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Introduction
• Urban forest
– Urban forest consists of all the private and public trees within an urban
environment1
– Dynamic system
– Average half-life of street side trees are 13-20 years2
– In DeKalb ~1,600 trees could be removed or replanted every five years
• Management requires inventories of the urban forest
– Need to keep the inventories current and comprehensive
– Information on multiple factors needed3
– Type, number, and distribution
– Health, size, and age
1.
2.
3.

Nowak et al., 2001
Roman and Scatena, 2011; Koeser et al., 2013
Dwyer et al., 2003; Nowak and Greenfield, 2018

Research Question and Hypotheses
Research Question:
Are unmanned aerial vehicle based urban forest tree height
and trunk diameter estimates more accurate than those
derived from lidar and ground-based field survey generated
results?

Research Question and Hypotheses
Leaf on vs.
leaf off
Lidar

The point cloud from UAV imagery has more points than one generated from
lidar. The larger data set will increase the number of possible points that can be
used to determine the maximum height of the trees. This will allow a more
accurate identification of the apex of the crown.

c. Tree height is more accurately measured
with a UAV SfM dataset than with lidar.

Neighborhood

The size, spacing, and species distribution of the trees varies between the
survey areas in that older, established neighborhoods tend to have larger but
more crowded trees. I expect that the UAV method will show the greatest
improvement in the data capture from the smaller and less mature trees since
the point density extracted from SfM will be greater than that of ALS

d. Areas of new development will show the
most significant increase in the measurement
accuracy.

Altitude

a. Leaf-on provides for more accurate
measurement of tree height than leaf-off.

Aerial imagery is typically gathered either during leaf-on or leaf-off conditions. The leaf-on
imagery, taken during middle to late summer, can be used to show the full extent of the tree
height and crown. Leaf-off imagery is collected in the early spring or late fall when the trunk
and branches are visible. I expect that the leaf-off vs. leaf-on status will affect the accuracy of
the UAV-based method

The ability to measure the DBH is dependent on being able to clearly detect a
tree’s trunk. The flight altitude affects the visual characteristics of UAV imagery.
This change in the visibility will have an effect on the final image resolution.

e. Tree diameter is better measured from
lower altitude flights

b. Leaf-off provides for more accurate
measurement of the tree diameter than leafon.

Urban forest
• Make up of the urban forest
tends to differ from natural forest
systems1
– Urban forests are a complex mix of
ages and species in sporadically
placed individuals or clumps in
varying range of health conditions2
– Species are usually selected from
ornamental aesthetics as opposed
to the natural evolution of forest
procession

1.
2.

Dwyer et al., 2003
Zhang and Qiu, 2012

Image: Google Earth

UAV Structure from Motion
• Advanced form of photogrammetry
• Developed out of computer vision
techniques1
• Uses sequences of images to extract the 3D
features2

– Images are scanned to identify key features
that can be tracked through multiple frames to
generate points
– Point clouds are used to visualize object
surfaces

• Point clouds can be processed with the
same tools as ALS data
• High point density
– > 1000 p/m2

1.
2.

Snavely et al., 2008; Dandois and Ellis, 2010; Westoby et al., 2012; Dandois and Ellis,
2013, James and Robson, 2014
Snavely et al., 2008; Westoby et al., 2012

Study Area
• DeKalb, IL
• Sample set identified by Dustin
Bergman1
• Two sampling zones
– Historic Area (HA)
– New Development (ND)

• Zones will present a range of
different conditions
• Sample will only include trees on
public rights-of-way and parks
1.

Pingel and Bergman, 2017

Historic Area
• Older Neighborhoods
– Ellwood
– Huntley Park

•
•
•
•
1.

710 trees1
Larger, more established trees
Irregular spacing
Heterogenous mix of species
Pingel and Bergman, 2017

New Development
• Younger Neighborhoods
– The Knolls
– Kensington Pointe

•
•
•
•
1.

