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1. Scope and Purpose 
These Planning Guidelines draw on research undertaken within the Forest and Wood Products 
Australia research project PNC326-1314: Deployment and integration of cost-effective, high spatial 
resolution, remotely sensed data for the Australian forestry industry.  The Planning Guidelines are 
intended to assist forest managers to select platforms and sensors, to plan flights and photo 
acquisition, and to implement data processing workflows that will support the assessment and, where 
appropriate, adoption of photogrammetric methods in forest inventory. 
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2. Introduction1 
Extensive research and operational trials over the past two decades has led to increasing adoption of 
airborne laser scanning (ALS) as a data source for forest inventory, with the potential benefits of stand-
wide or estate-wide point cloud data acquired using ALS clearly demonstrated. 

Aerial photography, acquired with film and digital cameras, has been used for decades to measure 
components of the 3D structure of forests such as stem location and canopy height.  Prior to the 
widespread availability of ALS technology, aerial photography was one of a number of remote sensing 
technologies investigated as potential sources of data to support forest inventory2.  

In recent years there has been a resurgence of interest in photogrammetry as an alternative to ALS3 
with recent research suggesting that modern photogrammetric methods have the capacity to map 
upper canopy surfaces with a reliability that could meet the needs of forest inventory4. The attraction 
of a photogrammetric approach to mapping forest canopies is that it may provide sufficiently reliable 
data with significant operational advantages, including lower deployment and data collection costs, 
simpler and more rapid deployment, a greater capacity for deployment on Unmanned Aircraft 
Systems, and a greater capacity for forest managers to capture and process the data in-house5.   

These advantages arise because of the low cost of digital cameras compared with laser scanning 
technology, the possibility of deploying consumer grade cameras, the capacity to acquire photography 
without requiring high accuracy on-board instrumentation to measure sensor location and orientation.  
Additional advantages of aerial photography include a higher availability of aircraft capable of aerial 
photography and hence easier and more rapid deployment; more efficient data acquisition over steep 
and/or complex terrain because of the higher altitude and larger field of view relative to LiDAR6, and 
the capacity to produce data that has ancillary benefits – for example the production of point clouds 
that contain colour or multispectral information and the production of derived map outputs such as 
high resolution orthophotography7. 

While ALS is likely to remain a preferred technology for acquiring high quality digital terrain models, 
particularly when the terrain is beneath dense forest canopies and when the terrain models are to be 
used to support a variety of forest management activities, the emerging photogrammetric methods 
combined with modern point cloud classification algorithms and software does also indicate that 
aerial photogrammetry can a viable alternative when terrain is sufficiently visible from the air, and 
certainly such as before or shortly following establishment of a plantation8.  

A review of alternatives to ALS-derived canopy height models, undertaken as one component of this 
FWPA research project, highlighted a range of potential sources of canopy height data, which in turn 
can be used to derive plantation digital surface models and, when normalised by subtracting a bare 
earth digital terrain model, canopy height models (CHMs). That review paper concluded that a 

                                                           
1 This section includes material extracted from Stone et al. (2016) 
2 Lefsky et al., 2001; Næsset, 2002; Wijanarto and Osborn, 2007; St-Onge et al., 2008; Vastaranta et al., 2013 
3 Stone et al., 2016, Iqbal et al. (2017) 
4 Leberl et al. 2010; Järnstedt et al. 2012 
5 Iqbal et al. 2017, Gobakken et al. 2015; Jensen and Mathews 2016; White et al. 2013 
6 White et al. 2013 
7 Stone et al. 2016 
8 Stone et al. 2016 
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decision as to which is most suitable requires consideration of many issues.  These are largely driven 
by the purpose for which the data are acquired, but include9: 

• the spatial extent of the forest resource 
• the spatial accuracy requirements, both planimetric and vertical 
• the spatial resolution (ground sampling distance) required 
• the extent to which canopy surface data is sufficient, or whether within-canopy 

measurements are required 
• the temporal resolution – the extent to which data are required on short notice or on 

particular dates or times 
• the complexity and cost of data processing, including the capacity to process data in-house. 

Photogrammetry 
The underlying principle of photogrammetry is that the 3D location of points appearing in two or more 
photographs can be computed from the measured image coordinates of those points in each of the 
photographs10.  In most cases, photographs are acquired using an aircraft (manned or unmanned) 
along multiple flight lines, with the camera pointed vertically, and with successive and adjacent 
photographs overlapping by 60% (forward overlap) and 30% (side overlap)11, and with the photo-scale 
or ground sampling distance (GSD) chosen to suit the particular application, typically with photo scales 
in the range 1:7,500 to 1:20,000, or GSDs in the range 0.1 m to 0.4 m12. 

 

Figure 1: Photogrammetry: the 3D location of points appearing in two or more 
photographs can be computed from the measured image coordinates of those points 

in each of the photographs 

Software enabling the automation of photogrammetric measurement has been available since the 
1990s, with automatic image matching for Digital Elevation Model (DEM) extraction a core capability 
of software-based (digital) photogrammetry.  Automatic image matching relies on the software 
identifying and reliably measuring corresponding pixels or image patches in at least two photographs, 
traditionally the left and right photographs of a stereo pair.  This matching process is invariably subject 
to error due to incorrect or inaccurate matching, leading to erroneous 3D data. Incorrect or inaccurate 
matching is especially likely in cases where occlusions or variations in reflected light cause imagery to 
vary between photographs, or where the geometry of the terrain or a canopy surface varies 
substantially between photographs, such as may occur when there are abrupt vertical changes such 

                                                           
9 Stone et al. 2016 
10 See e.g. Kraus 2007, Morgan et al., 2010; White et al., 2013 
11 Stone 1998; Iqbal et al. 2016; Dandois & Ellis 2010; Paine & Kiser 2012 
12 e.g. Fensham and Fairfax 2002; Hall 2003; Barrett et al. 2016 
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as may be presented in open stands13.  The quality of DEMs produced from photogrammetry can be 
improved with 3D data filtering14 but preferably the photogrammetric algorithms and workflows will 
minimise poor data as part of the photogrammetric processing.  

Recent advances in photogrammetric processing of multiple overlapping images have greatly 
improved the quality and reliability of 3D data extracted from photography 15.  Photogrammetric 
algorithms and processes now enable highly automated production of 3D point cloud data from large 
sets of overlapping digital photographs16.  The most commonly applied of these is Structure from 
Motion – Multi-View Stereo (SfM-MVS).  SfM-MVS photogrammetric methods are being applied to a 
wide range of mapping tasks, using a variety of algorithms, data collection methods (including UAS, 
manned aircraft, and ground-based photography) and flight configurations17.  See for example Stone 
et al. (2016) for an introduction to SfM-MVS methods. 

Compared with traditional digital photogrammetry algorithms, the more recently developed SfM-MVS 
algorithms and software have a much increased capacity to process blocks of photography that have18: 

• very high forward and/or side overlap 
• convergent photography or a combination of vertical and convergent photography 
• a greater range of photo scales within a single block of photography and photogrammetric 

solution 
• photography acquired with uncalibrated cameras. 

These benefits facilitate the use of different platforms (manned aircraft, unmanned single or 
multirotor UAS, fixed wing UAS) and improve the quality of derived 3-dimensional data because of 
greater photo redundancy and reduced opportunity for occlusions and false matches19.  Further, 
because of the rapid consumerisation of photogrammetry, the modern software packages are 
increasingly optimised for small format, uncalibrated, consumer-grade cameras rather than designed 
primarily for larger format, metric (calibrated and stable) mapping cameras. 

The reliability and achievable accuracy that can be achieved from SfM photogrammetry depends on a 
number of factors, including: 

• the quality of the photography 
• the image (photo) scale, usually expressed in terms of Ground Sampling Distance (GSD) 
• the geometric characteristics and stability of the camera (focal length, lens distortions, etc) 
• the image network geometry (camera locations, orientations) 
• the nature of the photographed scene (image texture and features). 

The achievable spatial accuracy (1σ) that can be achieved from a well-designed airborne (UAV or 
manned-aircraft) flight is typically in the order of 0.25 to 1 times the GSD in the case of horizontal 
accuracy and 0.5 to 1.5 times the GSD in the case of vertical accuracy.20 

                                                           
13 Næsset 2002; Wijanarto & Osborn 2007, Honkavaara et al. 2012; Paine and Kiser 2012 
14 Wijanarto & Osborn 2007 
15 e.g. Leberl et al. 2010; Stal et al. 2013; White et al. 2013, Remondino et al. 2014 
16 Dandois and Ellis 2013; Lisein et al. 2013; Gatziolis et al. 2015 
17 Dandois et al. 2015 
18 e.g. Harwin et al. 2015; Stone et al, 2016 
19 Stone et al. 2016, Iqbal et al. 2017; White et al. 2013; Micheletti et al. 2015; Remondino et al. 2014; Snavely 

et al. 2010; Leberl et al. 2010; Turner et al. 2012; Westoby et al. 2012; Micheletti et al. 2015 
20 See e.g. Colomina and Molina 2014, Eltner et al. 2016 for reviews. 
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An important difference between aerial photography and ALS is the role of high accuracy on-board 
IMU (inertial measurement units) and/or GNSS (Global Navigation Satellite System) instrumentation.  
In the case of ALS, these instruments are critical because the location and orientation of the laser 
scanner during the whole of the data capture period must be known in order to convert LiDAR pulse 
measurements into geolocated points.  In contrast, in the case of aerial photography the geometry of 
the solution (the discrete camera exposure station locations and orientations) can be computed after 
the flight using ground control points (natural or artificial targets appearing in the photography), in 
which case on-board GNSS/IMU is not required.  This creates the opportunity to fly aircraft with only 
a camera and no other high cost instrumentation on board.  It does, however, lead to questions such 
as how much ground control is required in order to compute a reliable photogrammetric solution, and 
what are the implications of acquiring additional ground control for the total cost of the mapping 
project?21  

                                                           
21 Stone et al. 2016 
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3. Airborne photogrammetry – Cameras and Platforms 
This section provides an introduction to the sensors and platforms that may be used for aerial photo 
acquisition and their advantages and disadvantages when employed for photogrammetric mapping to 
support forest inventory.  The section provides an overview of camera and lens characteristics, 
concentrating on those characteristics of small format, high-quality consumer (sometimes referred to 
as ‘prosumer’) cameras that are important for aerial photography acquired from unmanned aerial 
vehicles (UAVs) or from light aircraft. 

The physical size and weight of a camera are critical criteria for UAS photography because of their 
contribution to total payload, duration, practical flying height and range.  Many UAS are manufactured 
with a single camera type (make and model) installed and no capacity to select or to change the 
camera; others may offer a limited choice of cameras.  Alternatively, some UAS, particularly multi-
rotor platforms, allow the flexibility to purchase and fit a camera of choice.  Manned aircraft, in 
contrast, do not impose restrictions on the physical size and weight of the camera. Details specific to 
particular platforms are addressed in later sections.22 

Cameras 
Camera specifications have a substantial influence on flight planning and on the quality of 
photographs that can be acquired from an airborne platform – in turn influencing the 
photogrammetric solution.  This section provides a guide to camera selection for different platforms, 
in order to ensure that both good quality aerial photography and a suitable photogrammetric 
geometry are achieved.  A useful commercial website that provides detailed technical performance 
reviews for a large variety of camera models and lenses DXOMARK23. 

Sensor dimensions (physical dimensions) 
The physical dimensions of the imaging array (CMOS or CCD sensor) in a frame camera has a critical 
influence on flight planning. This is because achievable horizontal accuracy, vertical accuracy and 
image information content are largely determined by image scale or, for a given pixel resolution on 
the image sensor, by ground sampling distance (GSD).  This relationship is explained further in the 
flight planning section of these Guidelines.  The requirements for horizontal or vertical accuracy or the 
requirements for image interpretation will therefore often impose a bound on the (smallest) 
acceptable photo-scale.  Ground coverage then becomes dependent on the size of the image sensor: 
the larger the sensor then the larger the area captured in a single photography at a given photo scale 
or GSD.  This then influences the number of photos along a flight line (for a given forward overlap) 
and, more significantly, the distance between flight lines (for a given side overlap).  A large image 
sensor therefore reduces the total number of flight lines and therefore flying time, as well as reducing 
the total number of photographs processed in the photogrammetric solution.  In turn, this can also 
lead to a reduction in the amount of ground control required. 

Common sensor formats suitable for both UAS and manned aircraft include the ‘full-frame’ format24 
(approx. 36x24 mm), APS-H format (approx. 29x19 mm), APS-C format (approx. 23×15 mm), 4/3”’ 

                                                           
22 A detailed description of mid-format and large-format digital cameras used by commercial mapping 
organisations is not included here; however relevant aspects of these camera options are addressed in the 
section addressing aerial photography acquired using dedicated aircraft and commercial mapping 
organisations. 
23 DXOMARK: https://www.dxomark.com/ 
24 Referred to as ‘full-frame’ because these sensors have the same dimensions as the 35 mm film format used 
for many years in single lens reflex (SLR) cameras. 

https://www.dxomark.com/)
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format (approx. 17x13 mm), 1” format (approx. 13x9 mm), 2/3” format (approx. 9x6 mm), 1/1.7” 
format (approx. 7x5 mm) and 1/2.3” format (approx. 6x5 mm).25 Current small format prosumer 
cameras that have full-frame sensors capturing approximately 36 megapixels (e.g. approx. 7400 x 5000 
pixel array) are well suited to manned aircraft aerial photography. Larger formats, more likely to be 
used only in manned aircraft because of their weight and cost, are for example the approx. 54x40 mm 
and 44 x 34 mm sensors used in the Hasselblad X1D and A5D cameras and the Phase One iXU 1000. 26 

Image size (pixel dimensions) 
In modern digital cameras, the size of an individual pixel may be anything from less than 2 x 2 microns 
to about 10 x 10 microns.  Pixels are arranged on an orthogonal grid with the spacing between pixels 
and the area over which each pixel accumulates photons governed by the number of pixels (pixel 
dimensions of the sensor), the physical dimensions of the sensor and the sensor design.  Cameras with 
a physically large sensor (e.g. a full-frame 36 x 24 mm sensor) use proportionally larger lenses, which 
generally allows more light to be captured by each pixel for a given ground sampling distance, aperture 
and shutter speed27 thus improving the performance of the lens/sensor combination.  Increasing the 
number of pixels (the pixel dimensions) for a sensor without increasing the physical dimensions of the 
sensor, and without consideration of the lens does not necessarily lead to better quality images. For 
example, a 12-megapixel camera using a physically small sensor such as the 1/2.3” format (approx. 
6x5 mm) will have a pixel size of approximately 1.5 microns. A camera with these specifications may 
be ‘diffraction limited’ compared with a camera that offers the same image size (12 megapixels) but 
using a physically larger sensor, resulting in poorer imagery because of the magnitude of diffraction 
effects compared with the dimensions of the pixels.   

Shutter types: global and rolling shutters 
Small format cameras employ either a global shutter28 or a rolling shutter.  A global shutter exposes 
the whole of the image array to light for a period of time determined by the shutter speed.  A rolling 
shutter sequentially exposes each row of pixels on the sensor, with each row exposed to light for a 
period of time determined by the shutter speed.  In the case of a rolling shutter, the total length of 
time between the first and last rows of a sensor being exposed can by up to approximately 1/30th 
second.  This can impact on the accuracy of a photogrammetric solution, since the UAS platform can 
travel a significant distance over that period: a platform travelling at 50 km/hr would travel 0.5 metres.  
This means there isn’t a unique location for the camera exposure station, and it introduces distortions 
into the image that reduce the reliability of photogrammetric image matching between multiple 
images29.  Some photogrammetric software30 does allow the geometry of a rolling shutter to be 
modelled in the photogrammetric solution.   

                                                           
25 See e.g. PhotoSeek.Com or ClarkVision for sensor format comparisons. 
26 For current examples, see for example GIM “Selecting Cameras for UAV Surveys”, 6th Oct. 2016 
27 See e.g. ClarkVision for a useful introduction. 
28 Rolling shutters are commonly used in cameras that have CMOS rather than CCD imaging arrays. A rolling 
shutter can facilitate higher frame rates (number of photographs captured per second) in cameras that use a 
CMOS sensor.  For further reading, see e.g. Wiki: Rolling Shutter, Medium, DIYphotography. 
29 See for example the explanation provided by Pix4D. 
30 Including Pix4D and Agisoft Photoscan (V1.3). For an explanation of the solution implemented in Pix4D see: 
Vautherin et al. (2016). 

http://photoseek.com/2013/compare-digital-camera-sensor-sizes-full-frame-35mm-aps-c-micro-four-thirds-1-inch-type/
http://www.clarkvision.com/articles/does.pixel.size.matter/
https://www.gim-international.com/content/article/selecting-cameras-for-uav-surveys?utm_source=GIM+International+Newsletter&utm_campaign=57c35aae13-EMAIL_CAMPAIGN_2017_04_25FOCUS-UAS&utm_medium=email&utm_term=0_b77a5ea907-57c35aae13-45858785
http://www.clarkvision.com/articles/does.pixel.size.matter/
https://en.wikipedia.org/wiki/Rolling_shutter
https://medium.com/the-science-of-drone-mapping/rolling-shutter-the-drone-mapping-problem-no-one-s-talking-about-138945fe523d%23.fhm3dhiyf
http://www.diyphotography.net/everything-you-wanted-to-know-about-rolling-shutter/
https://pix4d.com/rolling-shutter-correction/
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Lens selection 
The photogrammetric solution requires reliable camera calibration data.  This data includes a 
calibrated focal length, coordinates for the photogrammetric principal point31, and values for the 
parameters of the radial (symmetric) and often also the asymmetric lens distortion functions.  These 
data may be from a prior camera calibration or can be computed as part of the photogrammetric 
bundle adjustment on a block by block (project by project) basis (Kraus 2017). 

A reliable camera calibration is one that can be assumed to remain stable, or very close to stable, over 
time.  If a prior camera calibration is being used in the photogrammetry, then the camera-lens 
combination may have to be assumed stable for an extended period – over many projects.  If the 
camera is calibrated on a project-by-project basis as part of the photogrammetric solution, then the 
only assumption is that the camera remains stable for the period of the project (often therefore, for 
only a single flight). 

In all cases, prime lenses (i.e., lenses that have a fixed nominal focal length and do not have zoom 
capability) are preferred because of their much greater geometric stability.  Prime lenses, because of 
their simpler design are also faster (larger maximum aperture) and achieve better image quality 
(greater sharpness and less chromatic aberration, vignetting, ghosting and flare).  A high quality prime 
lens will significantly improve image quality and will significantly reduce the risk of camera calibration 
parameters varying over time – either during a flight or between projects.  Stable lens geometry is 
more important than very low lens distortions, however low absolute values for lens distortions are 
preferred. 

The optimal focal length depends on the camera’s image format (sensor size) and the requirements 
of the application.  In the case of a full-frame (approx. 36 mm x 24 mm sensor), typical choices for 
focal length will be e.g. approximately 35 mm, 25 mm or 15 mm.  Short focal length lenses will provide 
greater coverage for a given flying height and an image geometry that has the potential to produce 
better vertical accuracy.  However, short focal lengths result in highly oblique viewing angles that will 
increase the risk of canopy structure being occluded in photographs, and result in substantially 
different view angles for canopy or terrain points appearing in multiple photographs and consequently 
reduce the likelihood of successful multi-image matching.  Longer focal length lenses produce images 
that are geometrically closer to an orthogonal view of the canopy and terrain, thereby reducing the 
likelihood of occluded features, increasing the likelihood of terrain (bare ground) being imaged in 
multiple photos (and so increasing the probability of extracting some terrain height data from the 
photogrammetry), and result in more similar view angles to features in the scene (from photography 
with the same percentage overlap) and so are likely to result in more successful image matching.  See 
the Flight Planning section of this Guide for details but generally longer focal length lenses, such as a 
35 mm lens on a full-frame camera, are recommended for forest canopy mapping. 

Purpose-built (metric) cameras designed for aerial photography will be fixed at infinity focus.  The lens 
of a consumer camera will have a focussing mechanism.  It is advantageous to lock this at infinity 
(manual focus setting) so that the lens elements cannot move – since focussing a camera lens will 
result in changes to the calibrated focal length and to lens distortion parameters. Note that some 
cameras/lenses have a hard stop at infinity focus32. Note also that using the auto-focus option on a 
camera creates a risk of very poor focussing on some exposures, the possibility of missed exposures 

                                                           
31 Normally a point on the focal plane located near the centre of the imaging array and near where a line 
passing through the optical axis of the lens would strike the focal plane; in a camera calibration usually 
computed to be the point about which the lens distortions are most symmetric. 
32 See for example, manufacturers such as Leica, Zeiss, Rodenstock and Schneider-Kreuznach 
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while the autofocus searches, and results in substantially greater battery usage and so reduces the 
number of photos that can be captured between battery changes. 

Aperture 
It can be important to maintain high shutter speeds when acquiring aerial photography, principally to 
reduce the risk of image blur caused by the forward motion of the platform but also to minimise the 
risk of image blur caused by rapid changes in the orientation of the platform during the period when 
the camera’s shutter is open.  Shutter speeds can be minimised by either setting a high ISO (discussed 
later) or opening the aperture in order to maximise the amount of light passing through the lens. 

However, lenses do not normally operate optimally when their aperture is at its widest setting (lowest 
f-number) but have a sweet spot typically in the range f/4 to f/8 where sharpest focus will be achieved.  
Additionally, the geometric behaviour of a lens (including the magnitude of geometric lens distortions) 
is likely to be better at aperture settings that are not at either extreme of the available f-stop range 
(since for very small apertures the diaphragm can begin to act as an additional lens element while at 
very wide apertures the light passing close to the edges of lens elements increases aberrations33). 

