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collected over 100 GCPs in the field for calibration and veri-
fication of  lidar data accuracy.

SMall UnManned aircraft SySteMS

In contrast to manned aircraft, flying drones and collect-
ing images can be a very low cost and low skill venture. How-
ever, to build accurate aerial maps from drone images requires 
comprehensive flight planning and knowledge about com-
plex software that builds DEMs and orthoimage mosaics.

Images collected by sUAS require many of  the same ele-
ments as needed by conventional photogrammetry, such as 
forward lap/sidelap and GCPs, to convert the individual 
scenes to orthoimage mosaics and DEMs that are in a map-
ping coordinate system (Miller, 2016). A new photogram-
metric technique, Structure from Motion (SfM), has been 
embraced by the sUAS community because SfM is highly 
automated, improves with easily achieved, increased over-

at 18,932 ft (above ground level) and for the 10 cm imag-
ery the aircraft flew at 6,311 ft. Forty-four flight lines with 
1,719 exposures were planned for the 30 cm imagery and 85 
flight lines and 5,821 exposures planned for the 10 cm imag-
ery. The 2014 orthorectified aerial imagery is in the public 
domain and available for download from the San Diego 
County GIS website (sanGIS.org). Figure 8-12 is an ortho-
rectified grayscale image of  band 2 (red) with 1 ft pixels from 
the survey. The imagery is projected into the California State 
Plane Zone 6 coordinate system with the lines on the image 
representing this map projection grid at 200 ft intervals. The 
very accurate orthorectified aerial imagery supports detailed 
urban planning and map-making.

The average point density of  the lidar was 2.43 pts/m2 
with 11.12 pts/m2 in priority areas. The aircraft flew at 
975 m for the coarser lidar density and 617 m for the denser 
data. For the lidar project area, 338 flight lines and almost 
7,000 km of  flight line were planned. Quantum Spatial 

Figure 8-12 Orthorectified aerial image for detailed engineering, urban planning, and GIS applications acquired from manned aircraft. 
Courtesy SanGIS.
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topographic feature with higher elevation in the center-right, 
minimizing distortion in the model. Views of  the same fea-
ture from multiple angles and different elevations ensure a 
more reliable SfM model.

image overlap

The amount of  overlap/sidelap between individual 
images is another key factor for building a good SfM model, 
an accurate orthoimage mosaic, and a DEM. Shervais (2016) 
notes less than 70% overlap will affect the interpreted scene 
while more than 90% may significantly increase processing 
time. Miller (2016) imaged 2.5 acres of  an abandoned quarry 
with 80% forward lap and 40% sidelap while Mapir (2017) 
covered 18.7 acres of  a vineyard with 70% forward lap and 
70% sidelap.

mission Planning

Collecting sUAS imagery in the field that can support 
accurate aerial mapping requires an unmanned aerial vehi-
cle, a ground control station with a communications data 
link (operator’s remote control), flight planning interface, 
battery recharger, and onboard GPS/IMU (Figure 8-15). A 
GPS base station will increase the x, y, z accuracy of  the 

lap between images during airborne acquisition, works with 
consumer-level cameras, and is inexpensive and relatively 
accurate (see discussion in Chapter 7).

Camera orientation

James and Robson (2014) have shown photos from 
sUAS should be pointed at the terrain or object of  interest 
in a convergent manner as divergent or planar orientations 
distort the SfM model (see also Raugust and Olsen, 2013; 
Shervais, 2016). For example, Figures 8-13 and 8-14 show 
a topographic profile of  terrain with flat land to the left and 
elevated land in the center-right. The camera is shown in 
many positions and pointing in different directions as it is 
flown across the terrain, illustrating three methods for photo 
acquisition: planar, divergent, or convergent.

In the left portion of  Figure 8-13, the camera is looking 
straight down (planar orientation) at the terrain. In the cen-
ter of  the profile, the camera is in a stationary position and 
pointed in diverging directions. In Figure 8-14, the camera 
is pointed off  nadir but in converging directions, increasing 
overlap between images, and the camera is flown at two alti-
tudes. Also, the camera-viewing direction converges on the 

Figure 8-13 Do not acquire photos in a planar or 
divergent fashion. Acquire photos in a convergent manner. 

From Shervais (2016, Figure 11).

Figure 8-14 Acquire photos converging on a feature, at 
multiple distances and angles. From Shervais (2016, Figure 12).

Figure 8-15 Components 
for operating a sUAS. 

