produced 13,446,663 polygon faces.  

TNC-6 dense cloud data contains an irregularity that was not detected until the 

mesh was rendered ( 

Figure 22). This irregularity is visible as depressed area that resembles a large 

sinkhole with an up-tilted berm area immediately to the east. This occurrence is the result 

of poorly aligned camera positions that were not detected and corrected after the alignment 
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or dense cloud processes. The actual error in camera position that led the alignment 

algorithm to the ground surface in such a way remains unknown. The flaw is left in the 

final model because it is a conspicuous example that highlights the importance of checking 

the quality and alignment of camera locations before continuing with the remaining 

workflow procedures in PhotoScan. The remainder of the model is thought to be unaffected 

by the localized alignment issue, because the surrounding ground surface retains a 

continuity of relatively level relief consistent with visual observation at the time of the field 

visit. 

Visual analysis of this site using the Orthomosaic view in PhotoScan failed to detect 

discrete anomalies that may represent cultural features. One reason for this is the presence 

of tall and dense surface grasses present on site at the time of UAV documentation. These 

grasses serve as a visual barrier to the ground surface obscuring any conspicuous 

arrangements of rock (or other surface features of low relief) that may be present. Likewise, 

the grass appears to have an effect of smoothing over any irregularities in the ground 

surface that might otherwise show up in low relief on a DEM, for instance mounded rock, 

sediments, or other debris (e.g., architectural rubble) or shallow depressions (e.g., pit house 

depressions).  
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Figure 22. Detail view of a flaw in the TNC-6 mesh model resulting from poorly aligned 

camera locations. [Top] Wire mesh model showing sinkhole and uplifted berm-type 

irregularity. [Bottom] Same section of the model showing a low quality texture render 

over the model. 
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Another possible reason for the lack of conspicuous surface features visible in the 

orthomosaic view may be the result of wide-spread surface disturbance of TNC-6. The 

ASFS survey reported vandalism resulting from bulldozer push (Giomi 2016). It should be 

noted that the purported disturbance was unconfirmed during the initial site recording. No 

evidence of disturbance was observed during the field visit for this study because dense 

grasses obscured surface visibility. A series of anomalous linear features are visible in the 

DEM and 3D site model (Figure 23). These parallel features are oriented roughly east-west 

across much of the northern portion of the site and appear to be incised into the ground 

surface. Inspection of Google Earth imagery from 2013 clearly shows the same set of 

features in clearer detail. These anomalous features are suggestive of systematic bulldozer 

furrowing of the ground surface. Ground truthing under better surface visibility conditions 

may be able to confirm this. 

The TNC-6 DEM has a lower resolution (3.93 cm per pixel) than other DEMs in 

this study. As mention above, the dense surface grasses could not be removed during the 

ground point classification process, resulting in a surface model representing the top of the 

grass and not the ground surface itself. The faint traces of linear disturbance visible in the 

section of DEM shown in Figure 23 are likely the result of a break in surface vegetation at 

those locations and less likely the result of detectable undulations in the surface height of 

the grasses. The Google Earth image and textured model image appear to show exposed 

ground surface at those locations. 

Although UAV CRP for TNC-6 could not be used to successfully identify cultural 

features, the detection of possible surface disturbance is an important discovery that 

demonstrates another possible use-function of this technology. 
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Figure 23. Three different views of the northern half of TNC-6 showing possible 

disturbance. [Top] Google Earth imagery from 2013. [Middle] Image capture from 3D-

model showing current condition of site surface. [Bottom] DEM of TNC-6 showing 

current surface terrain as expressed through grasses.  
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6.6 Woodrow Ruin 

 Woodrow Ruin is the largest site documented in this study. It contains a variety of 

visible surface features including, rock alignments, masonry and melted adobe room block 

rubble mounds, and large pit depression kivas (Figure 24). Much of the site is protected 

with a high chain-link fence that encloses approximately 2.75 hectares. The site is open 

with spare surface vegetation consisting mostly of grasses. Unlike TNC-6, surface visibility 

is good and cultural features readily identifiable.  

