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Abstract

Clam garden intertidal features were constructed and maintained by First Nations
peoples over thousands of years and are identified throughout coastal British Columbia
and Alaska. The thesis study site is the Gulf Islands National Park Reserve Clam
Garden Restoration Project, in Fulford Harbour on Salt Spring Island, British Columbia,
Canada. Images were gathered of the Fulford Harbour clam garden using a UAS – or
drone and these were processed using SfM software to create a DSM and Orthomosaic
of the clam garden. This approach was compared with existing technologies such as
LiDAR and traditional photogrammetry, and further applications in the intertidal
environment and archaeological fields were considered. Novel techniques were
developed, such as the use of natural features as GCPs. It was demonstrated that
developing a DSM and orthomosaic is possible for scientific purposes by non-experts in
geospatial and survey techniques, and that this can be executed with high resource
efficiency.
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3-Dimensional Geospatial Modeling of Archaeological Features in the Intertidal Zone,
Fulford Harbour, BC, Canada Using Structure From Motion (SfM) Software with an
Unmanned Aerial System (UAS)

This thesis describes the use of aerial surveys completed using Unmanned
Aerial Systems (UASs) in conjunction with Structure from Motion (SfM) software to
produce a Digital Surface Model of an archaeological site in the intertidal zone of
Fulford Harbour, Saltspring Island of southern coastal British Columbia (BC). For
thousands of years, Aboriginal Peoples of coastal British Columbia have actively
managed natural resources in order to enhance yield and increase their access to them.
This included the management of intertidal clam gardens by means of building a rock
wall at the lowest tide line to expand the fine sediment inter-tidal area needed for
selective harvesting, active aeration and debris removal (Deur, Dick, Recalma-Clutesi &
Turner, 2015; Augustine & Dearden, 2014).
The intent of this thesis is to provide a description of the preparation, equipment,
permitting, execution and processing of an aerial survey conducted by UASs for
scientists, coastal environmental managers and technicians, and other technicallyinclined users that are not necessarily trained in spatial analysis techniques. The
potential scientific applications of UASs are wide-spread and are continually being
identified (Marris, 2013). The breadth of their use will depend on the creativity and
needs of those with access to the technology and thus, it is my intention not to define
the parameters by which one must apply UASs but rather to define the foundation on
which a user can attach their own research needs in similar environments and
regulatory regimes. The abbreviation UAS is used to describe all the components (i.e.
radio controller, camera, visual feedback device, etc.) of the system where UAV
(Unmanned Aerial Vehicle) refers to the vehicle – or drone – only.
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Clam Gardens

Clam gardens, known by different traditional names in different locations, have
been identified throughout coastal British Columbia and Alaska (Deur et al., 2015;
Lepofsky, Smith, Cardinal, Harper, White, Bouchard, Kennedy, Salomon, Morriss,
Puckett, Rowell & McLay, 2015). Typically, they consist of a stacked row of rocks
manually positioned in the lower intertidal zone that capture sediment, creating a terrace
between them and the shore which would effectively expand the suitable habitat for
various bivalves in a lateral direction (Figure 1). Once constructed, clam gardens were
kept clear of debris, aerated, and systematically harvested by First Nations (Deur et al.,
2015). One such site exists in Fulford Harbour on Salt Spring Island, British Columbia
(BC), Canada, the traditional and unceded territory of WSÁNEĆ First Nation and
Hul’qumi’num Treaty Group (Figure 2). This recently recorded archaeological site
(DeRu-192) is one of the study sites for the Gulf Islands National Park Reserve Clam
Garden Restoration Project (Figures 3 - 5).

Figure 1. An illustrated profile of a clam garden (b.) compared with an
unaltered beach (a.) increase in optimal habitat with use of clam garden
terrace (Lepofsky et al., 2015)
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Figure 2. A map of Canada, with Fulford Harbour and the Victoria International Airport
identified in the imagery.

Figure 3. A map of coastal British Columbia, with the Project Area highlighted.
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Figure 4. Photos from the Parks Canada Southern Gulf Islands National Park
Reserve website of a researcher standing on the rock wall of the clam garden at
Fulford Harbour (upper left), a species of clam harvested from the clam garden
(upper right), an aerial photo taken during this thesis research at an oblique angle
of the clam garden formation (lower right) and an First Nations elder and youth
maintaining the clam garden at low tide with the GINPR Clam Garden restoration
project in 2015 (lower left, see also Fig.4 location map ) as part of the Listening to
the Sea, Looking to the Future restoration and education project. Retrieved from
www.pc.gc.ca/eng/pn-np/bc/gulf/natcul/natcul6/natcul6b.aspx
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῀250 m

Figure 5. A drone photo taken of the survey area after the aerial survey was conducted for
th
this research project on May 7 , 2016. The rock wall of the clam garden enters the frame in
the bottom right. The orange line indicates the rough boundary of the project area while the
yellow line indicates the rough outline of the clam garden rock wall within the photo. The 8pointed star graphics indicate the takeoff points while the areas capture in flights 2 and 4
are shaded in brown and blue, respectively. The project area extends southeast, beyond
the bottom of the frame of the photo. The length of the area covered by each flight is
approximately 250 m. Some of these identifiers are used in figures throughout this thesis
as points of orientation.

This practice, along with other marine resource management systems, helped
contribute to the strong social fabric and economic foundations in traditional First
Nations communities in Coastal British Columbia (Lepofsky & Caldwell, 2013). Some
clam gardens are hundreds or even thousands of years old (Deur et al., 2015; Neudorf,
Smith, Lepofsky, Toniello & Lian, 2017). Although there is some evidence of the active
management of clam gardens by First Nations of the Pacific Northwest dating back to
the late Holocene (Groesbeck, Rowell, Lepofsky, D & Salomon, 2014), they have
generally not been actively managed in recent decades (Deur et al., 2015). This decline
in use has been associated with the erosion of traditional cultures correlated with
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epidemics and other impacts of colonization and the resulting oppressive policies, which
Canada is currently aiming to reconcile (Truth and Reconciliation Canada, 2015).
There is a growing research interest among Aboriginal communities and
scientists (Parks Canada, 2015), in rejuvenating clam gardens. Research and
restorative efforts have been undertaken by Parks Canada in partnership and with
guidance from the extensive Traditional Ecological Knowledge (TEK) of the WSÁNEĆ
First Nation and Hul’qumi’num Treaty Group of coastal BC. The GINPR 5-year
restoration plan combines TEK from elders and complements it with western scientific
knowledge and methods (Parks Canada, 2015; Augustine, 2016). To reflect this
recognition of the importance of traditional practices and cultural landscapes such as
clam gardens in the future of First Nations communities, this project has been named

Listening to the Sea, Looking to the Future. There is an archaeologically recorded clam
garden on the east side of Fulford Harbour, Salt Spring Island, BC, Canada, (Figures 2,
3) that is subject to this research and restoration.
In many instances, existing knowledge of traditional clam gardens may be held
only in oral tradition (Deur et al., 2015). However, some First Nations communities are
beginning to make more formal inventories of traditional use areas in a cultural
landscape, including clam gardens. Following this, these sites could then be registered
with the Archaeology Branch of British Columbia’s Ministry of Forests, Lands and
Natural Resource Operations (Wyatt, 2015). In order to geolocate and describe these
features as they are increasingly recorded, aerial surveying techniques by use of UASs
could be of high utility for their combination of time and cost-efficiency, high quality and
relative versatility.
Project Area Background - Sea Level History

This thesis will investigate the utility of modern UAS baseline surveys of a coastal
site that has been impacted by sea level fluctuation due to deglacial isostatic rebound,
and will also impacted by sea level fluctuations in the future due to global climate
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change (Lemmen & Warren, 2016). In coastal British Columbia, sea levels have
fluctuated significantly in the past 14,000 years due to isostatic rebound of the Earth’s
crust as the weight of glacial ice from the Fraser Glaciation diminished with deglaciation
(Clague & James, 2002). Therefore, this must be considered in the interpretation of
ancient cultural landscapes such as clam gardens which themselves are at least 1700
years old (Lepofsky et al., 2015; Neudorf et al., 2017). Wyatt (2015) reviewed sea level
history of the Fulford Harbour clam garden site in the context of published sea level
history studies in the Salish Sea and determined that sea levels at the study site have
been broadly stable for the last 6 000 years following the cessation of isostatic rebound
processes of the Fraser Glaciation. Fedje, Sumpter and Southon (2009) demonstrated
on a nearby feature on the Sidney Spit that rock walls from 3,500 years ago are now in
the intertidal zone in the region. Also, as a result of global climate change, future
fluctuations of sea level can be expected at the site (Wyatt, 2015; Lemmen & Warren,
2016). The Intergovernmental Panel on Climate Change also predicts future global sea
level changes due to climate change (2014) and Lemmen and Warren (2016) report that
coastal BC communities will face challenges associated with rising sea levels such as
erosion and modifications of ecosystems and natural habitats.
In the GINPR there is evidence from archaeological features (shell midden) that
sea level rise is currently impacting this region (Fedje, Sumpte & Southon, 2009). Thus,
UAS may provide an effective and efficient tool for completing surveys to document and
even discover other clam gardens and modeling them in relation to the past (paleo) and
future sea levels in order to communicate paleoenvironmental information to nonspecialists, including the public by the GINPR Clam Garden Restoration Project.
Challenges in Spatial Modeling in Nearshore Areas

Spatially characterizing the nearshore intertidal zone was identified as a
challenge in Wyatt’s (2015) modeling of past and future sea level changes at the project
area. This is because of the merger of two mapping systems in this area – topographic
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maps and hydrographic charts – in this area. Indeed, there is a need for improvements
in the integration of coastal mapping techniques around the land-sea interface in British
Columbia (Bartier & Sloan, 2007). Currently, topographic or terrestrial maps and
hydrographic bathymetric charts are not spatially harmonized as they are collected
using different technologies resulting in a data gap in the intertidal zone. Terrestrial and
bathymetric elevation data also often have inconsistent use of vertical datums and
spatial resolutions. Because of this, the lack of high-density mapping of the coastal zone
is a primary challenge in creating a standardized base map and harmonizing the
dataset to represent the intertidal zones as either graphical representations or as a
single cohesive digital dataset becomes impractical (Bartier & Sloan, 2007). The
primary barrier to harmonizing these data are a lack of accurate, high-resolution
imagery in this boundary zone (Bartier & Sloan, 2007).
Existing Technology

To achieve high-resolution topographical mapping, airborne surveys are
conventionally employed that derive elevation data by means of either airborne-Light
Detection And Ranging (LiDAR) lasers or softcopy photogrammetric surveys. Both are
often supported by Global Navigation Satellite System (GNSS) survey equipment and
techniques.
LiDAR has been used to obtain elevation data regularly for decades. This
technology followed the invention of the laser in the 1960s, beginning with meteorology
as its primary scientific application (NOAA, 2013). LiDAR surveys can produce highly
precise, three-dimensional information about its targets and can be applied in many
forms, including marine, terrestrial and aerial applications, with helicopters and fixedwing aircrafts being the most common platforms (NOAA, 2013) (Figure 6). LiDAR
surveys are effective at obtaining nearly 100% coverage of a survey area, but are not as
vertically accurate as GNSS surveys. Unlike GNSS, LiDAR is not restrained to being
conducted along transects in a study area and thus is able to achieve superior coverage
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of the survey area (Giessel, 2015).
One current application of LiDAR technology is to improve the accuracy of
shoreline maps and to produce DSMs for use in geographic information systems (GISs)
(NOAA, 2013). However, due to limited public access to existing imagery in Canada and
the costs required to produce new imagery, it still remains a relatively restrictive
technology. For example, one Canadian company offering digital mapping services in
Alberta charges $440 CAD per km2 for available existing imagery, while a riparian zone
study described that a LiDAR survey of a 350 km2 riparian zone cost $190,000 AUD
(Johansen, Phinn & Witte, 2010).

Figure 6. An illustration of the use of LiDAR technology mounted on a fixed-wing aircraft.
Retrieved from www.LiDARAmerica.com.

Whereas LiDAR uses lasers to collect data, all aerial photogrammetry is based
on the concept of correlating two-dimensional coordinates from images to threedimensional space by solving for collinearity equations. These equations describe the
orientation, camera model, and individual ray (Wolf DeWitt & Wilkinson, 2014).
Traditional softcopy requires that the precise position and orientation of either the
camera or a ground control point (for ‘resectioning’ of the model) be known (Giessel,
2015).

UAS AND SfM 3D MODELING OF INTERTIDAL ARCH. FEATURES

20

Structure from motion (SfM) is a relatively new adaption of reconstructing of a
landscape through traditional photogrammetry as it introduces an algorithm to the
process of triangulation that allows for the matching of photographs taken from random
locations as long as images of the area surveyed are dense enough that surfaces are
captured in at least two individual photographs. In contrast, traditional airborne softcopy
photogrammetry relies on the assumption of parallel flight lines and requires expensive,
precisely calibrated cameras (Fonstad, Dietrich, Courville, Jensen & Carbonneau,
2012). SfM can best be described as a workflow and a set of algorithms that can
determine 3-dimensional position and orientation using a series of overlapping photos
(Jebara, Azarbeyajani & Pentland, 2001). This is possible by the software’s
identification of features that appear in multiple photographs, which it uses to apply
geometric restrains on the images.
This software works iteratively, and the output from one component of the model
is used to inform subsequent steps (Graham, 2005). Unlike traditional photogrammetry
which requires the precise location of Ground Control Points (GCPs) to process if the
camera location is not known, SfM photogrammetry doesn’t require GCPs to conduct
initial processing of images. The model – or point cloud – is first created in relation to
itself and later transformed to match the more accurate GCPs in 3-dimensional space.
All photogrammetry is at a disadvantage in comparison to LiDAR surveys in
instances where topographic features are not visible to the survey instruments, such as
in areas of dense vegetation where LiDAR can penetrate the vegetation and collect data
(Giessel, 2015). However, LiDAR does not collect photographs simultaneously, and
there are significant challenges associated with merging LiDAR data with photographs
collected from the same aircraft (Stephen, 2004). Recent developments in microchip
technology and the miniaturization of optical sensors allows for the capturing of images
from increasingly smaller UAVs which, combined with SfM as described above, is a
powerful technological combination that can be used to replace and/or compliment
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conventional technologies and techniques.
Obtaining topographical elevation information for mapping using ground-based
GNSS surveying via means of Real Time Kinematic (RTK) Global Positioning System
(GPS) has been the standard for measuring horizontal and vertical positions since the
late 21st century (Giessel, 2015). Although highly accurate, these surveys are field
intensive and, as they require surveyors on foot on the ground throughout the study
area, can be challenging to conduct in areas of uneasy terrain. They are often used to
support airborne surveys (i.e. establishing tie points/GCPs).
Benefits of UAS

Numerous opportunities for scientific applications of UASs are emerging,
including the ability to conduct various spatial and volumetric analyses of sites’ physical
characteristics (Albertson, Schoenung, Fladeland, Cutler & Tagg, 2015). UASs have
been demonstrated to be effective in monitoring coastal zones where managers
previously struggled using TLS, LiDAR scans and GNSS surveys (Maguire, 2014;
Giessel, 2015). In coastal areas, UAS imagery and SfM modeling can produce 2dimensional positioning features (i.e. contour lines) and 3-dimensional terrain models
(Giessel, 2015). UASs offer a new level of cost-effectiveness and accessibility to
imaging technology that can be used for research in archaeological applications such as
this study, but also for monitoring in many environmental sciences disciplines, disaster
relief, education and outreach programs, climate change adaptation and planning, legal
surveying and more (Albertson et al., 2015). UASs are being used within the private
sector in Canada to support land and wildlife management, air quality monitoring,
mapping, infrastructure inspection and more (Privacy Commission of Canada, 2013).
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Figure 7. photos of the UAS used in this study – the DJI Phantom 3 Professional – along
with the remote controller and iPhone 6. Along with the battery mounted into the UAV (not
shown), this represents the entire UAS used in this study.

