
&PE RS
PH

O
TO

G
RA

M
M

ET
RI

C
 E

N
G

IN
EE

RI
N

G
 &

 R
EM

O
TE

 S
EN

SI
N

G
   

  T
h

e
 o

ffi
ci

a
l j

o
u

rn
a

l f
o

r 
im

a
g

in
g

 a
n

d
 g

e
o

sp
a

tia
l i

n
fo

rm
a

tio
n

 s
ci

e
n

ce
 a

n
d

 te
ch

n
o

lo
g

y

April 2015 Volume 81, Number 4

MONOGRAPH
Overview and Current Status 

of Remote Sensing 
Applications Based 

on Unmanned 
Aerial Vehicles 

(UAVs)



PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING Apr i l  2015  255

H I G H L I G H T  A R T I C L E
257 Testing a Small UAS for Mapping Artisanal Diamond Mining 
in Africa
Katherine C. Malpeli and Peter G. Chirico

P H O T O G R A M M E T R I C  E N G I N E E R I N G  &  R E M O T E  S E N S I N G
The official journal for imaging and geospatial information science and technology

April 2015 Volume 81 Number 4

C O L U M N S
Letter from Alan Mikuni PE CP 256
Professional Insight—An Interview with 264
 Bryan Conner, MapJoy LLC.
Grids and Datums—Republic of Sudan 265
Mapping Matters 269
Book Review—Close-Range  273
 Photogrammetry and 3D Imaging

A N N O U N C E M E N T S
Correction 274
In Memoriam—Jim Merchant 275
IGTF—Rethinking the ASPRS Annual 276 

Meeting
New ASPRS Positional Accuracy  277 

Standards for Digital Geospatial Data 
ASPRS Welcomes New Book  277 

Review Editor
Pre-Registration and Call for  278 

Abstracts for UAS Mapping Reno
Imagery Portal Naming Contest—Ideas  279 

Needed
April GeoByte— Using LiDAR to  331 

Study Forests   
2014 Reviewers 333
Call for Papers 334

D E PA R T M E N T S
Certification 268
ASPRS News 276
New Members 279
Industry News 280
Calendar 331
Forthcoming Articles 332
Who’s Who in ASPRS 335
Sustaining Members 336
Instructions for Authors 338
Membership Application 340

257

264 273

The Mother of All Copters (MoAC) is designed to be a rugged, workhorse, vertical 
takeoff/landing (VTOL) small unmanned aircraft system (SUAS).  With up to 50 
pounds payload capacity and half hour flying time, MoAC combines the versatility 
of commercial-grade VTOL, built on a Gryphon GD-X8 airframe, with a universal, 
quick-detach, brushless gimbal mount to accommodate your mapping or remote 
sensing payload.  

In a UAS world of unknowns, the near future will be visual line of sight.  The 
MoAC affordably provides the opportunity and versatility for operators to see 
how UAS can work for them.  Sensor and system developers can begin to adapt 
their technologies for UAS or downsize for SUAS if that’s their business plan.  

The MoAC is designed for productivity, including features such as 
weatherization, folding replaceable arms, less expensive and quieter tri-blade 
folding propellers, and a power distribution safety feature that enables you to 
operate the flight management system, gimbal and payload without arming the 

motors.  Finally, a choice between waypoint mapping or stick control means you can map or inspect, indoors or 
outdoors. 

For information on developing your UAS workflow or sensor with the MOAC, please visit Unmanned Experts’ 
webpage at www.unmannedexperts.com, call 334-578-2900, or e-mail operations@unmannedexperts.com.

P E E R - R E V I E W E D    
A R T I C L E S 
281 Overview and Current Status of 
Remote Sensing Applications Based 
on Unmanned Aerial Vehicles (UAVs)
Gonzalo Pajares
A monograph presenting an overview of the 
current status of UAVs and remote sensing 
applications based on unmanned aerial 
platforms equipped with a combination of 
specific sensors and instruments, including an 
expanded list of technical references.