Much like TNC-4, Woodrow Ruin has optimal conditions for testing CRP from a 

UAV. The site is open with good surface visibility and constrained with a well-defined, 

fenced boundary. It also contains conspicuous surface features in the form of deep 

depressions, mounded rubble piles, and rock alignments (Figure 24). Woodrow has also 

been well-documented through systematic surface pedestrian survey, excavation, and 

thorough survey with a “high-precision GPS backpack,” resulting in a surface contour map 

with feature locations (Sedig 2015:86). Dr. Sedig generously offered the Woodrow Ruin 

survey data for use and comparison in this study. 

A total of 500 photos were taken of this site, of which 466 were used to construct 

the model. The “align photos” stage of the workflow was performed using the highest 

settings. They revealed 34 camera locations excessively out of alignment, which were 

subsequently removed before the “build dense cloud” step. The sparse cloud resulted in 

511,813 tie points (Table 3). Because Woodrow has easily distinguished surface features, 

the dense cloud was built using the “high quality” and “moderate depth filtering” 

parameters.  
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Figure 24. Woodrow Ruin site plan view map showing location of documented room 

blocks and rock alignments in relation to surface contours. Original map created by Jakob 

Sedig and Desert Archaeology, 2011. Used with permission. 
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Moderated depth filtering was chosen instead of “high” because the surface features were 

easily identifiable, and also to reduce some of the processing time since Woodrow is a large 

site. The dense cloud contained 217,625,195 points, the highest quantity in this study. The 

subsequent mesh was also built using the highest quality settings, resulting in 43,524,310 

polygon faces. Four stage of the 3D-model build are shown in Figure 25. This figure shows 

how the original sparse and dense clouds were trimmed down to reduce the model size and 

remove peripheral point data, thereby reducing the processing time. 

A top-down plan view of the site model can be seen in Figure 26. The orthomosaic 

view was used to analyze the 3D-model for visible rock alignments and pit depressions. 

The 2011 Sedig site map was used to inform the locations of prominent features, many of 

which are identified and defined in Figure 26. Most of the room blocks and rock alignments 

(outlined in white or blue) and kiva pit features (outlined in green) are identified in the 3D-

model. Figure 27 shows the Woodrow plan view with pop-out detail boxes highlighting 

two of the room block features. The rock alignments are clearly visible as the lighter 

colored rock contrasts against the darker greens of the surrounding vegetation; the central 

room block (outlined in blue) is especially prominent. The pop-out detail box of this 

feature, shown in the upper left corner of Figure 27, is not highlighted in order to show its 

surface expression as seen without visual aid. This feature, along with the two adjacent 

great kivas, are the focus of investigation for the remainder of this section because they are 

the most conspicuous in three-dimensional relief. 
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Figure 25. Four 

stages of workflow 

operation showing 

development of 

Woodrow Ruin 

model. Image flow 

from top to 

bottom; sparse 

cloud with camera 

locations; dense 

cloud, mesh frame 

of model; and final 

textured 3D model. 
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Figure 26. Woodrow Ruin overview taken from textured 3D-model. This image shows 

the site boundary (red), rock alignment (white), the central room block (blue), and the 

two great kiva features (green). 

 

A portion of the northeast corner and east site margin failed to render in the 

orthomosaic view. Likewise, the textured model surface is also poorly rendered in this 

location, further preventing visual identification of features (Figure 28). Consequently, no 

features could be identified in this area. This failure to fully render the imagery was not 

discovered until the orthomosaic view was attempted. PhotoScan does notify the user when 

parts of the model fail to fully render; however, the workflow reports generated by 

PhotoScan do provide specifics for a number of data input and output parameters 
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(Appendix F). Specifically, these reports provide detailed data for camera alignment errors 

(Table 4). Poor camera alignments are a frequent source for modeling errors. In this case, 

the overall camera error for the Woodrow model is very high (40.14 m) compared to the 

other sites in this study. This instance is yet another example of the need to constantly 

monitor the quality of data inputs and outputs. 

 

 

Figure 27. Detail view of two room block features at Woodrow Ruin. The upper left pop-

out box shows the central room block. The lower right pop-out shows a southern room 

block outlined in white. 
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Figure 28. Oblique view of the Woodrow Ruin site showing the location of the poorly 

rendered section of the site. The right image shows this section outlined in blue. The 

same area is visible in the left image outlined in the color shading of the surface 

vegetation. 