For aerial photography using small format cameras, optimal image quality – while balancing the 
related demands on shutter speed and ISO setting – is normally obtained using an aperture of 
approximately f/4 to f/5.6. 

ISO (ASA) setting 
The ISO setting determines the camera’s sensitivity to light.  In a digital camera, ISO controls the 
amplification of signal accumulated as charge at each image pixel.  High ISO settings will reduce 
exposure times but will result in significantly higher amount of noise in the image.  Within the 
constraints of aperture settings, and while ensuring that the exposure time is sufficiently short to keep 
image blur at acceptable levels, it is desirable to set ISO as low as possible in order to minimise image 
noise.  The maximum acceptable ISO will vary between cameras because it is a function of the light 
gathering efficiency of each pixel.  This in turn is a function of the physical size of the pixel, the 
presence (and efficiency) of pixel micro lenses, and the method used to capture colour. Physically 
larger sensor arrays will generally gather light at each pixel location more efficiently and therefore 
have improved signal to noise ratios, and so will allow the use of higher ISO settings.  As a guide, use 
an ISO setting below 200 (preferably) and always below 600 in order to ensure acceptably low levels 
of image noise. 

Shutter speed 
A high shutter speed minimises image blur.  Exposure time (and so shutter speed) is determined by 
scene brightness, ISO setting and aperture setting.  With aperture constrained to a range of e.g. f/4 to 
f/8 and ISO limited to a value below 200 (preferably) and always below 600, normal practice is to 
select a shutter speed that will ensure that movement of the image across the focal plane of the 
camera during the period of exposure (due to forward motion of the platform) is limited to below 0.5 
pixels.  This will generally result in shutter speeds faster than 1/500th second, and 1/1000th second is 
a common choice.  The method for computing shutter speed to limit image blur s provided later in 
these Guidelines.  Fast shutter speeds also minimise image blur due to instability of the platform at 
the time of exposure. 

                                                           
33 See for example Cambridge in Colour for a good introduction to lens diffraction and photography. 

http://www.cambridgeincolour.com/tutorials/diffraction-photography.htm%23calculator
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Cycle time 
Structure from Motion photogrammetry generally benefits from very high overlap photography. As 
noted later in these Guidelines, flight planning can include forward overlap of up to 90%.  Very high 
forward overlap means very short time intervals between successive photographs along a strip.   

The fastest cycle time that can be maintained for extended periods (rather than just a ‘burst rate’ for 
a small number of photographs stored in a memory buffer in continuous shooting mode) will depend 
on a number of factors, including: the format in which the photographs are being saved, the amount 
of image compression, the media on which the photographs are being stored (card speed), and 
whether additional post-processing has been selected (such as high-ISO noise reduction).  RAW format 
has advantages if image enhancements are required at a later stage, but the file sizes are very large 
and the cycle time will be slow; TIFF format can include either lossy or lossless compression standards 
but generally the files sizes will be large and cycle time will be slow; JPEG files can be substantially 
smaller (highly compressed and lossy) and so cycle time will be faster but the loss of image quality has 
potential to impact on derived photogrammetric products (point clouds and orthophotos). 

The following formula can be used to compute the time between successive photographs; indicative 
cycle times for manned aircraft and UAS photography are provided in the next Table: 

∆𝑇𝑇 =
(100 − FO)

100
.
H′
𝑓𝑓

 .
d
S

 

∆T = time between successive photographs (seconds) 
H’ = flying height above terrain (or top-of-trees for canopy mapping) (m) 
f = camera focal length (mm) 
d = dimension of image sensor in direction of flight (mm) 
S = aircraft speed (ground speed) (m.s-1) 
FO = forward overlap (expressed as a percentage) 
 

Table 1: Indicative cycle times for representative flight planning parameters. 

 Manned 
aircraft 

Fixed wing UAS Multi-rotor UAS 

H’ (m) 1000 m 100 m 75 m 

f (mm) 35 mm 24 mm 24 mm 

d (mm) 24 mm 24 mm 24 mm 

S (m.s-1) 50 m.s-1 12.5 m.s-1 6 m.s-1 

FO (%) 80% 80% 80% 

∆T (sec) 2.7 sec 1.6 sec 2.5 sec 

 

  



14 
 

Platforms: Unmanned Aerial Systems (UAS) 
The term Unmanned Aerial System (UAS) is commonly used to describe an unmanned aerial vehicle 
(UAV) together with its control and communication units.  UAS may be either fixed wing, or rotary 
wing, with fixed wing platforms typically having greater speed and longer range but reduced 
manoeuvrability.  An increasingly variety of small and low cost UAS are now available that can acquire 
imagery suitable for SfM-MVS photogrammetry, enabling 3D point cloud reconstruction34.  

In Australia, the operation of UAS is regulated by the Australian Civil Aviation Safety Authority (CASA).  
CASA uses the term Remotely Piloted Aircraft Systems (RPAS) for the system, Remotely Piloted Aircraft 
(RPA) for the aircraft, and remote pilot for the controller.  CASA requirements are designed to ensure 
safety during UAS operations and include standards for UAS controller and remote pilot certification 
together with regulated operating standards.  CASA regulations currently (June 2017) allow 
commercial operators to fly very small RPAs (sub 2 kg), and landowners to fly small RPAs (2 – 25 kg), 
without a Remote Operator Certificate or Remote Operator Pilot License.  A significant barrier to 
deployment of UAS for forest inventory is maintaining a visual line of sight to the airborne platform35.  
These Guidelines do not provide further advice regarding UAS regulation.  In Australia refer to CASA36.   

Single and multi-rotor UAS 
Multi-rotor UAS currently lead the market in term of sales, for both recreational and civilian 
commercial applications, and are expected to remain the largest sector of the UAS market37. Multi-
rotor UAS: 

• are the simplest to fly 
• are the least expensive38 
• can be launched and returned in confined spaces 
• allow precise control of platform positioning (horizontally and vertically) and are a simpler 

configuration to stabilize and control (compared with single-rotor UAS).  
• allow low flying speed, which results in less image blur for a given shutter speed, in turn 

allowing greater flexibility in selection of ISO/ASA and lens aperture (including the capability 
to pause/hover at photo exposure stations in order to minimise risk of image blur) 

• allow low flying height and therefore smaller ground sampling distance (GSD – image spatial 
resolution) for a given camera focal length 

• provide high payload capacity and payload flexibility compared with small fixed-wing UAS, and 
so facilitate different sensors to be flown: different camera models and formats, different 
lenses; video and still digital camera options; NIR or multi-spectral imaging. 

The primary disadvantages of multi-rotor UAS are: 

• their low endurance (flight times) and low ground speed and therefore limited areal coverage 
per flight. This is a consequence of the relative inefficiency of a multi-rotor design in 
comparison with single-rotor vertical take-off and landing UAS.  Current technology results in 

                                                           
34 Stone et al. 2016; Kelcey & Lucieer 2012; Turner et al. 2012; Wallace et al. 2012; Lisein et al. 2013; Wallace 
et al. 2014a, 2014b; Zarco-Tejada et al. 2014; Dandois et al. 2015; Díaz-Varela et al. 2015; Gatziolis et al. 2015; 
Wallace et al. 2016 
35 Stone et al. 2016 
36 CASA website: https://www.casa.gov.au/aircraft/landing-page/flying-drones-australia  
37 E.g.: Vision Gain Canadian-Small-UAV-Agriculture-Agri-Business-Applications (April 2017) 
38 Noting that lower cost “build your own” fixed-wing UAS can be assembled, but these Guidelines focus on 
turnkey systems. 

https://www.casa.gov.au/aircraft/landing-page/flying-drones-australia
https://www.visiongain.com/blog/wp-content/uploads/2015/05/Canadian-Small-UAV-Agriculture-Agri-Business-Applications
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flying times in the order of 30 minutes (maximum), with airspeeds under 10 ms-1 (approx. 35 
kmhr-1) in still air during photography. 

• the potential requirement to use shorter focal length lenses in order to achieve sufficient 
ground coverage at a given flying height, combined with the fact that variation in terrain or 
tree height as a percentage of flying height will be large, leading to:39 

o more difficult automatic image matching because the view-angle to any terrain or 
canopy point will be very different for each photo that captures that point, and 

o an increased likelihood of dead-ground.40 

 

Figure 2: A current model multi-rotor UAS with integrated digital camera 

(DJI Phantom 4 Pro41) 

Single-rotor UAS employ a single main rotor for lift and a tail rotor to control heading.  The use of a 
single, larger, slower moving main rotor results in greater aerodynamic efficiency and therefore 
greater endurance.  Small single-rotor UAS are powered with electric motors; large single-rotor UAS 
may be powered by a gas motor and achieve substantially extended endurance.  Single-rotor UAS: 

• can be launched and returned in confined spaces 
• allow precise control of platform positioning (horizontally and vertically) 
• provide high load capacity and endurance 
• allow low flying speed, which results in less image blur for a given shutter speed, in turn 

allowing greater flexibility in selection of ISO/ASA and lens aperture 
• allow low flying height and therefore smaller ground sampling distance (GSD – image spatial 

resolution) for a given camera focal length 
• provide high payload capacity compared with multi-rotor UAS and high payload flexibility, and 

so facilitate different and larger sensors to be flown: larger camera models and formats, 
heavier lenses; video and still digital camera options; NIR or multi-spectral imaging. 

The disadvantages of single-rotor UAS are their high cost, higher platform vibration, and greater 
mechanical complexity.  Large single-rotor UAS are being deployed for tasks such as precision 
herbicide application in agriculture, where their high load carrying capacity is required.  Continuing 
technological developments, such as flybarless rotors may lead to future growth in the single rotor 
UAS market. 

                                                           
39 E.g. Stone et al. (2016); Whitehead and Hugenholtz (2014) 
40 “Dead ground” refers to terrain or surface features that are obscured (occluded) from the view of the 
camera because tall features closer to the camera are ‘distorted’ radially outwards from the principal point 
(centre) of the image as the height of those tall features increases. 
41 Image source: http://www.dji.com/phantom-4-pro (April 2017) 

http://www.dji.com/phantom-4-pro
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Figure 3: A single-rotor UAS (Yamaha Rmax42, 2-stroke, 3.115 m main rotor diameter) 

Fixed wing UAS 
Fixed-wing UAS are already being used extensively for aerial photo acquisition in forestry, including 
for photogrammetric mapping for both orthophoto production and dense point cloud generation.  
Some fixed-wing UAS are capable of remaining in flight for many hours, however fixed-wing UAS likely 
to be purchased and deployed for forest inventory work and required to operate within line of sight 
are likely to be small, powered by electric motors and to have more limited flight duration. 

The advantages of fixed-wing UAS are: 

• longer flight duration 
• higher ground speed than single and multi-rotor UAS of comparable payload capacity and so 

greater coverage in a given flight time 
• higher flying heights than multi-rotor UAS (and so capability for increased ground coverage 

from higher flying height rather from shorter focal length camera lens, in turn reducing relief 
distortion and dead ground for a given photoscale). 

The disadvantages of fixed wing UAS are: 

• substantially more open space required for take-off and (particularly) landing: launch and 
return requires clear, safe, site – typically an area about 30 metres wide (narrower for a skilled 
pilot in good conditions) and about 75 metres long, clear of significant obstructions, with 
approximately 250 metres of secure take-off and return approach path 

• a greater risk of errors on take-off and landing, with consequential damage to the platform or 
sensor 

• the higher flying speed, compared with a single or multi-rotor UAS results in image blur unless 
the photography employs high shutter speeds; higher shutter speeds in turn limit flexibility in 
terms of either or both ISO/ASA and lens aperture – leading to poorer quality images 

• commonly a need to fly at higher elevations (particularly if capturing over larger areas than a 
multi-rotor and where there is greater variation in terrain height), resulting in lower spatial 
resolution (GSD) and also lower quality imagery if the fixed-wing UAS is fitted with a smaller, 
lower cost camera that can be flown in a light aircraft.43 

• usually, a higher purchase price, particularly for a turnkey UAS. 

Current technology provides flying times in the order of 30 to 45 minutes, depending on wind 
conditions and payload, with airspeeds of about 10 to 20 ms-1 (40 to 80 km/hr), although maximum 
speed during photo acquisition may be limited to a lower value in order to keep image blur within 
acceptable limits. 

                                                           
42 Image source: WASP NQ http://waspnq.com.au/our-aircrafts/ (April 2017) 
43 Turner et al. 2012; Zarco-Tejada et al. 2014; Stone et. al 2016 

http://waspnq.com.au/our-aircrafts/
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Figure 4: A current model fixed-wing UAS with integrated digital camera. 
(SenseFly eBee Mapping UAV44) 

A fixed-wing technology not described here but of future potential are hybrid fixed-wing UAS, which 
are fixed wing drones with vertical take-off and landing capability provided by an integrated multirotor 
system. These will remove the need for large take-off and landing areas and significantly benefit the 
application of fixed-wing UAS in forestry applications. 

Platforms: Manned aircraft 
Introduction 
Manned aircraft have been the mainstay of airborne photogrammetry for much of the past century, 
and have been used very extensively in forestry, both for air photo interpretation (API) and for 
topographic mapping to support forest operations.  There are currently two primary options available 
to forest managers planning aerial photography and photogrammetric mapping from manned aircraft:  

• using a light aircraft fitted with a single camera port and a small format digital camera, or 
• using a light aircraft fitted with high accuracy location instruments, one or more ports, and 

capable of employing larger (mid- or large-format) digital cameras. 

Light aircraft fitted with a single port and small format digital camera 
Many forest managers have experience acquiring photography using a small format camera (film or 
digital) mounted into a port on a light aircraft.  Developments in photogrammetric software, 
particularly the new structure from motion (SfM-MVS) methods, have made it increasingly practical 
to acquire blocks of aerial photography using a small format digital camera mounted in a light aircraft. 

Advantages and disadvantages for forest mapping 
A light aircraft fitted with a single port and a small format digital camera offers the following 
advantages compared with an unmanned aerial system (UAS): 

• flight planning is not limited by aviation authority requirements for line-of-sight navigation or 
restrictions on maximum flying height 

• flight planning is not limited by short flight duration times 
• flight planning can employ higher flying heights and longer focal length lenses to achieve 

equivalent GSD combined with larger sensor formats, potentially resulting in fewer flight lines 
and a lower total number of photographs – in turn reducing the need for ground control points 
(GCPs). 

• travel time to forest location (or locations) is by air rather than by road, with significant 
potential savings in labour costs 

• aircraft deployment can be timed to optimise for weather and environmental conditions 
(avoiding cloud, preferred sun angle, low wind, etc). 

                                                           
44 SenseFly: https://www.sensefly.com/home.html  

https://www.sensefly.com/home.html
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Disadvantages of a light aircraft fitted with a single port and a small format digital camera, when 
compared with an unmanned aerial system (UAS) are: 

• the risk of not being able to access a suitable aircraft at a time that optimises the photography 
(time of year, time of day, weather conditions – cloud and wind) 

• the need for an experienced and capable pilot, able to navigate the aircraft on design flight 
lines and maintain heading and level pitch and roll. 

 

Figure 5: A Canon DLSR camera mounted in a single port on a light aircraft45 

Commercial mapping providers and mid- or large-format digital cameras 
Specialist providers of aerial photography (and airborne laser scanning) operate nationally, with most 
operating a number of aircraft, each with sophisticated on-board camera, LiDAR and positioning 
instruments, and likely also to be capable of capturing infra-red or multi-spectral imagery. 

Advantages and disadvantages for forest mapping 
The advantages of outsourcing aerial photography to a specialist provider of mid- or large-format 
photography include: 

• specialist providers can be contracted to acquire and deliver photography, or to acquire and 
photogrammetrically process photography and deliver photogrammetric products 
(georeferenced point clouds, classified point clouds, orthophotos, etc) 

• specialist providers can be contracted to acquire additional data such as ALS, infra-red 
photography, multi-spectral imagery 

• the aircraft will be equipped high accuracy on-board GNSS/IMU and so the need for ground 
control is minimised or eliminated 

• the need for in-house expertise in flight planning is greatly reduced 
• the need for in-house expertise in photogrammetry is greatly reduced or eliminated 
• risks associated with malfunctioning cameras or other on-board instruments are outsourced. 

  

                                                           
45 Image courtesy of Matthew Dell, Tasmanian Environmental Consultants. 
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The disadvantages of outsourcing aerial photography to a specialist provider of mid- or large format 
photography include: 

• reduced capacity to acquire aerial photography at short notice and at times that optimise 
environmental conditions (weather conditions – wind and cloud cover, sun angle) 

• unlikely to be able to provide very high resolution imagery (sub 5 cm GSD) 
• higher deployment costs, higher standby costs, potentially higher data processing costs that 

are likely to increase cost per hectare for aerial photography and processed data when the 
forest stand areas become small or are widely dispersed. 
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4. Flight Planning – Overview 
This section of these Guidelines provides more detailed information to assist with project-based flight 
planning.  The section separately addresses UAS multi-rotor, UAS fixed-wing, and manned aircraft.  
The content is limited to UAS and manned aircraft carrying small format cameras.  Organisations 
contracting work to specialist airborne remote sensing providers will work with the expertise provided 
by those companies, although the content of these Guidelines is likely to help with that process. 

These Guidelines provided in this section address technical aspects of flight planning, including flying 
height, camera focal length, ground sampling distance (spatial resolution), camera exposure settings, 
forward and side overlap, cross-strips, ground control, on-board measurement of platform location 
and/or orientation, and preferred environmental conditions.  These are addressed for each of the 
three platform choices: multi-rotor UAS, fixed-wing UAS, and manned aircraft.  Some information is 
duplicated for each of these platform choices, so that they can be read separately for each platform. 

These guidelines are complemented by the costing tool described later in the Guide.  

 

Figure 6: Outline of the planning workflow for aerial photo acquisition. 

 

Select platform and camera

Key inputs:

site dimensions

horizontal accuracy specs

vertical accuracy specs

image resolution (GSD) specs

Design flight plan

Key specifications:

forward overlap

side overlap

camera focal length

flying height

Optimise photography

Optimise for:

image quality

environmental conditions

Control photography

Plan photo control

on-board GNSS or Ground 
Control Point (GCP) Targets?

specify GCP type, distribution and 
accuracy

field work for GCPs
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5. Flight planning for UAS multi-rotor photogrammetry 
The advantages and disadvantages of UAS multi-rotor photogrammetry were outlined earlier in these 
Guidelines.  This section provides guidelines for flight planning to acquire photography suitable for 
photogrammetric processing using a multi-rotor UAS. 

Flight planning parameters 
Flying height 
Flying height above tallest tree for a multi-rotor UAS will normally be in the range 50 metres to 120 
metres.  Lower than 50 metres is likely to limit line-of-sight visibility and increase risk of collision with 
tall trees; higher than 120 metres is likely to result in sub-optimal photography given that total per-
flight coverage is anyway limited by the platform’s endurance and flying speed (a lower flying height 
and smaller GSD is likely to provide more useful photography, albeit resulting in more photographs). 

Camera focal length 
The following shows recommended shortest and longest focal lengths, and between those two limits 
a recommended focal length that provides a good balance between the competing advantages and 
disadvantages of short and long focal length lenses. 

Table 2: Lens focal length recommendations for various sensor formats 

Image format Approx. sensor 
dimensions (mm) 

Shortest 

focal length 

Recommended 
default focal 
length 

Longest 

focal length 

Full-frame 36 x 24  24 mm 35 mm 50 mm 

APS-H 29 x 19 20 mm 30 mm 40 mm 

APS-C 23 × 15 15 mm 20 mm 30 mm 

4/3”’ 17 x 13 12 mm 20 mm 25 mm 

 

Ground sampling distance 
Computing GSD from flying height and focal length 
Ground sampling distance (GSD) is a function of flying height, focal length and the dimensions of the 
sensor pixel.  GSD can be calculated using: 

𝐺𝐺𝐺𝐺𝐺𝐺 =
𝐻𝐻′
𝑓𝑓
𝑝𝑝 

     Where GSD = Ground Sampling Distance (metres) 

      H’ = flying height above surface feature (metres) 

      f = camera focal length (mm) 

      p = dimension of a pixel on the sensor (mm) 

The table below shows GSD for a typical flying heights and focal lengths, for a typical full-frame sensor 
with an effective pixel size of 6 x 6 μm.  For low altitude UAS photography, the flying height above the 
top of a tree is substantially less than the flying height above terrain; the GSD increases proportionally 
as the elevation drops from tree top to terrain. 
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Table 3: GSD (metres) as a function of flying height above surface feature 
(assumes 6 μm sensor pixels) 

GSD (m) focal length 

24 mm 35 mm 50 mm 

fly
in

g 
he

ig
ht

 (m
) 

25 0.006 0.004 0.003 

50 0.013 0.009 0.006 

75 0.019 0.013 0.009 

100 0.025 0.017 0.012 

120 0.030 0.021 0.014 

 

GSD required for optimal forest interpretation and optimal image matching and point cloud generation 
The choice of GSD for optimal forest interpretation will depend upon case-by-case requirements.  The 
choice of GSD in order to optimise image matching and point cloud generation is difficult to predict.  
The results from case studies undertaken for this FWPA research project (PNC326-1314) suggest that 
there are two cases to consider: 

i. If the purpose of the photogrammetry is to collect very high resolution point clouds, with 
potential to integrate with below-canopy measurement of tree structure acquired with, for 
example, a mobile or survey-grade terrestrial laser scanner, then a GSD of up to 25 – 35 mm 
is likely to provide suitable imagery for this very high resolution photogrammetric processing.  
In terms of the reliability of the resultant point cloud, the limiting factors are likely to be other 
aspects of the photography such as illumination, lack of image blur, etc. 

ii. If the purpose of the photogrammetry is to collect point clouds of sufficient density and 
reliability to support extraction of area based metrics for inventory estimation, then a GSD of 
up to approximately 0.10 – 0.15 metres is likely to be acceptable.  A multi-rotor UAS is unlikely 
to be used for this purpose over extensive areas. 