Courtesy Black Swift Technologies.
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The area was flown with a hand-launched, Black Swift 
Technologies SwiftTrainer (Figure 8-17) in 2-1/2 hours with 
two flights that collected 1,755 images. The homogeneous 
ground surface texture of  sand dunes, along with intense 
elevation changes, made it difficult for the photogrammetric 
software to identify common match points between overlap-
ping images. In addition, the area of  interest was inacces-
sible by vehicle, limiting the number of  GCPs that could be 
surveyed and marked in the allotted time frame to provide 
x, y, z control for the project. Horizontal (17.5 cm) and verti-
cal (33.3 to 66.7 cm) accuracy for this initial sUAS project 
was limited because of  the match point and GCP issues. 
Nevertheless, an orthoimage mosaic with 1.2 in (3 cm) 
pixels, a 1 ft (30 cm) contour map, and a point cloud of  
the DEM with 145,000,000 points (each point representing 
~1.5 in2 [~10 cm2] on the ground) were generated from the 
sUAS data.

imagery and the SfM 3-D models. In addition, Colomina 
and Molina (2014) emphasize the importance of  mission 
planning and management, including design of  the aircraft 
flight program (waypoints, flight lines, speed, altitude, direc-
tion, etc.) and sensor configuration. Surveying and marking 
GCPs that are large enough and distinct from surrounding 
material to be seen on the aerial imagery improves the loca-
tion accuracy of  orthoimage mosaics. Images that lack dis-
tinct features (tidal flats, monoculture crops, water, wetlands, 
sand dunes, etc.) are more difficult to digitally mosaic as the 
SfM software needs to find and match individual features in 
multiple images to build the 3-D geometry of  the scene. The 
sUAS must have excellent GNSS/GPS capability that can 
assign an accurate location to each image during the acquisi-
tion to build a DEM and orthoimage mosaic of  a relatively 
homogeneous landscape.

mapping with a smartphone

Miller (2016) describes building a DTM and orthoimage 
mosaic with 1 cm pixels across 2.5 acres (10,000 m2) of  aban-
doned quarry in Concord, California, with a quadcopter and 
iPhone 5S. The survey area was approximately 80 by 100 m 
(2.5 acres) with the base of  the abandoned quarry ~72 m 
above sea level. The topographic elevation range between 
the floor of  the quarry and the surrounding undisturbed land 
was approximately 18 m.

The drone was flown no higher than 29 m to achieve 1 cm 
pixels. Each iPhone photo had a 32.6 by 24.5 m footprint on 
the ground (Figure 8-16). Ten flight lines with 236 images 
were needed to achieve 80% forward lap and 40% sidelap 
(Plate 26A). The camera shutter was set to acquire a photo 
every 1 second using an onboard app. SfM processing technol-
ogy was used to generate an orthoimage mosaic (Plate 26B), 
the DTM (Plate 26C), and the contours (Plate 26D).

Miller (2016) performed many accuracy and perfor-
mance assessments based on nine surveyed, ground con-
trol targets (with absolute accuracy of  2 cm horizontal and 
vertical) that had markers visible on the imagery and 132 
surveyed checkpoints. He concludes that a consumer grade 
drone with an iPhone 5S camera is capable of  producing 
high-accuracy 3-D models useful in numerous applications 
(Miller, 2016).

mapping in a national Park

The National Park Service (NPS) collaborated with 
Wohnrade Civil Engineers, Black Swift Technologies, and 
UAS Colorado to deploy a fixed-wing sUAS to build a 
detailed DEM and orthoimage mosaic of  a 1 mi2 (2.6 km2) 
area of  the Great Sand Dunes National Park and Preserve. 
The project documents several challenges with implementing 
sUAS technology, including an imaging site that cannot be 
accessed by vehicle, a launch site several miles from the imag-
ing area, gusting winds, strongly contrasting shadows, and a 
relatively homogeneous landscape. The lessons learned, and 
the solutions offered in this NPS survey, are valuable for oth-
ers considering sUAS for aerial mapping (Wohnrade Civil 
Engineers and Black Swift Technologies, 2016).
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Figure 8-16 Profile of sUAS carrying an iPhone 5S camera with 
a focal length of 4.1 mm flying 29 m above the terrain for an image 
ground footprint of 32.6 by 24.5 m. From Miller (2016, Figure 18).



Plate 26 (Chapter 8) sUAS flight plan and three 
photogrammetrically derived products using an iPhone 5S and 
a quadcopter, Concord, California. From J. C. Miller. 2016. The 
acquisition of image data by means of an iPhone mounted to a 
drone and an assessment of the photogrammetric products. MA 
Thesis, California State University at East Bay. 
http://iphonedroneimagery.com/project-methodology 
(accessed January 2018).

A. Ten flight lines and 236 photos were needed for 80% forward 
lap and 40% sidelap.

B. Color orthoimage mosaic with 1 cm pixels.

C. DTM generated from SfM photogrammetric technique.

D. Topographic contours derived from DTM.
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