 

The DEM model created for Woodrow Ruin, like TNC-4, successfully shows some 

of the more conspicuous features on site. Specifically, the central room block and two great 

kivas can be seen in the central site area, shaded in gray, in Figure 29. Because PhotoScan 

has limited functionality for image manipulation, labeling, and secondary analysis, the 

DEM data was exported as a “geotiff” file and manipulated using both ArcScene 10.4 and 

ArcMap 10.4. Figure 30 shows the same DEM image as Figure 27 but with select features 

highlighted for easy identification.  
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Figure 29. DEM model of Woodrow Ruin created using ArcMap 10.4. This image shows 

the location of the central room block and two great kiva features shaded in the central 

portion of the site. 
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Figure 30. DEM model of Woodrow Ruin created using ArcMap 10.4. This image shows 

the location of the central room block and two great kiva features outlined for reference. 
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The DEM resolution for this site is 1.37 cm per pixel. It is unclear in what way, if 

any, the high camera error affects the quality and resolution of the DEM. Because precise 

survey data is available for comparison, the two different data sets can be directly compared 

using ESRI ArcMap software. Because the 2011 survey data set was mapped using high-

precision GPS, it is assumed to be more precise and spatially accurate. It is used as the 

baseline for comparing the accuracy of the 3D-model of Woodrow Ruin. Figure 31 shows 

the contour lines from the 2011 survey data overlaid onto an oblique detail view of the 

Woodrow Ruin 3D-model. Both data sets are projected to WGS84 Zone N12. Here the 

location of the room block and kiva features of the model are outlined in red, and the 

overlain contours are depicted in gray. Both data sets match up in vertical orientation but 

are considerably off in horizontal alignment.  

 

Figure 31. Detail section of the Woodrow Ruin 3D-model overlain with the 2011 Sedig 

survey data for comparison. Notice offset between feature locations highlighted in red 

and contour lines shown in gray.  
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The concentric rings of contour lines indicating the kiva depressions do not match their 

location within the model, outlined in red. Figure 32 shows the spatial relationship between 

these two data sets in better detail. The offset distance between the two feature groups 

(shown in the lower right corner of Figure 30) is a close approximation.  

 

Figure 32. Visual comparison of the Woodrow Ruin DEM model data set and the 2011 

Sedig survey data. The four-panel mosaic shows the inconsistency in distance and 

direction between the feature clusters. [Upper Left] Feature locations derived from this 

study. [Upper Right] Feature locations derived from the 2011 Sedig survey data. [Lower 

Left] Both feature group locations shown together. [Lower Right] Approximate distances 

between the two. 
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The location of features in the 2011 survey data was extrapolated by tracing approximate 

outlines onto the contour layer. The offset between these two feature classes indicates a 

projection error in the 3D-model. Figure 33 shows a measurement between the northeast 

corners of the central room block as they are located in each dataset. It shows an accurate 

distance of 12.813 m, highlighted in red, confirming the approximate distance. The 

measurement was made using the “measure” tool in ArcScene 10.4.  

The reason for this error remains unknown. The geographic projection for data 

inputs in ArcScene were set to WGS84 Zone 12N. Likewise, the base height elevation 

data for all inputs were set to the same extents according to Woodrow DEM model. The 

error appears to be a scaling issue because the offset discrepancies between each set of 

features is oriented in a different direction (Figure 32). 

 

Figure 33. Detail image of DEM showing measurement between the northwest corner of 

both the 2011 Sedig room block location (pink) and the same room block location (light 

blue) as it is oriented in this study. Measurement made using ArcScene 10.4.  
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Chapter 7. Discussion and Conclusions 

In Chapter 1 of this thesis, I considered the use of UAVs for conducting 

photogrammetry to produce 3D-models of open archaeological sites in the US Southwest. 