SPECIALMONOGRAPH

http://www.unmannedexperts.com
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TesTing a small 
Uas for mapping 

arTisanal DiamonD 
mining in africa
By KaTherine c. malpeli anD peTer g. chirico

Courtesy of Peter Chirico (USGS).
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inTroDUcTion—conflicT 
DiamonDs, arTisanal mining, anD 
remoTe sensing
Remote sensing technology is advancing at an unprecedented 
rate. At the forefront of the new technological developments 
are unmanned aircraft systems (UAS). The advent of small, 
lightweight, low-cost, and user-friendly UAS is greatly expanding 
the potential applications of remote sensing technology and 
improving the set of tools available to researchers seeking to 
map and monitor terrain from above. In this article, we explore 
the applications of a small UAS for mapping informal diamond 
mining sites in Africa. We found that this technology provides 
aerial imagery of unparalleled resolution in a data-sparse, 
difficult to access, and remote terrain. 

This work stems from a long-term project carried out by the 
U.S. Geological Survey (USGS), the U.S. Department of State 
(DOS), and the U.S. Agency for International Development 
(USAID) in support of the Kimberley Process (KP), an 
international initiative aimed at preventing the flow of conflict 
diamonds. Concerns that natural resources were being used to 
fund conflicts first surfaced in the late 1990s and early 2000s 
during the brutal civil wars in Sierra Leone, Liberia, and 
Angola. During these conflicts, profits from diamond mining 
were exploited by rebel groups to purchase arms and finance 
the wars (Le Billon, 2008). The terms “blood diamonds” and 
“conflict diamonds” evolved as a result and were popularized to 

describe such scenarios. In an effort to halt the trade of conflict 
diamonds, the KP was initiated in 2003 to impose and enforce 
regulations on diamond producing, importing, and exporting 
countries. As of 2014, 81 countries were members of the KP. 

Countries whose diamonds are produced through artisanal 
and small-scale mining (ASM), an activity in which individuals 
use only simple tools to mine, face unique challenges in 
adhering to the KP’s regulations. ASM sites are often remote 
and spread over vast territories, and the diamonds found are 
frequently sold into informal networks, making it very difficult 
to track production – a key requirement of the KP. To support 
the KP and DOS in monitoring efforts, the USGS has been 
conducting country-scale diamond resource and production 
assessments in West and Central Africa since 2007. 

In recent years, there has been an increased push by 
national governments and the international development 
community to formalize ASM. Formalization involves 
legalizing ASM, registering miners, delineating mining zones, 
and establishing a legal flow chain through which production 
is intended to move. The ability to map and monitor artisanal 
diamond mining sites is a necessary step towards achieving 
formalization. Doing so helps to identify where mining is 
taking place, the extent of activities, the amount of production, 
and how the activity and production change over time. The 
USGS is currently spearheading research on the applications 
of remote sensing technologies for mapping artisanal diamond 
mining sites. The USGS is using high-resolution panchromatic 
and multispectral satellite imagery, in combination with field 

Courtesy of Souleymane Diallo (USAID PRADDII).
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observations, to successfully identify ASM activities and 
estimate the production in diamond mining zones throughout 
the region (Chirico and Malpeli, 2013; Kauffmann et al., 2013). 
While a useful tool, satellite imagery has its limitations, such 
as atmospheric constraints (cloud cover, haze, smoke, etc.), 
temporal resolutions that fail to capture the dynamic nature 
of ASM sites, and spatial resolutions that can be inadequate 
for identifying fine-scale features. With the advent of small, 
low-cost, and user-friendly UAS, the USGS and USAID 
recently began collaborating to explore the application of this 
technology for mapping and 
monitoring ASM. Specifically, 
the team is using UAS 
technology to support USAID’s 
Property Rights and Artisanal 
Diamond Development 
(PRADD) project’s efforts to 
formalize ASM in Guinea. 
In June 2014, a USGS and 
USAID team used a small 
UAS to map artisanal diamond 
mining sites in the Forecariah 
Prefecture of western Guinea 
(Figure 1). Building on a 
previously completed country-
scale assessment of Guinea’s 
diamond deposits in 2012 
(Chirico et al., 2012), this 
current effort seeks to create 
detailed site maps and generate 
very-high resolution digital 
elevation models (DEMs) of the 
region to better inform diamond 
production evaluations.