North American Examples of UAS Surveys

For example, researchers at the Hakai Institute in coastal BC, Canada have been
exploring the use of UASs to map coastal habitat, physical dynamics of coastal areas,
marine vegetation and clam gardens on Quadra Island (Hakai Institute, 2016) (Figure
5). Fraser et al. (2015) used a UAS to study a Pingo in northern Canada and
characterized vegetation and snowpack, forest fire severity and permafrost
retrogressive thaw slumps, demonstrating the diverse applications of and the ability to
use of UAS in arctic climates. The introduction of user-friendly and low cost UAS also
has implications for marine archaeology and ecology (Mancini, Dubbini, Gattelli,
Stecchi, Fabbri & Gabblianelli, 2013). As one of the many applications of UASs is the
relatively cost-efficient and safe means of collecting high-resolution 3-dimensional
terrain models, UASs will likely emerge as vital tools in facilitating effective climate
change research and adaptive planning, particularly in coastal areas (Mancini et al.,
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2013).
Figure 8. A two-dimensional contour map by of clam gardens in Waiatt Bay on Quadra
Island produced by Keith Holmes (Hakai Institute) using a UAS. The clam garden’s rock
wall runs perpendicular to the line drawn between point A and B, which is used to depict the
the clam garden wall’s elevation profile at that point. Retrieved from
https://www.hakai.org/blog/life-at-hakai/great-walls-quadra.

In the United States, NASA maintains the expansive UAS-Enabled Earth Science
as part of their Airborne Science Program exploring applications to hurricanes, the
atmosphere, ice, earthquake faults, coral reefs, volcanic emissions and wildfires
(Albertson et al., 2015). Maguire demonstrated that UAS can be used in coastal erosion
monitoring applications and outperform - in both data quality and cost efficiency existing monitoring methods in Southeast Florida.
UASs vs. LiDAR and Traditional Photogrammetry

By applying SfM modeling software to data collected in field surveys, a user
relatively untrained in GIS and surveying techniques and practices can produce
orthophotos, digital surface models (DSMs) and 3D models safely, easily and with a
relatively high degree of resource efficiency (Maguire, 2014). An orthophoto is a visual
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representation of a project area that compensates for incorrect geometric positioning
caused by changes in the topography and distortions introduced by the camera lens. In
this instance, MacGuire also demonstrated that UAS can replace other ground-based
monitoring and research methods besides those traditionally requiring aerial surveys
such as manual beach profiling and ground-based LiDAR surveys.
UAS and SfM modelling can allow for the development of high-resolution DSMs
and other three-dimensional imagery of smaller-scale areas that previously either wasn’t
possible or was highly cost prohibitive. For example, LiDAR technology can cover
expansive areas and gather a large amount of data, but is not practical when a smaller
area is of interest, mostly due to cost and logistical restrictions (Vander Jagt, Lucieer,
Wallace, Turner & Durand, 2015). In comparison to the cost of LiDAR often being in the
range of hundreds of thousands of dollars, the entire UAS and associated accessories
used in this study cost less than $2,000 CAD to own outright and can be used
repeatedly, many hundreds of times. The Pix4D processing software license costs
$8,700 USD to own outright or $350 USD for a 30-day rental (Pix4D, 2016).

UAS AND SFM 3D MODELING OF INTERTIDAL ARCH. FEATURES
Methods
Overview

In this study, an UAS was used to conduct surveys in the Project Area (Figure 7)
specifically in the intertidal zone, and the resulting data was used to model an
archaeological feature – the rock wall of a clam garden – present in Fulford Harbour,
Saltspring Island, BC (Provincial Archaeological site number: DeRu-192). This modeling
was conducted using SfM modeling software (Pix 4D Mapper) to produce an
Orthomosaic and a DSM of the project area by use of images collected by a UAS during
low tide when the feature was largely exposed. This thesis contributes to the GINPR 5year Clam Garden Restoration program’s scientific investigation, and will also provide
value in developing best practices methodology for using UASs on culturally significant
archaeological features in the intertidal zone of coastal BC.
Processing software and unmanned aerial systems.

Pix4DMapper Pro is a mapping software package from Pix4D that allows for a
high level of automation in converting images into georeferenced two-dimensional and
three-dimensional models. A license costs $350 USD per month, $3,500 USD per year
or $8,700 USD for permanent access.
Pix4DCapture is a related free mobile application used to plan the flight imaging
details such as image overlap %, flight altitude and area to be surveyed. As the UAS is
typically operated with a mobile device attached to the UASs’ remote, Pix4DCapture
integrates well with the UAS and automates almost all of the flight besides landing,
while the PIC remains able to take control of the UAV at any time with the remote.
The UAS used in this study was a commercial grade, off-the-shelf, DJI Phantom
3 Professional in conjunction with Pix4DMapper Pro (to process the images) and
Pix4Dcapture (to plan the flight and imaging parameters) software. The UAV itself –
including a battery and propellers – weighs 1.28 kg and is 35 cm diagonally (excluding
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propellers)(Figure 7). It contains 4 propellers and is powered by a 4480 mAh, 15.2V
LiPo4s battery with a maximum flight time of about 23 minutes. The camera is
permanently connected to the UAV and contains a 1/2.3” CMOS 12.4 MP sensor, a lens
with a 94 degree field of view and f/2.8 aperture at infinity. Full manufacturer’s
specifications of the UAS can be found in Appendix C.
In order to ensure the success of the project - particularly the field survey different phases of the project were identified following methods developed by Maguire
(2014) for a similar study, which focused on monitoring coastal erosion of sand dunes.
These phases include:
i)

Mission Planning and Site Preparation

ii)

Flight Operations

iii)

Data Processing

Each phase is described discretely in the following sections and the overall concept of
the project is illustrated in Figure 9.
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Figure 9. A conceptual flow diagram illustrating the process utilized in using SfM and a UAS
to create a 3D Point Cloud and DSM of the project area.

Mission Planning and Site Preparation
Project area.

The Project Area is located in a section of the intertidal zone on the western
shore of Fulford Harbour on the southeast end of Salt Spring Island, BC, CanadaThis
area lies within the traditional territory of the Hul’qumi’num Treaty Group and the
WSÁNEĆ First Nation. It is located close to Sidney, BC and just outside of the GINPR,
making it relatively easily accessed by marine vessel from the Institute of Ocean
Sciences, which is the base for Raincoast Survey, and is already subject to ongoing
research and restoration efforts involving local First Nations and Parks Canada, to
which this thesis will further contribute.
The site itself is approximately 500 m in length along the intertidal zone, with a
slight westward “bend” in the coastline and rock wall at approximately the centre of the
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project area length (coordinates 48°45’0”N, 123°26’12”W). This “bend” in the Project
Area morphology is easily located by an overhanging tree in this area that poses a
potential hazard for UAS operations. This is also the area where the rock wall is tallest,
widest and thus most visible on low tides, in the lower intertidal. The bounding
coordinates for the entire survey are provided in Appendix B. There is also visual
evidence of rock placements creating what may be former canoe-runs within the Project
Area (N. Smith Personal Communication, 2015). Due to the local tides, the Project Area
is rarely exposed. For example, in 2016, there were only 10 occasions on which the tide
was low enough (0.3 m and below) to expose and easily observe the rock wall above
the surface of the water (Table 1).
In British Columbia, a semidiurnal tidal cycle is observed, with four tidal shifts
occurring during most days. Normally, there are two high tides – one higher than the
other – and two low tides – one typically than the other on most days, but a diurnal tide
with one high and one low is also possible at times. In addition, within the month (i.e.
lunar cycle), there are neap tides which occur when the sun and moon are at a right
angle to each other from the earth and thus have opposing gravitational forces. This
results in a lesser magnitude of shift in daily tides during this time, which is observed at
half-moons. There are also spring tides which occur when the sun and moon are
aligned and their gravitational forces work together to create larger daily fluctuations
water levels. These are observed twice per month, at full and new moons (Thomson,
1981).
Further, while completing an orbital cycle of the earth (29 days), the moon’s
gravitational effect on the tides alters as its orbital distance from earth varies, with the
strongest force being observed at perigree when it is closest to the earth. Throughout
the year, the earth’s elliptical orbit around the sun results in the distance between them
and their gravitational effects to vary. When the earth is closest to the sun, termed
perihelion, during a spring tide, what is known as a King Tide or perigrean spring tide
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occurs. This typically occurs in January of each year. A similar tide occurs during the
summer, but while the sun and earth are at their furthest points from each other in their
orbits (termed aphelion). As the impact of the moon’s gravitational forces on the earth’s
tides are significantly greater than the sun’s, large tidal fluctuations are typically
observed at this time as well, despite being lesser than the King tide observed in the
winter (Government of British Columbia, 2016).
It is during these summer spring tides that the Fulford Harbour clam garden is
exposed during daylight hours and observed above the water’s surface. A low tide of
0.6 m or lower is required to see the rock wall (Wyatt, 2015), and 0.3 m was determined
to be the maximum tidal height at which the UAS survey should be conducted as to
maximize the amount of the Project Area that will be visible and to account for the
length of the field operation (i.e. 1-2 hours of survey time). In the summer of 2016, there
were 10 spring tides that met this criterion, the dates and times of which are displayed
in Table 1. All of these dates fell between May 7th and July 5th in 2016, when the sun
and earth are at aphelion and within a few days of a New Moon (Table 1).
Table 1. displays suitable daytime low tides during the spring and summer that were identified in
advance as potential survey dates. Data is gathered from Government of Canada’s Fisheries and
Oceans Fulford Harbour tidal predictions station (7330) online at
http://www.waterlevels.gc.ca/eng/station?type=0&date=2016%2F07%2F02&sid=7330&tz=PDT&pres=1

Sat.
May 7

Sun.
May 8

Mon.
May 9

Sat.
Jun. 4

Sun.
Jun. 5

Mon.
Jun. 6

Tues.
Jun.7

Sun.
Jul. 3

Mon.
Jul. 4

Tue.
Jul. 5

Low Tide
(metres)

0.3

0.2

0.2

0.2

0.1

0.1

0.2

0.2

0.2

0.2

Time

12:01

12:46

13:33

th

th

th

Nearest New
Moon

May 6

May 6

May 6

10:57
June 5

th

11:41
June 5

th

12:25
June 5

th

13:11
June 5

th

10:40

11:24

th

th

July 4

July 4

12:08
July 4

th

It was therefore determined to conduct the survey during the May 2016 spring
tide, primarily so that if there were any unforeseen challenges, there would be additional
opportunities in June and July to make attempts at completing the survey. Then, with

UAS AND SfM 3D MODELING OF INTERTIDAL ARCH. FEATURES

30

permission from the Parks Canada Clam Garden Restoration Project Aboriginal
Advisory Committee, coordination was completed to conduct the work on May 7th,2017,
a day that the site was absent of other research or activities related to the Listening to

the Sea, Looking to the Future project.
Thus, as the UAS survey was only possible during a brief period of a few hours
on May 7th when the rock wall was exposed, it was critical to effectively plan the field
operation in advance, which required careful observation of the site in situ. All potential
flight path obstacles, regardless of height and perceived importance, were noted and
considered in planning the flights of the UAV. Inconsistencies between the a priori
knowledge obtained by satellite images alone and the field conditions can result in

crashes and inadequate survey coverage. However, it was not feasible for the Pilot-inCommand (PIC) to visit the site in advance of the survey date due to resource and
logistical constraints (e.g., vessel availability, weather conditions). Satellite imagery and
second-hand knowledge from those who have visited the site in the past were heavily
relied upon, and on the day of the survey we arrived on site several hours in advance of
the actual low tide in order to assess the appropriateness of the predetermined flight
plan. While the satellite images are helpful in general planning, the images can be
outdated and may not be able to fully convey the field conditions in an environment that
is rarely as exposed as it was on the day of the aerial survey. Thus, much of the mission
planning took place during the regulatory certificate application production (Appendix A),
and was ultimately approved by Transport Canada aviation officials tasked with
reviewing the flight details (Appendix B).
Permitting and Regulatory Compliance.

For all commercial or research UAS operations in Canada, one must consider
whether they require a SFOC to conduct the work. If the aircraft being used weighs
more than 25 kg, a SFOC is required in all cases. For lighter aircraft, the exemption
conditions of the SFOC must be met in order to proceed without a SFOC. These include
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a list of conditions (Appendix C), including that the operation be conducted in Class G
airspace only. As the project area for this research was within Class C airspace due to
its relative proximity to the Victoria International Airport (YYJ), a SFOC was required
and obtained.
The application for a SFOC is a detailed description of the purpose, location and
parameters of the flight plan and requires a considerable amount of detail that
necessitates a working knowledge of aeronautical terminology, regulations and protocol
and is accompanied by an SFOC Application checklist to ensure that all required
information is included in the application prior to it being reviewed by authorities
(Appendix B). Specifically, the flight date and time, weather constrictions, detailed flight
plan, security plan, emergency contingency plans, risk management procedures,
description of UAS, operational/flight procedures and relevant certificates and licenses
of those involved in the flight are all outlined in the seventeen page application
(Appendix A).
While observing the site on the survey day, in addition to features of the site
itself, it was important to note current weather conditions such as wind speed and
direction, as described in the SFOC application. In addition, all RRU and NRCan safety
protocol were observed for operating and working on a small vessel (Raincoast Survey)
, both of which are based on the Transport Canada requirements for the licensed
operations of registered commercial vessels under 6 Gross Tonne weight ( A. Dallimore
(RRU and R. MacLeod (NRCan) personal communications).
Site preparation is vital to photogrammetric surveys because the accuracy of the
DSM and Orthomosaic depend on the adequate placement of the tie points (a.k.a.
GCPs) obtained using highly accurate GPS methods. It is imperative to achieve the
minimum requirements for number of GCPs and that they are relatively well-dispersed
throughout the Project Area. If a site is not well-encompassed by accurate GPS
coordinates, significant warping of the model is possible during the data processing
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phase. Normally, site preparation would include developing a layout for ground control
points, which can later be quite easily identified in the imagery by their color patterns
(typically black and white ‘checkers’) (Figure 12). However, due to the unique nature of
the intertidal environment and the physical features and tidal dynamics of the Project
Area, this was not feasible primarily due to time constraints imposed by the brief
window during which the rock wall of the clam garden was exposed by the low tide.
That is, ground control markers could not be deployed, surveyed, and collected in time
for the tide to begin to flood again while also completing the survey itself. Therefore, the
intention was to conduct the aerial survey at the lowest tide possible and then to
conduct an RTK GPS survey at an alternative low tide, using natural features as GCPs
to be identified in the original images.