 

Figure 7: Aerial photography acquired from a multi-rotor UAS, small-format camera, 
and GSD of 8 cm. 
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Camera settings 
Aperture 
Consistent with advice provided earlier in the Guidelines, use an aperture in the range f/4.0 to f/8, 
with about f/5.6 likely to be optimal. 

Shutter speed 
Consistent with advice provided earlier in the Guidelines, maximise shutter speed within the range of 
preferred aperture and ISO settings.  For a given ground speed, the effect of forward motion will 
increase as photo scale increases.  In turn, for a given focal length, this means that the effect of forward 
motion will increase as flying height above surface features decreases.  Image blur should be 
calculated for the shortest distance between the camera and a surface feature; that is the height 
difference between the tallest tree and the camera.  Select a shutter speed that will ensure image blur 
due to forward motion of the platform is less than 1 pixel, preferably approaching 0.5 pixels. 

Image blur can be calculated using the following formula:  

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐺𝐺
𝑓𝑓
𝐻𝐻′
∆𝑡𝑡
𝑝𝑝

 

    Where blur = image blur (pixels) 

     S = ground speed (m.s-1) 

H’ = (lowest) flying height above terrain feature (metres) 

     f = focal length (mm) 

     ∆t = shutter speed (e.g. 1/1,000 sec = 0.001seconds) 

     p = pixel size on the sensor (mm) 

Table 4: Image blur (pixels) as a function of flying height and ground speed 
(assumes 35 mm focal length lens, 6 x6 μm pixel, 1/1,000th second exposure) 

Image blur 
(pixels) 

Ground Speed (S) 

H’ (m) 6 ms-1 8 ms-1 10 ms-1 

25 1.40 1.87 2.33 

50 0.70 0.93 1.17 

75 0.47 0.62 0.78 

100 0.35 0.47 0.58 

 

The magnitudes of image blur in this table indicate the importance of selecting appropriately fast 
shutter speeds if the platform is moving at speed.  A particular advantage of multi-rotor UAS is the 
capability to stop (hover) the platform at exposure stations so that the effect of forward motion is 
reduced or eliminated.  This will extend the flying time but does improve the likelihood of high quality 
photography. 
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ISO 
Consistent with advice provided earlier in the Guidelines, use an ISO setting below 200 (preferably) 
and always below 600 in order to ensure acceptably low levels of image noise. 

Forward and side overlap 
Structure from Motion (SfM-MVS) photogrammetric methods benefit from very high overlap.  There 
are three principle reasons: firstly, high overlap reduces the (parallax and view angle) differences 
between images in successive or adjacent photographs which in turn improves the probability of the 
image matching algorithm reliably finding and matching conjugate terrain features; secondly, high 
overlap greatly increases the number of photos in which each unique terrain feature will be imaged, 
in turn improving the likelihood that incorrect matches will be detected and removed from the match; 
and thirdly, the accuracy of 3-dimensional location computed for each matched terrain feature will 
improve as the number of photos in which it is imaged increases from a minimum of 2 up to e.g. 10 or 
more. 

Acquiring very high forward overlap between successive photos along a strip adds little or no cost to 
the acquisition of aerial photography, regardless of the platform.  Acquiring high side overlap between 
adjacent strips adds little additional cost in the case of UAS platforms. 

The minimum practical forward overlap required in order to complete a bundle adjustment of a block 
of (approximately vertical) aerial photography is 60%.  For dense point cloud photogrammetry using 
SfM-MVS methods, the recommended forward overlap is 75% and noting that there is normally little 
additional cost and likely benefits to be gained from acquiring higher forward overlap.   

The distance between successive photographs can be calculated using the following formula.  For 
flight planning, the value of B may be converted to a value of frame-rate between successive 
photographs based on the platform’s ground speed. 

𝐵𝐵 =
(100 − 𝐹𝐹𝐹𝐹)

100
𝐻𝐻′
𝑓𝑓
𝑑𝑑𝐴𝐴 

B = camera base (distance between successive photographs) (metres) 

FO = forward overlap (%) 

H’ = (lowest) flying height above terrain feature (metres) 

f = camera focal length (mm) 

dA = dimension of the image sensor along track (in the direction of flight) (mm) 
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Table 5: Camera base as a function of forward overlap 
(assumes 35 mm focal length lens, full-frame 36x24 mm sensor with the short 

dimension along the flight line) 

Camera base (metres) Forward overlap (%) 

H’ (m) 70% 80% 90% 

25 5.1 3.4 1.7 

50 10.3 6.9 3.4 

75 15.4 10.3 5.1 

100 20.6 13.7 6.9 

 

In traditional aerial photogrammetry, the minimum practical side overlap required in order to 
complete a bundle adjustment of a block of (approximately vertical) aerial photography is 30%.  For 
dense point cloud photogrammetry flown with UAS and using SfM-MVS methods, side overlap should 
not be less than 60% (which ensures a region of triple side overlap between three adjacent runs).  
Higher side overlap results in more strips being flown and therefore longer duration flights, which in 
turn may mean that the UAS needs to be returned for battery changes.  However in forested 
environments the benefits of high overlap will outweigh the relatively small additional field time, and 
side overlap of up to 75 – 80% is recommended. 

UAS are usually flown at a constant absolute altitude (i.e. height above datum) for the extent of the 
block of photographs being acquired.  As the terrain or canopy height increases (and the photo scale 
correspondingly increases) the percentage overlap will decrease.  If the distance between successive 
photos in a strip or the distance between strips is held constant, then it is important to adopt a flying 
height that will ensure that the planned forward and side overlap are achieved at those points in the 
block where the terrain or canopy are at their highest elevation.  Forward and side overlap will 
increase in all other portions of the block where the elevation above datum of the terrain or canopy 
is lower. 

UAS flight planning software can provide for terrain following, with forward overlap varied according 
to estimated flying height above terrain, using either  worldwide DEM (such as the ASTER Global DEM46) 
or the user can load their own DEM.  Alternatively, photo exposure stations can be entered as 
waypoints with height varied to accommodate changes in terrain height.  Currently, most missions 
employ straight and parallel flight lines and a constant distance between exposure stations along each 
strip. 

Adjacent strips are normally parallel and it is usually impractical to vary the distance between two 
adjacent strips in response to varying terrain height, and so the distance between any two adjacent 
strips should be set to ensure the required overlap is achieved at the point of highest terrain elevation.  
Across a block the distance between adjacent parallel strips can of course be varied according to 
terrain elevation.   

                                                           
46 NASA ASTER Global DEM 

https://asterweb.jpl.nasa.gov/gdem.asp
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Figure 8: UAS flight plan diagram showing e.g. 80% forward overlap and 60% side 
overlap; flights extend beyond the region to be mapped. 

Cross strips 
High forward and side overlap improves the geometric strength of a block of aerial photographs.  Side 
overlap is usually less that forward overlap – particularly in the case of photography acquired in a 
manned aircraft because of the need to manage costs but also in the case of UAS photography – and 
so the geometric strength across a block (perpendicular to the strips) is usually less than the strength 
along the block (in the direction of the strips).  Cross-strips, flown across either end of the block and 
also potentially across the centre of the block, will improve the geometric strength of the block and 
reduce the possibility of geometric deformations. 

Exterior orientation (camera location and orientation) 
Photogrammetry requires that the position and orientation of every camera exposure station is 
accurately known.  These data are referred to as the exterior orientation data. There are three 
approaches to acquiring these data: 

i. high accuracy positioning instruments mounted on the platform: in the case of aerial 
photography only locational information (exposure station location coordinates) are critical47 

ii. ground control points (GCPs with known East, North, Height locations) distributed across the 
block of photography 

iii. or some combination of the both on-board location measurement and ground control points. 

In the photogrammetric solution these measurements – the (E, N, H) coordinates of ground control 
together with (x, y) image coordinates for each GCP measured in multiple images, and/or data from 
high accuracy on-board positioning instruments – are used as observations in the bundle adjustment.   

On-board positioning instruments 
An increasing number of multi-rotor UAS are equipped with a high accuracy GNSS receiver that allows 
platform location to be computed using a post processed kinematic (PPK) GNSS solution and, with 
time synchronisation, the location of the platform at the time of each camera exposure to be known.48  

                                                           
47 Unlike airborne laser scanning, it is not necessary to have on-board instrumentation to acquire 
platform/sensor orientation data. 
48 For current commercial examples, see e.g. Trimble, Leica.  Integration of GNSS into a multi-rotor UAS is 
described by e.g. Fazeli et al. (2016) 

http://uas.trimble.com/ux5-hp%23collection-2
http://leica-geosystems.com/products/airborne-systems/uav/aibot-x6
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In turn, the location of the perspective centre of the camera at the time of each camera exposure can 
be derived as part of the photogrammetric solution, usually for UAS with the relationship between 
the camera’s perspective centre and the GNSS antenna (the lever arm offset) known from a prior 
calibration and then IMU data from the flight used to adjust that vector to account for the orientation 
of the platform at the time of image exposure.49 

Manufacturers claim that object space (mapping) accuracy of better than 25 mm (horizontal and 
vertical) can be achieved using PPK GNSS in-flight measurement data50 although a more conservative 
approach may be warranted for current technology with vertical RMSE on check points of up 10 cm 
reported in recent trials51.  High accuracy measurements of platform location also contribute to the 
reliability of the photogrammetric solution: accurate initial exterior orientation parameters in the 
photogrammetric bundle adjustment increase the speed of the solution, add strength to the reliability 
of the solution, and may improve the quality of image matching and derived 3D point cloud data in 
highly complex environments such as forests. 

Manufacturers commonly suggest that high accuracy GNSS eliminates the requirement for ground 
control.  In the case of canopy mapping for forest inventory, when tree heights are likely to be derived 
using canopy height data and terrain height data acquired from different campaigns and likely using 
different technologies and processing workflows, it is sensible to include at least four ground control 
points in order to ensure there are no gross or systematic errors in the data sets caused by e.g. the 
use of a different vertical datum, and also to derive some measure of the magnitude of random errors. 

Integration of high accuracy GNSS into a UAS increases the cost of the system but leads to substantial 
savings because the need for ground control can be very greatly reduced or eliminated.  The decision 
to invest in a lower-cost UAS and to then use ground control or to invest in a higher cost UAS in order 
to minimise or eliminate ground control is largely a commercial one.  The costing tool described later 
in these Guidelines can assist with that decision.  

Ground Control Points (GCPs) 
If the UAS is not equipped with a high accuracy GNSS receiver, then the photogrammetric solution 
requires ground control to be distributed across the block of photography.  Only a small number of 
ground control points (GCPs) are necessary in order to mathematically solve the photogrammetric 
bundle adjustment; however additional GCPs are required in order to ensure that the triangulated 
block is free from significant geometric distortions.  

GCPs are artificial targets or natural features on the terrain that have known (measured) reference 
coordinates (E, N, H) and that appear in multiple photographs as well-defined and unambiguous image 
points.  In UAS photogrammetry, where the area being photographed is relatively small (compared 
with photography from a manned aircraft) and where the ground sampling distance (spatial resolution) 
is high and the spatial accuracy specifications are often high, it is usually the case that 
photogrammetric targets are placed across the region to be mapped prior to capturing photography.  
An alternative approach is to fly the photography and then measure (E, N, H) coordinates of natural 
features distributed across the block and with each appearing in multiple photos.  This latter approach 
has the advantage that the (sometimes time consuming) task of finding and geolocating ground 
control can follow after photography, and that features used are visible in the photography and well-
positioned in terms of their location in the block and in terms of the number of photos in which they 

                                                           
49 See e.g. Benassi et al. (2017) 
50 E.g. Leica TopoDrone 4Scight specifications (CR Kennedy, Australia) or EOS Systems. 
51 E.g. Benassi et al. (2017) 

https://survey.crkennedy.com.au/sites/default/files/downloads/Technical%20specifications%204Scight.pdf
http://info.photomodeler.com/blog/survey-grade-accuracy-with-a-drone-without-ground-control/
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appear.  The disadvantages are an increased risk that natural features identified in the photography 
are difficult to find reliably in the field, and that they are not an ideal size, shape and colour for 
accurate measurement across multiple images. Natural features commonly used for ground control 
include fence posts (particularly at the intersection of fence lines), concrete structures such as drains 
and culverts, bridge infrastructure, or natural features such as exposed rocks, the stumps of felled 
trees, etc. 

The coordinates of GCPs are usually measured using high accuracy GNSS.  This means that the GCPs 
need to be in locations that ensure adequate sky view and where signal disturbance due to e.g. 
multipath interference is avoided.  Either a local base station is required in order to use differential 
GNSS methods, or a connection to a CORS network. 

If the site has been flown with airborne laser scanning, then the ALS point cloud can provide useful 
data for establishing GCPs.  Generally, the horizontal accuracy of ALS data will not be sufficient to be 
useful for UAS photogrammetry, but the vertical height data from ALS on areas of open flat terrain 
may be useful. 

GCP distribution: amount and location of GCPs 
Recommendations for the amount and location of ground control are provided in a separate section 
(See the Section 10: “GCP Distribution – amount and location of GCPs).  The recommendations draw 
on guidelines used with traditional large format aerial photography, published studies of UAS 
photogrammetry, and the experience and current practice of commercial providers.  The pattern of 
ground control can be specified in terms of the dimensions of a block expressed in terms of the strips 
that make up the block and the photos make up each strip.  This means that the pattern of ground 
control across a block is largely unrelated to the scale of the photography and so the same 
recommended guidelines can be applied to blocks acquired with either UAS or manned aircraft and 
for a variety of photo scales.  For these reasons, this Guide provides recommendations that are 
common to multi-rotor UAS, fixed-wing UAS and manned aircraft. 

GCP field measurement accuracy 
The accuracy with which the locations (E, N, H) of GCPs should be measured will depend on the 
accuracy that can potentially be achieved from the block of photography and on the accuracy that is 
required in order to derive measurements of canopy metrics (such as canopy height) that are fit-for-
purpose. 

There may be occasions when the UAS has been flown quite low in order to acquire very high spatial 
resolution imagery for photo interpretation purposes but the spatial accuracy required from the dense 
point cloud is actually significantly less than could be achieved from the block of images.  In this case 
there is little point in establishing more GCPs than are required, or measuring their locations more 
accurately than is required. 

On other occasions however, the GCP distribution and measurement accuracy will be designed to 
ensure that the accuracy of the point cloud is optimised.  In these cases, a good guide is to measure 
GCP locations with a horizontal accuracy (1 sigma) of approximately half the ground sampling distance, 
and a vertical accuracy of approximately two-thirds the GSD.  For example, if the GSD from multi-rotor 
UAS photography is e.g. 30 x 30 mm, then acquire coordinates for each GCP with a horizontal accuracy 
of approximately 15 mm (1σ) and vertical accuracy of approximately 20 mm (1σ) in order to optimise 
the accuracy of the adjusted block of photographs.  Again however, lower accuracy GCP measurement 
specifications can of course be used if the accuracy of the point cloud can be reduced and still be fit 
for purpose: in the case of the multi-rotor UAS this will often be the case. 
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Photogrammetric targets 
Artificial targets used as ground control points need to be easily and unambiguously identified in 
multiple photographs and need to be of a suitable size and shape to ensure their centroid can be 
accurately measured in the images.  The following are examples of artificial targets suitable for UAS 
photogrammetry: 

• Artificial targets can be constructed from brightly coloured, reflective or retro-reflective 
material, or using a pattern (such as a cross) of contrasting colours.  The dimensions of the 
target are generally not critical but should occupy a patch on each photograph measuring at 
least 3 x 3 pixels and up to approximately 10 x 10 pixels.  This will generally ensure that the 
target can be found in the image and its location in the image can be accurately measured.  
For example, if the GSD is 3 x 3 cm, then a target measuring anywhere between 10 x 10 cm to 
30 x 30 cm is likely to be suitable.  Place artificial targets at ground level on flat ground. 

 

     

Figure 9: Artificial ground control targets 
Left: Reflective targets constructed from road sign material. Centre: Various GCP 

designs. Right: Painted crosses are easy and often effective. 

• A number of manufacturers are marketing ground control points that have an integrated GNSS 
receiver52.  These can be distributed on-site and acquire location while the flight is being 
undertaken. 

 

Figure 10: A GNSS-enabled ground control target (Image – Propeller AeroPoints53) 

 

• Natural features in the terrain that can be painted, or onto which a target can be painted.  For 
example, the top of a corner fence post (particularly if it has a metallic cap) painted using a 
brightly coloured marker pain, or a concrete structure such as on a bridge or culvert that can 
have a suitable square patch painted on to it.  Again, the dimensions of the target are not 
critical but it is likely that it cannot be as small as a high-visibility artificial target, and a useful 
guideline is that it should occupy a patch on each photograph measuring about 10 x 10 pixels. 

• Or natural features on the terrain that are sufficiently visible and unambiguous that they do 
not need to be highlighted using e.g. marker paint.  Examples are fence posts, particularly 

                                                           
52 A current example is Propeller AeroPoints.  
53 Propeller Aero: https://www.propelleraero.com/  

https://www.propelleraero.com/aeropoints/?gclid=COz7z6fjp9MCFQt0vQodcEECcA
https://www.propelleraero.com/
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corner posts that are easily and unambiguously identified and measured because of the 
presence of converging fence lines, and hard roadside infrastructure such as drains, drain 
covers, road line marking, etc. 

Flying time and coverage 
Ground coverage from a single flight will be a function of flight duration, platform ground speed, site 
dimensions, photoscale, percentage side overlap, and end of strip turning time.  This can easily be 
computed on a project by project basis.  UAS flight planning software54 provides this functionality, 
usually configured for specific makes and models of UAS or allowing the user to set up the software 
for their UAS and camera specifications.  Good practice is to extend the block of photography at least 
several photos outside the site at the start and end of every strip, and one strip outside each edge of 
the block.  This ensures that the very high photo overlap that is required for SfM-MVS 
photogrammetry is extended to the edges of the area that is to be mapped. 

Optimal environmental conditions 
The critical environmental conditions to consider are sun angle, wind speed and cloud cover. 

• A high solar altitude (sun angle) improves the penetration of light into the forest canopy and 
reduces shadows.  Flight planning specifications for routine topographic mapping and 
orthophoto production from large format aerial photography usually specify a solar altitude 
(sun angle) of at least 35 degrees above the horizon.  Higher solar altitudes are recommended 
for forest canopy mapping.  The minimum acceptable solar altitude will be influenced by 
canopy structure, degree of canopy closure, canopy density etc, and by the available window 
of opportunity (in turn a function of site latitude, time of year, time of day).  A reasonable 
minimum solar altitude for forest canopy mapping is 40 degrees, with higher if possible. 

• Photography should not be acquired if smoke or haze will reduce the quality of the imagery. 
• Photography should not be acquired if it is likely to be affected by significant cloud cover, or 

varying illumination conditions caused by rapidly moving clouds.  Ideally, fly when there are 
cloud free conditions, however acceptable photographs can be captured when there are high 
cirrus clouds or, provided there are bright light levels, blanket cloud. 

Wind speed 
UAS platforms operate best in low wind conditions and will have maximum wind speeds for safe 
operation. High wind speeds will reduce the stability of UAS platforms and will create a risk of image 
blur caused by platform instability during the time that the shutter is open. 

Additionally, wind causes the stems and branches of trees to move.  The stem and branches may 
therefore be in different locations for each of the photographs in which they are imaged.  This can 
have two significant degrading effects on the resultant dense point cloud: 

• Movement of the stem or branches may result in a failure of the image matching, resulting in 
gaps in the point cloud data. 

• Movement of the stem or branches may not be enough to cause the image matching to fail, 
but displacement in the images due to the wind will result in incorrect 3-dimensional locations 
to be computed.  Because of the mathematics of the solution, there is a significant risk that 
displacement of a stem or branch due to wind (which would be a largely horizontal movement 

                                                           
54 See for example: QGROUNDCONTROL (http://qgroundcontrol.com/), PIX4Dcapture 
(https://pix4d.com/product/pix4dcapture/), DJI Flight Planner (http://www.djiflightplanner.com/); eMotion 
(https://www.sensefly.com/software/emotion-2.html), and MissionPlanner 
(http://ardupilot.org/planner/docs/mission-planner-overview.html). 

http://qgroundcontrol.com/
http://www.djiflightplanner.com/
https://www.sensefly.com/software/emotion-2.html
http://ardupilot.org/planner/docs/mission-planner-overview.html
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in the forest) will result in significant errors in the vertical coordinate of the corresponding 
point cloud. 

The influence of wind has not been analysed for this FWPA research project, but experience from 
multiple campaigns suggests that photography should not be undertaken if the wind speed exceeds 
20 km/hr (10 knots), and speeds below 15 km/hr (8 knots) are safer. 
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6. Flight planning for UAS fixed-wing photogrammetry 
The advantages and disadvantages of UAS fixed-wing photogrammetry were outlined earlier in these 
Guidelines.  This section provides guidelines for flight planning to acquire photography suitable for 
photogrammetric processing using a fixed-wing UAS.  As noted earlier, some information is duplicated 
for each of the platform choices, so that sections can be read separately for each platform. 

Flight planning parameters 
Flying height 
Flying height above tallest tree for a fixed-wing UAS will normally be approaching or at the highest 
permissible flying height, so approaching 120 metres.  Low flying heights are likely to limit line-of-sight 
visibility, increase risk of collision with tall trees, and result in large image scales that will increase the 
magnitude of image blur due to the forward motion of the UAS platform. Current CASA regulations 
require project-based approval for flying heights greater than 120 m above terrain; however, in the 
case of fixed-wing UAS, consideration should be given to applying for a CASA exemption to allow a 
higher flying height.  This will provide greater flexibility in flight planning, and particularly it will allow 
for larger ground coverage in each photograph, albeit with a larger GSD, and as a consequence will 
reduce the cost of acquiring high side-overlap.  Alternatively, it will allow for ground coverage to be 
maintained but using a longer focal length lens, thus providing better canopy penetration between 
trees and less variation between adjacent images, which can be expected to enhance image matching 
both at the top of trees and into the canopy surfaces between trees.  