Uas for environmenTal research
While the development of UAS technology has been driven 
largely by military requirements, it is increasingly being 
employed for civilian applications (Hardin and Jensen, 2011). 
Researchers began investigating the development of remotely-
piloted vehicles for environmental applications in the 1980s. 
Early research encountered numerous challenges such as 
navigation and aircraft control difficulties, limited payload 
capacities, and difficulties in ensuring complete target 
coverage (Tomlins, 1983). Many of these challenges have 
since been addressed, and within the past 7 to 8 years small 
UAS technology capable of environmental data collection has 
become widely available. Today, researchers are using UAS 
for a variety of environmental purposes including precision 
agriculture, soil assessments, and vegetation, habitat, and 
biodiversity monitoring (Hardin and Hardin, 2010).

While numerous types of UAS are now available, most 
environmental research employing this technology is carried 

Figure 1. Map of the Forecariah Prefecture study area in western Guinea.

out with small, lightweight aerial vehicles that have short 
flight ranges and limited flying altitudes (Paneque-Gálvez et 
al., 2014; Hardin and Jensen 2011). Such UAS can only carry 
light payloads, so small consumer-grade (non-metric) digital 
cameras are the most commonly used sensors. However, 
UAS technology is continually evolving, and infrared, 
multispectral, thermal, hyperspectral, LiDAR, and Synthetic 
Aperture Radar (SAR) systems are also being tested on UAS 
(Hardin and Jensen, 2011).

Using a Uas To map arTisanal 
mining acTiviTies in gUinea
In June 2014, a joint USGS/USAID team employed a small 
(350 mm x 350 mm; 670 g) battery-powered rotary-wing 
quadcopter to collect data at seven artisanal diamond mining 
sites in the Forecariah Prefecture of western Guinea (Figures 
1 and 2). Two lightweight (74 g) non-metric digital cameras 
were tested on the quadcopter. The first camera (Camera 
1) had a 2.5 mm wide-angle lens (101.96° horizontal Angle 
of View (AOV), 84.6° vertical AOV) and was used to collect 
nadir, oblique, and reverse oblique videography at a rate of 30 
frames per second. The second camera (Camera 2) had a 7.5 
mm low distortion lens (44.72° horizontal AOV, 33.39° vertical 
AOV) and was used to collect nadir still frame photography at 
a rate of 2 frames per second. The quadcopter was powered 
with 2200 milliampere-hour (mAh) or 2600 mAh lithium-
polymer (LiPo) batteries, which enabled a flight time of 8-12 
minutes per battery.
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The quadcopter was flown multiple times over each site, at 
an altitude of 100 m. At this flying height, Camera 2 had a 
field of view (FOV) height of 64 m and width of 85 m, resulting 
in still photography with a horizontal image resolution of 2.13 
cm at nadir. However, in our evaluations of the imagery, we 
calculated an image resolution range of 2-4 cm, due to slight 
variations in flying height and view angle. A photo collection 
rate of 2 frames per second resulted in about 800 photos per 
0.1 km², with a forward overlap of greater than 80% and a 
sidelap of approximately 60%. Utilizing a wide-angle lens 
on Camera 1 to collect video resulted in a wider FOV height 
and width (102 m and 256 m, respectively) but a lower image 
resolution (Figure 3).

Figure 2. A PRADD team member flying the UAS at an artisanal diamond mining 
site. 

Figure 3. A mosaic of several oblique images of the Siratoumany site in the 
Forecariah Prefecture study area in western Guinea captured from video 
collected using the wide-angle lens camera.