Figure 10. Examples of typical ground control point markers used in aerial surveys in
combination with GNSS to create tie points for the products of the survey. Photos by Roger
MacLeod, NRCanada.
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Flight Operations

Prior to take-off, a pre-flight protocol following the checklist outlined in the SFOC
application was executed (Appendix A), allowing the PIC to discover any issues that
may render the UAV incapacitated after takeoff, including battery disconnection, motor
failure, propeller loss, and GPS failure. Each system was checked to ensure proper
operation and safety for the flight.
All of the work occurred according to all relevant regulation and safety guidelines
as outlined in the SFOC and with attempt to contact Victoria Airport Traffic Control
before and after the operation. This was a requirement of the SFOC with the aim of
informing other aircraft in the area of the operation to reduce the risk of collision with
low-flying aircraft. Safety equipment present included a fire extinguisher, handheld VHF
radio, mobile telephone and first aid kit. A portable, handheld anemometer was used to
determine wind speed prior to flight to ensure that the UAV was operated within its
specified limits and those outlined in the SFOC. Safety checklists and protocol were
developed and utilized for this flight in accordance with Transport Canada guidelines.
Once the mobile device (an Apple iPhone 6) was mounted on and connected to
the DJI Phantom 3 Professional control, the Pix4DCapture mobile app was opened and
a rectangular area along the first stretch of the intertidal zone at the Project Area of
about 300 m long by about 50 m wide was drawn. Pix4DCapture then allows for the
user to set the desired level of image overlap for the photos, and 80% image overlap
was selected in this instance (Figure 15). Altering the amount of image overlap effects
flight time and, conversely, project quality (i.e. resolution and survey coverage).
Pix4DCapture then displays the estimated flight time and its proposed flight path based
on the parameters chosen by the user. Typical SfM flight plan recommendations
recommend approximately 70% sidelap and 80% frontlap of photos (Pix4D, 2015).
Once launched and at altitude, Pix4DCapture guides the UAV along the flight
path according to the plan and the onboard consumer-grade GPS. Wherever it plans to
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collect an image along that flight path, the UAV pauses momentarily before moving onto
the next location. The estimated flight time for each of the four flights was between six
and nine minutes. The take-off point for the 1st and 2nd flights was at the northwest end
of the Project Area. The second takeoff point – used for the 3rd and 4th flights – was
near the middle of the entire Project Area’s length, approximately near the limits of the
first two flights’ paths. These flights surveyed the Project Area around the slight bend in
the beach, about 250 m by 50 m south of this takeoff point.
Data Processing
Initial processing.

Immediately following the flights, the photos collected were previewed on the
mobile device to check for fidelity (i.e. in-focus and devoid of motion blur), completeness
and appropriate location (i.e. encompassing the parts of the project area that were
desired). Then, they were backed up from the UAV’s onboard mini-SD card to a laptop
computer as soon as possible once back on the research vessel.
Later, from a desktop computer, the photos collected from these surveys were
viewed and compared for general coverage of the project area. Each of the four flights
were processed and, with two flights each being on either side of the dogleg feature,
images from flights 2 and 4 – a total of 236 – were selected and put into a single folder
together. A new project was started using Pix4DMapper and these images were input to
ultimately produce a DSM and Orthomosaic using its SfM modelling software. This is
achieved in three distinct steps, including initial processing (creation of the ‘sparsemodel’), point-cloud densification and DSM/Orthomosaic generation. Pix 4D Mapper
2.1.61 for Mac OS X was used in this research, which requires Max OS X 10.11 – El
Capitan or 10.12 – Sierra and 16 GB RAM.
The initial processing step extracts the interior and exterior camera orientation to
develop a model using features found in multiple photos. This processes the photos
using the GPS values recorded in-flight and stored on the camera’s .EXIF
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(exchangeable interface) file and computes key points to be used as efficient points for
tracking in multiple photos. This initial ‘sparse model’ (Figure 14) is generated using an
automatic aerial triangulation and bundle block adjustment, which refers to the
simultaneous solving of collinearity equations for multiple pixels (Giessel, 2015).
Next, a camera optimization was performed, in accordance with the software
instructions in order to calibrate the system to the intrinsic camera properties including
the calibrated focal point, principle point, lens distortions, skewness, and pixel ratio that
can vary with altitude, shock, and other environmental factors (Pix 4D, 2016).
Ground Control Points (GCPs) and GNSS survey.

The SfM sparse model requires placement in map-projected coordinates
(Universal Transverse Mercator (UTM)) to conduct an assessment of its positional
accuracy and to integrate with other data such as bathymetric Digital Elevation Models.
Although the model uses the GPS information found in the photos’ metadata to place
the model, using this data alone is problematic. The GPS onboard the UAV used to
geo-tag the photos is only accurate to roughly 3-5 m (comparable to a consumer-grade
handheld GPS) and thus the SfM model being a derivative of this information is likely
inaccurate in terms of its absolute positioning. In many cases, this level of accuracy may
be acceptable. However, in order to compare the model in repeat surveys, integrate
with other datasets, and to ensure limited warping of the model linking locations in the
image to accurate map projection coordinates (in this case UTM coordinates) is
necessary. This is normally accomplished with the establishment of GCPs by means of
placing ground target markers throughout the area during an airborne survey and later
inputting the coordinates of those points – collected using an RTK GPS survey – to the
sparse model.
On September 1st, 2016, a high-precision RTK (real-time kinematic) GPS survey
was completed at the field site. Natural features such as distinctly colored, shaped or
located rocks were used for this. Barry and Coakley (2013) demonstrated that their UAS
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survey achieved 95% reliability within 41 mm horizontally and 68 mm vertically with a 1
cm ground sample distance (Barry & Coakley, 2013). During our survey, 16 natural
features were surveyed using the RTK GPS, with the expectation that it would be
challenging to reliably identify some of the points in the corresponding images. Oblique
ground photos were taken at the time of the RTK GPS survey in order to aid in the
identification of these points in the aerial imagery (Figure 13). As a result of the
challenge of finding visibly unique features for identification in the images, the points
were haphazardly located throughout the area captured in the initial aerial surveys. This
was completed from approximately 10:00 am to 12:00 pm PST, while the tide reached a
low of 1.0 m at 11:32 am PST. Therefore, the rock wall of the clam garden was not
visible and the low intertidal part of the survey area was underwater, resulting in
incomplete coverage of the project area with the GCPs. Features such as medium-sized
rocks, some partially submerged, were preferentially selected in order to maximize the
breadth of the network of GCPs.
The projective reconstruction does not have a native coordinate system. The
user must manually adjust to a coordinate system by introducing known real world
coordinates. This is typically done in the software by identifying control targets within
imagery (Giessel, 2015). Pix4D recommends that each GCP be identified in at least 2
images (Pix4D, 2015). Since using natural features was expected to be less accurate
and reliable than a standard ground control point marker, the aim was to identify them in
more images to minimize any additional error present by the use of natural features as
GCPs.
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Figure 11. Photo taken during the GNSS survey on September 1 , 2016 of researchers
Roger MacLeod (left) and Danial Mariampillai (right) of Natural Resources Canada
collecting RTK GPS coordinates for the feature in order to aid in the recognition of this
th
feature in the images collected from the UAV during the initial aerial survey on May 7 ,
2016. This particular spot is near the center of the Project Area and the slight bend in the
rock wall in the upper intertidal. This location is also near the second take-off point of the
initial aerial survey, labeled as ‘T2’ in an 8-point star in figures throughout this report.

Point-cloud densification/DSM, orthomosaic and index.

The 3D point cloud that is produced by SfM is its primary objective. The
densification process that produces the 3D point cloud from the 2D imagery is typically
performed by ‘dense-matching’ – the populating of individual pixel locations (Giessel,
2015). It uses the ‘sparse model’ produced in the initial processing phase as well as the
estimates of camera orientation and re-projects individual pixels in real space. A default
image scale of ½ is recommended for point-cloud densification by Giessel (2015) in
project areas that do not exhibit very high contrast with many sharp features. For this
initial keypoint matching in the production of the sparse model, Pix4D’s default image
scale value of 1 was utilized. Ultimately, final point cloud density is defined both by
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sampled image scale and by the point density parameter chosen within Pix4D. In this
case, the optimal default value was used for processing the dataset which computes a
3-dimensional match every 4/image scale. Since ½ image scale was selected, a point was
computed for every 8 pixels, optimizing processing and imparting further constraint on
the final pixel locations by increasing the sample size.
Finally, ‘orthorectified rasters’ are also produced from the 3D ‘sparse model.’ This
is a similar process to the point cloud production but individual pixels are projected from
real coordinate space to a grid coordinate system. An orthomosaic is populated with
color and resolution from pixels of the photographs of the corresponding areas while
using the estimated 3D model onto a 2D space. This process uses the DSM as the
base surface from which pixels are projected, allowing for the removal of oblique
perspectives in this 2D reconstruction. The final product is a complete orthomosaic (or
orthophoto) whose color properties are defined by individual pixel combinations. Finally,
transformation from the model’s coordinates to 3D real-world coordinates is the final
step in the SfM workflow. These outputs can subsequently be used and manipulated in
various ways using common geospatial software such as ArcGIS, depending on one’s
research goals.
The output of Pix4DMapper was analyzed to assess survey efficacy (i.e.
coverage and image quality), resolution (i.e. ground sample distance), GPS-accuracy
and any logistical or technological constraints such as safe operating conditions or
certain substrate or vegetation types that are troublesome for the modeling software.
These data are displayed in an automatically generated Quality Report that contains
details and is associated with various Pix4D tutorials to aid in rectifying errors and
interpreting the Quality Report.
2-D beach profiles.

Using the images produced by the model, it is possible to enhance, supplement
and possibly replace other ground-based methods for specific data such as transect
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surveys of sedentary species or beach profile surveys (MacGuire, 2014). Using the
“Profile Graph” tool in ArcGIS on the DSM, 2-dimensional beach profiles can also be
produced in order to further characterize the cross sections of the clam garden. A DSM
is required to do this, so the rest of the methods described above must be completed
first. Users of this feature in ArcGIS simply draw a line on the DSM where they would
like to gather transect profile data. The software records the elevation data from the
DSM of the pixels along that line, and converts this data into a 2-dimensional profile
graph.
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Results
Mission Planning and Site Preparation
Permitting and regulatory compliance.

The SFOC Application (Appendix B) was completed in March, 2016 and
submitted by Roger MacLeod (co Pilot-in-Command) of Natural Resources Canada on
April 7th, 2016 to the Transport Canada Pacific Region email at CAOPacOACPac@tc.gc.ca. This was processed electronically and then assigned to a local
Transport Canada Officer based in North Saanich, BC. Following review, the application
was approved and a letter stating as such, along with the certificate itself were received
by mail on April 27th, 2016, 11 days prior to the planned survey date (Appendix A). No
revisions of the SFOC or requests for additional information were received. Prior to the
flight, the conditions of the certificate was reviewed by all crew involved in the field
operation – an explicit requirement of the SFOC.
On May 7th, weather and tides were observed as predicted. The site was reached
via the research vessel Raincoast Survey from the Institute of Ocean Sciences dock in
Sidney, British Columbia. Travel time to Fulford Harbour was approximately 25 minutes
and once near the survey area, Raincoast Survey was anchored and a small inflatable
row-boat was used to transport equipment and personnel to shore, near the northern
extent of the project area.
Flight Operations

Four flights were conducted on May 7th, 2016 between 11:10 am and 12:57 pm
PST. A total of 453 georeferenced images were collected. SFOC regulations do not
permit the operation of UAVs more than 300 m from the Pilot-in-Command. When
setting the autopilot settings on with the Pix 4D Mapper App, a risk of losing radio signal
warning was received for surveys beyond approximately 250 m in length. And as
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described in the methodology of the study, the entire survey area is approximately 500
m in length and is slightly divided into two sections of 250 m and 250 m each by a bend
in the coastline and a large tree hanging out over the intertidal. Thus, no one flight
covered the entire area ultimately modeled with Pix 4D. A summary of the flight
characteristics can be found in Table 2.
Table 2. A summary of the flight parameters of each of the four flights conducted on May
th
7 , 2016 at Fulford Harbour on Salt Spring Island, BC, Canada.

Time of Liftoff
(24-Hour)
Number of
Photos
Overlap of
Photos
Altitude

Flight 1
11:10 am PST

Flight 2
11:56 am PST

Flight 3
12:26 pm PST

Flight 4
12:57 pm PST

99

96

118

140

80 %

80 %

80 %

80 %

40 m

40 m

40 m

40 m

Despite plans to complete the surveys from 50 m above the takeoff point, flights
were completed at 40 m altitude due to moderate and variable winds at the time of the
survey (maximum recorded wind velocity of 6.1 m/s or approximately 22 km/hr). The
wind was not strong enough to restrict flight, but gusts indicated that the UAV would be
best operated at a lower altitude by being sheltered somewhat from the wind by the
nearby trees of a similar height. Choosing to fly at a lower altitude required more photos
to capture the same area, thus reducing the total area that could be surveyed with each
battery. This altitude, however, remained high enough to be well clear of the tree that
hangs slightly into the survey area as described above, even though the flights did not
fly directly over the tree itself.
Data Processing
Initial processing.

Based on the areas covered by each flight, it was determined that the best two
flights to use for the final model were flights 2 and 4. Between them, 236 images were
collected, all of which were found to be of high quality and used by the model. Initial
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processing was conducted to create the sparse model (Figure 14) with a perspective
looking towards the rock wall from near the treeline and the westward boundary of the
survey area. Again, this sets SfM apart from softcopy photogrammetry by not requiring

a priori knowledge of camera position or ground control points. Pix4DMapper
completely automates image matching and camera orientation workflows while
providing a variety of processing options. This model has map projection coordinates
from the photographs used to make the model, but the accuracy is known to be
inadequate for many purposes, particularly in the vertical dimension (i.e.. z-direction).
Thus, one must manually introduce tie points for the model based on highly accurate
GNSS methods using an RTK GPS.

Figure 12. A screen shot from Pix4D mapper of a representation of the sparse model
created in the initial processing phase. This particular screenshot shows a viewpoint facing
roughly east towards the rock wall from approximately above the nearby treeline and
westward boundary of the survey area.
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Table 3. A summary of general properties of the project and the project area as produced by
Pix4DMapper after applying SfM methodology to the images and creating the initial ‘sparse model’.