Camera focal length 
The following shows recommended shortest and longest focal lengths, and between those two limits 
a recommended focal length that provides a good balance between the competing advantages and 
disadvantages of short and long focal length lenses. 

Table 6: Lens focal length recommendations for various sensor formats 

Image format Approx. sensor 
dimensions (mm) 

Shortest 

focal length 

Recommended 
default focal 
length 

Longest 

focal length 

Full-frame 36 x 24  24 mm 35 mm 50 mm 

APS-H 29 x 19 20 mm 30 mm 40 mm 

APS-C 23 × 15 15 mm 20 mm 30 mm 

4/3”’ 17 x 13 12 mm 20 mm 25 mm 
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Ground sampling distance 
Computing GSD from flying height and focal length 
Ground sampling distance (GSD) is a function of flying height, focal length and the dimensions of the 
sensor pixel.  GSD can be calculated using: 

𝐺𝐺𝐺𝐺𝐺𝐺 =
𝐻𝐻′
𝑓𝑓
𝑝𝑝 

     Where GSD = Ground Sampling Distance (metres) 

      H’ = flying height above surface feature (metres) 

      f = camera focal length (mm) 

      p = dimension of a pixel on the sensor (mm) 

The table below shows GSD for a typical flying heights and focal lengths, for a typical full-frame sensor 
with an effective pixel size of 6 x 6 μm.  For low altitude UAS photography, the flying height above the 
top of a tree is substantially less than the flying height above terrain; the GSD increases proportionally 
as the elevation drops from tree top to terrain. 

Table 7: GSD (metres) as a function of flying height above surface feature 
(assumes 6 μm sensor pixels) 

GSD (m) focal length 

  24 mm 35 mm 50 mm 

 50 0.013 0.009 0.006 

75 0.019 0.013 0.009 

100 0.025 0.017 0.012 

125 0.031 0.021 0.015 

 

GSD required for optimal forest interpretation and optimal image matching and point cloud generation 
The choice of GSD for optimal forest interpretation will depend upon case-by-case requirements.  The 
choice of GSD in order to optimise image matching and point cloud generation is difficult to predict.  
The results from case studies undertaken for this FWPA research project (PNC326-1314) suggest that 
there are two cases to consider: 

iii. If the purpose of the photogrammetry is to collect very high resolution point clouds, with 
potential to integrate with below-canopy measurement of tree structure acquired with, for 
example, a mobile or survey-grade terrestrial laser scanner, then a GSD of up to 25 – 35 mm 
is likely to provide suitable imagery for this very high resolution photogrammetric processing.  
In terms of the reliability of the resultant point cloud, the limiting factors are likely to be other 
aspects of the photography such as illumination, lack of image blur, etc. 

iv. If the purpose of the photogrammetry is to collect point clouds of sufficient density and 
reliability to support extraction of area based metrics for inventory estimation, then a GSD of 
up to approximately 0.15 metres (check this against the GSD of the AAM photography) is likely 
to be acceptable.  
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Camera settings 
Aperture 
Consistent with advice provided earlier in the Guide, use an aperture in the range f/4.0 to f/8, with 
about f/5.6 likely to be optimal. 

Shutter speed 
Consistent with advice provided earlier in the Guide, maximise shutter speed within the range of 
preferred aperture and ISO settings.  For a given ground speed, the effect of forward motion will 
increase as photo scale increases.  In turn, for a given focal length, this means that the effect of forward 
motion will increase as flying height above surface features decreases.  Image blur should be 
calculated for the shortest distance between the camera and a surface feature; that is the height 
difference between the tallest tree and the camera.  Select a shutter speed that will ensure image blur 
due to forward motion of the platform is less than 1 pixel, preferably approaching 0.5 pixels. 

Image blur can be calculated using the following formula:  

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐺𝐺
𝑓𝑓
𝐻𝐻′
∆𝑡𝑡
𝑝𝑝

 

    Where blur = image blur (pixels) 

     S = ground speed (m.s-1) 

H’ = (lowest) flying height above terrain feature (metres) 

     f = focal length (mm) 

     ∆t = shutter speed (e.g. 1/1,000 sec = 0.001seconds) 

     p = pixel size on the sensor (mm) 

 

Table 8: Image blur (pixels) as a function of flying height and ground speed 
(assumes 35 mm focal length lens, 6 x6 μm pixel, 1/1,000th second exposure) 

Image blur 
(pixels) 

Ground Speed (S) 

H’ (m) 10 ms-1 12 ms-1 14 ms-1 16 ms-1 

25 2.33 2.80 3.27 3.73 

50 1.17 1.40 1.63 1.87 

75 0.78 0.93 1.09 1.24 

100 0.58 0.70 0.82 0.93 

125 0.47 0.56 0.65 0.75 

 

The magnitudes of image blur in this table indicate the importance of selecting appropriately fast 
shutter speeds if the platform is moving at speed.  Compared with multi-rotor UAS, the risk of image 
blur is high because of the relatively high flying speeds at low flying heights. 
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ISO 
Consistent with advice provided earlier in these Guidelines, use an ISO setting below 200 (preferably) 
and always below 600 in order to ensure acceptably low levels of image noise. 

Forward and side overlap 
Structure from Motion (SfM-MVS) photogrammetric methods benefit from very high overlap.  There 
are three principle reasons: firstly, high overlap reduces the (parallax and view angle) differences 
between images in successive or adjacent photographs which in turn improves the probability of the 
image matching algorithm reliably finding and matching conjugate terrain features; secondly, high 
overlap greatly increases the number of photos in which each unique terrain feature will be imaged, 
in turn improving the likelihood that incorrect matches will be detected and removed from the match; 
and thirdly, the accuracy of 3-dimensional location computed for each matched terrain feature will 
improve as the number of photos in which it is imaged increases from a minimum of 2 up to e.g. 10 or 
more. 

Acquiring very high forward overlap between successive photos along a strip adds little or no cost to 
the acquisition of aerial photography, regardless of the platform.  Acquiring high side overlap between 
adjacent strips adds little additional cost in the case of UAS platforms. 

The minimum practical forward overlap required in order to complete a bundle adjustment of a block 
of (approximately vertical) aerial photography is 60%.  For dense point cloud photogrammetry using 
SfM-MVS methods, the recommended forward overlap is 75% and noting that there is normally little 
additional cost and likely benefits to be gained from acquiring higher forward overlap.   

The distance between successive photographs can be calculated using the following formula.  For 
flight planning, the value of B may be converted to a value of frame-rate between successive 
photographs based on the platform’s ground speed. 

𝐵𝐵 =
(100 − 𝐹𝐹𝐹𝐹)

100
𝐻𝐻′
𝑓𝑓
𝑑𝑑𝐴𝐴 

B = camera base (distance between successive photographs) (metres) 

FO = forward overlap (%) 

H’ = (lowest) flying height above terrain feature (metres) 

f = camera focal length (mm) 

dA = dimension of the image sensor along track (in the direction of flight) (mm) 
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Table 9: Camera base as a function of forward overlap 
(assumes 35 mm focal length lens, full-frame 36x24 mm sensor with the short 

dimension along the flight line) 

Camera base (metres) Forward overlap (%) 

H’ (m) 70% 80% 90% 

50 10.3 6.9 3.4 

75 15.4 10.3 5.1 

100 20.6 13.7 6.9 

120 25.0 16.0 8.0 

 

In traditional aerial photogrammetry, the minimum practical side overlap required in order to 
complete a bundle adjustment of a block of (approximately vertical) aerial photography is 30%.  For 
dense point cloud photogrammetry flown with UAS and using SfM-MVS methods, the recommended 
minimum side overlap is 60% (which ensures a region of triple side overlap between three adjacent 
runs).  Higher side overlap does result in more strips being flown and therefore longer duration flights, 
which in turn may mean that the UAS needs to be returned for battery changes.  However in forested 
environments the benefits of high overlap will outweigh the relatively small additional field time, and 
side overlap of up to about 75 - 80% is recommended. 

UAS flight planning software55 can provide for terrain following, with forward overlap varied according 
to estimated flying height above terrain, using either  worldwide DEM (such as the ASTER Global DEM56) 
or the user can load their own DEM.  Alternatively, photo exposure stations can be entered as 
waypoints with height varied to accommodate changes in terrain height.  Currently, most missions 
employ straight and parallel flight lines and a constant distance between exposure stations along each 
strip. 

Adjacent strips are normally parallel and it is usually impractical to vary the distance between two 
adjacent strips in response to varying terrain height, and so the distance between any two adjacent 
strips should be set to ensure the required overlap is achieved at the point of highest terrain elevation.  
Across a block the distance between adjacent parallel strips can of course be varied according to 
terrain elevation.   

                                                           
55 E.g. the Maps Made Easy application. 
56 NASA ASTER Global DEM 

https://www.mapsmadeeasy.com/
https://asterweb.jpl.nasa.gov/gdem.asp
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Figure 11: UAS flight plan diagram showing e.g. 80% forward overlap and 60% side 
overlap; flights extend beyond the region to be mapped. 

Cross strips 
High forward and side overlap improves the geometric strength of a block of aerial photographs.  Side 
overlap is usually less that forward overlap – particularly in the case of photography acquired in a 
manned aircraft because of the need to manage costs but also in the case of UAS photography – and 
so the geometric strength across a block (perpendicular to the strips) is usually less than the strength 
along the block (in the direction of the strips).  Cross-strips, flown across either end of the block and 
also potentially across the centre of the block, will improve the geometric strength of the block and 
reduce the possibility of geometric deformations. 

Exterior orientation (camera location and orientation) 
Photogrammetry requires that the position and orientation of every camera exposure station is 
accurately known.  These data are referred to as the exterior orientation data. There are three 
approaches to acquiring these data: 

iv. high accuracy positioning instruments mounted on the platform: in the case of aerial 
photography only locational information (exposure station location coordinates) are critical57 

v. ground control points (GCPs with known East, North, Height locations) distributed across the 
block of photography 

vi. or some combination of the both on-board location measurement and ground control points. 

In the photogrammetric solution these measurements – the (E, N, H) coordinates of ground control 
together with (x, y) image coordinates for each GCP measured in multiple images, and/or data from 
high accuracy on-board positioning instruments – are used as observations in the bundle adjustment.   

On-board positioning instruments 
An increasing number of fixed-wing UAS are equipped with a high accuracy GNSS receiver that allows 
platform location to be computed using a post processed kinematic (PPK) GNSS solution and, with 
time synchronisation, the location of the platform at the time of each camera exposure to be known.58  

                                                           
57 Unlike airborne laser scanning, it is not necessary to have on-board instrumentation to acquire 
platform/sensor orientation data. 
58 For current commercial examples, see e.g. Trimble, Leica.  Integration of GNSS into a multi-rotor UAS is 
described by e.g. Fazeli et al. (2016) 

http://uas.trimble.com/ux5-hp%23collection-2
http://leica-geosystems.com/products/airborne-systems/uav/aibot-x6
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In turn, the location of the perspective centre of the camera at the time of each camera exposure can 
be derived as part of the photogrammetric solution, usually for UAS with the relationship between 
the camera’s perspective centre and the GNSS antenna (the lever arm offset) known from a prior 
calibration and then IMU data from the flight used to adjust that vector to account for the orientation 
of the platform at the time of image exposure.59 

Manufacturers claim that object space (mapping) accuracy of better than 25 mm (horizontal and 
vertical) can be achieved using PPK GNSS in-flight measurement data60 although a more conservative 
approach may be warranted for current technology with vertical RMSE on check points of up 10 cm 
reported in recent trials61.  High accuracy measurements of platform location also contribute to the 
reliability of the photogrammetric solution: accurate initial exterior orientation parameters in the 
photogrammetric bundle adjustment increase the speed of the solution, add strength to the reliability 
of the solution, and may improve the quality of image matching and derived 3D point cloud data in 
highly complex environments such as forests. 

Manufacturers commonly suggest that high accuracy GNSS eliminates the requirement for ground 
control.  In the case of canopy mapping for forest inventory, when tree heights are likely to be derived 
using canopy height data and terrain height data acquired from different campaigns and likely using 
different technologies and processing workflows, it is sensible to include at least four ground control 
points in order to ensure there are no gross or systematic errors in the data sets caused by e.g. the 
use of a different vertical datum, and also to derive some measure of the magnitude of random errors. 

Integration of high accuracy GNSS into a UAS increases the cost of the system but leads to substantial 
savings because the need for ground control can be very greatly reduced or eliminated.  The decision 
to invest in a lower-cost UAS and to then use ground control or to invest in a higher cost UAS in order 
to minimise or eliminate ground control is largely a commercial one.  The costing tool described later 
in this Guide can assist with that decision.  

Ground Control Points (GCPs) 
If the UAS is not equipped with a high accuracy GNSS receiver, then the photogrammetric solution 
requires ground control to be distributed across the block of photography.  Only a small number of 
ground control points (GCPs) are necessary in order to mathematically solve the photogrammetric 
bundle adjustment; however additional GCPs are required in order to ensure that the triangulated 
block is free from significant geometric distortions.  

GCPs are artificial targets or natural features on the terrain that have known (measured) reference 
coordinates (E, N, H) and that appear in multiple photographs as well-defined and unambiguous image 
points.  In UAS photogrammetry, where the area being photographed is relatively small (compared 
with photography from a manned aircraft) and where the ground sampling distance (spatial resolution) 
is high and the spatial accuracy specifications are often high, it is usually the case that 
photogrammetric targets are placed across the region to be mapped prior to capturing photography.  
An alternative approach is to fly the photography and then measure (E, N, H) coordinates of natural 
features distributed across the block and with each appearing in multiple photos.  This latter approach 
has the advantage that the (sometimes time consuming) task of finding and geolocating ground 
control can follow after photography, and that features used are visible in the photography and well-
positioned in terms of their location in the block and in terms of the number of photos in which they 

                                                           
59 See e.g. Benassi et al. (2017) 
60 E.g. Leica TopoDrone 4Scight specifications (CR Kennedy, Australia) or EOS Systems. 
61 E.g. Benassi et al. (2017) 

https://survey.crkennedy.com.au/sites/default/files/downloads/Technical%20specifications%204Scight.pdf
http://info.photomodeler.com/blog/survey-grade-accuracy-with-a-drone-without-ground-control/
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appear.  The disadvantages are an increased risk that natural features identified in the photography 
are difficult to find reliably in the field, and that they are not an ideal size, shape and colour for 
accurate measurement across multiple images. Natural features commonly used for ground control 
include fence posts (particularly at the intersection of fence lines), concrete structures such as drains 
and culverts, bridge infrastructure, or natural features such as exposed rocks, the stumps of felled 
trees, etc. 

The coordinates of GCPs are usually measured using high accuracy GNSS.  This means that the GCPs 
need to be in locations that ensure adequate sky view and where signal disturbance due to e.g. 
multipath interference is avoided.  Either a local base station is required in order to use differential 
GNSS methods, or a connection to a CORS network. 

If the site has been flown with airborne laser scanning, then the ALS point cloud can provide useful 
data for establishing GCPs.  Generally, the horizontal accuracy of ALS data will not be sufficient to be 
useful for UAS photogrammetry, but the vertical height data from ALS on areas of open flat terrain 
may be useful. 

GCP distribution: amount and location of GCPs 
Recommendations for the amount and location of ground control are provided in a separate section 
(See the Section 10: “GCP Distribution – amount and location of GCPs).  The recommendations draw 
on guidelines used with traditional large format aerial photography, published studies of UAS 
photogrammetry, and the experience and current practice of commercial providers.  The pattern of 
ground control can be specified in terms of the dimensions of a block expressed in terms of the strips 
that make up the block and the photos make up each strip.  This means that the pattern of ground 
control across a block is largely unrelated to the scale of the photography and so the same 
recommended guidelines can be applied to blocks acquired with either UAS or manned aircraft and 
for a variety of photo scales.  For these reasons, these Guidelines provides recommendations that are 
common to multi-rotor UAS, fixed-wing UAS and manned aircraft. 

GCP field measurement accuracy 
The number of GCPs that should be placed and the accuracy with which GCPs should be coordinated 
will depend on the accuracy that can potentially be achieved from the block of photography and on 
the accuracy that is required in order to derive measurements of canopy metrics (such as canopy 
height) that are fit-for-purpose. 

There may be occasions when the UAS has been flown quite low in order to acquire very high spatial 
resolution imagery for photo interpretation purposes but the spatial accuracy required from the dense 
point cloud is actually significantly less than could be achieved from the block of images.  In this case 
there is little point in establishing more GCPs than are required, or measuring their locations more 
accurately than is required. 

On other occasions however, the GCP distribution and measurement accuracy will be designed to 
ensure that the accuracy of the point cloud is optimised.  In these cases, a good guide is to measure 
GCP locations with a horizontal accuracy (1 sigma) of approximately half the ground sampling distance, 
and a vertical accuracy of approximately two-thirds the GSD.  For example, if the GSD from fixed-wing 
UAS photography is e.g. 35 x 35 mm, then acquire coordinates for each GCP with a horizontal accuracy 
of approximately 20 mm (1σ) and vertical accuracy of approximately 25 mm (1σ) in order to optimise 
the accuracy of the adjusted block of photographs.  Again however, lower accuracy GCP measurement 
specifications can of course be used if the accuracy of the point cloud can be reduced and still be fit 
for purpose: in the case of the fixed-wing UAS this may often be the case. 
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Photogrammetric targets 
Artificial targets used as ground control points need to be easily and unambiguously identified in 
multiple photographs and need to be of a suitable size and shape to ensure their centroid can be 
accurately measured in the images.  The following are examples of artificial targets suitable for UAS 
photogrammetry: 

• Artificial targets can be constructed from brightly coloured, reflective or retro-reflective 
material, or using a pattern (such as a cross) of contrasting colours.    The dimensions of the 
target are generally not critical but should occupy a patch on each photograph measuring at 
least 3 x 3 pixels and up to approximately 10 x 10 pixels.  This will generally ensure that the 
target can be found in the image and its location in the image can be accurately measured.  
For example, if the GSD is 3 x 3 cm, then a target measuring anywhere between 10 x 10 cm to 
30 x 30 cm is likely to be suitable. Place artificial targets at ground level on flat ground. 

     

Figure 12: Artificial ground control targets 
Left: Reflective targets constructed from road sign material. Centre: Various GCP designs. 

Right: Painted crosses are easy and often effective. 

 

• A number of manufacturers are marketing ground control points that have an integrated GNSS 
receiver62.  These can be distributed on-site and acquire location while the flight is being 
undertaken. 

 

Figure 13: A GNSS-enabled ground control target (Image – Propeller AeroPoints63) 

 

• Natural features in the terrain that can be painted, or onto which a target can be painted.  For 
example, the top of a corner fence post (particularly if it has a metallic cap) painted using a 
brightly coloured marker pain, or a concrete structure such as on a bridge or culvert that can 
have a suitable square patch painted on to it.  Again, the dimensions of the target are not 
critical but it is likely that it cannot be as small as a high-visibility artificial target, and a useful 
guideline is that it should occupy a patch on each photograph measuring at least 10 x 10 pixels 
and up to approximately 15 x 15 pixels. 

                                                           
62 A current example is Propeller AeroPoints.  
63 Propeller Aero: https://www.propelleraero.com/  

https://www.propelleraero.com/aeropoints/?gclid=COz7z6fjp9MCFQt0vQodcEECcA
https://www.propelleraero.com/
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• Or natural features on the terrain that are sufficiently visible and unambiguous that they do 
not need to be highlighted using e.g. marker paint.  Examples are fence posts, particularly 
corner posts that are easily and unambiguously identified and measured because of the 
presence of converging fence lines, and hard roadside infrastructure such as drains, drain 
covers, road line marking, etc. 

Flying time and coverage 
Ground coverage from a single flight will be a function of flight duration, platform ground speed, site 
dimensions, photoscale, percentage side overlap, and end of strip turning time.  This can easily be 
computed on a project by project basis.  UAS flight planning software64 provides this functionality, 
usually configured for specific makes and models of UAS or allowing the user to set up the software 
for their UAS and camera specifications.  Good practice is to extend the block of photography at least 
several photos outside the site at the start and end of every strip, and one strip outside each edge of 
the block.  This ensures that the very high photo overlap that is required for SfM-MVS 
photogrammetry is extended to the edges of the area that is to be mapped. 

Optimal environmental conditions 
The critical environmental conditions to consider are sun angle, wind speed and cloud cover. 

• A high solar altitude (sun angle) improves the penetration of light into the forest canopy and 
reduces shadows.  Flight planning specifications for routine topographic mapping and 
orthophoto production from large format aerial photography usually specify a solar altitude 
(sun angle) of at least 35 degrees above the horizon.  Higher solar altitudes are recommended 
for forest canopy mapping.  The minimum acceptable solar altitude will be influenced by 
canopy structure, degree of canopy closure, canopy density etc, and by the available window 
of opportunity (in turn a function of site latitude, time of year, time of day).  A reasonable 
minimum solar altitude for forest canopy mapping is 40 degrees, with higher if possible. 

• Photography should not be acquired if smoke or haze will reduce the quality of the imagery. 
• Photography should not be acquired if it is likely to be affected by significant cloud cover, or 

varying illumination conditions caused by rapidly moving clouds.  Ideally, fly when there are 
cloud free conditions, however acceptable photographs can be captured when there are high 
cirrus clouds or, provided there are bright light levels, blanket cloud. 