I posed two research questions to guide the data collection, processing, and analysis for 

this study: I first, asked if it were possible to assess the precision and accuracy of 3D 

archaeological site models by first testing the precision and accuracy of the 3D models of 

a built environment with known dimensions? With the second question I asked, if there is 

a cost-benefit gain using UAV’s and 3D modeling software to map sites in terms of 

expense, time, and labor involved in data collection and manipulation as opposed to other 

methods of expedient site documentation, such as traditional hand-drawn site maps?  

Chapter 2 established the theoretical perspective for archaeological 

photogrammetry, which was used to inform the use of UAV CRP for site documentation 

and mapping. This theory offers a critical look at limiting factors inherent in 2D 

representation of spatial data, such as interpretation of abstract scenes and privileging of 

information that potentially excludes an uninitiated public. 3D-modeling technologies, 

including CRP, offers one approach for a reflexive and recursive development and 

interpretation of spatial information that exceeds that of traditional mapping and 

photographic documentation alone. CRP methodology served as a construct for 

understanding of use of this suite of technologies for archaeological documentation and 

mapping. 

The three subsequent chapters describe various project related details. Chapter 3 

placed the study in its geographic and historical context. Chapter 4 described the specific 

equipment and field methods used to collect data as well as important considerations for 
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legal UAV flight in the U.S. Chapter 5 detailed the post-processing workflow toward 3D-

model creation using PhotoScan.  

In Chapter 6, the results of 3D-modeling efforts were analyzed for their ability to 

capture surface data in 3D relief and test the precision of measurements of identifiable 

archaeological features. Site models were analyzed using the Orthomosaic view, DEMs, 

and the visual inspection of the final textured site models to located, measure, and describe 

surface feature topography and other intrinsic feature elements. 

 

7.1 Discussion of Sites 

7.1.1 TNC-1 

 The TNC-1 site model was ultimately unsuccessful at displaying the ground 

surface. Because of dense surface vegetation, the “ground point” classification parameter 

was unable to differentiate the ground surface from the vegetation canopy. Therefore, no 

measurements were taken of surface features and the precision of the model was not 

assessed. The 3D-model does show the greater landscape surrounding the site, including 

the small hill immediately to the northwest. The geospatial accuracy of the model was not 

assessed beyond the error inferred from horizontal and vertical camera errors shown in 

Table 4. 

7.1.2 TNC-4 

The TNC-4 site model captured the surface expression in high resolution sufficient 

to visually identify discrete feature elements such as rock alignments for two room block 

features. For this site, vegetation was not an impediment to surface visibility. This factor 
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directly attributed to the success of this model in capturing the detail and complexity of 

features. 

 The DEM model of TNC-4 also displayed some of the same rock alignments, as 

well as the large J-shaped pit depression in the center of the site. The hillshading effect of 

the DEM showed a clear color differentiation indicating a change in elevation. Likewise, 

the entire escarpment is clearly defined in both DEM and 3D site model, showing the 

somewhat isolated and restricted nature of the site setting in relation to the Gila River valley 

in which it is situated. This larger areal perspective seen in Figure 15 could help to inform 

a number of different site considerations including, interpretations of landscape use, site 

selection processes, and potential erosional impacts, to name just a few possibilities. 

Measurements for some rock alignments were taken but could not adequately be 

compared to those same dimensions for features displayed in Figure 9 because of ambiguity 

in feature definition within the field sketch map. In both instances, the termination of 

unconnected alignments depends on the interpretation of which stones to include in the 

alignment and which to leave out. Because these features are not strictly defined with clear, 

absolute boundaries, a fair comparison of dimension could not be made. 

7.1.3 TNC-5 

 Modeling and analysis of TNC-5 offered mixed results. Because the surface 

visibility was good, the large concentrations of scattered rock originally documented in the 

ASFS field sketch of Figure 16 were easily identifiable and delineated using the 

Orthomosaic view. The boundaries of these concentrations defined in the model closely 

approximate those depicted in the sketch, in both size and location. In fact, additional 
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concentrations were observed in the model, including one small, contiguously arranged 

rock concentration (Figure 18, lower right corner) that may represent a newly identified 

intact cultural feature. The large rock scatters are thought to result from systematic 

mechanical disturbance of the ground surface. For this reason, no measurements were taken 

in this model.  