Project
Date Processed
Average Ground
Sampling
Distance (GSD)
Area Covered
Time for Initial
Processing
(without report)
Images
Dataset
Camera
Optimization
Matching
Georeferencing

Fulford Harbour Clam Garden (Site: DeRu-192)
2017-01-29 16:13:26
2.1 cm
0.0412 km2
19 minutes, 58 seconds
Median of 35864 keypoints per image
236 out of 236 images calibrated (100%), all images enabled (in
Project)
4.36% relative difference between initial and optimized internal
camera parameters
Median of 20002 point matches per calibrated image
Yes, 14 GCPs (14 3D), mean RMS error = 0.041 m
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Figure 13. Top view of the initial image positions of the photos in relation to each other as
determined during the initial processing phase. This figure was produced as part of the
Pix4dMapper Quality Report that is produced after initial processing, and represents the
extent of the Project Area identified in previous figures.
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Figure 14. The number of overlapping images computed for each pixel of the orthomosaic.
Red and yellow areas indicate low overlap for which poor results may be generated. Green
areas indicate an overlap of over 5 images for every pixel and good quality results can be
expected as long as the number of keypoint matches is also sufficient for these area. This
figure covers the extent of the Project Area as identified in previous figures.
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Figure 15. Top view of the image computed positions with a link between matching images.
The darkness of the links indicates the number of matched 2D keypoints between the
images. Bright links indicate week links and require manual tie points or more images. This
figure covers the extent of the Project Area as identified in previous figures.

Ground Control Points and GNSS survey.

The GPS survey was conducted on September 1st, 2016. The site was visited
prior to low tide, but the tide only reached approximately 1.0 m at 11:32 am PST, so
gathering points in the lower range of the survey area was challenging. Sixteen points
were haphazardly gathered based on natural features as described in the methods
section.
Using Pix4DMapper, after the initial processing phase was complete and the
camera optimization was conducted, attempts to identify the GCPs were made. Firstly,
three were identified with a high level of confidence and the initial processing phase was
re-executed. This improved the geospatial accuracy of the entire project, and improved
the ability to identify further GCPs with minimal time and effort. Ultimately, 87.5 %
(14/16) of the points were confidently identified and marked in the imagery, which far
exceeds the minimum suggested number of ground control points required (3) and
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recommended (5) by Pix4DMapper. GCPs were identified in 5 images each with the aid
of photos taken on the ground at the time of the GNSS/RTK survey. A full summary of
the geolocation details is found in Appendix D.

GCPs were dispersed throughout the GNSS survey area, and no skewing of the
geolocation was expected based on the locations of the coordinates collected. Figure
18 shows a screen shot from Pix4DMapper of the ‘Map View’ interface demonstrating
the location of the UAV while each image was collected as well as the location of all the
GCPs, and distinguishes those that were successfully identified in the model. The
location of the GCPs were skewed towards the upper intertidal and to the northwest end
of the project area, but still well dispersed overall considering the higher tide at the time
of this survey. There is a general bias in their positions toward the terrestrial side of the
project area owing to the inability to gain GCP locations in the lower intertidal on the
day of the GNSS survey due to higher water levels. The mean error of the GCPs is
x=0.0202cm, y=0.0669cm, z=-0.0817cm; the standard deviation is x=4.8086cm,
y=2.0675cm, z=-5.5114cm; and the RMS error is x=4.8086cm; y=2.0685cm;
z=5.5120cm. Full geolocation details are included in the Pix 4D Mapper Quality Report
(Appendix D).
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Figure 16. A screen shot of the Map View interface in Pix4DMapper after initial processing
of the project. The location of the UAV while collecting each image is displayed (green
dots) as well as the GCPs collected (red Xs) and successfully identified and marked in
corresponding imagery (blue Xs). This figure covers the extent of the Project Area as
identified in previous figures.

Identifying and marking the GCPs was also made easier through the application
of linear color contrastretching using ENVI 5.1 remote sensing software. The
orthomosaic preview produced during the initial processing phase was enhanced by
stretching pixels containing mid-range color profiles – such as the rocky areas within the
project area - across more color ranges. This process is similar as using a ‘clarity’ or
‘enhance’ effect in common photo editing programs such as Lightroom.
Figure 19 demonstrates the offset between initial and computed image positions
as well the offset between the initial position of the GCPs and their computed
positionsFollowing the marking GCPs, the results were re-processed and the point-
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cloud densification and orthomosaic and index production phases were also completed.

Figure 17. Top view, front-view and side-view of the initial (blue dots) and computed (green dots) image
positions as well as the GCP initial positions (blue crosses) and their computed positions following
manual identification in the imagery (green crosses). This figure was produced as part of the
Pix4dMapper Quality Report that is produced after initial processing. This figure covers the extent of the
clam garden survey area as identified in previous figures.

Point-cloud densification/DSM, orthomosaic and index.

Point cloud densification was performed using default parameters. This included
a minimum value of three match points for each solved 3-dimensional pixel location and
an image scale value of ½ (default). Note that this differs from the image scaling value
of one used for the initial processing of keypoints. According to Giesell (2015) “higher
match point constraints increase positional integrity at the cost of reduced point density
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while image scale defines the scale at which 3-dimensional point cloud locations are
computed for the returned point cloud”. With ½ image scaling, a point was computed for
every 8 pixels which optimizes processing, and applies further constraint on pixel
locations by increasing the sample size. The point-cloud densification phase took 1
hour, 26 minutes, 59 seconds to complete at an optimal point density. A total of
12,243,635 3D densified points were processed at an average density of 494.99 (495)
/m3. Figures 20 and 21 display the results of the point-cloud densification (and Triangle
Mesh production) while Table 5 summarizes the processing details.

Figure 18. Displays the point-cloud data with screenshots from the ‘Ray Cloud’ view in
Pix4DMapper. The Ray Cloud only (left), Densified Point Cloud (centre) and Triangle Mesh
(right) are all shown while the circles with points within represent GCPs. The perspective
shown is of the entire project area from directly above. These figures cover the extent of the
Project Area as identified in previous figures.
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Figure 19. Displays the point-cloud data with screenshots from the ‘Ray Cloud’ view in
Pix4DMapper. The Ray Cloud only (left), Densified Point Cloud (centre) and Triangle Mesh
(right) are all shown while the circles with points within represent GCPs. The perspective
shown is of near the centre of the project area, with the bottom row being of a closer
viewpoint than the top row of photos.
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Table 4. Contains the results of the Point-cloud densification process as generated by the
Pix4D Mapper Quality Report (Appendix C).
Image Scale
Point Density
Minimum Number of
Matches

Multiscale, 1/2 (Half Image Size, Default)
Optimal
3
Yes, Max. number of triangles: 1000000

3D Textured Mesh
Generation
Matching Window Size
Image Groups
Use Processing Area
Use Annotations
Limit Camera Depth
Automatically
Time for Point Cloud
Densification
Time for 3D Textured
Mesh Generation
Number of Generated
Tiles
Number of 3D Densified
Points
Average Density (per
3
m)

Texture Size: 8192x8192
7x7 Pixels
Group 1
Yes
Yes
No
1h:26m:59
09m:51s
1
12,243,635
494.99

Next, the orthomosaic generation (Figure 22) took 36 minutes, 55 seconds and
generated a 201.2 MB .tif file. The DSM generation (Figure 23) required 21 minutes,
52s and resulted in a resolution of 2.1 cm/pixel (GSD) and generated a 195.8 MB .tif
file. Table 6 contains the result of the DSM, orthomosaic and index generation phase.
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Figure 20. Displays an overhead view of the orthomosaic produced in this phase by
Pix4DMapper. This image includes the entire Project Area.
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Figure 21. Displays three zoom levels of the orthomosaic with the clam garden’s rock wall
outlined in yellow. It appears that some shallow underwater features are visible and that a
user may even be able to determine proportion of substrate coverage by kelp species, etc.
(i.e. biomapping).
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Figure 22. Displays the DSM produced in this phase by Pix 4D Mapper. The DSM includes
an elevation range of <5 m in red (i.e. trees) to -5.6 m ASL in blue (i.e. subtidal and lower
intertidal). The distinct edge of the rock wall can be seen with a slight yellow highlight along
the lower intertidal zone.
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Figure 23. Displays three zoom levels of the DSM with the Clam Garden’s rock wall outlined
in yellow. The DSM includes an elevation range of <5 m in red (i.e. trees) to -5.6 m ASL in
blue (i.e. subtidal and lower intertidal). The distinct edge of the rock wall can be seen with a
slight yellow highlight along the lower intertidal zone.
Table 5. Contains the results of the digital surface model, orthomosaic and index details
processed as generated by the Pix4D Mapper Quality Report.
DSM and Orthomosaic
1 x GSD (2.1 [cm/pixel])
Resolution
DSM Filters

Noise Filtering: yes. Surface Smoothing: yes. Sharp

DSM Generation

Yes. Method: Inverse Distance Weighting. Merge Tiles: yes.

Time for DSM Generation

21m:52s

Time for Orthomosaic

36m:55s

Generation

2-D beach profiles.

Using the “Profile Graph” tool on the DSM in ArcGIS, beach profiles can also be
produced in order to further characterize the rock wall. This was done at three locations
in the Project Area, and the variation in the profile between areas where the rock wall is
taller, wider and generally more robust and an area where it is less so demonstrate both
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the prominence of the rock wall and the sophistication of the associated technologies
(Figure 24).

Figure 24. Shows three beach profiles taken at different points of the DSM. From left to right
in each profile represents the upper intertidal moving towards the water. In profiles B and
C, taken in areas where the rock wall is most prominent and defined, the shape of the wall
can be clearly seen in the profile. From this, it is apparent the significant impact on the
beach profile that the creation of the rock wall can have. This leveling out of the intertidal
area allows more sediment to be ‘trapped’ behind the wall and laterally expands the amount
of suitable habitat for various bivalves.
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Discussion
Clam Gardens and Challenges in Spatial Modeling in Nearshore Areas

Much existing knowledge of traditional clam gardens may be held only in oral
tradition (Deur et al., 2015). However, some communities are beginning to make more
formal inventories of traditional use areas, including clam gardens (Lepofsky et al. 2015;
Neudorf et al. 2017). Following this, these sites are then registered with the
Archaeology Branch of British Columbia’s Ministry of Forests, Lands and Natural
Resource Operations (Smith, 2016; Wyatt, 2015). This project has shown how – for
their combination of time and cost-efficiency, high quality and relative versatility - SfM
and UAS technology can be highly useful in geolocating, modeling and ultimately
studying and describing these features. Obtaining such data and models is particularly
useful in the case of studying clam gardens as many of them lie in the intertidal zone
and are rarely – if ever – visible above the surface of the water. Sedimentation
dynamics of the terrace shoreward of the wall, height and volume analyses, and
maintenance and restoration monitoring are all possible future aspects of research
possible using these data and/or methods.
Based on the results of this Project, it is feasible that deriving bathymetric data
from SfM with UAS is possible under certain conditions and thus, could possibly be
merged with multi-beam bathymetric data (i.e. in areas too deep for photos to see the
sea floor). This may further aid in the integration of terrestrial maps and hydrographic
charts, particularly if there were overlap in the bathymetric data from UAS and that
currently used for marine charts.
The short time-frame to conduct field-based research at sites in the intertidal
zone in Coastal BC (because of the large tidal height range in this area) is a common
operational challenge for archaeologists and other investigators in general. This thesis
has demonstrated that SfM with UAS is a highly useful technological combination in
tackling this common hurdle, and can transform research techniques in such
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environments. However, in order for this technology to continue to be useful to
researches and be accepted as a feasible research tool, an emphasis must be placed
on preparatory efforts and time-efficiency since a short window of time may be
available to capture the rock wall of a clam garden in imagery. For example, safety and
operational procedures (i.e. anchoring, de-boarding, survey plan) should be reviewed
well in advance of arrival to the project area.
Mission Planning and Site Preparation
Project area.

As described, access to the project area was limited due to its relatively remote
position and the requirement of a substantial research vessel. Ideally, the site would
have been visited prior to the planned operation date, but in this instance this was not
feasible. Because of this relative remoteness and the rarity of the feature itself being
physically exposed above the water (10 tides at or below 0.3 m in summer 2016),
creating a detailed model of the site during this narrow window allows for further
research interests to be explored throughout the year using imagery collected during
this time.
Permitting and regulatory compliance.

As UAS technology emerges, Canada is generally a supportive – although
somewhat cumbersome – regulatory environment for the use of UASs commercially and
in research efforts. However, as the popularity of UAS ownership increases, there may
be a current lack of resources available to quickly process and meaningfully review
SFOC applications. Because an SFOC can be required for each project, the lag time
between application and deployment is a large factor. The application is extensive and
time-consuming to produce, yet requires specifics (i.e. operation date) that could be
easily deemed unsuitable due to conditions on that day. In our case, the weather
cooperated and there were no delays or requests for additional information during the
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application review process, yet the certificate was received only 11 days prior to the
operation which had seen several months of logistical planning. For investigators that
will use UASs on multiple occasions, it is possible for pilots to earn a ‘Standing SFOC’
after a suitable record of safe flights has been achieved (Transport Canada doesn’t
currently provide further specifics on what would be deemed an adequate amount of
flight experience). These are particularly useful for users who are using UASs in similar
environments, geographical areas or overall conditions often, as the certificate will still
need to contain descriptions of the flight parameters of any flights that will take place
under its approval (e.g., provincial, regional, site-specific).
At the time of this writing, Transport Canada claimed to be developing new
regulations “to address the safety requirements, growing popularity, and economic
importance of UAVs.” (Transport Canada, 2016). It would be beneficial to both
regulatory officials and researchers if the regulatory process was ultimately streamline
and efficient and a more standardized application process was implemented (e.g.,
downloadable application forms and templates). According to the Transport Canada
website at the time of this writing, the updated regulations will introduce new flight rules,
aircraft marking and registration requirements, knowledge testing, minimum age limits
and pilot permits for certain UAV operations.
Flight Operations

Although the flights were conducted at 40 m instead of at 50 m as planned,
adequate battery power was available to survey the Project Area with 80% image
overlap. It is unsafe to fly UAVs until their battery is nearly depleted, so one should
consider their survey area and the number of batteries available carefully, as there will
rarely be time to charge batteries in the field in this environment. The stated maximum
flight time for the batteries used in the DJI Phantom 3 Professional is 23 minutes.
However, considering variations in this time due to conditions and the need to leave
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some energy reserve in order to safely land the UAV, one should plan on a maximum
survey time of around 15 minutes per battery.
Data Processing
Initial processing.

According to the Pix4D tutorial regarding the Quality Check table in the Quality
Report produced after initial processing, the focal length/affine transformation
parameters are a property of the camera’s sensor and optics and vary with temperature,
shocks, altitude and time. It is normal that these vary between projects. If the difference
between initial and optimized focal length is between 5% and 20%, the initial
parameters need to be optimized again, using the optimized parameters as initial
parameters. In this instance, this process did not rectify the error, and the optimization
was repeated while estimating the parameters from the EXIF files associated with the
images used in the project. This is done via a command in the “Image Properties Editor”
menu in Pix4DMapper. The relative initial image positions, as determined by the initial
processing phase can be viewed in Figure 15. The initial processing phase computes
the number of overlapping images for each pixel of the orthomosaic. Figure 16
demonstrates the high amount of image overlap achieved throughout the Project Area
while in Figure 17, the impressive number of keypoint matches between images is
displayed.
In Pix4D, a default image scaling value of ½ was utilized for this project, as is
suggested in areas that do not exhibit high contrast with sharp features (Giessel, 2015).
Ground Control Points and GNSS survey.