Wind speed 
UAS platforms operate best in low wind conditions and will have maximum wind speeds for safe 
operation. High wind speeds will reduce the stability of UAS platforms and will create a risk of image 
blur caused by platform instability during the time that the shutter is open. 

In the case of fixed-wing UAS particularly, wind speed can create an additional risk.  As noted above, 
when flying at low altitudes and large image scales, the time between successive image exposures can 
be quite short.  If a fixed-wing UAS is flying downwind, then the required air-speed may lead to very 
high ground speeds, and so a risk of the required cycle time becoming too fast for the camera, resulting 
in loss of images.  This risk can be mitigated by avoiding downwind flights, but a consequential risk is 
that cross-wind flight lines will result in the yaw and poor overlap geometry.   

                                                           
64 See for example: QGROUNDCONTROL (http://qgroundcontrol.com/), PIX4Dcapture 
(https://pix4d.com/product/pix4dcapture/), or the DJI Flight Planner (http://www.djiflightplanner.com/). 

http://qgroundcontrol.com/
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Additionally, wind causes the stems and branches of trees to move.  The stem and branches may 
therefore be in different locations for each of the photographs in which they are imaged.  This can 
have two significant degrading effects on the resultant dense point cloud: 

• Movement of the stem or branches may result in a failure of the image matching, resulting in 
gaps in the point cloud data. 

• Movement of the stem or branches may not be enough to cause the image matching to fail, 
but displacement in the images due to the wind will result in incorrect 3-dimensional locations 
to be computed.  Because of the mathematics of the solution, there is a significant risk that 
displacement of a stem or branch due to wind (which would be a largely horizontal movement 
in the forest) will result in significant errors in the vertical coordinate of the corresponding 
point cloud. 

The influence of wind has not been analysed for this FWPA research project, but experience from 
multiple campaigns suggests that photography should not be undertaken if the wind speed 
exceeds 20 km/hr (10 knots), and speeds below 15 km/hr (8 knots) are safer. 
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7. Flight planning for manned aerial photography 
The advantages and disadvantages of manned aircraft as the platform to acquire photography were 
outlined earlier in these Guidelines.  This section provides guidelines for flight planning to acquire 
photography suitable for photogrammetric processing using a small- or mid-format cameras in a 
manned light aircraft.  As noted earlier, some information is duplicated for each of the platform 
choices, so that sections can be read separately for each platform. 

Flight planning parameters 
Flying height 
As for UAS flight planning, flying height will largely be determined by the preferred ground sampling 
distance (GSD) which in turn will be decided on the basis of required image resolution for photo 
interpretation and required spatial accuracy. 

GSD is a function of camera focal length and flying height above terrain.  The ground coverage for a 
single photograph is then a function of the image format of the camera.  As described earlier, larger 
format cameras are desirable since they result in more ground coverage per photograph at the same 
GSD.  Formula and methods provided in this guide allow these various permutations of GSD, focal 
length, flying height above terrain and ground coverage to be computed. 

In a manned light aircraft, the cost of a larger, heavier and more expensive camera is more likely to be 
justified, compared with the cameras likely to be flown on a UAS.   A common choice for ‘small 
operators’ will be a full-frame (36 x 24 mm) ‘prosumer’ digital camera, in which case it is common to 
use either a 35 mm or 50 mm focal length lens.  A more expensive option is to use a mid-format 
camera, in which case the image format may be about 55 x 40 mm65, in turn meaning that longer focal 
lengths (50 mm or 80 mm) are appropriate. 

Shorter focal length lenses will result in lower flying heights for a given GSD or coverage and so 
potentially better image clarity, some geometric advantages in terms of vertical accuracy and the 
reliability of the camera calibration if camera calibration is included in the photogrammetric solution, 
but will result in more relief distortion and so poorer penetration between trees to the lower canopy 
or terrain.  Conversely, a longer focal length will result in a more orthogonal view of the canopy and 
so improved penetration between trees, but higher flying heights for a given GSD and so potentially 
poorer image clarity, and some geometric disadvantages in terms of vertical accuracy and the 
reliability of the camera calibration if camera calibration is included in the photogrammetric solution. 

For forestry applications, the flying height above terrain for a manned aircraft using a ‘prosumer’ full-
frame camera will normally be in the range 300 metres to 1500 metres.  For example, a camera with 
6 x 6 μm pixels and a 35 mm focal length lens flown at 300 metres will result in a GSD of 0.05 m.  
Similarly, a full-frame camera with 6 x 6 μm pixels and a 50 mm focal length lens flown at 1,250 metres 
will result in a GSD of 0.15 m.  These are a typical GSD range for aerial photography for 
photogrammetric mapping of forest canopies. 

Camera focal length 
The following shows recommended shortest and longest focal lengths, and between those two limits 
a recommended focal length that provides a good balance between the competing advantages and 
disadvantages of short and long focal length lenses. 

                                                           
65 For example, the Phase One iXU mid-format digital camera. 
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Table 10: Lens focal length recommendations for different sensor formats 

Image format Approx. sensor 
dimensions (mm) 

Shortest 

focal length 

Recommended 
default focal 
length 

Longest 

focal length 

Mid-format66  54 x 40 40 mm 70 mm 110 mm 

Full-frame 36 x 24  24 mm 35 - 50 mm 85 mm 

 

Ground sampling distance 
Computing GSD from flying height and focal length 
Ground sampling distance (GSD) is a function of flying height, focal length and the dimensions of the 
sensor pixel.  GSD can be calculated using: 

𝐺𝐺𝐺𝐺𝐺𝐺 =
𝐻𝐻′
𝑓𝑓
𝑝𝑝 

     Where GSD = Ground Sampling Distance (metres) 

      H’ = flying height above surface feature (metres) 

      f = camera focal length (mm) 

      p = dimension of a pixel on the sensor (mm) 

The table below shows GSD for a typical flying heights and focal lengths, for a typical full-frame sensor 
with an effective pixel size of 6 x 6 μm. 

Table 11: GSD (metres) as a function of flying height above surface feature 
(assumes 6 μm sensor pixels) 

GSD (m) focal length 

  35 mm 50 mm 80 mm 

fly
in

g 
he

ig
ht

 (m
) 

250 0.06 0.04 0.03 

500 0.13 0.09 0.06 

750 0.19 0.13 0.09 

1250 0.31 0.21 0.15 

1500 0.38 0.26 0.18 

 

GSD required for optimal forest interpretation and optimal image matching and point cloud generation 
The choice of GSD for optimal forest interpretation will depend upon case-by-case requirements.  The 
choice of GSD in order to optimise image matching and point cloud generation is difficult to predict.  
The results from case studies undertaken for this FWPA research project (PNC326-1314) suggest that 
there are two cases to consider: 

                                                           
66 E.g. a Phase One mid-format digital camera 

http://downloads.phaseone.com/7e71b0a2-f42d-42c7-896b-2c16968f79c3/English/iXU-1000_Brochure_A4_4print_singlP.pdf
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i. If the purpose of the photogrammetry is to collect very high resolution point clouds, with 
potential to integrate with below-canopy measurement of tree structure acquired with, for 
example, a mobile or survey-grade terrestrial laser scanner, then a GSD of up to 25 mm is 
likely to provide suitable imagery for this very high resolution photogrammetric processing.  
In terms of the reliability of the resultant point cloud, the limiting factors are likely to be other 
aspects of the photography such as illumination, lack of image blur, etc.  This spatial resolution 
may require UAS platforms.  Imagery with a GSD of approximately 50 mm acquired from a 
manned aircraft is however likely to provide sufficient image quality to show the thin stems 
and foliage at the top of e.g. radiata pine trees (noting that whether they are image-matched 
and reliably represented in the dense point cloud will depend on other aspects of the 
photography and environmental conditions). 

ii. If the purpose of the photogrammetry is to collect point clouds of sufficient density and 
reliability to support extraction of area based metrics for inventory estimation, then a GSD of 
up to approximately 0.15 metres is likely to be acceptable.  

 

Figure 14: Aerial photography acquired from a manned aircraft, mid-format camera, 
and GSD of 12.5 cm. 

 

Figure 15: Aerial photography acquired from a manned aircraft, small-format camera, 
and GSD of 13 cm. 
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Camera settings 
Aperture 
Consistent with advice provided earlier in the Guide, use an aperture in the range f/4.0 to f/8, with 
about f/5.6 likely to be optimal. 

Shutter speed 
Consistent with advice provided earlier in the Guide, maximise shutter speed within the range of 
preferred aperture and ISO settings.  For a given ground speed, the effect of forward motion will 
increase as photo scale increases.  In turn, for a given focal length, this means that the effect of forward 
motion will increase as flying height above surface features decreases.  Image blur should be 
calculated for the shortest distance between the camera and a surface feature; that is the height 
difference between the highest terrain feature and the camera.  Select a shutter speed that will ensure 
image blur due to forward motion of the platform is less than 1 pixel, preferably approaching 0.5 pixels. 
Note that high-end mid- or large-format cameras designed for aerial photography are likely to have 
forward motion compensation, which can enable high flying speeds or lower shutter speeds. 

Image blur can be calculated using the following formula.  The magnitudes of image blur in this table 
indicate the importance of selecting appropriately fast shutter speeds if the platform is moving at 
speed. 

𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐺𝐺
𝑓𝑓
𝐻𝐻′
∆𝑡𝑡
𝑝𝑝

 

    Where blur = image blur (pixels) 

     S = ground speed (m.s-1) 

     f = focal length (mm) 

     ∆t = shutter speed (e.g. 1/1,000 sec = 0.001seconds) 

     p = pixel size on the sensor (mm) 

 

Table 12: Image blur (pixels) as a function of flying height and ground speed 
(assumes 35 mm focal length lens, 6 x6 μm pixel, 1/1,000th second exposure) 

Image blur 
(pixels) 

Ground Speed (S) 

H’ (m) 160 km/hr 180 km/hr 200 km/hr 

250 1.0 1.2 1.3 

500 0.5 0.6 0.6 

750 0.3 0.4 0.4 

1250 0.2 0.2 0.3 

1500 0.2 0.2 0.2 
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ISO 
Consistent with advice provided earlier in the Guide, use an ISO setting below 200 (preferably) and 
always below 600 in order to ensure acceptably low levels of image noise. 

Forward and side overlap 
Structure from Motion (SfM-MVS) photogrammetric methods benefit from very high overlap.  There 
are three principle reasons: firstly, high overlap reduces the (parallax and view angle) differences 
between images in successive or adjacent photographs which in turn improves the probability of the 
image matching algorithm reliably finding and matching conjugate terrain features; secondly, high 
overlap greatly increases the number of photos in which each unique terrain feature will be imaged, 
in turn improving the likelihood that incorrect matches will be detected and removed from the match; 
and thirdly, the accuracy of 3-dimensional location computed for each matched terrain feature will 
improve as the number of photos in which it is imaged increases from a minimum of 2 up to e.g. 10 or 
more. 

Acquiring very high forward overlap between successive photos along a strip adds little or no cost to 
the acquisition of aerial photography, regardless of the platform.  Acquiring high side overlap between 
adjacent strips adds little additional cost in the case of UAS platforms. 

The minimum practical forward overlap required in order to complete a bundle adjustment of a block 
of (approximately vertical) aerial photography is 60%.  For dense point cloud photogrammetry using 
SfM-MVS methods, the recommended forward overlap is 75% and noting that there is normally little 
additional cost and likely benefits to be gained from acquiring higher forward overlap.   

The distance between successive photographs can be calculated using the following formula.  For 
flight planning, the value of B may be converted to a value of frame-rate between successive 
photographs based on the platform’s ground speed. 

𝐵𝐵 =
(100 − 𝐹𝐹𝐹𝐹)

100
𝐻𝐻′
𝑓𝑓
𝑑𝑑𝐴𝐴 

B = camera base (distance between successive photographs) (metres) 

FO = forward overlap (%) 

H’ = (lowest) flying height above terrain feature (metres) 

f = camera focal length (mm) 

dA = dimension of the image sensor along track (in the direction of flight) (mm) 
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Table 13: Camera base as a function of forward overlap. Note that the cells shaded 
grey have camera base distances that will require very high cycle times (less than one 
photo per second) and so may be no achievable. (Assumes 35 mm focal length lens, 

full-frame 36x24 mm sensor with the short dimension along the flight line) 

Camera base (metres) Forward overlap (%) 

H’ (m) 70% 80% 90% 

250 51 34 17 

500 103 69 34 

750 154 103 51 

1250 206 137 69 

1500 257 171 86 

 

In traditional aerial photogrammetry, the minimum practical side overlap required in order to 
complete a bundle adjustment of a block of (approximately vertical) aerial photography is 30%.  For 
dense point cloud photogrammetry using SfM-MVS methods, the recommended minimum side 
overlap is 60% (which ensures a region of triple side overlap between three adjacent runs).  Higher 
side overlap does result in more strips being flown and therefore longer duration flight and, in the 
case of a manned light aircraft, substantial additional cost.  Therefore, 60 – 70% side-overlap is likely 
to be a preferred maximum side overlap for manned light aircraft photography. 

Light aircraft are usually flown at a constant absolute altitude (i.e. height above datum) for the extent 
of the block of photographs being acquired, or at least for the whole of a strip and a certain number 
of adjacent strips.  As the terrain or canopy height increases (and the photo scale correspondingly 
increases) the percentage overlap will decrease.  If the distance between successive photos in a strip 
or the distance between strips is held constant, then it is important to adopt a flying height that will 
ensure that the planned forward and side overlap are achieved at those points in the block where the 
terrain or canopy are at their highest elevation.  Forward and side overlap will increase in all other 
portions of the block where the elevation above datum of the terrain or canopy is lower. 

Adjacent strips are normally parallel and it is usually impractical to vary the distance between two 
adjacent strips in response to varying terrain height, and so the distance between any two adjacent 
strips should be set to ensure the required overlap is achieved at the point of highest terrain elevation.  
Across a block the distance between adjacent parallel strips can of course be varied according to 
terrain elevation.   
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Figure 16: Manned aircraft flight plan diagram showing e.g. 80% forward overlap and 
60% side overlap; flights extend beyond the region to be mapped. 

Cross strips 
High forward and side overlap improves the geometric strength of a block of aerial photographs.  Side 
overlap is usually less that forward overlap – particularly in the case of photography acquired in a 
manned aircraft because of the need to manage costs but also in the case of UAS photography – and 
so the geometric strength across a block (perpendicular to the strips) is usually less than the strength 
along the block (in the direction of the strips).  Cross-strips, flown across either end of the block and 
also potentially across the centre of the block, will improve the geometric strength of the block and 
reduce the possibility of geometric deformations. 

Exterior orientation (camera location and orientation) 
Photogrammetry requires that the position and orientation of every camera exposure station is 
accurately known.  These data are referred to as the exterior orientation data. There are three 
approaches to acquiring these data: 

i. high accuracy positioning instruments mounted on the platform: in the case of aerial 
photography only locational information (exposure station location coordinates) are critical67 

ii. ground control points (GCPs with known East, North, Height locations) distributed across the 
block of photography 

iii. or some combination of the both on-board location measurement and ground control points. 

In the photogrammetric solution these measurements – the (E, N, H) coordinates of ground control 
together with (x, y) image coordinates for each GCP measured in multiple images, and/or data from 
high accuracy on-board positioning instruments – are used as observations in the bundle adjustment.   

On-board positioning instruments 
Commercial ALS providers use sophisticated high accuracy on-board GNSS and IMU, with the position 
and orientation data collected by these sensors integrated into the workflows for LiDAR processing.  
High accuracy GNSS location data is therefore also available for aerial photography acquired using 

                                                           
67 Unlike airborne laser scanning, it is not necessary to have on-board instrumentation to acquire 
platform/sensor orientation data. 
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these aircraft. This allows the photogrammetry to be completed without additional ground control 
although, as noted earlier, the inclusion of at least four GCPs provides valuable checks for gross errors 
(such as datum errors) and some indication of the magnitude of any systematic or random errors. 

In the case of a small- or mid-format camera mounted in an otherwise unmodified light aircraft, the 
complexity of employing GNSS capable of providing (post-processed) decimetre or sub-decimetre 
accuracy is greater than for UAS because the distance between the perspective centre of the camera 
and the GNSS antenna will be substantially greater. It’s also more likely that the relationship between 
the perspective centre of the camera and the GNSS antenna will not be constant, because the system 
is likely to be used in a variety of aircraft, and so a fixed (lever arm offset) cannot be assumed.  The 
relationship between the perspective centre of the camera and the centre of the GNSS antenna can 
be solved for within the photogrammetric software, but this capability is not available in current 
versions of mainstream SfM-MVS software. This means that currently a strong distribution of ground 
control points is likely to be required.68 

On-board high-accuracy GNSS and IMU instrumentation provides a substantial technological 
advantage to commercial airborne remote sensing operators.  The costing tool described later in this 
Guide allows the cost of aerial photography acquired with a small or mid-format camera from a 
manned light aircraft to be estimated.  It also allows the cost of establishing ground control to be 
estimated, and in most cases will demonstrate the significance of this additional cost. 

As noted earlier, high accuracy measurements of platform location may also contribute to the 
reliability of the photogrammetric solution: accurate initial exterior orientation parameters in the 
photogrammetric bundle adjustment increase the speed of the solution, add strength to the reliability 
of the solution, and may improve the quality of image matching and derived 3D point cloud data in 
highly complex environments such as forests. 

Ground Control Points (GCPs) 
If the aircraft is not equipped with a high accuracy GNSS receiver, then the photogrammetric solution 
requires ground control to be distributed across the block of photography.  Only a small number of 
ground control points (GCPs) are necessary in order to mathematically solve the photogrammetric 
bundle adjustment; however additional GCPs are required in order to ensure that the triangulated 
block is free from significant geometric distortions.  

GCPs are artificial targets or natural features on the terrain that have known (measured) reference 
coordinates (E, N, H) and that appear in multiple photographs as well-defined and unambiguous image 
points.  There are two common approaches to establishing ground control. 

• The first approach is to place photogrammetric targets across the areas to be photographed. 
This is usually the preferred approach in the case of forest mapping because it ensures that 
unambiguous, accurately measured, GCPs will be easy to find and measure in the 
subsequently flown aerial photography. 

• The second approach is to fly the photography and then measure (E, N, H) coordinates of 
natural features distributed across the block and with each appearing in multiple photos.  This 
latter approach has the advantage that the (sometimes time consuming) task of finding and 
geolocating ground control can follow after photography, and that features used are visible in 
the photography and well-positioned in terms of their location in the block and in terms of 
the number of photos in which they appear.  The disadvantages are an increased risk that 

                                                           
68 See Benassi et al. (2017) for a current summary. 



51 
 

natural features identified in the photography are difficult to find reliably in the field, and that 
they are not an ideal size, shape and colour for accurate measurement across multiple images. 
Natural features commonly used for ground control include fence posts (particularly at the 
intersection of fence lines), concrete structures such as drains and culverts, bridge 
infrastructure, or natural features such as exposed rocks, the stumps of felled trees, etc. 

The coordinates of GCPs are usually measured using high accuracy GNSS.  This means that the GCPs 
need to be in locations that ensure adequate sky view and where signal disturbance due to e.g. 
multipath interference is avoided.  Either a local base station is required in order to use differential 
GNSS methods, or a connection to a CORS network. 

If the site has been flown with airborne laser scanning, then the ALS point cloud can provide useful 
data for establishing GCPs.  Caution is required because the horizontal accuracy of ALS data may not 
be sufficient to be useful for the photogrammetry; vertical height data from ALS on areas of open flat 
terrain may be useful. 

     

Figure 17: Artificial ground control targets 
Left: Reflective targets constructed from road sign material. Centre: Various GCP 

designs. Right: Painted crosses are easy and often effective. 

 

GCP distribution: amount and location of GCPs 
Recommendations for the amount and location of ground control are provided in a separate section 
(See the Section 10: “GCP Distribution – amount and location of GCPs).  The recommendations draw 
on guidelines used with traditional large format aerial photography, published studies of UAS 
photogrammetry, and the experience and current practice of commercial providers.  The pattern of 
ground control can be specified in terms of the dimensions of a block expressed in terms of the strips 
that make up the block and the photos make up each strip.  This means that the pattern of ground 
control across a block is largely unrelated to the scale of the photography and so the same 
recommended guidelines can be applied to blocks acquired with either UAS or manned aircraft and 
for a variety of photo scales.  For these reasons, these Guidelines provide recommendations that are 
common to multi-rotor UAS, fixed-wing UAS and manned aircraft. 

GCP field measurement accuracy 
The number of GCPs that should be placed and the accuracy with which GCPs should be coordinated 
will depend on the accuracy that can potentially be achieved from the block of photography and on 
the accuracy that is required in order to derive measurements of canopy metrics (such as canopy 
height) that are fit-for-purpose. 

There may be occasions when large scale photography (small GSD) for photo interpretation purposes 
but the spatial accuracy required from the dense point cloud is significantly less than could be achieved 
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from the block of images.  In this case there is little point in establishing more GCPs than are required, 
or measuring their locations more accurately than is required. 

On most occasions however it is likely that the GCP distribution and measurement accuracy will be 
designed to ensure that the accuracy of the point cloud is optimised.  In most cases, a good guide is 
to measure GCP locations with a horizontal accuracy (1 sigma) of approximately half the ground 
sampling distance, and a vertical accuracy of approximately two-thirds the GSD.  For example, if the 
GSD from light aircraft photography is e.g. 15 x 15 cm, then acquire coordinates for each GCP with a 
horizontal accuracy of approximately 5 cm (1σ) and vertical accuracy of better than 10 cm (1σ) in order 
to optimise the accuracy of the adjusted block of photographs.  