 The DEM model of the site was not able to differentiate the rock from the 

interspersed vegetation. The generally level continuity of the ground surface is not 

differentiated by changes in hillshade coloring that might otherwise indicate pit depression 

features.  

7.1.4 TNC-6 

 The TNC-6 site model was ultimately unsuccessful at capturing the site surface 

expression. Much like TNC-1, the dense surface vegetation, in this case grasses, were an 

obstacle to good visibility of the site surface. Therefore, the surface expression could not 

be effectively analyzed for visible surface features. Likewise, the “ground point” 

classification process could not differentiate the ground surface from the top of the grasses 

so the DEM was also unable to display any irregularities in the ground surface that could 

be interpreted as surface features.  

The initial reporting of possible surface disturbance documented by Giomi (2016) 

appears to be visible in the final textured model and DEM of the site as east-west oriented 

parallel lines that break the continuity of vegetation. These breaks in the vegetation were 

not obvious from the ground surface. Although unsuccessful for detecting archaeological 
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features, in this case, UAV CRP shows promise for detecting large scale disturbance to the 

landscape.  

It is also important to acknowledge the potential shortcomings of this technology if 

not properly monitored for quality control of data inputs. The large sinkhole-type anomaly 

is an example of poor camera alignment. Disabling the cameras at that location may have 

prevented that error.  

7.1.5 Woodrow Ruin 

 Modeling efforts for the Woodrow Ruin site were somewhat problematic. While 

much of the surface expression was faithfully captured in detail, a large section of the 

eastern site boundary was only visible in low-quality detail and the orthomosaic view could 

not be used to visually identify features in this area.  

Because high-precision GPS data of the site surface was available for comparison 

to the 3D site model, the geospatial accuracy of the model could be assessed by using the 

GPS data as the accuracy standard. In this regard, the 3D-model appears to be a different 

scale than the GPS data. The vertical alignment of both data sets matched; however, the 

horizontal alignment of key features was off by multiple meters. The interpretation that 

error in the 3D site model is a condition of scale and not projection is based off the 

inconsistencies in feature alignment. It is presumed that a projection error would appear as 

a directionally consistent offset between the two sets of features. Figure 32 shows that this 

is not the case. Directional offset between different features appears to originate from a 

single locus. Another indication of the low geospatial accuracy of the site model is the 

rather high average of camera error calculated in PhotoScan (Table 4). The PhotoScan 
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generated “Model and Workflow Report” offers additional information for interpreting the 

origin of the high error (Appendix A-F [Fig. 3]). To speculate, one possibility for the high 

camera error may be the result of low-quality GPS signal received by the UAV for that 

time of day during flight. No GPS outages were reported for the day the site was flown 

(navigationservices.agi.com). 

In spite of these errors, the DEM model successfully showed the location of the 

three most prominent features on the site in 3D relief. The central room block and two great 

kiva features are set apart in contrast from the surrounding ground surface. The reason 

other known room block features were not visible in the DEM is because they lack 

significant mounded sediments and rubble that would otherwise increase their vertical 

profile in relief. In similar fashion, the two great kivas depressions are deeper than other 

suspected pit features present. 

If Woodrow Ruin site model errors were corrected and a new, more accurate model 

created, then 3D site data could be used to supplement the existing site maps by increasing 

its visually intrinsic capacity for interpretation with both, precise and accurate, photo-

realistic spatial detail. 

 

7.2 Limitations the Technology  

 There are three important considerations that currently limit the potential of UAV 

CRP technologies. The first two—time and data size—are considered general limitations. 

The third limitation—access—is considered for exchange of data between professionals 

and displaying the information to the public.  
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7.2.1 Time 

 Time investment is an important factor when considering this suite of technologies 

for site documentation. Error! Not a valid bookmark self-reference. provides 

approximations of time for one individual collecting field data and analyzing completed 

models. Admittedly, time spent analyzing 3D-models is relative to the user’s needs and 

will vary considerably for any given set of conditions. For this purpose, analysis of 3D site 

models included creating site mapping elements in PhotoScan, measuring key feature 

elements, capturing and saving a variety of static 2D images, exporting models to separate 

software platforms for visual enhancement and display, and, in the case of TNC-1 and 

Woodrow Ruin, exporting data into ArcMap and ArcScene for additional manipulation and 

analysis. Also, computing times for post-processing tasks are offered as another 

consideration for time investment of resources, because most computers processing data 

for model creation in PhotoScan will be unavailable for other uses due to the demand on 

resources.  