Due to the tidal dynamics of the environment at this site and logistical restrains
associated with the location of the site, it was not feasible to use traditional ground point
markers during the original flight in order to later establish GCPs in the corresponding
imagery. Time (i.e. rising tide) and resources (i.e. RTK GPS availability) would not
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permit the completion of the GNSS survey on the same day as the aerial survey.Ideally,
ground markers would have been used at the time of the original survey and used as
GCPs, eliminating the need for a second field excursion. However, in the intertidal
environment, it was not possible to deploy them and conduct the aerial survey in time
before the tides rose. Here it has been demonstrated that a survey conducted at an
alternative time using natural features instead of traditional ground point markers can
still provide meaningful GCPs useful in building a DSM using SfM software. This GNSS
survey should be conducted at a tidal height that will allow for an adequate dispersal of
the natural GCPs throughout the original survey area. In this instance, the low tide
observed on the day of the flight was paramount to the success of the aerial survey and
rarely occurs, the priority on the original field day had to be collecting the images of the
exposed rock wall using the UAS.
It is important to consider the minimum number of GCPs required for suitable
precision and accuracy and the expected level of difficulty in identifying natural features
confidently and accurately post-hoc (i.e. homogeneity of project area). Where possible,
it is advisable to collect an excessive number of GCPs in the RTK survey with the
expectation that some may not be able to be identified in the images. It is also important
to attempt to evenly disperse the GCPs so that they are as well distributed throughout
the Project Area as possible. If using natural features, researchers should choose the
smallest, most precisely identifiable features possible that would still be adequately
visible in the aerial images. Because of the lapse in time between the initial aerial
survey and the GNSS survey, we had to also aim to select targets that were unlikely to
have moved since the original survey (i.e. relatively large). Thus, a balance had to be
met between these two requirements and medium-sized rocks (i.e. 10-20 cm) or rocks
with distinct features such as unique shapes, coloration or easily-identifiable nearby
features such as larger boulders were ultimately favored.
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87.5% (14/16) of GCPs were identified with confidence while 5-10 GCPs is
considered sufficient even with large projects (except in areas of complex topography).
For a relatively ‘flat’ project area such as ours, additional points do not highly increase
the accuracy (Pix 4D, 2016). This process was likely the most time-consuming portion
of the data-processing phase, so achieving suitable accuracy without conducting
redundant tasks that will not highly increase the precision and accuracy of the project is
an important consideration for researchers using UAS with SfM software such as Pix4D.
For use at sites that wish to conduct regular, ongoing monitoring or surveying efforts
utilizing UASs, considerations should be taken as to the feasibility of installing
permanent ground markers to be used as ground control points. They could be
surveyed using GNSS methodology and be easily identified in the aerial imagery.
Where possible, these natural GCPs used should be of relatively high contrast to their
background and as small as possible while still being identifiable and with confidence
that they are unlikely to have moved since the original aerial survey. Also, the
orthomosaic preview in the Quality Report produced after the initial processing phase
should be reviewed prior to conducting the GNSS survey so that areas away from any
shadowed parts present in the original imagery can be avoided as contrast is it was
found that contrast and the ability to identify GCPs was generally reduced in these
areas. Also, it is helpful to photograph these points on several scales at the time of the
GNSS survey in order to aid in the identification of them.
Point-cloud densification/DSM, orthomosaic and index.

As can be observed in Figures 20 and 21, the densification process is the most
significant step in the production of the DSM and orthomosaic. It uses the ‘sparse
model’ and the estimates of camera orientation and re-projects individual pixels in real
space, turning the model into a much more recognizable image of the Project Area. A
total of 12,243,635 3D densified points were processed at an average density of 495
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per square meter. This demonstrates the processing power of the software and the
complexity of the model, despite its being relatively simple to navigate and produce.
The creation of the DSM and orthomosaic occurs through the population of the
sparse model with color and resolution from pixels of the photographs of the
corresponding areas. The DSM and orthomosaic produced in this project resulted in a
resolution of 2.1 cm/pixel (GSD), comparable to other surveying methods such as
LiDAR/TLS at a small fraction of the cost and with superior color information. The files
produced are very large, with .tif files of the orthomosaic and DSM being 195.8 MB and
201.2 M, respectively. This makes storing and sharing the data challenging. However,
with cloud storage becoming a regularly used tool for such applications, this is not an
overly restrictive aspect of this and similar projects moving forward as it is currently
being considered by the UAV community with an effort to standardize data outputs and
creating a public repository such as Open Aerial Map (www.openaerialmap.org).
In the DSM and orthomosaic, it appears that the software was able to
successfully model shallow underwater surfaces within the Project Area, along the
seaward side of the rock wall. In order to rely on the model in underwater areas, one
must consider an optical inversion to account for the refraction of light entering water, as
Giessel (2015) describes as a rather complex process. However, in this instance, SfM
may be more straight-forward as the water-line is essentially bordered by high-relief
rock wall features. This points further to the ability of SfM with UAS technology to
produce accurate, high-resolution maps and DSMs of the intertidal area. Using software
such as ArcGIS, it is possible to view the products of this software with additional data
layered onto the image, including the high and low water line as described by the CHS.
This type of analysis may aid in the integration of bathymetric marine charts and
topographic terrestrial maps, a longstanding challenge for coastal archaeologists and
other researchers with investigations of coastal BC (Bartier & Sloan, 2007).
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Most of the project area includedboulders and rocks of various sizes, and in
some parts they were fouled with algae and/or sedentary animals such as barnacles.
Also, some of the Project Area was wet due to having only recently been exposed to the
tides while the upper part of the Project Area was dry, which is apparent in the imagery.
Nonetheless, the model appeared to process all parts of the Project Area well, with
sufficient area coverage and matching keypoints.
There are a multitude of research and monitoring tasks that could be addressed
using these products. For example, from orthomosaics, reflectance maps can be
produced by Pix4D, which has multiple agricultural and ecological applications related
to plant health and plant community composition and phenology. This is an often
overlooked feature of the software, and can also be applied to conservation and
environmental response and restoration efforts. For example, Fulford Harbour is subject
to small-scale hydrocarbon spills due to a high-volume of commercial and recreational
marine vessel traffic in the area, and an accurate baseline inventory of physical and
biological features of the area can be highly valuable.
2-D beach profiles.

The 2-dimensional beach profile generated from the DSM produced in this
project highlights the various types of analyses and investigations that can be
conducted using this highly precise model. Once the DSM file is generated, with just a
few mouseclicks, profiles can be made of any part of the Project Area to answer a
multitude of research questions about coastal geomorphology. In Figure 24, for
example, it is clear how pronounced the rock wall is in Profile B and how, in general, the
rock wall has created a gently sloping band of sediment on the landwards side of it and
drops off very abruptly on the seaward side of the wall. As described above, a 3-D point
is computed every 16 pixels.
Benefits of UAS
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Researchers have taken a renewed interest in automated image matching and
feature tracking using cameras, largely due to advances in these fields that have led to
the development of inexpensive methods to collect and process spectral data and
produce high resolution point clouds superior to LiDAR at a small portion of the cost,
which is one of laser scanning’s greatest drawbacks. SfM with UAS also outperforms
LiDAR applications in terms of portability, time consumption, noise (i.e. from non-target
objects) and color information quality (Skarlatos and Kiparissi, 2012). SfM with UAS
offers the ability to produce sophisticated DSMs of high spatial and temporal accuracy
and resolution at a low-cost. It also allows for the simultaneous collection of aerial
imagery and DEM/DSM production. SfM software can process datasets on all scales
provided that the entire dataset is captured at a similar scale. It automates solving for
camera orientations and scale based on control points. In contrast, laser scanning
demands different equipment for use at multiple scale levels (i.e. airborne LiDAR
system versus various TLS equipment) (Giessel, 2015).
According to Skrlatos and Kiparissi (2012), “SfM outperforms TLS in some
aspects under certain conditions such as the better preservation of texture while still
producing an equally dense and accurate point cloud.” In this project, a Ground
Sampling Distance (i.e. resolution) of 2.1 cm/pixel was achieved in what could ultimately
be completed within a few standard work days or less and for less than $5,000 CAD.
Although volumetric analyses were not conducted in this research, it is possible
using Pix4D and another software program called Sensefly Swinglet. UASs have
measured volumes with comparative accuracy to those collected using traditional GNSS
survey methods, which are much more time consuming, dangerous and labor intensive.
Also, SfM samples at approximately equal ground sampling distance on all scales while
laser scanning samples at an increasingly sparse density as distance from the scanner
increases (Giessel, 2015).
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Comparisons of the two technologies suggest that instead of being only
alternatives to each other, LiDAR and SfM Photogrammetry by use of UASs may
integrate well as complementary technologies in certain circumstances (i.e. mapping
and syncing maps of coastal zones), as UAS technology also has drawbacks, such as
the inability to operate in rain, snow and high winds, all of which were factors or
potential factors in this project. Also, LiDAR remains superior in collecting topographic
elevation data in areas of dense vegetation where photogrammetry is unable to model
the surface below the vegetation, while laser technology can.
SfM by UAS photogrammetric surveys and models greatly reduce viewing
occlusion. For example, if an airplane is photographing a tall feature at a slightly oblique
angle, the ground on the far side of the feature will not be visible. With the high amount
of overlap of images collected in UAS surveys, this shortcoming is avoided, which is
another little-mentioned benefit of UAS/SfM photogrammetric surveys. This is of
particular benefit at the Fulford Harbour clam garden where the western shore has tall
trees atop of a steep slope. Such high relief topography would block the view for much
of the intertidal zone during a traditional photogrammetric survey.
It is of value to address the ability to view features of the subtidal kelp bed along
the east side of the project area. UAS can help in documenting and mapping such
features which may only be visible under certain conditions such as low tide and clear
water that are not observed at all times in this area. Such images could be used
throughout the year to conduct further research and monitoring efforts for the
collaborative and multi-disciplined restoration project. Although a full assessment of
accuracy was not completed, it is apparent in Figure 23 that the software was able to
create a bathymetric DEM of the low intertidal beyond the rock wall, where the features
lay underwater. In addition, the marine vegetation (i.e. kelps and seagrasses) in this
area can also be observed, which can be used for studies of vegetation cover, including
changes in cover over time.
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With a predicted increase in the frequency and magnitude of extreme weather
events, studying storms and the atmosphere are vital components of adaptation
planning in response to climate change. NASA is investing highly in the advancement of
the use of UAS in earth sciences, demonstrating the recognized potential in this fastdeveloping technology. Such large-scale, innovative programs such as the UASEnabled Earth Science program promote international collaboration which could work
as a means of adaptation planning at a global scale. Additionally, it adds to a global
remote sensing network by increasing spatial and temporal resolution. SfM by UAS can
add spatial and temporal resolution to environmental management practices, and allow
for smaller governments and groups (e.g., municipalities, small-scale NGOs) to conduct
state-of-the-art, high accuracy monitoring activities much more practically and
affordably. As an indication of the quickly burgeoning use of UASs for mapping
applications, the annual Canadian Remote Sensing Symposium has never included any
special sessions on their use while in 2017 there will be three separate sessions held.
UAS applications will continue to be identified as this quickly-evolving technology
continues to merge into the mainstream and the technology continues to rapidly
advance. Each application has both common and unique advantages and challenges
associated with it, and a further understanding and summary description of these is
required in order for the maximum scientific potential to be attained from this technology
and to ensure best practices are developed in regards to safety, health and the
environment.
UAS allows for increased frequency and resolution of surveys, meaning ongoing
monitoring projects can be transformed by this technology. In the context of
archaeological features of coastal British Columbia, this technology can be very useful
for communities to document and catalogue physical cultural features such as clam
gardens for various applications such as demonstrating historic land-use and restoration
and preservation efforts. Volumetric analyses are being conducted by UAS in many
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fields, and volumetric analyses of archaeological or natural features of research interest
– such as the rock wall and sediment trapped in the Fulford Harbour Clam Garden – are
likely feasible when combined with subsurface testing and/or sidescan sonar (collected
at high tide). Of particular interest in this project area might be the volume of sediment
trapped by the rock wall, and the results of this study suggest that shallow subsurface
modeling may be possible. Sediment movement dynamics could even be monitored on
various time scales to further understand and even compare the sedimentation
dynamics of the feature to other similar sites.
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Conclusion