Courtesy of Peter Chirico (USGS).
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BenefiTs of Using a 
Uas
While UAS are currently being used 
for numerous environmental mapping 
applications, to our knowledge this 
project represents the first time a 
UAS has been used for mapping ASM. 
One of the principle benefits of using 
a UAS for this application is that very 
high-resolution data can be collected 
over a relatively large area in a short 
amount of time. In this study, the UAS 
collected data at an approximate rate 
of 1.5 km² (150 hectares) per hour. 
Small UAS have low operational 
flying altitudes (typically 50-300 m) 
and therefore the resolution of the 
data significantly enhances visual 
image analysis (Galvez et al., 2014) 
(Figure 4). The resolution of the data 
collected in Guinea allowed us to 
clearly distinguish active pits from 
inactive pits, locate and measure piles 
of extracted gravel and sedimentary 
layers, and detect changes in water 
color and sediment properties 
(Figures 5 and 6). The ability to map 
an entire site from one or two field 
locations is particularly beneficial 
for ASM research, as mine sites are 
often located in remote areas, can be 
several square kilometers in size, and 
sections of sites may be inaccessible 
or even dangerous for researchers 
to traverse due to a lack of roads, 
surficial disturbance due to mining, 
or other challenging terrain. Utilizing 
a UAS, the field team was able to 
acquire complete aerial coverage of a 
site in under an hour. 

Figure 4. An example of UAS imagery collected 
at 100 m altitude over the Khoboto site in the 
Forecariah Prefecture study area in western 
Guinea.

Figure 5. Comparison of the spatial resolution of 
the UAS imagery (A) collected at the Banyama 
site in the Forecariah Prefecture in western 
Guinea with a pan-sharpened high-resolution 
(0.5 m) multispectral satellite image (B) of the 
same site.

Figure 6. A low altitude photo of miners working 
at a pit in the Forecariah Prefecture study area in 
western Guinea collected using the UAS.

(4)

(5)

(6)
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addition, the PRADD project is utilizing the aerial videos and 
oblique still imagery captured using Camera 1 (wide angle 
lens) to conduct participatory mapping with local communities 
in Forecariah Prefecture to delineate mining and agricultural 
zones. This will assist with the formalization of property rights, 
thus reducing local-scale conflicts over land use. 

iDenTifieD challenges
While we identified numerous benefits to using UAS technology 
for collecting data at ASM sites, we also encountered several 
challenges. First, if a UAS has never been flown before in the 
country, as was the case in Guinea, there will likely be no set of 
established protocols to follow to acquire approval. Therefore, it 
was the team’s responsibility to identify a process for contacting 
the appropriate authorities in Guinea to acquire permission 
to fly the UAS. This involved receiving signed letters from the 
Minister of Mines and Geology, the Minister of Transportation, 
and consent from the ministers of Defense and the Interior. 

Figure 7. A subset of a UAS image mosaic collected at the 
Gberdeabon site (A) and a 10 cm resolution digital surface model 
(DSM) of the same site in the Forecariah Prefecture of western 
Guinea, derived from the UAS imagery using SfM techniques (B). 
The DSM incorporates both vegetation and tree cover features as 
well as ground elevation showing mining pits.

Figure 8. A three-dimensional 
diagram of a DSM with a UAS 

image overlay of a subset of 
the Gberdeabon study 

site in the Forecariah 
Prefecture of 

western 
Guinea.

This relative ease of data collection also translates into 
greater survey repeatability. ASM is a dynamic activity in 
which mine sites change rapidly. The ability to frequently 
collect imagery of sites will greatly improve our understanding 
of ASM and how sites, and therefore production, evolve over 
time. A goal of this project is to conduct repeat flights of the 
sites within six months to acquire the data necessary to 
perform a change detection analysis. Of further significance 
is the ability to collect high-quality imagery under cloudy 
conditions, due to the low operational flying altitudes of small 
UAS. This is of particular value when working in tropical 
climates. Other benefits include the small size of many UAS, 
which makes transportation into the field easier, as well as 
the vertical take-off and landing and hovering capabilities 
of rotary-wing UAS, which improves operability in terrains 
with dense vegetation and disturbed topography.