On average, time spent in the field flying the UAV and photographing each site was 

less than two hours. The time needed to fly and photograph a site is more a factor of site 

size than of site complexity, because all site elements are captured with overlapping 

photographs when performing CRP. Traditional sketch plan maps and GPS maps require 

more time input per each element mapped.  
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Table 6. Approximation of time investment for each site. 

Site Name Field Data 
Collection 

Analysis of 3D-
models   

Total Time 
Investment 

Post-processing 
and 3D-model 
Creation  

Total Time 
Investment for 
Each Site 

TNC-1 1 6 7 19 26 

TNC-4 1.5 12 13.5 27 40.5 

TNC-5 1 6 7 126 133 

TNC-6 2 8 10 6.5 16.5 

Woodrow 
Ruin 

2 14 16 29 45 

Total Time 7.5 46 53.5 207.5 261 

 

 In this study, model analysis took the most amount of time and labor. In the case of 

TNC-1, TNC-5, and TNC-6, which were sites with limited surface visibility or no easily 

identifiable extant surface features, less time was needed to generate and interpret models 

(7-10 hours) than for other sites. However, the usefulness of information returned for time 

invested is considered low. For sites with more complex surface expressions, like TNC-4 

and Woodrow Ruin, model analysis took considerably more time (13.5 to 16 hours). The 

usefulness of information created from the archaeological data is considerably higher than 

the other sites; however, number of hours invested is also rather high. Depending on the 

questions being investigated, this large amount of time investment may not be worth the 

potential information return. 

7.2.2 Data Size 

Another important consideration is digital data generation and archival storage. 3D-

modeling of sites has the potential to generate large amounts of digital data which may 

create obstacles for displaying, sharing, and archiving. The size of photos taken for this 
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study are considered large. The camera settings and image format used (DNG) generated 

fairly consistent image sizes of 38.3 MB. Approximately 122 GB of photos were collected 

in this study.  

There was variability in the size of each site model. Multiple factors affect the 

amount of digital data generated for individual models. For instance, the quality and 

accuracy settings, number of photos used, number of iterations a model is attempted and 

saved, are a few key variables. In total, 526 GB of data were generated for the six models 

created in this study. Combined with the photo data, nearly 648 GB require archival 

storage. One could easily see a large project with tens or hundreds of sites generating 

multiple terabytes of data. This implies considerable cost using currently available off-the-

shelf digital data storage.  

7.2.3 Access 

Two aspects of access to 3D data are considered. First, information exchange and 

data sharing between professional researchers can be limited by a number of factors owing 

to the large size of the data sets. Second, access to finished 3D-models by the general public 

is currently limited to specialized websites that host 3D-models such as Sketchfab or 

Sketchup. In order to analyze the data beyond simple visual display, specialized programs 

like PhotoScan, Autodesk, ArcGIS, or other software are typically needed. Often this 

software is highly specialized and typically cost prohibitive for many users.  
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7.3 Potential Advantages of the Technology 

 There are a number of perceived advantages to using UAV CRP for archaeological 

site documentation. These include cost, portability, ease-of-use, versatility, and photo-

realism. The first three are conditional to the UAV platform itself, while photo-realism 

benefits visual information used to augment existing geospatial data such as GIS. 

Smaller archaeological sites can typically be documented from the air more cheaply 

using a low-cost UAV than using a rented airplane or helicopter to perform 

photogrammetry. Certain UAV models, like the DJI Phantom series, are now small enough 

for easy transport by backpack to remote locations. Because of this, smaller sites heretofore 

not considered for aerial documentation can now be mapped at low cost using UAVs. 

Furthermore, the development of assisted flight controls and collision avoidance systems 

make flying UAVs of this type within the reach of most novice users. 