This project used a combination of UAS and SfM photogrammetry technology to
map and study a traditional First Nations clam garden in the intertidal zone as part of
the Gulf Islands National Park Reserve Clam Garden Restoration Project in coastal
British Columbia, Canada. A DSM and Orthomosaic of the site were developed and
used to demonstrate the feasibility of 3-D mapping of features in the intertidal zone with
this technology. This study shows that the deployment of traditional ground point
markers is preferred when establishing ground control points (GCPs) but they are not
required in circumstances which don’t allow for them such as this. In comparison with
other related technologies such as LiDAR and traditional photogrammetry, UAS
contains many distinct advantages, particularly a reduced level of expertise required to
conduct a survey and the low relative time and monetary costs required to do so. These
high-resolution photos would be highly expensive to purchase from a 3rd-party, if
available at all.
The use of UAS with SfM photogrammetry to characterize an archaeological site
in a challenging intertidal environment has been outlined above. Further research in this
project area may include volumetric analyses of the rock wall, more detailed analyses of
beach profiles and studies of the ecological implications of the rock walls. Much of this
research can be conducted or at least aided by use of the images and models collected
and produced during this study, demonstrating the unique value of UAS surveys at
intertidal sites where the subject of the research is only visible and easily investigated a
few times each year. The products of this study (the DEM and Orthomosaic .tif files) will
be published with this thesis. From orthomosaics, reflectance maps can be produced by
Pix4D, which has multiple agricultural and ecological applications related to plant health
and plant community composition and phenology.
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It is also important to explore the limitations of the technology (i.e. the conditions
under which adequate imagery can be achieved, etc.) when considering one’s research
and monitoring needs. In regards to scientific research, one of the most valuable
properties of UAS surveys is the ability to conduct them relatively often in comparison
with alternatives, which will significantly impact ongoing research and monitoring efforts
of many types.
It is clear that the use of UAS in scientific research and monitoring is only
beginning to be explored, and that the applications are widespread. The regulatory
environment in Canada is supportive, but requires improvements in usability and clarity.
For coastal conservation, monitoring, management, restoration, archaeology and
ecology in coastal British Columbia, this study has outlined the many uses of UASs with
SfM software and introduced many of the ways in which this technology can be applied
by researchers and managers.
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Appendix B. Special Flight Operator’s Certificate application and application
checklist
Roger
MacLeod Geomatics
Specialist Geological
Survey of Canada Natural
Resources Canada
9860 West Saanich
Road
Sidney,
BC V8L
4B2
Telephone : (250) 363-6426
roger.macleod@canada.ca
April 7th, 2016
Transport Canada
CAOPac-OACPac@tc.gc.ca
Re: Application for a SFOC (Restricted Operator, Complex
Application) Dear Sir/Madam,
Please find the attached application for a Special Flight Operations Certificate
(SFOC) to fly a small Unmanned Aerial Vehicle (UAV) multicopter purchased by
the Department of Natural Resources for use in conducting scientific research
surveys. The application provides the full details of a proposed survey according
the requirements found in the UAV SFOC application checklist and Staff
Instruction 623-001, Issue 2.
In summary, the proposed flight will be a single event conducted on Saturday,
May 7,
2016 at 1830 UTC. The flight will be taken over an intertidal zone along the
western side
of Fulford Harbour on Saltspring Island, BC. The survey will be flown using two
small UAVs (each less than 5 kg) over a small area (<0.03 sq km – 7.5 acres)
consisting of flight times of less than 1 hour.
A similar SFOC for this same survey was submitted and approved (June 30,
2015) last year (TC File 5812-9).
Sincerely,
Roger MacLeod
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1.0 Contact Information
Applicant, Operation Manager, & 1st Pilot
Roger MacLeod
Geomatics Specialist
Geological Survey of
Canada Natural Resources
Canada
9860 West Saanich Road
Sidney, BC V8L 4B2
Telephone: (250) 363-6426
Email: roger.macleod@canada.ca
2nd Pilot &
Observer Shawn
Laidlaw Graduate
Student
Royal Roads University
2005 Sooke Road
Victoria, BC V9B 5Y2
Telephone: (250) 889-9921
Email: slaidlaw7@gmail.com
Safety Officer/Ground Supervisor
Scott Dallimore
Research Scientist
Geological Survey of Canada
Natural Resources Canada
9860 West Saanich Road
Sidney, BC V8L 4B2
Telephone: (250) 363-6423
Email: Scott.Dallimore@canada.ca
Contact for Operation Manager during operation
Mobile Telephone : (250) 818-7380
Alternate Telephone: (778) 772-6094
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2.0 Purpose of Operation
The purpose of the proposed flights is to gather aerial photographs of an
intertidal zone along the western side of Fulford Harbour on Saltspring Island,
BC during a time of a yearly low tide. The airphotos will be used to produce a
highly detailed image and a 3D elevation model of a rock wall that gets exposed
just a few hours of the year during very low tides. This rock wall parallels the
shoreline roughly 80 m seaward from the high tide mark. The wall was built by
First Nations people over 600-700 years ago as a method of sustaining a clam
garden as a food source. The survey site is part of an archeological project
conducted by both Parks Canada and Royal Roads University. The survey site is
of interest to Parks Canada but it is not within a Park.

3.0 Date(s) of Operation
The survey will be conducted during an extreme low tide on Saturday May 7,
2016 at
1820 UTC (11:20 am Local Time). In the event that weather criteria are not
met, two
alternate dates and times are proposed: Sunday May 8 at 1910 UTC (12:10
pm Local Time) and Monday May 10 at 2000 UTC (1:00 pm Local Time). The
expected duration of the two required flights is one hour. If the application
dates are not acceptable for Transport Canada, other later dates can be
proposed.

4.0 Weather limitations
The flights may occur only if the following criteria are met:
• Visibility of greater than 3 statue miles
• Cloud ceiling greater than 500’ AGL
• 1 statue mile horizontal separation from clouds.
• Wind does not exceed 15 knots. A handheld anemometer will be used at
the site to measure wind speed and direction.
• There is no precipitation.
• No ice conditions exist (frost, ice, or snow).
Weather will be verified within four hours of the flight using the NavCanada
Forecasts and Observations webpage:
https://flightplanning.navcanada.ca/cgibin/CreePage.pl?Langue=anglais&NoSession=NS_Inconnu&Page=Foreobs%2Fmetar- taf&TypeDoc=html
NOTAM (notice to airmen) information will be read within four hours of the flight

using the NavCanada forecasts and Observations / NOTAM webpage:
https://flightplanning.navcanada.ca/cgibin/CreePage.pl?Langue=anglais&NoSession=NS_Inconnu&Page=Foreobs/notam&TypeDoc=html
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5.0 Detailed Flight Plan including Location
The proposed survey area is along the western side of Fulford Harbour on
Saltspring Island, BC, 6.3 nautical miles from the Victoria Airport Control Tower.
The area is within Class C airspace. As such we will be notifying the Victoria Air
Traffic Control at (250) 655-2850 twenty minutes prior to initiating any flights and
immediately upon termination of the flight operation. Figures 1, 2, and 3 provide
maps of the survey location.
The flight will start in a large open sandy section of the intertidal zone away
from any obstacles (coordinates 48°45’0”N, 123°26’12”W). The bounding
coordinates for the entire survey are provided on the map in figure 2. The
UAVs will ascend towards the water to an altitude of 50 m (160’) AGL. The
proposed flight path of each UAV after takeoff consists of eight flight lines that
parallel the shoreline over the intertidal zone. The survey area is <0.030 sq km
(roughly 7.5 acres). The UAVs will travel at a ground speed of roughly 14-18
km/h.
The flight will occur entirely over the intertidal zone below the high tide mark.
There are no obstructions along the planned flight route. Numerous visits to the
site have been made within the past year to assess the suitability of the site and
for hazards. The flight
does not fly over private property. Although Parks Canada is collaborating on this
project the survey area is not within a Park.
The operation will be conducted within visual line-of-sight between the pilot and
aircraft. A ‘safety envelope’ of 30 m in all directions from the flight path will be
maintained from bystanders, vessels, and obstructions. We will comply with all
ATC instructions.
Although two UAVs are being used in this survey only one will be flown at any
one time. Once airborne both UAVs will enter into automation mode. Along the
UAV’s predetermined path it will take several regular interval photographs. Once
these photos
are completed, the UAVs will land at the same location as their take-off. If,
however, the
designated landing zone is no longer considered safe during the flight a second
predetermined alternate landing site will be utilized. Two UAVs are being flown
to ensure redundancy in our collection of aerial photographs. Figure 2 provides a
schematic of the survey location and take-off/landing sites.
The flights will remain within a horizontal distance of 300 m from the Pilot In
Command (PIC). There are no power lines or roads within 100 m of the takeoff/landing location. The only obstructions are trees onshore and outside of the
flight. These tree heights have been checked using a Light Direction And
Ranging (LiDAR) dataset and found to be at a maximum height of 42 m next to
the survey area.
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Figure 1: Location of SFOC survey area in relation to the Victoria International
Airport

Figure 2: Detailed map of the SFOC survey
area.
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Figure 3: Map showing the location of the SFOC survey area in relationship to
the
regional
airspace.

6.0 Security Plan for the Area of Operation
In order to secure the survey site for safe operations the following checks
will be performed immediately prior to conducting the survey:
• Check for wires, cables, or other obstructions during all segments of the
flight:
take-off, flight paths, and landing
• Check that there are no sources of radio interference – towers, powerlines,
etc.
• Check that there are no animals in area
• Check that there are no people / bystanders not involved in the operation of
the
UAV present
• Check that there is no property in the vicinity that could interfere with the
flight of the aircraft
• Ensure a visible line of sight towards the UAV is achievable at all times.
• Check that the alternative landing site is clear and free from obstructions
during approach.
• Check NOTAMs
• Check weather
• Confirm wind speed and direction
• Confirm that authorities can be reached – confirm cell phone signal
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•
•
the

Confirm that the First Aid Kit is stocked, readily accessible and visible to
anyone in the area.
Confirm that the fire extinguisher readily accessible and visible to anyone in
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•

area.
The UAV operator and members of the UAV operation crew will confirm
that the pilots are not suffering or likely to suffer from fatigue so that they
are unfit to perform their duties.

7.0 Emergency Contingency Plans
7.1

Crash procedure

In the event of a UAV crash, hard landing, or landing in wet conditions the UAV
operations crew will:
1. Attempt to locate the UAV.
2. Assess risk of injury to UAV operations personnel, bystanders, or animals.
If
there is an injury the operations crew will treat the situation following the
injury procedures listed below.
3. Confirm there is no damage to private property including vehicles,
vessels, or structures.
4. Discontinue all flights until the aircraft is assessed and repaired
by our maintenance provider, ProPhotoUAV.
5. Report crash to the nearest Transport Canada Civil aviation office.

7.2

Fire procedure

In the event of a fire from either a crash or during ground operations:
1. Assess risk of injury to UAV operations personnel and any bystanders.
2. The Safety Officer will retrieve the fire extinguisher.
3. The Safety Officer will extinguish the fire with the fire extinguisher.
4. If the fire is not extinguished with the fire extinguisher the safety officer will
notify the local fire department by dialling 911 immediately.
5. All flights will be discontinued.
6. The fire will be reported to the nearest Transport Canada Civil aviation
office.

7.3

Injury procedure

In the event of an injury from either a crash or during ground operations the UAV
operations crew will:
1. Remove any risks to further injury from both the victim(s) and/or
first aid responder(s).
2. Assess and conduct the required response. If the injury requires
immediate medical attention then 911 will be called.
3. Treat the victim using the first aid kit on hand.
4. Discontinue all flights.
5. Report injury to the nearest Transport Canada Civil aviation office.

7.4

Low battery procedure

The UAV includes two low voltage fail-safe features. First, a loud audible warning
alarm is given when the battery is below a threshold voltage value. The threshold
voltage value
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is determined considering a safe return of the UAV to a landing. Second, the
battery voltage can also be monitored using the radio telemetry system. This
telemetry system enables the Safety Officer to monitor the voltage on a
computer. The PIC will land the UAV immediately in a safe manner when
either the low voltage alarm is heard or the reported battery voltage is below
the required voltage to continue to fly.

7.5

Loss of UAV Visual Contact procedure

If visual contact with either UAV is lost, the PIC shall switch the aircraft into
‘Loiter Mode’using the appropriate switch on the radio transmitter. ‘Loiter Mode’
automatically attempts to maintain the current location, heading and altitude of
the UAV
thereby holding its position. The PIC and the Observer shall try to re-establish
visual contact. If visual contact cannot be re-established within a reasonable
amount of time determined by the PIC, then the lost link procedures noted
below shall be executed.

7.6 Lost link (loss of UAV flight control, flyaway, rogue UAV)
procedure
In the event of a lost control link to the UAV:
• The flight controller is preprogrammed to automatically maintain an altitude
of 50 m AGL and return to and land at the launch site.
• The flight controller is additionally programmed to automatically
maintain an altitude of 50 m AGL and return to and land at the takeoff
site if it flies beyond
500 m from its takeoff
location.
If positive control of the UAV cannot be maintained and the UAV is
leaving the operation area or the UAV poses a risk to life and/or property:
• The PIC will activate the Return-to-Launch mode using the radio
transmitter.
If the UAV does not respond to these actions, the Victoria Air Traffic Control will
be contacted immediately at: (250) 655-2850. Immediately afterward, NAV
CANADA National Operations Center (613) 563-5626 will be called notifying
them of the situation.

7.7

Loss of GPS signal procedure

Should the UAV lose GPS signal during autonomous operations, the PIC will
immediately turn off the autonomous mode using the appropriate switch on the
radio transmitter and switch the UAV into a non-GPS, stabilize mode and land
as soon as practical. If positive control of the UAV cannot be maintained and
the UAV is leaving the operation area or the UAV poses a risk to life and/or
property the PIC will issue a Return-to-Launch mode using the appropriate
switch on the radio transmitter.
Any additional emergency steps stated in the manufacturer’s operations manual
shall be complied for all UAV segments of the operation.
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7.8

Engine failure procedure

In case of a single engine or prop failure, the UAV’s onboard flight
controller will attempt to maintain flight until it can be landed safely.

7.9

Control station failure procedure

In the event of a failure of the ground station computer, the flight operation is not
effected however the computer does provide important information on the UAV’s
status. The PIC will land the UAV and the crew will problem solve why there was
a failure in
the computer. If the problem is resolved flight operations will resume and if not all
flights
will be terminated.

7.10 Communications failure procedure
In the event of a failure of the handheld radios between PIC, Observer, or
Safety Officer the flight operation will be terminated.
In the event of a poor radio reception between the Air Traffic Control (ATC) the
flight operation will immediately be terminated. Communication with ATC and
Emergency Response is critical to the success of the operation. Communication
will be promptly be regained by calling using a cell phone. If cell phone
communication cannot be established the safety officer will continually move until
communication can be reestablished. ATC will then be notified as to the
termination of the flight operations.

8.0 Risk Management
Two additional possible risks beyond those addressed in the Emergency
Contingency Plan section above have been identified. Although the survey site is
in a low populated region, it is an intertidal zone where curious bystanders or
walkers may be present. They therefore are either at risk to injury and pose a
possible distraction to the PIC during operations. It is the responsibility of the
Safety Officer to notify the PIC of their presence followed by informing the
bystanders to stay a safe distance away (greater than 150 m from the survey
operation). If the Safety Officer decides that for any reason this isn’t possible,
they will notify the PIC. The PIC will then land the UAV in either the designated
or alternate landing location, whichever is safest.
The proposed survey area isn’t known to contain other aircraft operating at
altitudes near the UAV operation altitude (at or below 50 m) however both the
PIC and Observer will be on the lookout for other aircraft in the area. If in the
event there is an aircraft in the area the PIC of the UAV will give way to manned
aircraft and comply with the right of way rules in Section 602.19 of the Canadian
Aviation Regulations. The flight operation will be additionally terminated to avoid
any further possible risks.

9.0 UAV System
We will by flying two UAVs: a Sky Hero Spyder and DJI Phantom 3 quadcopter.
The
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Sky Hero Spyder was assembled and configured by ProPhotoUAV in Central
Saanich,
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BC (http://www.prophotouav.com/) while the DJI Phantom was assembled at the
manufacturer. Note that ProPhotoUAV (Logan Rode and Myles Edwards) perform
all required maintenance and upgrades to the SkyHero in this proposal. UAV
system maintenance will be accomplished in accordance with recommendations
specified by the manufacturer of each component. A hardcopy log book with all
maintenance records is being kept for both aircraft. The log book also serves to
record flights including the following information: 1) location, 2) date, 3) time, 4)
crew, 5) flight hours, 6) total accumulated flight hours, and 6) Pilot name(s). No
accidents have occurred using this UAV system. Every 100 hours of air time or 12
months or less, whichever occurs first the UAV undergoes a maintenance
inspection by ProPhotoUAV. The Operator has
established the frequency maintenance schedule as no recommendations are
stated by the manufacturers of the UAV or components. A photograph of the
UAV is shown in figure
4.
The UAVs use flight controllers and GPS that include several safety and fail-safe
features, including GPS position hold, low-voltage warning, return to launch
protection, and fail-safe mode if communication between the multicopter and
transmitter get disconnected. We will configure the flight controllers to establish a
geographical “fence” that will prevent the aircraft from travelling beyond the
specified operating height and distance (in this case 50 m and 500 m
respectively). More details on this are found in the Emergency Contingency Plans
section found earlier in this application.
When not in use the UAVs are stored in protective cases within a locked offices
and/or
homes. When transported to the survey site the UAVs remains in their cases
and are never left unattended.
Specifications for the multicopters are as follows:
Sky-Hero Spyder:
Limited Edition Pancake Frame
o Size: 750 mm motor to motor, measured diagonally
o Maximum endurance on a single battery: greater than 25 minutes
dependant on flight conditions.
o Takeoff weight: 3.7 kilograms

Figure 4: SkyHero Spyder with downward looking camera hard mounted
DJI Phantom 3:
o Size: 590 mm motor to motor, measured diagonally
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o Maximum endurance on a single battery: greater than 23
minutes dependent on flight conditions.
o Takeoff weight: 1.3 kilograms

Figure 5: DJI Phantom
3
Sensor Payloads:

Both aircraft use small cameras that are hard mounted onto the airframe.