Photogrammetric targets 
Artificial targets used as ground control points need to be easily and unambiguously identified in 
multiple photographs and need to be of a suitable size and shape to ensure their centroid can be 
accurately measured in the images.  The following are examples of artificial targets suitable for light 
aircraft photogrammetry: 

• Artificial targets can be constructed from brightly coloured, reflective or retro-reflective 
material.  For example, the material used for street signs that comprises a retro-reflective 
surface on plastic substrate can easily be cut into square targets and fixed to e.g. a wooden 
stake or peg or to the top of a fence post.  The dimensions of the target are not critical but 
should occupy a patch on each photograph measuring at least 3 x 3 pixels and up to 
approximately 10 x 10 pixels.  This will generally ensure that the target can be found in the 
image and its location in the image can be accurately measured.  For example, if the GSD is 10 
x 10 cm, then a target measuring anywhere at least 30 x 30 cm is likely to be clearly visible in 
the images and suitable for accurate measurement. If very highly reflective targets are used 
(such as those used in the photogrammetry for this FWPA research project and which were 
commercial reflective sign material) then it possible to reduce the size of the target to about 
2 x 2 pixels – usually leading to one bright pixel in the images. 

 

(a) (b)  

Figure 18: Artificial ground control targets: (a) Reflective target constructed from road 
sign material; (b) Painted capping on a roadside post. 

• Natural features in the terrain that can be painted, or onto which a target can be painted.  For 
example, the top of a corner fence post (particularly if it has a metallic cap) painted using a 
brightly coloured marker pain, or a concrete structure such as on a bridge or culvert that can 
have a suitable square patch painted on to it.  Again, the dimensions of the target are not 
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critical but it is likely that it cannot be as small as a high-visibility artificial target, and a useful 
guideline is that it should occupy a patch on each photograph measuring at least 5 x 5 pixels 
and up to approximately 15 x 15 pixels. 

Or natural features on the terrain can be used if they are sufficiently visible and unambiguous that 
they do not need to be highlighted using e.g. marker paint.  Examples are fence posts, particularly 
corner posts that are easily and unambiguously identified and measured because of the presence 
of converging fence lines, and hard roadside infrastructure such as drains, drain covers, road line 
marking, etc. 

A special note about using the top of fence posts (or similar ‘above ground’ features) or using GCPs 
placed close to vertical features such as these: While these are suitable ground control targets, 
there will be artefacts in any raster or TIN DEM derived from the photography caused by the height 
of these features.  If one of the products of the photogrammetry is orthophotography, then these 
artefacts will cause the location of the GCP on the orthophoto to be displaced from its true 
location.  This is undesirable.  To avoid this risk, place GCP targets at ground level and in areas of 
open flat ground. 

Flying time and coverage 
Unlike UAS photography, aerial photography from a light aircraft is not normally limited by flight 
duration (except where a number of sites are separated by large distances).  The time taken to 
complete a block of photography will be a function the aircraft’s ground speed, the site dimensions, 
the photoscale, percentage side overlap, and end of strip turning time.  This can easily be computed 
on a project by project basis.  Flight planning software provides this functionality69.  Good practice is 
to extend the block of photography at least several photos outside the site at the start and end of 
every strip, and one strip outside each edge of the block.  This ensures that the very high photo overlap 
that is required for SfM-MVS photogrammetry is extended to the edges of the area that is to be 
mapped. 

Flight times of over two hours are possible with an aircraft such as a Cessna 206 and up to 3.5 hours 
with long range tanks in a Cessna 172. Approximate figures based on typical specifications are project 
coverage of up to 2,000 ha per hour for a single large block, and around 500 ha per hour when there 
are multiple sites. 

Optimal environmental conditions 
The critical environmental conditions to consider are sun angle, wind speed and cloud cover. 

• A high solar altitude (sun angle) improves the penetration of light into the forest canopy and 
reduces shadows.  Flight planning specifications for routine topographic mapping and 
orthophoto production from large format aerial photography usually specify a solar altitude 
(sun angle) of at least 35 degrees above the horizon.  Higher solar altitudes are recommended 
for forest canopy mapping.  The minimum acceptable solar altitude will be influenced by 
canopy structure, degree of canopy closure, canopy density etc, and by the available window 
of opportunity (in turn a function of site latitude, time of year, time of day).  A reasonable 
minimum solar altitude for forest canopy mapping is 40 degrees, with higher if possible. 

• Photography should not be acquired if smoke or haze will reduce the quality of the imagery. 
• Photography should not be acquired if it is likely to be affected by significant cloud cover, or 

varying illumination conditions caused by rapidly moving clouds.  Ideally, fly when there are 

                                                           
69 See for example aeroscientific Flight Planner software. 

http://www.aerosci.info/
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cloud free conditions, however acceptable photographs can be captured when there are high 
cirrus clouds or, provided there are bright light levels, blanket cloud. 

Wind speed 
Wind causes the stems and branches of trees to move.  The stem and branches may therefore be in 
different locations for each of the photographs in which they are imaged.  This can have two significant 
degrading effects on the resultant dense point cloud: 

• Movement of the stem or branches may result in a failure of the image matching, resulting in 
gaps in the point cloud data. 

• Movement of the stem or branches may not be enough to cause the image matching to fail, 
but displacement in the images due to the wind will result in incorrect 3-dimensional locations 
to be computed.  Because of the mathematics of the solution, there is a significant risk that 
displacement of a stem or branch due to wind (which would be a largely horizontal movement 
in the forest) will result in significant errors in the vertical coordinate of the corresponding 
point cloud. 

The influence of wind has not been analysed for this FWPA research project, but experience from 
multiple campaigns suggests that photography should not be undertaken if the wind speed exceeds 
20 km/hr (10 knots), and speeds below 15 km/hr (8 knots) are safer. 
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8. GCP distribution: amount and location of GCPs 
If the position (3-dimensional location) of the perspective centre of the camera at each of the image 
exposure stations can be derived from on-board high accuracy (GNSS) measurements, then the 
requirement for ground control can be minimised, if not eliminated.  Good practice is to include at 
least six GCPs – one at every corner of the block and at least two within the block – in order to 
strengthen the geometry of the solution and also to provide a quality assurance check for gross, 
systematic and random errors. 

If the platform, UAS or manned, does not have high accuracy, on-board (GNSS) then the 
photogrammetric solution relies on ground control distributed around and across the block of 
photographs.  The field-measured coordinates (E,N,H) of ground control points and their measured 
(x,y) image coordinates are included in the photogrammetric bundle adjustment.  An important aspect 
of designing a photogrammetric project is to establish a pattern of ground control across the block 
that will ensure the accuracy achieved from the photogrammetry is fit-for-purpose, while minimising 
the amount (and cost) of ground control. 

Readers with experience of topographic mapping using large format (film) mapping cameras will be 
familiar with proven and widely used guidelines for establishing ground control for that kind of 
photography and mapping.70  Usually, those guidelines were used for aerial photography acquired 
with 60% forward overlap and 30% side overlap, although guidelines were also available for 
photography acquired with e.g. 60% forward overlap and higher, 60%, side overlap. 

In recent years, with the growth of UAS aerial photography and SfM-MVS photogrammetry, there 
have been numerous reports on the accuracy achieved across blocks of photography acquired with 
high forward and side overlap and the influence of ground control.71   

The accuracy of measurements derived from a photogrammetrically adjusted block will depend on 
the shape of the block, the percentage forward and side overlap of the photographs, the number of 
ground control points, their distribution around the perimeter and within the block, the accuracy with 
which GCP locations are geolocated, the accuracy of image measurements, and whether the 
photogrammetric solution includes camera calibration or can rely on a previously calibrated camera.   

The horizontal accuracy of a block can largely be ensured by placing ground control around the 
perimeter of the block, whereas the vertical accuracy of a block can only be ensured by placing ground 
control around the perimeter of the block as well as throughout the block.  A practical approach to 
planning ground control is to: 

1. Determine what ground control is required around the perimeter of the block in order to 
ensure the horizontal accuracy of the whole of the block; 

2. Determine what ground control is required around the perimeter of the block and within the 
block in order to ensure the vertical accuracy of the whole of the block; 

3. Rationalise the two distributions, given that around the perimeter of the block the ground 
control can serve two purposes: ensuring horizontal accuracy and vertical accuracy; 

4. Adjust the location of planned ground control in order to sensibly take into account ease of 
access to sites and any departure of the block from a simple rectangular shape. 

The pattern of ground control is largely determined by the dimensions of a block, expressed by the 
number of strips in the block, and the number of photos in each strip.  This means that the pattern of 

                                                           
70 See for example, Kraus (2007) pp259-269; Powell (2017).   
71 See for example, Harwin et al. (2015). 
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ground control across a block is largely unrelated to the scale of the photography and so the same 
guidelines can be applied to blocks acquired with either UAS or manned aircraft and at a variety of 
photo scales.  

The following recommendations draw on guidelines used with traditional large format aerial 
photography72, published studies of UAS photogrammetry, and the experience and current practice 
of researchers and commercial providers.  They are simple rules and a more flexible approach is 
inevitably required in the field in order to accommodate the practical aspects of accessing and 
geolocating control points. 

Additionally, these rules are intended to ensure there is sufficient ground control distributed around 
and within the block to inhibit substantial reduction in the average accuracy achieved from the 
photogrammetry.  For some projects, it may be important to maintain accuracy at, or close to, what 
would be achieved from the photography if it were ‘fully controlled’, in which case denser patterns of 
ground control will be required.  For other projects, there may be considerable scope to relax the 
ground control and allow the average accuracy across the block to diminish substantially, compared 
with what could be achieved from the photography if it were ‘fully controlled’.  An example of the 
latter may be where low-altitude multi-rotor or fixed-wing UAS has been used to acquire very high 
resolution imagery, but the spatial accuracy of the point cloud (either or both horizontally and 
vertically) doesn’t need to be what could be achieved from that photography. 

Noting these caveats, the following method and rules provide for a sensible estimation of the total 
number of ground control points placed and their preferred locations around and within a block of 
photographs.  The rules are expressed precisely because they are the default rules built into the 
Costing Tool provided with these Guidelines; again – sensible interpretation is required in practice. 

Step 1: Plan ground control to ensure horizontal accuracy 

In order to ensure horizontal accuracy, ground control points are required around the perimeter of 
the block.  If the number of perimeter GCPs is kept to a very small amount (e.g. one GCP at each corner 
of the block) then as the size of the block (measured in terms of the number of strips and the number 
of photos in each strip) increases, the average planimetric error in the block will increase, particularly 
along the edges of the block between GCPs.  If a dense distribution of GCPs is located around the 
perimeter of the block, then the horizontal accuracy of the whole of the block can be maintained, even 
for large blocks. 

As noted earlier in this Guide, if the photography acquired extends outside the area to be mapped by 
at least one flight line on the sides of the block and at least several photographs at the end of the 
block, this will substantially improve planimetric accuracy over the region to be mapped.  Extending 
the block of photography in this manner is strongly recommended.  When extending the block of 
photography, look also for opportunities to include in the photography natural targets suitable for 
ground control such as buildings, fence corner posts, manhole covers, or road infrastructure such as 
unambiguous line markings or concrete structures.  

  

                                                           
72 Particularly the guidelines published by Ackerman (1966, 1967) and Kraus (2007, pp259-269). 
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The following is a guide for the amount of ground control to be placed around the perimeter of a block 
in order to ensure there isn’t a substantial loss of horizontal accuracy across the block; they assume 
that the photography is being flown for a SfM-MVS solution and so has high forward and side overlap 
(at least 60% forward overlap and preferably 80% forward overlap and at least 60% side overlap): 73 

• for blocks with 1 to 25 strips, use 4 perimeter GCPs  
• for blocks with 26 to 75 strips, use 8 perimeter GCPs  
• for blocks with 76 or more strips, use 16 perimeter GCPs. 

These rules assume that the block is approximately square: for example, that the length and the 
breadth of the block are within 30% of each other. If one dimension of the block is considerably 
different from the other dimension, then distribute GCPs using a sensible interpretation of the rules 
above.   

Step 2: Plan ground control to ensure vertical accuracy 

Distortions within a block are most likely to be expressed as errors in vertical height rather than errors 
in horizontal location. Given that forward overlap will in nearly all cases be higher than side overlap, 
the geometric strength of a block will normally be stronger in the direction of the strips than it is in 
the direction across strips.  The distribution of ground control within a block can be expressed in terms 
of the number of strips bridged between GCPs and, for a strip that contains GCPs, the number of 
photos bridged between GCPs.  The high forward and side overlap used in SfM-MVS photogrammetry 
reduces the need for ground control in a block of aerial photography, compared with traditional 60% 
forward overlap and 30% side overlap photography.  The following rules provide a reasonable guide 
for the distribution of GCPs in order to ensure vertical accuracy across a block. 74 

The side-overlap between adjacent strips should be at least 60% and it is usually impractical to plan 
for a side-overlap of more than 80%.  The following rule adopts 70% as a sensible standard that can 
be varied on a case-by-case basis. 

• For 70% side-overlap, bridge approximately 20 strips between GCPs.  Calculate the ground 
distance between GCPs using this side-overlap percentage. 

o If less than 70% side-overlap is acquired then because this reduces the strength of the 
photogrammetric solution, the ground distance between GCPs should be reduced.  At the 
sensible limit of only 60% side-overlap, the ground distance between GCPs should be 
reduced by about 20%. 

o If more than 70% side-overlap is acquired then because this increases the strength of the 
photogrammetric solution, the ground distance between GCPs may be increased.  At 80% 
side-overlap, the ground distance between GCPs may be increased by about 20%. 

The forward-overlap between successive photos along a strip should be between 65% and 85%.  The 
following rule adopts 75% as a sensible standard that can be varied on a case-by-case basis. 

• For 75% forward-overlap, bridge approximately 20 photos along a strip between GCPs.  Calculate 
the ground distance between GCPs using this forward-overlap percentage. 

o If less than 75% forward-overlap is acquired then because this reduces the strength of the 
photogrammetric solution, the ground distance between GCPs should be reduced.  At the 

                                                           
73 These rules are used as default values in the associated Costing Tool. 
74 These rules are used as default values in the associated Costing Tool. 
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sensible limit of only 65% forward-overlap, the ground distance between GCPs should be 
reduced by about 20%. 

o If more than 75% forward-overlap is acquired then because this increases the strength of 
the photogrammetric solution, the ground distance between GCPs may be increased.  At 
85% forward-overlap, the ground distance between GCPs may be increased by about 20%. 

 

Example calculation: 

You plan to acquire photography at 70% side-overlap and 75% forward-overlap using a fixed-wing UAS.  
The camera has a 23.5 mm x 15.6 mm image array.  You plan to fly at 120 m above terrain using a 30 
mm focal length lens.   Calculate sensible distances between ground control points: 

Photo scale = 1:4,000 (computed from flying height and focal length) 
 
Ground coverage in direction orthogonal to flight lines  = 94 metres 
Flight line separation (distance between adjacent flight lines)  = (1 – 0.70) x 94 
 = 28 m 
Adopt 20 flight lines between GCPs, so the distance between GCPs  = 20 x 28 
 = 460 metres 
 
 
Ground coverage in direction of flight lines  = 62 metres 
Camera-base (distance between successive photos)  = (1 - 0.75) x 62 
  = 15.5 metres 
Adopt 20 photographs between GCPs, so distance between GCPs   = 20 x 15.5 
  = 310 metres 
 
And so the GCP distribution would be based on an ‘ideal’ grid, with about 460 metres between GCPs 
orthogonal to the flight lines, and about 310 metres between GCPs in the direction of the flight lines. 
 
If the side overlap was increased to 80%, then the distance between GCPs orthogonal to the flight lines 
could be increased to 120% x 460 = 552 metres.  If the forward overlap was reduced to 65% then the 
distance between GCPs in the direction of the flight lines should be reduced to 80% of 310 = 250 metres. 
 
 

Step 3: Rationalise ground control to ensure both horizontal and vertical accuracy 

The GCP distribution can now be rationalised to ensure it meets the requirements for both horizontal 
and vertical accuracy.  In many cases, there will be horizontal and vertical ground control points near 
each other around the perimeter of the block.  Rationalise these to meet the needs of both horizontal 
and vertical accuracy.   

The resulting GCP distribution must then be rationalised to accommodate the practical realities of site 
access.  The location of ground control will need to be decided, often in the field at the time of field 
survey, in order to ensure it can efficiently be accessed and so ensure that it will be visible in the 
photography and can be easily and reliably geolocated using GNSS. 
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Planning ground control: Example 
The figure below illustrates the application of these rules.  The flight lines are north-south; the block 
comprises 34 strips, with 42 photos in each of the longer strips.  The block was acquired with 70% 
side-overlap and 75% forward-overlap. 

Step 1: Plan ground control to ensure horizontal accuracy 

The rules recommend 8 GCPs distributed around the outside of this block.  Two additional GCPs have 
been added, one at each of the two internal corners of the block. 

 

Figure 19: Ground control to ensure the horizontal accuracy of a block. Flight lines are 
north-south; block comprises 34 strips with 42 photos in each of the longer strips.  8 
GCPs are distributed around the outside of this block; two additional GCPs have been 

added, one at each of the two internal corners of the block. 
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Step 2: Plan ground control to ensure vertical accuracy 

The rules recommend bridging 20 strips between lines of GCPs, and bridging 20 photos between GCPs 
on a controlled strip.  In the figure below, the strips that will contain vertical control are shown in light 
green; the location of GCPs are shown in dark green. 

 

Figure 20: Ground control to ensure the vertical accuracy of a block. Flight lines are 
north-south; block comprises 34 strips with 42 photos in each of the longer strips. The 

block was acquired with 70% side-overlap and 75% forward-overlap. The rules 
therefore recommend bridging 20 strips between lines of GCPs, and bridging 20 photos 
between GCPs on a controlled strip.  The strips at each side of the block contain GCPs, 

together with one additional strip within the block.  These strips are shown in light 
green.  The locations of GCPs are shown in dark green. 
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Step 3: Rationalise ground control to ensure both horizontal and vertical accuracy 

The results from Step 1 and Step 2 are combined, and rationalised to ensure the requirements of both 
are met. This is illustrated below. 

 

Figure 21: A typical GCP distribution around the perimeter of a block and through the 
internal of a block, derived from the rules recommended for horizontal and vertical 

control.  Flight lines are north-south. 
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Notes regarding camera calibration and cross-strips 
It is common practice to treat the camera calibration as unknown, for both UAS photography and for 
small format photography acquired from a manned light aircraft.  This is because the cameras are 
often ‘non-metric’; that is, they are not designed to remain geometrically stable over time.  The 
calibration parameters for the camera are set as unknowns in the photogrammetric adjustment.  In 
this case it is important to include a strong distribution of ground control and, if relevant and possible, 
to distribute the ground control across the elevation ranges within the mapped area (i.e. ensure that 
some GCPs are at locations of low elevation and others at locations of high elevation).  In UAS 
photography particularly, it may also be practical to acquire imagery at a range of flying heights, or 
some oblique photography in order to strengthen the geometric of the solution and improve the 
reliability of the camera calibration. 

Flying cross strips will, as explained elsewhere in this Guide, improve the geometric reliability of a 
block of aerial photographs.  Good practice is to fly at least two cross strips at either end of the block; 
an additional cross strip through the centre of the block will also add strength.  Cross-strips will 
particularly contribute to the vertical accuracy of the block, complementing the reliability provided by 
the recommended GCP distribution within the block. 
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9. Mapping terrain elevation 
In many forest types it is unlikely that photogrammetric techniques will provide sufficient penetration 
through the whole of the canopy to allow reliable mapping of the underlying terrain75.  If canopy data 
needs to be normalised to remove terrain height, then an accurate Digital Terrain Model (DTM) will 
be required.  This can be derived using photogrammetric techniques if aerial photography is acquired 
at a time when vegetation cover is sparse; for example following a previous harvesting operation or 
from photography acquired for establishment tree counts or for early- or possibly mid-rotation 
inventory.  However, if suitable aerial photography is not available, then a previous ALS survey is 
required. 

If an ALS survey is used for the DTM, then it is important to know that the absolute accuracy of the 
ALS DTM is adequate.  In cases where an ALS point cloud is used for both canopy height and DTM 
mapping, then absolute errors in the accuracy of the ALS data are of less concern, since they are likely 
to be present as a systematic error in both the canopy returns and the ground returns and so will not 
affect derived canopy height models.  In cases where ALS ground return data are used to normalise 
photogrammetrically derived canopy height data, any errors in the ALS terrain data will convert to 
errors in derived canopy height. 

Good practice is to use ALS calibration arrays (usually at least three sites across the ALS block that 
have open, un-vegetated ground) to assist with removal of systematic errors during the post-
processing of raw ALS data.  Differential GNSS is used to acquire a patch of ground heights at each of 
the calibration arrays, which are supplied to the ALS provider for incorporation into their processing 
workflow.  If this is not done at the time of the ALS data processing, then adjustments can still be 
applied at a later time. 

In all cases where an ALS DTM is used to normalise photogrammetric canopy height data, checks 
should be undertaken – preferably on patches of open terrain – to measure the magnitude of 
differences between the two data sources.   

 

                                                           
75 Wallace et al., 2016; Stone et al. 2016. 
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10. Summary 
These Planning Guidelines have drawn on research undertaken within the Forest and Wood Products 
Australia research project PNC326-1314: Deployment and integration of cost-effective, high spatial 
resolution, remotely sensed data for the Australian forestry industry, and are intended to assist forest 
managers to select platforms and sensors, to plan flights and photo acquisition, and to implement 
data processing workflows that will support the assessment and, where appropriate, adoption of 
photogrammetric methods in forest inventory. 

They are a response to the recent resurgence of interest in photogrammetry as an alternative to ALS76 
with the research findings from this FWPA project, together with other international research, 
indicating that modern photogrammetric methods have the capacity to map upper canopy surfaces 
with a reliability that can meet the needs of forest inventory77.  