A key consideration of this study is the benefit of having photorealism built into 

the 3D-model. Lidar can generate high quality 3D site models but requires supplemental 

photography to augment photorealism. The CRP method of 3D-modeling offers a low-cost 

alternative to Lidar without supplementary photography because three-dimensionality is 

created from the photos themselves.  

 

7.4 Alternative Methods to Achieve Better Quality of Data  

Although this thesis set out to test a particular, ‘ad hoc’ style of UAV flight and 

data collection for CRP; there are a number of methods that could have been used before 

and during the data collection and post-processing stages of this study that would have 
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improve the accuracy and precision of the site models. Two common methods used for 

improving the quality of the data are offered here for consideration.  

First, pre-flight planning involves the creation of a flight-path and waypoints that 

establish a route the UAV can automatically follow, optimizing the flight time and reducing 

redundant flight paths. The DJI Phantom 4 series of UAVs does have the capability to 

program waypoints and develop mission plans; however, third party applications such as 

Litchi from VC Technology Limited, offer a more diverse set of capabilities. 

Understanding the capabilities of the camera used to capture photographic data – the size 

and type of sensor, aperture, focal length, ISO, etc. – is necessary to sufficiently document 

the scene and determine the ground sample distance (GSD). The GSD requirements affect 

the flight altitude of the UAV, percentage of overlap between photos, and number of photos 

needed to fully capture the scene (Fernández-Hernandez 2015:131-133; Mozas-Calvache 

2011:521). This method may require more time to develop prior to flying a mission, it is 

also likely to reduce the time required to fly and photograph a scene. 

The second method considered for improving the quality of data is the use of 

ground control points (GCP).  GCPs can increase the spatial accuracy of the georeferenced 

model and subsequent geometry of the model itself. They are typically man-made visible 

targets placed on the landscape of the scene to be captured. It is also important they are 

large enough to be visible within the finished model. These targets are then point-located 

using total station or survey-grade GPS to assign both precise and accurate geospatial 

coordinates. The geospatial accuracy of the GCPs are then used to reference the location 

of the model in relation to real-world coordinate space. Geolocation information is assigned 

to each photo take using the DJI Phantom 4 UAV, however, because the onboard GPS only 



124 
 

offers a horizontal accuracy range of ± 0.5 m and a vertical accuracy of ± 1.5 m, the overall 

georeferenced accuracy of the model is often lower than can be achieved with high-

precision survey referenced data (DJI 2018). 

 

7.5 Practical Considerations for Future Researchers 

As shown in this study, not every archaeological site can be successfully 

documented with this suite of technologies. Researchers looking to use UAV CRP to 

document and map open archaeological sites in the Southwest should take a few practical 

considerations into account before beginning any project of similar scope.  

While it may seem obvious that densely forested sites would not be considered for 

photogrammetry, it may be less apparent that sites with dense surface grasses, scrub brush, 

pine duff, leaf litter or even snow can pose equally formidable barriers to surface modeling. 

It then bears consideration as to what information can be obtained and successfully 

modeled using this technology on archaeological sites. Because subtle surface expressions 

were the target observation in this study, good surface visibility, largely free from any 

surface vegetation was an important consideration.  

Secondly, sites with no surface features may offer lower value information not 

worthy of the time and expense of using the technology. The surface expression of many 

prehispanic period archaeological sites in the Southwest contains only artifacts, and many 

of these are made from locally available mineral and rock resources that make them 

difficult to distinguish on the ground surface. The resolution of the camera used in this 

study was not able to show the ground surface with enough detail to identify smaller 
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artifacts like flaked-stone debitage and ceramic sherds, typically the most ubiquitous 

artifacts found on Pueblo Period sites. Even with the highest resolution cameras, it would 

be difficult and time consuming to scan the surface of a site looking for artifacts, supposing 

any but the largest would be clearly visible. One possible solution to this problem would 

be to mark individual artifacts or artifact concentrations with some type of high visibility 

marker, perhaps pin flags of flagging tape.  

Sites that do have a small number of features or features that could be more quickly 

and efficiently mapped with conventional mapping techniques and terrestrial photography, 

may not be worth the efforts to document using this technology. A simple rock-ringed 

hearth or rock cairn may not offer much additional information if mapped in 3D, than with 

traditional techniques. 