10.0

Personnel Roles and Responsibilities

The UAVs will be operated by a crew consisting of a three members:
PIC/Operator, PIC/Observer, and Safety Officer all with recent first aid training
(within two years). All members will be in handheld radio communication with
one another. The basic duties of each member and why they are qualified for the
role are as follows:
1) Pilot in Command (PIC) of the SkyHero Spyder UAV and Operations Manager
(Roger MacLeod):

Roger MacLeod will function as the operations manager and the PIC of the
SkyHero Spyder UAV. He will be ultimately responsible for the operation and
solely responsible for input of commands/piloting of the SkyHero Spyder UAV
during its flight. He will be responsible for assembly, flight preparation, post flight
procedures, and disassembly/storage. The location of the two PICs (SkyHero
and DJI Phantom 2) during flight operations are marked on the map in figure 2.
Roger will not exceed a flight duty time of one hour.
The designated PIC/Operations Manager, Roger MacLeod, completed a two year
Aviation Flight Management diploma at Confederation College in Thunder Bay,
Ontario. As part of this program he obtained a commercial pilot’s license with a
float rating. This course was designed to meet all of the knowledge and operation
requirements for pilots working in Canada. The program included obtaining a
Restricted Operator Certificate with Aeronautical Qualification (ROC-A) for radio
communications. Copies of both his
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pilot’s license and Radio Operator Certificate are located at the end of this
document. Roger is 42 years of age exceeding the Transport Canada
requirement that the PIC be of at least 18 years of age.
Roger owns a personal quadcopter and two remotely controlled airplanes that
he flies recreationally, which has allowed him to gain additional flying
experience.
2) Pilot in Command (PIC) of the DJI Phantom 2 UAV and Observer (Shawn
Laidlaw):

Shawn Laidlaw will function as the PIC of the DJI Phantom 3 and observer during
the SkyHero Spyder flight. He will be ultimately responsible for the operation and
solely responsible for input of commands/piloting of the DJI Phantom 3 UAV
during its flight. When the SkyHero Spyder UAV is being flown he will operate as
the observer. In this role he will maintain a visual observation of the UAV in flight
and alert the PIC of any conditions (obstructions, terrain, structures, air traffic,
weather, etc.), which could affect the safety of the flight. Shawn has been briefed
on his role and responsibilities, is familiar with the survey site, the purpose of the
survey, and the aircraft. The location of the observer during flight operations is
marked on the map in figure 2.
Shawn Laidlaw has been considered to be qualified for this position because he:
1) is
older than 18 years of age, 2) has completed first –aid training within the last two
years,
3) is considered to be mature and a professional individual, and 4) has had
experience working in scientific field data collection. Shawn owns the DJI
Phantom 3 UAV and has flown it recreationally, which has allowed him to gain
additional flying experience on this aircraft type. Shawn will not exceed a flight
duty time of one hour.
3) Safety Officer (Scott Dallimore): The safety officer will assist all ground
operations. During flight, the safety officer will ensure that the operations area
remains secured and both PIC and observer are not interrupted. The safety
officer will have a cell phone that can be used to contact Victoria Int'l Airport
(CYYJ) in the highly unlikely event of an uncontrolled fly-away. The safety officer
has been briefed on their roles and responsibilities and is familiar with the survey
site, the purpose of the survey, and the aircraft.
Scott Dallimore is deemed qualified for this position because he has conducted
over
twenty years of high risk scientific operations in several remote locations in
Northern Canada requiring sound judgment. These operations have involved
aircraft on several occasions. He also has been trained numerous times in
wilderness first aid. He has had one such training session within the last two
years.

Additional personnel may be added to perform extra duties as the situation
requires. Anyone else who is present will be considered a bystander.

11.0

Safety of Operation
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Safety of the UAV operations (including persons, animals, and property) will be
the responsibility of the entire crew. UAV crew members will bring to the
attention of other
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members any condition which they feel is a safety concern.
• Except as required by the mission, all UAV crew members will ensure
that no persons are in the vicinity of the UAV during operations
• All UAV operations will be conducted in Day/Visual Meteorological
Conditions only.
• A copy of the current valid Transport Canada (TC) certification/approval
shall be present when the UAV operation is conducted.
• The test area will be evaluated for adequate space and clearances in
order to safely assemble, take-off, fly, and land the aircraft.
• A fire extinguisher of a type suitable for extinguishing fires will be
visible and immediately available during flights.
• A first aid kit will be visible and immediately available during flights.
• Checklists will be used to enable the UAVs to be operated in accordance
with the limitations specified by the manufacturers.
• A hardcopy operational flight plan will be completed prior to any flight
including the following information: 1) UAV operator name, 2) date, 3)
UAV models, 4)
pilots in command's names, 5) flight profile description, 6) battery voltages
at the end of flights, and 7) other information pertinent to safe completion
of the flights.

12.0

Operational & Flight Procedures

Pre-Flight Personnel Checklist
•
•
•
•
•
•
•
•
•
•

Brief/review flight procedures with operations crew: Take offàSwitch to
flight modeàsurveyà automatic landing
Brief/review timeline
Review orientation (north, etc)
Discuss wind
Brief/review first-aid location
Brief/review emergency procedures
No cell phones (turn them off) except the one designated for emergency
Discuss system faults (GPS)
Confirm everyone knows their roles
Confirm handheld radios link

Review Observer’s Roles
•
•
•
•
•
•

Brief/review their location in the survey
Second set of eyes on aircraft
Scan for other aircraft using eyes and ears
Stay alert
Check that no bystanders are in area especially the landing area
We promote open communication!
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Review Safety Officer’s Roles
•
•
•
•

Keep bystanders away from operation
Notify PIC of any situation jeopardizing safety
Landing site is clear of obstructions
No distractions for PIC

Pre-Flight Checklist
Confirm that the Operational Flight Plan is completed
Confirm no cracks in joints and structural members
Servos and rods secured
Check for loose or damaged screws, ties, fasteners, straps
Check for loose or damaged wiring/ connections
Inspect prop mounts and screws
Props are smooth and free of damage / defects
Ensure camera mounting system is secure and operational.
Check that camera SD card is inserted
Check SD card has enough space
If using camera turn it on
Check that camera is fully charged
Camera settings are correct (auto script)
Confirm that the battery life sufficient with reserve for flight plan using
cell checker
• Aircraft battery is properly seated and secured
• Check for balanced center of gravity.
• Power up ground station
• Start Mission Planner software
• Check fail-safe equipment functioning
• Set transmitter throttle to zero
• Turn on transmitter
• Confirm all transmitter controls move freely in all directions
• Confirm all transmitter trims in neutral position
• Confirm all transmitter switches in correct position (typically away)
• Confirm correct model is selected in transmitter programming
• Connect / power on battery to airframe
• Perform range test
• Press and hold safety button until four solid reds on Pixhawk flight
controller
• The motors are now active
• Check controls: Throttle, Pitch up and down, Roll left and right, Yaw
left and right
• Check autopilot stabilization: Pitch up and down, Roll left and right
• Confirm telemetry is connecting to ground control station computer
• Confirm telemetry is connecting to radio controller
• Ensure no frequency conflicts with both video and transmitter / receiver
•
•
•
•
•
•
•
•
•
•
•
•
•
•
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•
•
•
•
•
•
•
•
•
•
•

UAV / Drone is in a level location safe for takeoff
Set flight mode - Autonomous
Check Flight controller LED status
Confirm Spotter is ready
Confirm takeoff is clear
Radio Victoria ATC and wait till you are cleared to start flight operations
Note the time
Say “CLEAR!”
Increase throttle slightly listening for any abnormalities
Safety Officer: Confirm telemetry to computer
Safety Officer: Confirm telemetry to radio controller

In-flight Checklist
•
•

Monitor battery levels during the duration of the flight using ground
control laptop telemetry and audible alarm.
Monitor flight path for other aircraft, vessels, bystanders, or animals
Monitor flight path of UAV ensuring it is staying on course.

Aborted take-off Checklist
•
•
•

PIC: Scan landing area for potential obstruction hazards.
PIC: announce out loud “Preparing to Land”.
Perform inspection of UAV for any damage

Landing Checklist
•
•
•

Safety Officer: Scan landing area for potential obstruction hazards.
PIC: announce out loud “Preparing to Land”.
Perform inspection of UAV for any damage

Post-Flight Checklist
• Press and hold safety button: until blinking red.
• Shutting down: Turn the power off to the aircraft and/or disconnect the
batteries.
• Turn off the transmitter.
• Note time
• Turn the power off to the photo equipment.
• Visually check aircraft for signs of damage and/or excessive wear.
• Remove the battery
• Check pictures: Verify that the UAV camera actually took the pictures.
• Notify ATC that end of Operations has occurred
• Log flight
• Check Lipo battery charge and note
• Put away gear, and log book
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UAV SFOC Application Checklist – Restricted Operator (for SI 623-001, Issue 2)
R
DIMs:10641581
NAME OF SFOC OPERATOR COMPANY: Natural

Resources Canada

Please read the Staff Instruction 623-001, Issue 2, completely before proceeding with this Checklist.
This document provides guidance in the preparation of an application for an Unmanned Air Vehicle (UAV) Special
Flight Operations Certificate
(SFOC) for “
The information in this Checklist is extracted directly from the SI 623-001, Issue 2, and attempts to
present that material in a more easily handled format for applicants. The Checklist also provides us
with an easily verifiable review document, to aid in speeding up processing of your application.
PLEASE COMPLETE:
PART 1: “ Review Checklist” – ALL APPLICANTS TO COMPLETE

This document is intended to guide you through a review of your Operations
Manual (OM) and/or Application (or equivalent documents) to ensure that you
have covered all requirements of the Canadian Aviation Regulation standard
623.65(d) and SI that are applicable to all operators.
PART 2: “Complex” Operator Checklist – FOR APPLICANTS WHO ARE NOT COMPLIANT,
OR ANY OTHER RESTRICTED OPERATORS, TO COMPLETE.

Please use this document to guide you through preparing further details in your
Operations Manual/Application (or equivalent documents) that are relevant to a
“complex” operation.
PART 3: “Simplified” Operator Checklist – FOR APPLICANTS WHO UTILIZE SMALL
UAVs, OPERATING WITHIN VLOS AND WHERE THE SCOPE OF
OPERATIONS IS LIMITED
(1 UAV System, 1 location, 1 time – conducting pilot training or aerial work).

Please use this document to guide you through preparing a simplified application that will be
utilized for a specific operation. You would be restricted to a maximum altitude of 300’ AGL,
only in Class G Airspace, and more than 3 nm from an aerodrome.
Once completed, please submit your application, along with this completed document (applicable Parts only), to
CAOPac-OACPac@tc.gc.ca.

Note 1. In accordance with Canadian Aviation Regulations (CARs) 623.65(d) Unmanned Air Vehicle
(UAV) a complete application for a Special Flight Operations Certificate for the purpose of
conducting the flight of an unmanned aircraft (UAV) shall be received by Transport Canada
at least 20 working days prior to the date of the proposed operation.
Note 2. Please reference the SI, 623-001-02, 19 November 2014, for detailed explanations of the
requirements of an application for a SFOC for the operation of an UAV system.
Note 3. “Open” / “Unspecified-Sites” / “Standing” all have the same meaning; which refers to an
SFOC that is not restricted in location. Many SFOC’s are unrestricted in location, but require
prior notification to Transport Canada, the Airspace Provider and the Land Owner. The
SI/SFOC will use the term “Standing”. All Standing SFOC’s are considered Complex.
UAV Checklist - Introductory
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Part 1: “Review” Checklist (SI 623-001, Section

8)

OK

REQUIRED

REFERENCE DOC
& PAGE #

8.1 - [CARs 623.65(d)(3)(a)]

The name, address, and where applicable, the telephone number and
facsimile number of the applicant.
8.2 - [CARs 623.65(d)(3)(b)]

SFOC Application - Page
3

(a) The name, address, and where applicable the telephone number SFOC Application - Page
and facsimile number of the person designated by the applicant to 3
have operational control over the operation (Operations Manager).
(b) The SFOC application must describe how/why this person is
qualified to act as the Operation Manager.
8.3 - [CARs 623.65(d)(3)(c)]

SFOC Application - Page
12

Method by which the Operation Manager may be contacted directly
during the operation.

SFOC Application - Page
3

8.4 - [CARs 623.65(d)(3)(d)]

(a) The type and purpose of the operation.

SFOC Application - Page
4

(b) Where a UAV system will be used for multiple purposes, all these SFOC Application - Page
purposes and the associated risk mitigations must all be detailed 10
in the SFOC application.
8.5 - [CARs 623.65(d)(3)(e)]

The dates, alternate dates and times of the proposed operation.

SFOC Application - Page
4

8.6 - [CARs 623.65(d)(3)(f)]

A complete description, including all pertinent flight data on the aircraft to be
flown.
NOTE: This Description should be repeated for each aircraft make/model to be
flown.

SFOC Application - Pages
10-12

TC NOTES

FDG
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8.7 - [CARs 623.65(d)(3)(g)]

The security plan for the area(s) of operation and security plan for the
area(s) to be over flown to ensure no hazard is created to persons or
property
on the
surface.
8.8 - [CARs
623.65(d)(3)(h)
]
The emergency contingency plan to deal with any disaster resulting from the
operation.

SFOC Application - Pages
7-8

SFOC Application - Pages
8-10

8.9 - [CARs 623.65(d)(3)(i)]

(a) The name, address, telephone and facsimile numbers of the person
designated to be responsible for supervision of the operation area
(Ground Supervisor), if different from the Operation Manager during
the operation.
(b) If a Ground Supervisor is utilized, the SFOC application must
describe how/why this person is qualified to act as the Ground
8.10Supervisor.
- [CARs 623.65(d)(3)(j)]

SFOC Application - Page
3

A detailed plan describing how the operation shall be carried out. The
plan shall include a clear, legible presentation of the area to be used
during the operation. The presentation may be in the form of a scale
diagram, aerial photograph or large scale topographical chart and must
include at least the following information:
(a) The altitudes and routes to be used on the approach and
departure to and from the area where the operation will be carried
(b) out;
The location and height above ground of all obstacles in the
approach and departure path to the areas where the operation will
be carried out;
(c) The exact boundaries of the area where the actual operation will be carried
out; and

SFOC Application - Pages
5-7

(d) The altitudes and routes to be used while carrying out the
operation.
NOTE: For a Standing SFOC the requirement to conduct a site
survey, as per Section 6.19 of this SI, meets the aim of the above
standard.
In addition to the Standard detailed above, the following is required:
(a) All Certificate applicants will identify the class(s) of airspace in
which
the operations are planned.