A review of alternatives to ALS-derived canopy height models, undertaken as one component of this 
FWPA research project, highlighted a range of potential sources of canopy height data, which in turn 
can be used to derive plantation digital surface models and, when normalised by subtracting a bare 
earth digital terrain model, canopy height models (CHMs). That review paper concluded that a 
decision as to which is most suitable requires consideration of many issues.  These are largely driven 
by the purpose for which the data are acquired, but include78: 

• the spatial extent of the forest resource 
• the spatial accuracy requirements, both planimetric and vertical 
• the spatial resolution (ground sampling distance) required 
• the extent to which canopy surface data is sufficient, or whether within-canopy 

measurements are required 
• the temporal resolution – the extent to which data are required on short notice or on 

particular dates or times 
• the complexity and cost of data processing, including the capacity to process data in-house. 

The detailed operational information provided within these Guidelines, together with the online 
Costing Tool developed as one output of this FWPA research project, will assist forest managers to 
optimise their planning and acquisition of 3-dimensional point cloud data to support forest inventory. 

                                                           
76 Stone et al., 2016, Iqbal et al. (2017) 
77 Leberl et al. 2010; Järnstedt et al. 2012 
78 Stone et al. 2016 



65 
 

11. References 
Ackermann, F., 1966. On the theoretical accuracy of planimetric block triangulation, Photogrammetria, 

21(5):145–170 

Ackermann F., 1967. Bildmessung und Luftbildwesen, Wichmann Verlag, Karlsruhe, Germany. 35, 
pp114-122, 1967. Cited in Kraus (2007). 

Barrett F, McRoberts RE, Tomppo E, Cienciala E, Waser LT. 2016. A questionnaire-based review of the 
operational use of remotely sensed data by national forest inventories. Remote Sens Environ. 174: 
279–289. 

Benassi, F., Dall’Asta, E., Diotri, F., Forlani, G., Morra di Cella, U., Roncella, R. and Santise, M., 2017. 
Testing Accuracy and Repeatability of UAV Blocks Oriented with GNSS-Supported Aerial 
Triangulation. Remote Sensing, 9(2), p.172. 

Colomina, I. and Molina, P., 2014. Unmanned aerial systems for photogrammetry and remote sensing: 
A review. ISPRS Journal of Photogrammetry and Remote Sensing, 92, pp.79-97. 

Dandois JP, Ellis EC. 2010. Remote sensing of vegetation structure using computer vision. Remote Sens. 
2: 1157–1176. 

Dandois JP, Olano M, Ellis EC. 2015. Optimal altitude, overlap, and weather conditions for computer 
vision UAV estimates of forest structure. Remote Sens. 7: 13895–13920.  

Eltner, A., Kaiser, A., Castillo, C., Rock, G., Neugirg, F. and Abellán, A., 2016. Image-based surface 
reconstruction in geomorphometry–merits, limits and developments. Earth Surface Dynamics, 4(2), 
pp.359-389. 

Fazeli, H., Samadzadegan, F. and Dadrasjavan, F., 2016. Evaluating the potential for automatic point 
cloud generation in 3D rapid mapping. ISPRS-International Archives of the Photogrammetry, 
Remote Sensing and Spatial Information Sciences, pp.221-226. 

Fensham RJ, Fairfax RJ. 2002. Aerial photography for assessing vegetation change: a review of 
applications and the relevance of findings for Australian vegetation history. Austral J Bot. 50: 415–
429. 

Gatziolis D, Lienard JF, Vogs A, Strigul NS. 2015. 3D tree dimensionality assessment using 
photogrammetry and small unmanned aerial vehicles. PLOS One. 10(9): e0137765. 
Doi:10.1371/journal.pone.0137765 

Gobakken T, Bollandsos OM, Næsset E. 2015. Comparing biophysical forest characteristics estimated 
from photogrammetric matching of aerial images and airborne laser scanning data. Scand J Forest 
Res. 30: 73–86. 

Hall RJ. 2003. The roles of aerial photographs in forestry remote sensing image analysis. In: Wulder 
MA, Franklin SE, editors. Remote sensing of forest environments: concepts and case studies. 
Boston, Massachusetts, USA: Kluwer Academic Publishers.  

Harwin S, Lucieer A, Osborn J. 2015. The impact of the calibration method on the accuracy of point 
clouds derived using unmanned aerial vehicle multi-view stereopsis. Remote Sens. 7: 11933-11953. 
doi:10.3390/rs70911933 

Honkavaara E, Markelin L, Rosnell T, Nurminen K. 2012. Influence of solar elevation in radiometric and 
geometric performance of multispectral photogrammetry. ISPRS J Photogramm. 67: 13–26. 

Iqbal I., Osborn J., Stone C., Lucieer A., Dell M., McCoull C (2017) Comparison of ALS and AP point cloud 
data in a Pinus radiata plantation (Springfield study site, NE Tasmania). Research Report: FWPA 
PNC326-1314. 25pp. 2017. 



66 
 

Järnstedt J, Pekkarinen A, Tuominen S, Ginzler C, Holopainen M, Viitala R. 2012. Forest variable 
estimation using a high-resolution digital surface model. ISPRS J Photogramm. 74: 78–84. 

Jensen JLR, Mathews AJ. 2016. Assessment of image-based point cloud products to generate a bare 
earth surface and estimate canopy heights in a woodland ecosystem. Remote Sens. 8: 50; 
doi:10.3390/rs8010050 

Kelcey J, Lucieer A. 2012. Sensor correction of a 6-band multispectral imaging sensor for UAV remote 
sensing. Remote Sens. 4: 1462–1493. 

Kraus, K., 2007. Photogrammetry: geometry from images and laser scans. Walter de Gruyter. 

Lacey M., Osborn J., Iqbal I., Dell M., McCoull C., Stone C., Caccamo G. Comparison of photogrammetric 
derived point clouds and airborne laser scanned point clouds collected for eucalypt plantations in 
the ‘Green Triangle’ region of Victoria. Research Report: FWPA PNC326-1314. 33pp. 2017. 

Leberl F, Irschara A, Pock T, Meixner P, Gruber M, Scholz S, Wiechert A. 2010. Point clouds: Lidar versus 
3D vision. Photogramm Engin Rem S. October:1123–1134. 

Lefsky MA, Cohen WB, Spies TA. 2001. An evaluation of alternate remote sensing products for forest 
inventory, monitoring, and mapping of Douglas-fir forests in western Oregon. Canadian Journal of 
Forest Research, Vol.31, Issue 1: 78-87. 

Lisein J, Pierrot-Deseilligny M, Bonnet S, Lejeune P. 2013. A photogrammetric workflow for the 
creation of a forest canopy height model from small unmanned aerial; system imagery. Forests. 4: 
922–944. 

Micheletti N, Chandler JH, Lane SN. 2015. Structure from motion (SFM) photogrammetry. In: Clarke 
LE, Nield JM, editors. Geomorphological techniques (online edition). London: British Society for 
Geomorphology. ISSN: 2047–0371, Chapter 2, Sec. 2.2. 

Morgan, J.L., Gergel, S.E. and Coops, N.C., 2010. Aerial photography: a rapidly evolving tool for 
ecological management. BioScience, 60(1), pp.47-59.  

Næsset E. 2002. Determination of mean tree height of forest stands by digital photogrammetry. Scand 
J Forest Res. 17: 446–459. 

Paine DP, Kiser JD. 2012. Aerial photography and image interpretation. 3rd Ed. Queensland: John 
Wiley & Sons. 

Powell L., 2017. Survey Control and Quality Assurance for Aerial Imagery and Elevation Models across 
NSW. Proceedings of the 22nd Association of Public Authority Surveyors Conference (APAS2017), 
Shoal Bay, New South Wales, Australia, 20-22 March 2017, pp32-47. 

Remondino F, Spera MG, Nocerino E, Menna F, Nex F. 2014. State of the art in high density image 
matching. Photogram Rec. 29: 144–166. doi:10.1111/phor.12063 

Snavely N, Simon I, Goesele M, Szeliski R, Seitz S. 2010. Scene reconstruction and visualization from 
community photo collections. Proc IEEE. 98: 1370–1390.  

Stone, C., Webster, M., Osborn, J. and Iqbal, I., 2016. Alternatives to LiDAR-derived canopy height 
models for softwood plantations: a review and example using photogrammetry. Australian 
Forestry, 79(4), pp.271-282. 

St-Onge B, Vega C, Fournier RA, Hu Y. 2008. Mapping canopy height using a combination of digital 
stereo-photogrammetry and lidar. Int J Remote Sens. 29: 3343–3364. 

Turner D, Lucieer A, Watson C. 2012. An automated technique for generating georectified mosaics 
from ultra-high resolution unmanned aerial vehicle (UAV) imagery, based on structure from motion 
(SfM) point clouds. Remote Sens. 4: 1392–1410. 



67 
 

Vastaranta M, Wulder MA, White JC, Pekkarinen A, Tuominen S, Ginzler C, Kankare V, Holopainen M, 
Hyyppä J, Hyyppä H. 2013. Airborne laser scanning and digital stereo imagery measures of forest 
structure: comparative results and implications to forest mapping and inventory update. Can J 
Remote Sens. 39: 382–395. 

Vautherin, J., Rutishauser, S., Schneider-Zapp, K., Choi, H.F., Chovancova, V., Glass, A. and Strecha, C., 
2016. Photogrammetric accuracy and modeling of rolling shutter cameras. ISPRS Annals of 
Photogrammetry, Remote Sensing & Spatial Information Sciences, 3(3). 

Wallace L, Lucieer A, Watson C, Turner D. 2012. Development of a UAV-LiDAR system with application 
to forest inventory. Remote Sens. 4: 1519–1543. 

Wallace L, Lucieer A, Watson C. 2014a. Evaluating tree detection and segmentation routines on very 
high resolution UAV LiDAR data. IEEE T Geosci Remote. 52: 7619–7628. 

Wallace L, Watson C, Lucieer A. 2014b. Detecting pruning of individual stems using Airborne Laser 
Scanning data captured from an Unmanned Aerial Vehicle. Int J Appl Earth Obs. 30: 76–85. 

Wallace L, Lucieer A, Malenovsky Z, Turner D, Vopĕnka P. 2016. Assessment of forest structure using 
two UAV Techniques: a comparison of airborne laser scanning and structure from motion (SfM) 
point clouds. Forests. 7: 62; doi:10.3390/f7030062.  

Westoby MJ, Brasington J, Glasser NF, Hambrey MJ, Reynolds JM. 2012. ‘Structure-from-Motion’ 
photogrammetry: a low-cost, effective tool for geoscience applications. Geomorphology. 179: 
300–314. 

White JC, Wulder MA, Vastaranta M, Coops NC, Pitt D, Woods M. 2013. The utility of image-based 
point clouds for forest inventory: a comparison with airborne laser scanning. Forests. 4: 518–536. 

Whitehead K, Hugenholtz CH. 2014. Remote sensing of the environment with small unmanned aircraft 
systems (UASs), Part 1: a review of progress and challenges. J Unmanned Vehicle Systems. 2: 69–
85. 

Wijanarto A, Osborn J. 2007. Mapping canopy height of radiata pine plantation in Tasmania, Australia 
using softcopy photogrammetry. Int J Geoinformatics. 3: 61–71. 

Zarco-Tejada PJ, Diaz-Varela R, Angileri V, Loudjani P. 2014. Tree height quantification using very high 
resolution imagery acquired from an unmanned aerial vehicle (UAV) and automatic 3D photo-
reconstruction methods. Euro J Agron. 55: 89–99. 

 

  



68 
 

12. Appendix 1: Comparing costs –platforms and flight planning 
This section of the Guide is intended to assist forest managers to compare the cost of acquiring aerial 
photography using different platforms (UAS or light aircraft), different cameras, different flight 
planning parameters (ground sampling distance, forward overlap, side overlap), and different 
solutions to the measurement of external orientation (on-board GNSS or ground control). 

The following sections detail each of these planning decisions.  The platform and flight planning 
options listed and described are also the input parameters and variables for an online costing tool 
developed as part of this FWPA research project. 

Note that this section and the costing tool address ‘in-house’ planning and acquisition of aerial 
photography and associated ground control.  This section and the costing tool do not address 
outsourcing of the planning and acquisition of aerial photography and associated ground control to 
commercial providers and, particularly, do not address the cost of purchasing aerial photography from 
specialist commercial providers using mid- and large-format dedicated mapping cameras in aircraft 
equipped with sophisticated GNSS/IMU positioning instrumentation.  These costs should be sourced 
from the commercial providers. 

Note also that this section and the costing tool address acquisition of aerial photography and 
associated ground control.  They do not address the cost of purchasing photogrammetry software or 
the in-house cost of processing aerial photography to generate dense point clouds. 

The following sections describe how each of the costs associated with acquiring aerial photography 
and establishing ground control are implemented in the costing tool.  The costing tool has default 
values for all parameters and variables, any of which can be changed by the user.  Costs, where stated 
are reasonable estimates (AUD, 2017). 

 

Figure A-1: The platform, sensor and flight planning described in these Guidelines have 
been implemented as an online costing tool. 
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Platform specifications 
The costing tool provides four choices of platform: multi-rotor UAS, fixed-wing UAS, and two light 
aircraft options (nominally based on a choice between e.g. a Cessna 172 single engine 4 seat aeroplane 
and a Cessna 206 single engine 6 seat aeroplane with higher cruise speed but higher cost). 

The costing tool uses the following default parameters, any of which may be changed by the user. 

Parameter Units Multi-rotor 
UAS 

Fixed-wing 
UAS 

Light Aircraft 1 Light-Aircraft 2 

ground speed (not on flight 
lines) 

km.hr-1 30 80 220 260 

ground speed (on flight lines) km.hr-1 30 50 180 180 

aircraft/UAS cost $. hr-1 80 80 400 700 

staff cost $. hr-1 80 80 80 80 

travel time: staff travel from 
work base to airport 

hr n/a n/a as per user 
input 

as per user 
input 

 

Explanatory notes: 

i. UAS cost is based on purchase cost and estimated total number of flying hours for the life of 
the UAS.  This depreciation cost is a business decision that carries some risk, particularly for 
an uninsured UAS where the life of the asset is unpredictable. A reasonable, recommended 
deprecation might plan for 250 hours from a $20,000 UAS, hence a default hourly depreciation 
cost of $80 in the costing tool. 

ii. Staff cost is the hourly cost of staff assigned to the aerial photography acquisition.  In the case 
of acquisition from a light aircraft, the staff cost will be calculated for the total time of the 
campaign, including travel time from their work base to the airport, time on aircraft, and travel 
time from the airport returning to their work base. In the case of acquisition using a UAS, the 
staff cost will include travel time from their work base to the forest site (and up to two 
additional forest sites) and their return to the work base; travel times are based on a 
reasonable average vehicle speed (80 km.hr-1). 

Flight planning specifications 
The costing tool includes specifications for the flight planning.  The parameters are shown in the table 
below.  The specified GSD and the dimension of a single pixel on the imaging array are used to compute 
the photoscale.  Photoscale, together with forward and side overlap (percentage) are used to compute 
the camera base (distance travelled along a strip between successive exposure stations) and flight line 
separation (distance between adjacent flight lines).  
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Parameter Units Example values Notes  

imaging array:  along-track dimension mm 36 For e.g. a full frame DSLR 

imaging array:  across-track dimension mm 24 

dimension of a single image pixel mm 0.008  

ground sampling distance (GSD) m 0.10  

photo overlap: forward overlap % 80  

Side overlap % 70  

    

 

Explanatory notes: 

i. Pixel dimension is the average of the x and y dimensions of a pixel on the imaging array.  If not 
published in the camera specifications, it can be computed using the published physical 
dimensions of the array (mm) and the number of pixels in the x and y directions of the image. 

ii. Forward overlap will not add cost to the aerial photo acquisition, since it only affects frame 
rate (time between successive photographs along a strip).  However, it does influence the 
requirements for ground control. 

iii. Side overlap does add cost to the aerial photo acquisition, since it reduces the distance 
between flight lines and therefore increases the number of flight lines.  It does also influence 
the requirements for ground control. 

Site specifications 
The costing tool allows costs to be estimated for either one, two or three sites.  The parameters are 
shown in the table below, in this case for three sites and so with the return to base distance entered 
for the last of the three sites. 

Parameter Units Example values 

Distance from base to site 1 km 120 

Site dimensions length km 3 

breadth km 1.5 

time per turn (at end of each strip) minutes 1.5 

Distance – return to airport/base km n/a 
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Parameter Units Example values 

Distance between successive sites km 50 

Site dimensions length km 2.5 

breadth km 2.5 

time per turn (at end of each strip) minutes 1.5 

 km n/a 

 

Parameter Units Example values 

Distance between successive sites km 40 

Site dimensions length km 2.0 

breadth km 1.5 

time per turn (at end of each strip) minutes 1.5 

Distance – return to airport/base km 180 

 

Explanatory notes: 

i. If the platform selected is a UAS then the costing tool computes the travel time by road (based 
on distances to site 1, distances between successive sites, and distance for return home) using 
an average travel speed (80 km.hr-1) and the hourly cost specified for photography crew. 

ii. If the platform selected is a light aircraft then the costing tool computes the travel time by air 
(based on distance from the airport to site 1, distances between successive sites, and the 
return distance from the last site to the airport) using the specified aircraft cruising speed, 
plus travel time from the work base to the airport and return, and the hourly cost specified 
for photography crew.  
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Costing – aerial photography 
The cost of acquiring aerial photography is computed from the user-specified input parameters.  The 
following tables summarises the component inputs and costs, with the green shaded cells indicating 
that the user-input value or the computed value results in a cost (either a platform cost or a staff cost). 

 

Input values 

Light aircraft UAS 

Platform 
cost 

Staff 
cost 

Platform 
cost 

Staff 
cost 

Hourly cost of platform     

Distance from work-base to airport     

Distance from airport to Site 1     

Distance from work-base to Site 1     

Distance from Site 1 to Site 2     

Distance from Site 2 to Site 3     

Distance from Site 3 return to airport     

Distance from Site 3 return to work-base     

Dimensions of Site 1     

Dimensions of Site 2     

Dimensions of Site 3     

Light aircraft – cruising ground speed     

Light aircraft – photo acquisition ground speed     

UAS – road travel speed     

UAS – photo acquisition ground speed     

UAS – flight duration     

UAS – battery change delay     

Dimensions of imaging array     

Pixel size of imaging array     

Ground Sampling Distance     

Forward Overlap     

Side Overlap     

 

  



73 
 

 

Computed Values 

 

Light aircraft UAS 

Platform 
cost 

Staff 
cost 

Platform 
cost 

Staff 
cost 

Travel time from work base to airport     

Travel time from airport to Site 1     

Travel time from work-base to Site 1     

Travel time from Site 1 to Site 2     

Travel time from Site 2 to Site 3     

Travel time from Site 3 return to airport     

Travel time from airport to work-base     

Travel time from Site 3 return to work-base     

Number of strips in each block for each site     

Number of photos along each strip for each site     

Total time flying strips at each site     

Total time turning aircraft/UAS at each site     

Flight duration (aircraft range, UAS flight time)     

Total time for battery replacement at each site     

 

Costing – ground control 
As described in these Guidelines, photogrammetry requires a solution for the exterior orientation of 
the camera at each photographic exposure station.  This can be achieved either using on-board high 
accuracy GNSS equipment and a post processed solution, or using ground control points distributed 
around the perimeter and throughout the region photographed in the block.  Recommendations are 
provided in these Guidelines for the amount and distribution of ground control points. 

Both options result in costs.  In the case of using on-board high accuracy GNSS equipment, there will 
be an additional hourly cost for hiring a light aircraft or an additional purchase cost for a UAS.  In the 
case of using ground control points there will be the additional labour cost, plus some materials costs. 
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In the case of using ground control points, the costing tool computes a GCP distribution using the 
recommendations provided in these Guidelines: 

• either 4, 8 or 16 GCPs distributed around the perimeter of the block of photography 
• and within the block: 

o bridging 20 strips between GCPs for 70% side overlap, increasing or decreasing the 
distance between GCPs for higher or lower side overlap respectively; 

o bridging 20 photos along each controlled strip for 75% forward overlap, increasing or 
decreasing the distance between GCPs for higher or lower forward overlap 
respectively. 

o NOTING that the default values (20 strips, 20 photos along controlled strips) can be 
changed by the user using the “Change GCP Rules” function. 

As noted in these Guidelines, a more flexible approach is inevitably required in the field, but these 
rules provide for a sensible estimation of the total number of ground control points placed. 

 

Input values 

GCP costs 

Staff cost Materials 
cost 

Dimensions of imaging array   

Pixel size of imaging array   

Specified Ground Sampling Distance (GSD)   

Specified forward overlap   

Specified side overlap   

Dimensions of the site length   

 breadth   

   

Computed Values   

Number of GCPs placed around the perimeter of the block   

Number of strips bridged between lines of GCPs   

Number of photos bridged along a controlled strip   

Distance between adjacent strips   

Camera base: distance between successive photos   

Number of GCPs within the block   
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13. Appendix 2: Photogrammetry processing: workflow and 
performance 

Introduction 
There is an increasing availability of software that uses SfM-MVS methods to derive point cloud data 
from photography.79  Although the specific workflows to arrive at the point cloud will vary amongst 
different software packages, the typical workflow to generate a dense point cloud from aerial 
photographs comprises the steps detailed in e.g Smith et al. (2015) and Stone et al. (2016). 

A useful resource is the summary of photogrammetry software is currently maintained on a Wikipedia 
page80.  Some of these are specialised for close-range and terrestrial (ground-based) photogrammetry 
and some are highly consumerised products aimed at, for example, the 3D printing market. This site 
does not currently identify which of the software use SfM-VMS algorithms.  While not endorsing any 
particular vendor or software, the following products employ SfM-VMS methods, are quite widely 
tested and reported, and have been used in the application of UAS or manned aircraft 
photogrammetry to forest mapping: Photoscan (AgiSoft LLC, Russia), Pix4Dmapper Pro (Pix4D SA, 
Switzerland), and MicMac (IGN & ENSG)81. 