DaTa analysis
Analysis of the UAS data collected in Guinea is currently 
underway. The nadir aerial images are being used to develop 
10 cm resolution DEMs of each mine site. High-resolution 
ortho-image mosaics are being developed from the nadir image 
frames, the DEM data, and from field GPS control points. 
Together, the ortho-images and DEMs will help us to model the 
geomorphology of the terrain and enable us to better understand 
and identify areas of diamond deposition in the region. Products 
are being generated using both structure from motion (SfM) 
and traditional photogrammetric software algorithms, so that 
comparisons can be made to evaluate the costs and benefits 
of data processing in each environment (Figures 7 and 8). In 

“To our knowledge 
this project 

represents the 
first time a UAS 

has been used for 
mapping ASM”.
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This step was achieved several months prior to fieldwork by 
U.S. Embassy and USAID staff based in Guinea. Equally as 
important as acquiring permission at the national government 
level was informing local communities near the field sites about 
the planned UAS mission. Because UAS in many parts of the 
world may be perceived as synonymous with military drones, 
it was critical that we educate the local population about the 
mission. To accomplish this, prior to fieldwork PRADD staff 
traveled to villages and mining sites to conduct a public relations 
campaign to notify local populations that the UAS would be 
flown in the area and to explain why it was being flown and 
what to expect. During the flight missions the team immediately 
downloaded and played video collected by the UAS for miners 
and villagers as a follow-up to the information campaign and to 
let them see their local landscapes from a birds-eye perspective. 
These steps added significant time to the field mission, but were 
essential to gaining the trust of local populations.

Other challenges are unique to flying a UAS in a developing 
country or remote location. In Guinea, there was no consistent 
source of power available for the team to recharge the LiPo 
and camera batteries. Electricity was available for only a few 
hours each night via generator, so the field team needed to plan 
accordingly to procure enough fuel and generator time to charge 
the equipment. In addition, due to the remote nature of the field 
sites, the team needed to prepare in advance for foreseeable 
maintenance problems, and thus brought spare parts for the 
UAS, such as extra propellers, engines, and a basic toolset. 

Weather conditions also posed challenges. While the UAS 
can collect data under cloud cover, moderate to strong winds 
and rain remain limiting factors and prohibit data collection. 
Conversely, flying in bright sun conditions made maintaining 
constant visual contact with the UAS, a necessary safety 
parameter, more difficult. Finally, an interesting challenge 
that was not foreseen by the team involved interactions with 
territorial birds. In particular, the pied crow (Corvus albus), 
found throughout sub-Saharan Africa, exhibited territorial 
harassing behavior on more than one occasion with the UAS. 
Given the small size of the UAS and the relatively large size of 
the crow and other predatory birds in West Africa, interactions 
of this nature are of a concern, though are perhaps unavoidable. 

The implicaTions of Uas 
Technology for asm research
The very high-resolution imagery and videography collected 
by the UAS is facilitating the development of image maps and 
terrain models of the mining sites and surrounding areas in the 
Forecariah Prefecture at an unprecedented scale. An abundance 
of information is being gathered from these products, ranging 
from the scope of mining activities, the location of mining within 
the landscape, the amount of activity at each site, the impact of 
mining on the surrounding environment, and the type of mining 
activities being conducted at the time of image collection. The 
immediate application of this information will be to assist the 

PRADD project in working with the Guinean government to 
select appropriate zones to parcel for artisanal mining based 
on diamond potential, an important step towards formalization 
and resource governance. Interpretation of the data will also 
assist with the identification of abandoned mine sites that can 
be remediated into other income-generating activities, such as 
fish farming and vegetable gardens, thus helping to reduce the 
long-term environmental degradation caused by ASM.

We are only beginning to uncover the many potential 
applications of UAS technology for environmental remote 
sensing. For ASM research, it will greatly enhance our ability 
to map and monitor difficult-to-access and dynamic mining 
sites. The level of detail garnered from UAS flight data is 
unparalleled and will serve diverse purposes, from helping 
governments and local communities allocate land for mining, 
to enabling researchers to identify landforms with greater 
diamond potential. Small UAS technology is still a relatively 
new innovation and therefore still faces challenges; however, 
UAS provide many advantages over traditional satellite 
remote sensing, and its applications will only expand as the 
technology continues to grow.
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