A number of considerations Local environmental conditions present at the site are 

another important factor for flight planning. For instance, seasonality can affect the density 

of vegetation on site or types of ground cover. Planning the UAV flights and data collection 

before summer monsoons or winter snows may offer the best results. Likewise, time of day 

affects optimal lighting conditions. The best conditions for documenting landscapes for the 

creation of DEMs typically require evenly distributed light such as may be found with thin 

high clouds (Foster and Halbstein 2014:15 and Campana 2017). Because cloudy day are 

rare in the Southwest, the middle part of the day with shortest shadow-cast is also optimal. 

In this regard, gusty and windy conditions can also be a factor affecting the stability of 

UAV and thus the stability of the camera. Even small amounts of vision-blur can 

significantly reduce image quality. 
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 Poorly focused or grainy imagery is a primary concern for optimal image matching 

and bundle adjustment in a photogrammetry 3D-modeling project (Remondino 

2011:1124). Although camera settings for optimal image consistency and resolution, can 

vary depending on the specific needs of the project; for landscape in full-sun, the general 

rule-of-thumb is to keep the ISO camera settings low and the shutter speeds high (Jalandoni 

2018:). Flight height and speed are also practical considerations for improving image 

resolution. Generally, lower altitude flights can improve resolution and quality of the 

imager while slower speeds reduce the possibility of blurry images from motion-blur.  

 

7.6 Conclusion 

With this study, I evaluated the combined technologies of UAVs and CRP for use 

in documenting and mapping archaeological sites. The first research question asked if it 

was possible to assess the precision and accuracy of 3D site models by first testing the 

modeling software through the creation of 3D-model of a built-environment. A small 

portion of the Redrock Skate Park was evaluated for in-model precision.  

Although sample measurements were few, they were reliably consistent with less 

than 12 cm of error, averaging less than 5 cm. However, because the sample size is small, 

I considered these results tentative at best. I think for most archaeological field mapping 

efforts, especially mapping of poorly preserved features like those considered in this study, 

a 5-cm average error would be acceptable for preliminary mapping needs. Because of poor 

surface visibility or surface disturbance, only two site models (TNC-4 and Woodrow Ruin) 

displayed surface features sufficient for measurement. Feature elements of TNC-4 were 
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measured, including two metric scales used on the site surface to provide a local check of 

measurement precision. These in-model reference measurements are consistent with the 

comparative skate park measurement errors of 5 cm or less. For this reason, TNC-4 appears 

to represent a site model that can achieve measurement data with similar precision errors 

established with the baseline skate park data.  

The only test of georeferencing accuracy involved comparison of the Woodrow 

Ruin site model against the high-precision GPS site data offered by Dr. Sedig. In this case, 

the Woodrow Ruin model suffered from camera errors that adversely affected the accuracy 

of its georeferenced location and scale. Although the model was closely aligned to the 

vertical orientation of the GPS surveyed data, the horizontal alignment was multiple meters 

in error. However, considering that GCPs and camera calibration were not used to help 

reference the model and better align camera locations, the Woodrow Ruin model does not 

appear distorted or visually inconsistent with the GPS map. 

The second research question asked if there is a cost-benefit gain using UAVs and 

3D-modeling technology over traditional mapping techniques. The answer to this is 

contingent on a variety of factors, not all of which could be considered in this study. 

Conditions affecting site size, accessibility, visibility, and complexity of surface expression 

are all highly variable. Those same conditions affect all mapping procedures regardless of 

method used. For this reason, the second research question was also not adequately 

addressed. The data offered in Table 6 could be meaningfully used to contribute to a 

satisfactory answer.  

The results of this study, while promising in some regards, generally fall far short 

in helping to answer either question posed. That is not to say this study failed to generate 
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meaningful data that can contribute to a better understanding of the capabilities of UAV 

and 3D-modeling technologies for archaeological mapping and interpretive applications. 

It did, and I think it offers a framework to build future studies.  

If the old cliché, ‘a picture is worth a thousand words’ has any merit, then a 

photorealistic and accurate 3D-model of an archaeological site has to be worth a few words 

more. 
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