SFOC Application - Page
13

SFOC Application - Page
5
SFOC Application - Page
6
SFOC Application - Pages
5,6
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8.11 - [CARs 623.65(d)(3)(k)]

Any other information pertinent to the safe conduct of the operation
requested by the Minister.

Not applicable

On the following pages, please complete either Part 1 OR Part 2 that applies to your SFOC application.

“Complex”
“Simplified”
10.4 (2)
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SI 623-001, Section 10)
REQUIRED

REFERENCE DOC
& PAGE #

- The Certificate applicant must describe
(a) Personnel
relevant aviation related the
qualifications of the UAV pilot(s), the
Qualifications

observer(s) and UAV system maintainer(s) in sufficient detail to
demonstrate that the personnel have been trained and are
qualified to
fulfill
theirPilot(s)
duties.
(i) UAV

SFOC Application - Page
12

(ii) UAV Payload Operator(s)

Not Applicable

(iii) Visual Observer(s)

SFOC Application - Pages
12-13

(iv) System Maintainer(s)
NOTE: Repeat for each qualified person in the company, for
each/every role they play.

SFOC Application - Page
10

(b) UAV System Airworthiness and Continuing Airworthiness

(i) UAV System Airworthiness
(A) The Certificate applicant must describe how they have
determined that the aircraft and the system are airworthy,
including:
1. UAV system designed to facilitate control of the UAV by
the pilot and provide clear indications of UAV flight status;
2. a means for the UAV to remain within its flight envelope;

SFOC Application - Pages
10-11

SFOC Application - Pages
9, 11

3. redundancy of flight critical components to ensure safe SFOC Application - Page
recovery of the UAV (e.g. automatic landing/recovery 9
systems, flight termination systems, etc.);
4. operational history - accident rate as compared to total
hours flown by the aircraft type. Corrective action taken
to prevent
future failures;

SFOC Application - Page

11

TC NOTES

FDG
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5. authorizations issued by other civilian or military authorities. Not Applicable
(B) Is the UAV System safe to conduct the proposed operation?

(ii) UAV System Maintenance
(A) The Certificate applicant must describe how the UAV
system is being maintained, including:
1. maintenance and inspection manuals;

SFOC Application - Page
11
SFOC Application - Pages
10-11

2. maintenance and inspection plan/schedule;

SFOC Application - Pages
11

3. who established the maintenance schedule (e.g.
UAV
manufacturer);
4. the keeping of maintenance records (e.g. aircraft,
components, control station, C2 link, etc.);

SFOC Application - Page
11
SFOC Application - Page
11

(c) Operations
The Certificate applicant must specifically address the areas
discussed below as part of the SFOC application

SFOC Application - Pages
4 , 5, 7, 11

(i) Operational Flight Rules
(A) UAV should be operated in accordance with the principles
governing the flights of manned aircraft (Check Section
6.20 of the SI. has been covered).
(B) Right of Way - When a UAV cannot give way to other SFOC Application - Page
aircraft (e.g. no sense and avoid capability) the Certificate 10
applicant must demonstrate how the risk of loss of
separation/collision will be mitigated.

(ii) Weather Limitations

SFOC Application - Page
(A) The Certificate applicant must specify the weather conditions 4

under which they will operate in accordance with Section
6.20. This will include, as a minimum: visibility, distance from
cloud, cloud ceiling, wind direction & speed, turbulence &
temperatures.
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(B) The Certificate applicant must have a system in place to SFOC Application - Page
assess and monitor the weather in order to comply with the 4
applicable weather minima. This would include actual and
forecasted weather along the flight path, and where
applicable, the weather along the pre-programmed “lost link
route” of flight.
(C) Icing – UAVs are not normally permitted to operate in Not Applicable
areas of known forecast icing. Certificate applicants
intending to conduct operations in icing conditions must
demonstrate in their SFOC application how the UAV can do
so safely.

(iii)Air Traffic Service Provider Coordination

(A) The Certificate applicant is responsible for coordination SFOC Application - Pages
with the air traffic service provider responsible for supplying 5, 16
air traffic services for the airspace affected by the operation.
Certificate applicants are also responsible for obtaining
necessary permissions/advising aerodrome authorities etc.
Validity of the SFOC is contingent upon the Certificate
applicant coordinating with the applicable ATS Unit.

(B) UAV operations require coordination and notification to SFOC Application - Page

other airspace users. Whenever two-way communications 14
are required with an ATS Unit the UAV pilot must
continuously monitor the appropriate radio frequency.
Additionally the UAV pilot must comply with ATC
instructions.
(C) In some cases, the Certificate applicant will need to notify Not Applicable
other airspace users of the UAV activity. See Section 6.14
for details regarding the issuance of NOTAMs.
NOTE: UAVs may need to have increased separation minima
where a UAV is unable to operate at performance levels
consistent with ATC control clearances. Additionally, specific
UAV IFR Procedures may be required and may need specific
designation.

(iv) Inadvertent Flight into Controlled Airspace and/or Fly-away

Not Applicable

(A) If not authorized to enter controlled airspace, the Certificate
applicants must describe the following items in the event that
there is an inadvertent flight into controlled airspace and/or flyaway:
Not Applicable
1. a means of determining if they inadvertently enter
controlled
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airspace;
2. a plan to communicate with the ATS Unit where the UAV SFOC Application - Page
inadvertently flies into controlled airspace and cannot be 9
immediately returned to the area of operation; and
3. the ability to contact, and know who to contact, if the UAV
is no longer under control of the pilot and the UAV flies
away.
(v) UAV System Security (10.4)
(A) Certificate applicants shall provide Inspectors with the
company procedures/processes that are utilized to manage
physical and technical security of the UAV system as
described in Section 6.30 of the SI.

SFOC Application - Page
9
SFOC Application - Page
11

(d) UAV Operator Requirements

(i) Age - A UAV operator must be 18 years of age or older.

SFOC Application - Page
12

(ii) Operational Control & Management Organization
- the Certificate applicant must articulate in the SFOC
application how they intend to maintain an adequate
management organization that is capable of exercising
supervision and operational control over persons participating
in the UAV system operations.
(iii) Operating Procedures - The Certificate applicant must
provide a description of the normal and emergency procedures
for the intended operation to ensure that the UAV will not create
a hazard to other airspace users or persons or property on the
ground. These procedures include:
(A) Flight release/authorization

SFOC Application - Page

(B) Pre-flight preparation/planning, as applicable:
1. checking NOTAMS;

12

SFOC Application - Pages
14-16

SFOC Application - Pages
4, 7

2. filing ATC flight plan;

Not Applicablee

3. weather briefing;

4, 7

4. fuel/energy and oil requirements;

SFOC Application - Page
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5. weight and balance calculations;

SFOC Application - Page
15

6. securing of cargo;

SFOC Application - Page
14

7. radio frequency interference check; and

SFOC Application - Page
7

8. carriage of dangerous goods;

Not Applicable

(C) Take-off/Launch, Flight and Landing/Recovery
1. aborted take-off/launch;

SFOC Application - Page
16

2. landing/recovery (e.g. programming of navigation
system, go-around/balked landing, etc.);

SFOC Application - Pages
9, 11

3. use of checklists;

SFOC Application - Page
13-16

4. crew coordination (e.g. briefings, calls, handover
procedures, etc.);

SFOC Application - Page
11

5. operating in hazardous conditions (e.g. icing,
thunderstorms, white-out, windshear, etc.);

SFOC Application - Page
4

6. preventing incidents of interference with UAV system SFOC Application - Page
7
command and control links;
7. ensuring that the UAV pilot maintains the UAV within
the prescribed altitude and distance limitations;

SFOC Application - Pages
5, 11, 16

8. confirming navigation system accuracy and reliability
during
BVLOS operations; and
9. the use of automation & when to discontinue use of
automation.

SFOC Application - Page
16

(D) Post flight
1. accident/incident reporting procedures; and
2. maintenance discrepancy reporting and requirements;

SFOC Application - Page,
5, 8-10
SFOC Application - Page
8-10, 16
SFOC Application - Page
10-11
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(E) Emergencies
1. command and control link failure;

11.6(2)
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SFOC Application - Page
9

2. loss of visual contact;

SFOC Application - Page
9

3. operation of the flight termination system;

SFOC Application - Pages
8-10

4. emergency landing/ditching (e.g. engine failure, fuel
starvation, aircraft malfunction, etc.);

SFOC Application - Pages
10, 16

5. control station failures (e.g. loss of power, software, hardware,
etc.);

SFOC Application - Page
10

6. communications failures (e.g. ATC, visual observer, etc.);

SFOC Application - Page
10

7. fly-aways (e.g. immediate actions, ATC communications, etc.);
and

SFOC Application - Page
9

8. notifying of first responders (e.g. post crash response).

SFOC Application - Page
8

(iv) Manuals and Records - The Certificate applicant must indicate
in the SFOC application the manuals and records utilized to
support safe operations, in accordance with the requirements in
Section 6.28 of the SI..
(v) Flight Duty Time Limitations & Rest Periods - The
Certificate applicant must indicate maximum flight duty times
and minimum rest periods and establish a system that monitors
the flight duty time and time free from duty of each of its flight
crew members.
(vi) Liability Insurance – The Certificate applicant must stipulate
in the SFOC application that they subscribe to liability insurance
in accordance with the requirements in Section 6.31 of the SI..

SFOC Application - Pages
11, 13

SFOC Application - Page
12

SFOC Application - Page
17
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SI 623-001, Section 11)
REQUIRED
(a)

Personnel Qualifications - The Certificate applicant must
describe the relevant aviation related qualifications of the UAV
pilot(s), observer(s) and UAV system maintainer(s) in sufficient
detail to demonstrate that the personnel have been trained and are
qualified to fulfill their duties.
(i) UAV Pilot(s)
(ii) UAV Payload Operator(s)
(iii) Visual Observer(s)

(iv) System Maintainer(s)
NOTE: Repeat for each person in the company qualified, for each/every role
they play.

(b) UAV System Airworthiness and Continuing Airworthiness

(i) UAV System Airworthiness
(A) The Certificate applicant must describe how they have
determined that the aircraft and the system are airworthy,
including:
1. UAV system designed to facilitate control of the UAV by
the pilot and provide clear indications of UAV flight status;
2. a means for the UAV to remain within its flight envelope;
3. redundancy of flight critical components to ensure safe
recovery of the UAV (e.g. automatic landing/recovery
systems, flight termination systems, etc.);
4. where applicable, operational history - accident rate as
compared to total hours flown by the aircraft type.
Corrective action taken to prevent future failures;
5. where applicable, authorizations issued by other civilian or
military authorities.
(B) Can the proposed operation be safely conducted by the UAV
System?

REFERENCE DOC &
PAGE #

TC NOTES

FD
G
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(ii) UAV System Maintenance
(A) The Certificate applicant must describe how the UAV
system is being maintained, including:
1. maintenance and inspection manuals;
2. maintenance and inspection plan/schedule;
3. who established the maintenance schedule (e.g. UAV
manufacturer);
4. the keeping of maintenance records (e.g. aircraft,
components, control station, C2 link, etc.);

(c) Operations
The Certificate applicant must specifically address the areas
discussed below as part of the SFOC application

(i) Operational Flight Rules
(A) UAV should be operated in accordance with the principles
governing the flights of manned aircraft (Check Section
6.20 of the SI. has been covered).

(ii) Weather Limitations
(A) The Certificate applicant must specify the weather conditions
under which they will operate in accordance with Section
6.20. This will include, as a minimum: visibility, distance
from cloud, cloud ceiling, wind direction & speed, turbulence
& temperatures.
(B) The Certificate applicant must have a system in place to
assess and monitor the weather in order to comply with the
applicable weather minima. This would include actual and
forecasted weather along the flight path.

(iii)Inadvertent Flight into Controlled Airspace and/or Fly-away
(A) The Certificate applicant must describe the following items in the
event that there is an inadvertent flight into controlled airspace
&/or fly-away:
1. a means of determining if they inadvertently enter
controlled airspace;
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2. a plan to communicate with the ATS Unit where the UAV
inadvertently flies into controlled airspace and cannot be
immediately returned to the area of operation; and
3. the ability to contact, and know who to contact, if the UAV
is no longer under control of the pilot and the UAV flies
away. Security (10.4)
(iv) UAV System
(A) Certificate applicants shall provide Inspectors with the
company procedures/processes that are utilized to manage
physical and technical security of the UAV system as
described in Section 6.30 of the SI..
(d) UAV Operator Requirements

(i) Age - A UAV operator must be 18 years of age or older.
(ii) Operational Control & Management Organization - the
Certificate applicant must articulate in the SFOC application
how they intend to maintain an adequate management
organization that is capable of exercising supervision and
operational control over persons participating in the UAV
system operations.
(iii) Operating Procedures - The Certificate applicant must provide a
description of the normal and emergency procedures for the
intended operation to ensure that the UAV will not create a hazard
to other airspace users or persons or property on the ground. These
procedures include:
(A) Flight release/authorization
(B) Pre-flight preparation/planning, as applicable:
1. fuel/energy and oil requirements;
2. radio frequency interference check; and
(C) Take-off/Launch, Flight and Landing/Recovery
1. aborted take-off/launch;
2. landing/recovery
3. use of checklists;
4. preventing incidents of interference with UAV system
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command and control links;
5. ensuring that the UAV pilot maintains the UAV within
the prescribed altitude and distance limitations;
(D) Post flight
1. accident/incident reporting procedures; and
2. maintenance discrepancy reporting and requirements;
(E) Emergencies
1. command and control link failure;
2. loss of visual contact;
3. operation of the flight termination system;
4. emergency landing/ditching (e.g. engine failure, fuel
starvation, aircraft malfunction, etc.);
5. control station failures (e.g. loss of power, software, hardware,
etc.);
6. communications failures (e.g. ATC, visual observer, etc.);
7. fly-aways (e.g. immediate actions, ATC communications, etc.);
and
8. notifying of first responders (e.g. post crash response).
(iv) Manuals and Records - The Certificate applicant must indicate
in the SFOC application the manuals and records utilized to
support safe operations, in accordance with the requirements in
Section 6.28 of the SI.
(v) Liability Insurance – The Certificate applicant must stipulate
in the SFOC application that they subscribe to liability insurance
in accordance with the requirements in Section 6.31 of the
SI., Note: Submit a copy of your insurance with the SFOC
application.
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Appendix C. Phantom 3 Professional UAS Specifications
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Appendix D. Pix 4D Mapper Quality Report
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