Software such as Photoscan and Pix4D provide a largely automated SfM-MVS pipeline, taking as input 
a block of overlapping images, any measured exterior orientation data (e.g. GNSS exposure station 
location data, IMU exposures station orientation data, and ground control point (GCP) data), and 
processing the block of photographs through the steps of feature identification, matching, 
photogrammetric bundle adjustment, and dense point cloud82. Software in this area is advancing 
rapidly, improving the reliability of the output data and increasing the speed of data processing83. 

SfM-MVS photogrammetry84  
SfM-MVS photogrammetry has its roots in traditional stereo-photogrammetry, which has been 
employed in forestry over many years using large-format calibrated film cameras or, more recently, 
mid-format or small-format calibrated digital cameras.  The photogrammetric process for SfM-MVS 
begins with automatic identification of features within images, then tracks and matches those features 
across multiple images. A significant advance that underpins SfM-MVS photogrammetry is the 
reliability of the feature-matching component of the workflow, using methods to describe features 
that are largely invariant with respect to scale, viewing angle and illumination.85 

A photogrammetric bundle adjustment solution for the location and orientation of each camera 
exposure station and the internal geometry of the camera (focal length and radial lens distortion 
parameters), together with a sparse point cloud representing the identified features, is iteratively 
computed as additional multiple matches are established for image features.86  A consequence of this 
approach to image matching is that performance is substantially improved if the separation between 

                                                           
79 See for example Eltner et al., 2015. 
80 https://en.wikipedia.org/wiki/Comparison_of_photogrammetry_software  Accessed May 2017. 
81 IGN: French National Geographic Institute; ENSG: French National School for Geographic Sciences. 
82 E.g. Dandois & Ellis 2013; Smith et al. 2015. 
83 Hirschmüller 2008; Nurminen et al. 2013; Smith et al. 2015. 
84 This introduction to SfM-MVS photogrammetry is summarised from Stone et al (2016). 
85 Snavely et al. 2010; Westoby et al. 2012; Jensen & Mathews 2016 
86 James & Robson 2012; Westoby et al. 2012; Micheletti et al. 2015 

https://en.wikipedia.org/wiki/Comparison_of_photogrammetry_software
https://en.wikipedia.org/wiki/Comparison_of_photogrammetry_software
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images along a flight line, and between flight lines, is reduced, because this improves the capacity to 
track features and increases redundancy in the solution.87 

Photogrammetric methods allow for the use of uncalibrated cameras, with the process of camera 
calibration included in the photogrammetric solution. This approach relies on a mathematically robust 
camera geometry: preferably a high number of convergent, highly overlapping photographs88. Harwin 
et al. (2015) investigated the impact of different calibration methods on the accuracy of derived dense 
point clouds (derived from UAS photography), with their study highlighting the importance of careful 
camera calibration, whether pre-calibration or within the SfM-MVS process, and the benefits of 
additional ground control and oblique photography. 

Following the SfM-MVS solution for the location and orientation of each exposure station and 
generation of a sparse point cloud, multi-view stereopsis (MVS) is used to match multiple images at 
very high resolution and thus to derive a dense 3D point cloud. Multi-image matching results in 
considerable point redundancy, which is critical for reducing the opportunity for occlusions and false 
matches, and therefore improves the reliability and geometric accuracy of the output 3D data89. 
Advances in MVS image-matching algorithms are resulting in very high-resolution point clouds, with 
considerably fewer gross image-matching errors compared with earlier stereo-matching algorithms90. 

SfM-MVS Photogrammetry Workflow (AgiSoft Photoscan) 
Agisoft Photoscan was released in 2010 and is widely used for 3D point cloud generation and 
orthophotos production. It is the software that has been used for the photogrammetry reported in 
this FWPA research project, and so the following summary documents the workflow for this software.  
The workflow is broadly representative of that used in other SfM-MVS software.  The following 
workflow complements the Agisoft Photoscan User Manual 91  and includes recommendations 
intended to optimise the quality of dense canopy point clouds based on the experiences learned in 
this FWPA research project. These recommendations will need to be translated appropriately for 
those using other software products. 

The PhotoScan workflow is: 

1. load images 
2. align photos 
3. build dense point cloud 
4. build mesh 
5. build model texture 
6. build tiled model 
7. build digital elevation mode 
8. build orthomosaic 
9. export results. 

  

                                                           
87 Westoby et al. 2012 
88 Remondino & Fraser 2006 
89 White et al. 2013 
90 Snavely et al. 2010; Remondino et al. 2014; Micheletti et al. 2015 
91 AgiSoft Photoscan User Manual: http://www.agisoft.com/pdf/photoscan-pro_1_3_en.pdf (2017) 

http://www.agisoft.com/pdf/photoscan-pro_1_3_en.pdf
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The following notes apply to those parts of the process required for 3D point cloud generation. 

 

1. Load images 

The inputs to this stage of the workflow are the images, any on-board GNSS data, and any camera 
calibration data.  When loading images, select from standard image format options.  Recommended 
formats are: lossless jpg or tiff.  If loading on-board GNSS data, GNSS input file format can be selected 
from a various proprietary on-board GNSS navigation data formats 

2. Align photos 

In this stage of the workflow, the software searches for conjugate (matching) image points across all 
images and executes a photogrammetric bundle adjustment.  Outputs are computed camera location 
and orientation data for each exposure station, a refined camera calibration (if the calibration is not 
set to be fixed), and a sparse point cloud.  

In addition to computing data required for the following stages in the workflow, this stage also 
provides a useful assessment of ground control point accuracy, photo overlap and point cloud 
coverage for the study area. It is possible to export the sparse point cloud and use if for low resolution 
products, such as for rapid orthophotos production. 

Notes: 

• It is not necessary to initially select any GCPs on the photos in order to execute stage and 
choosing to defer selection of the GCPs can result in improved results from the align phase.  

• Execute High Align using default settings: 40000 points and 4000 tie points 
• If using GCPs, select approx. 6 well-defined (easily measured, unambiguous) ground control 

points from across the block.  Use the “Filter by Markers” tool to select photos containing 
these selected GCPs and identify the GCPs on at least 3 photos, preferably from different flight 
lines. Manually enter the ground control coordinates for these GCPs at this time 

• Set the map datum and projection in settings (e.g. GDA94 Zone 55) 
• Update the alignment. DO NOT OPTIMIZE at this time. 
• Import the ground control text file by selecting Load Markers. Click on “Add All” new Markers 

when prompted. 
• Identify all visible ground control using ‘Filter by Markers’ to select photos containing selected 

ground control markers. Take time to carefully identify the centre of the ground control: THIS 
IS AN IMPORTANT STEP FOR ACCURATE POINT CLOUDS. The projected position (predicted by 
the software) of each control point needs to be checked and adjusted if necessary to maximise 
the accuracy of these observations. 

• If the solution is using GCPs (rather than accurate GNSS exposure station coordinates) then 
uncheck any camera location data that may have been loaded from the exif data attached to 
images. 

• Update the model as the control is added.  Stable point clouds with reliable ground control 
generally do not need optimising for good results. Large error values for individual control 
points should be scrutinised for incorrect marker placement of errors in the GCP data.  

• If camera calibration is included in the solution, then optimise the camera calibration 
parameters (f, fx, fy, k1, k2, k3, p1, p2). 

  



78 
 

3. Build dense point cloud 

Using the camera alignment data (exposure station location and orientation data) and camera 
calibration data, the software computes a dense point cloud of matched image points.  Two 
Reconstruction Parameters require specification: 

i. The “Quality” parameter specifies the resolution of the photography to be used in the image 
matching process.  Selecting “Ultra High” means that the full resolution of the images will be used; 
“High” uses a 50% reduction in image resolution (a 4x reduction in image size); and so on for lower 
Quality parameters.  For canopy mapping, we recommend the “High” setting.  The Ultra High 
setting can result in very long processing times and can result in undesirable levels of noise in the 
3D data. 

ii. The “Depth Filtering Mode” controls outlier identification and removal for points in the dense 
point cloud.  For complex scenes, and for forest canopy mapping we recommend using the “Mild” 
depth filtering.  For scenes where complex changes in point location are not expected, or when 
more heavily filtered 3D point data is preferred, use “Moderate” or “Aggressive” filtering. 

Following computation of the dense point cloud, filter the ground points.  The following settings are 
recommended: Max Angle: 45; Max distance: 1.2 to 1.5 times pixel size.  

4. Build mesh (not a point cloud operation) 

 

5. Build model texture (not a point cloud operation) 

 

6. Build tiled model 

Image, 3D model and dense cloud data can be tiled within the software. This is useful when working 
with the large dense point clouds or high resolution orthophotos. Complete data folders for large 
projects can easily exceed 500 GB while point cloud datasets and orthophotos can also be very large.  
The tiling of exported .LAZ or .LAS files makes their processing much more efficient and manageable 
within e.g. LAStools. 

7. Build digital elevation model (not a point cloud operation) 

 

8. Build orthomosaic (not a point cloud operation) 

 

9. Export results 

The software provides a wide variety of data export options: 

• The standard formats for exported 3D point cloud data are LAZ or LAS format.  Use the tile 
option to export as 1 km by 1 km tiles.  Select classified data to export above terrain points 
separately from bare earth data. 

• Meshed data can be exported as e.g.  GeoTIFF, Arcinfo ASCII grid, VRML models, Stanford PLY 
format, Google Earth KMZ format. 
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Minimum and recommended computer specifications 
The following recommended computer specifications are based on the photogrammetric processing 
undertaken in this FWPA project using AgiSoft Photoscan software.  They may differ for other software.  
Also provided below are recommendations for cloud based computing. 

Basic configuration up to 32 GB RAM 

CPU Quad-core Intel Core i7 CPU, Socket LGA 1150 or 1155 (Kaby Lake, Skylake, Broadwell, 
Haswell, Ivy Bridge or Sandy Bridge) 

Motherboard Any LGA 1150 or 1155 model with 4 DDR3 slots and at least 1 PCI Express x16 slot 

RAM DDR3-1600, 4 x 4 GB (16 GB total) or 4 x 8 GB (32 GB total) 

GPU Nvidia GeForce GTX 980 or GeForce GTX 1080 (optional) 

Advanced configuration up to 64 GB RAM 

CPU Octa-core or hexa-core Intel Core i7 CPU, Socket LGA 2011-v3 or 2011 (Broadwell-E, 
Haswell-E, Ivy Bridge-E or Sandy Bridge-E) 

Motherboard Any LGA 2011-v3 or 2011 model with 8 DDR4 or DDR3 slots and at least 1 PCI Express x16 
slot 

RAM DDR4-2133 or DDR3-1600, 8 x 4 GB (32 GB total) or 8 x 8 GB (64 GB total) 

GPU Nvidia GeForce GTX 980 Ti, GeForce GTX 1080 or GeForce TITAN X. Multiple GPUS for 
Maximum performance 

Server configuration up to 768 GB RAM 

CPU High Frequency Data Centre Xeon E5-2000 v4 family 3.0+ Ghz 

Motherboard Any Dual or Quad socket Motherboard with 24 DDR4 or DDR3 slots and at least 2 PCI 
Express x16 slot 

RAM DDR4-2400 or DDR4-2133, 24 x 16 GB (384 GB total) or 24 x 32 GB (768 GB total) 

GPU Nvidia GeForce GTX 1080 Ti, GeForce GTX 1080 or GeForce TITAN X Pascal. Multiple GPUS 
with high RAM (12 GB) for Maximum performance 

Amazon EC2 instance up to 1952 GB RAM 

CPU up to 128 Virtual CPUs 

GPU up to 349 compute units 

Cost from $1 to $8 per hour. 

Notes If using cloud computing, a recommended approach is to complete the Align and GCP 
measurement stages on a local PC and then use the Cloud Services to build the dense point 
cloud and the mesh. 
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Photogrammetry data processing: memory and processing times 
The following tables provide a summary of memory requirements and processing times for 
photogrammetric processing.  These are based on the work undertaken for this FWPA research project.  
Data is for AgiSoft Photoscan version 3. 

Memory requirements 
The building mesh/geometry stage usually has the largest memory footprint, especially if the model 
is constructed using the Medium or High quality options. For aerial photography processing PhotoScan 
implements a special “height-field” processing mode, which is highly optimized for this kind of data. 
It allows for the processing of many more photos (several hundreds or thousands), than is possible 
using “Arbitrary” processing mode.  Memory consumption during photo alignment is typically lower, 
but can be comparable or even exceed the amount of memory required for model building in Point 
Cloud mode, or in Low quality mode. 

Aligning Photos 
Memory consumption during photo alignment depends mainly on the number of photos being aligned, 
and largely does not depend on the resolution of individual photos. 

Number of photos 100 200 500 1000 2000 5000 10000 

Memory consumption 500 MB 1 GB 2.5 GB 5 GB 10 GB 25 GB 50 GB 
 

Building Model (Height-field mode) 
Memory consumption in Height-field mode depends on the number of photos, their resolution, 
selected quality and overlap. Dependency on the number of photos and their resolution is 
approximately linear.  In the following table approximate memory consumption for 12 MPix photo 
resolution is listed in the Table below. 

Number of photos 100 200 500 1000 2000 5000 10000 

Lowest quality 25 MB 50 MB 125 MB 250 MB 500 MB 1.25 GB 2.5 GB 

Low quality 100 MB 200 MB 500 MB 1 GB 2 GB 5 GB 10 GB 

Medium quality 400 MB 800 MB 2 GB 4 GB 8 GB 20 GB 40 GB 

High quality 1.6 GB 3.2 GB 8 GB 16 GB 32 GB 80 GB 160 GB 

Ultra high quality 6.4 GB 12.8 GB 32 GB 64 GB 128 GB 320 GB 640 GB 
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Building Model (Arbitrary mode) 
Arbitrary processing mode is designed for processing compact objects, mainly captured from the 
ground level. It can be used to process data sets containing up to several hundreds of photos, but 
typically much fewer. Memory consumption in Arbitrary mode depends on the number of photos, 
their resolution and overlap, selected quality level and also on the shape of the object. Dependency 
on the photo resolution is approximately linear. 

In the following table approximate memory consumption for 12 MP photo resolutions is listed. Note 
that memory consumption depends significantly on the kind of object being processed. 

Photos 20 - 50 100 200 500 

Lowest quality 100 MB - 300 MB 150 MB - 450 MB 300 MB - 1 GB 1 GB - 3 GB 

Low quality 500 MB - 1.5 GB 750 MB - 2.2 GB 1.5 GB - 4.5 GB 4 GB - 12 GB 

Medium quality 2 GB - 6 GB 3 GB - 9 GB 6 GB - 18 GB 15 GB - 45 GB 

High quality 8 GB - 24 GB 12 GB - 36 GB 24 GB - 72 GB 60 GB - 180 GB 

Ultra high quality 32 GB - 96 GB 48 GB - 144 GB 96 GB - 288 GB 240 GB - 720 GB 

 
Decimating Model 
The amount of memory required for model decimation depends only on the initial polygon count. It 
does not depend on the target face count, and thus breaking decimation into small steps will not help 
to reduce memory consumption. 

 

Faces (millions) 1 5 10 20 50 100 200 500 

Memory consumption 128 MB 640 MB 1.3 GB 2.5 GB 6.2 GB 12.5 GB 25 GB 63 GB 
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Processing times 
The following empirical data provide an indication of processing times.  These data are for Agisoft Photoscan [version 3] running on a PC configured as per 
“Advanced Configuration” (above) but with 320MB RAM.  Processing times are for the digital photography used in this FWPA project: image size is 20 MPixel.  
Comparable tests using 50 MPixel images showed increased processing time, particularly for computing dense cloud depth maps for a large number of photos 
(500 photos, 50 MPixel images: 14 hours processing time). 

Number of photos 100 200 500 1000 

Image size (megapixels) 20 20 20 20 

Effective Overlap 2.37 2.37 2.37 2.37 

Dense Cloud Point number 74107524 144871189 350544265 640839597 

 h:mm:ss h:mm:ss h:mm:ss h:mm:ss 

Align Photos (High Default Generic) 00:00:23 00:00:54 00:02:58 00:07:26 

Matching Time 00:05:07 00:12:48 00:43:38 02:06:00 

Measuring Ground Control ** 
(0.5 min. per point per photo) 

00:50:00 01:20:00 04:10:00 08:20:00 

Optimize 00:00:01 00:00:02 00:00:04 00:00:15 

Dense Cloud - Depth Maps 00:13:33 00:22:27 00:58:04 01:47:00 

Dense Cloud - Dense Cloud generation 00:15:29 00:33:30 01:46:00 03:51:00 

Export Points 00:04:00 00:11:00 00:32:00 01:11:00 

Total processing time 1:28:33 2:40:41 8:12:44 17:22:41 

* Water deleted 
** Note that this process required human input for each GCP and so depends on visibility of GCPs in the images. 
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14. Appendix 3: Template specifications 
Many organisations will already have templates to support requests for quotations for the provision 
of ALS/LiDAR or aerial photography and derived products.  In Australian and New Zealand the ALS 
templates may be based on ICSM Specifications and Tender Templates 92.  Readers should refer 
particularly to: 

• ICSM Guidelines for Digital Elevation Data VERSION 1.093 
• ICSM Australian Map and Spatial Data Horizontal Accuracy Standard94 

The following checklist is intended to assist organisations to adapt their templates to support 
acquisition of aerial photography from a variety of platforms and sensors and for the derivation and 
supply of dense photogrammetric point cloud data.  The following assumes that a frame imaging 
camera is employed (rather than a line scanning or oscillating lens camera). 

  

                                                           
92 ICSM templates for LiDAR can be accessed at: http://www.icsm.gov.au/elevation/index.html  
93 ICSM Guidelines for Digital Elevation Data VERSION 1.0 can be accessed at: 
http://www.icsm.gov.au/elevation/ICSM-GuidelinesDigitalElevationDataV1.pdf  
94 ICSM Australian Map and Spatial Data Horizontal Accuracy Standard (2009) can be accessed at: 
http://www.icsm.gov.au/topo/Spatial_Data_Horizontal_Accuracy.pdf  

http://www.icsm.gov.au/elevation/index.html
http://www.icsm.gov.au/elevation/ICSM-GuidelinesDigitalElevationDataV1.pdf
http://www.icsm.gov.au/topo/Spatial_Data_Horizontal_Accuracy.pdf
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Project Specifications (notes and examples) 
 
Specify Datum and Coordinates  
Specify horizontal 
datum 

e.g. Geocentric Datum of Australia 1994 (GDA94) 

Specify vertical datum e.g. orthometric referenced to the Australian Height Datum (AHD) or 
ellipsoidal (GDA94) – as required in order to be consistent with the 
vertical datum of other data, particularly any existing ALS terrain data.   

Specify map projection e.g. Map Grid of Australia (MGA). 
 
Specify flight planning specifications 
Photography  Specify maximum Ground Sampling Distance (GSD) 

Specify maximum permissible image blur (due to forward motion) 
Specify forward overlap (%) 
Specify side overlap (%) 
Specify whether photo coverage is to extend beyond boundaries of 
mapped area; if so by how much.  

Environmental 
conditions 

Specify minimum solar altitude 
Specify maximum wind speed 
Specify no cloud, cloud shadow, smoke or haze obscuring image 

Photo acquisition 
specifications 

Specify any requirements for minimum image format size 
Specify minimum focal length for image format sizes 

 
Photogrammetric processing 
Photogrammetry Imagery to be processed using dense point cloud photogrammetric 

methods (e.g. Structure from Motion Multi-View Stereopsis, SfM-MVS, 
photogrammetry) 

 
Specify resolution and accuracy of derived data 
Dense point cloud 
resolution 

Specify minimum points per square metre on well-defined surfaces 

Point accuracy Specify minimum accuracy (horizontal) on a well-defined point 
 Specify minimum accuracy (vertical) on a well-defined point 
 
Deliverables 
Point cloud data Specify requirements for tiles and preferred (e.g. LAS/LAZ point cloud 

format) 
Pint cloud classification Specify any point cloud classification required 
Naming conventions As per organisation’s conventions 
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Metadata specifications (notes and examples) 
 
Datum and Coordinates  
Horizontal datum  
Vertical datum  
Map Projection  
 
Acquisition specifications 
Platform specifications Nominal flying height above terrain 

Ground speed 
Camera specifications Camera make and model 

Imaging array specifications (physical dimensions in millimetres; image 
dimensions in pixels) 

Photo specifications Focal length 
Aperture or aperture range used during photo acquisition 
Shutter speed or shutter speed range used during photo acquisition 

Overlap Forward overlap (%) 
Side overlap (%) 

Photography Maximum Ground Sampling Distance (GSD) 
Maximum image blur (due to forward motion) 

Environmental 
conditions 

Minimum solar altitude 
Maximum wind speed 

  
Photogrammetric processing 
Photogrammetry Document processing workflow: 

- summary of image pre-processing (image enhancement, colour 
balancing, etc) 

- camera calibration: state whether fixed calibration applied, or 
calibration derived in photogrammetric bundle adjustment 

- exterior orientation: summary of GCPs employed and/or on-board 
GNSS/IMU employed. 

  
  
Metadata format 
Metadata format Provide a metadata statement for all supplied products, consistent with 

organisation’s standard requirements or e.g. the ANZLIC Metadata 
Profile95. 

  
 

  

                                                           
95 The ANZLIC Metadata Profile (Version 1.1) can be accessed at: 
http://www.osdm.gov.au/Metadata/ANZLIC+Metadata+Profile/default.aspx  

http://www.osdm.gov.au/Metadata/ANZLIC+Metadata+Profile/default.aspx
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