325 trees1
Newer growing trees
Regular spacing
More homogenous mix of
species
Pingel and Bergman, 2017

Data Set: Airborne Laser Scanning
• Acquired 20091
• Flight altitude 1400m AGL

– Average of 0.68 points per meter square
for DeKalb ALS survey (p/m2)

• Accuracy

– Vertical – 6.09cm RMSE
– Horizontal – 1m RMSE

• Georeferenced

– IL State Plane East NAD83
– Will be used a reference layer for
additional data sets

1.

Sanborn Map Company, 2009

Ground-based Field Survey Data
• Bergman sample

– 1035 total trees1
– Subsample of 10 trees measured
using Total Station
• RSME = 0.70m for hypsometric
samples

• Trees are individually measured

– Manually sampled for height and
trunk diameter during leaf-on
conditions
– Height recorded using LaserAce
Hypsometer
– Trunk diameter manually measured

1.

Pingel and Bergman, 2016

Unmanned Aerial Vehicle
• DJI Mavic Pro
• Flight height: 80m AGL (from
launch point)
• Camera angle: 70° oblique
• Camera resolution: 12 MP
• Image overlap: 80%
• Two sample conditions
– Leaf-on
– Leaf-off

Pix 4D
• Image orthomosaic

– Flight images are georeferenced
and arranged

• Point cloud generation

– Images are processed using SfM
– Densified point clouds are
generated
– Output is “.laz”

Point Clouds

Leaf-on point clouds in CloudCompare

Point Clouds

Leaf-on point clouds in CloudCompare

LAStools
• 10 m buffer shapefile is used
to extract tree selections
• Reduces overall point count
– Speeds up processing
– Reduces storage size

Manual Data Extraction
• CloudCompare

– Point cloud viewer

• Trees will be manually
measured
– Tree height
– Tree trunk diameter

Results Testing
• R2
– Linear regression
– Measure of how closely the data sets match each other
– Closer the value is to 1 the closer the data sets match
• RMSE
– Root Mean Square Error
– Measure of the average differences between the data sets
• Paired t-test
– Tests for statistical differences between data sets
– Measured at .95 confidence level

Data Validation
• A representative validation
selection from the combined
study area was selected and
manually measured using same
technique as Bergman then
compared to his results
• Height (hypsometry)
– R2(95) = 0.95
– t(96) = 1.00, p = 0.32
– Growth = 1.38 m

• Diameter (field)

– R2(95) = 0.92
– t(96) = 0.14, p = 0.89
– Growth = 2.5 cm

Question 1: Leaf Condition
• Hypothesis 1
– Leaf-on provides for more accurate measurement of tree
height than leaf-off
• Hypothesis 2
– Leaf-off provides for more accurate measurement of the
tree diameter than leaf-on

Height Measurements
• Hypsometric (2015)
vs SfM (2019)
• Leaf-on
– R2(831) = 0.96
– RMSE = 1.91 m

• Leaf-off

– R2(691) = 0.26
– RMSE = 6.05 m

Diameter Measurements
• Manually measured
(2015) vs SfM (2019)
• Leaf-off
– R2(528) = 0.70
– RMSE = 15 cm

• Leaf-on

– Not enough trunks
were able to be
resolved to run test

Tree Visibility
Height is better estimated in the leaf-on
condition

Trunks are more visible in the leaf-off
condition

Question 2: Lidar
• Hypothesis 1
– Tree height is more accurately measured with a UAV SfM
dataset than with lidar

Tree Point Cloud Comparison
SfM

Lidar

Height Measurements
• Lidar (2015) vs SfM (2019)
• Lidar (algorithm)
– R2(860) = 0.79
– RMSE = 3.42 m

• SfM (manual)

– R2(831) = 0.96
– RMSE = 1.91 m

• Hypsometric (2015) vs Lidar
(2019)
• Lidar (manual)
– R2(76) = 0.88
– RMSE = 2.98 m

Diameter Measurements
• Trunks were not visible in the lidar
data so, allometry was used to
calculate tree diameters from
algorithm heights:
– DBH=0.0128 x Height1.3797

• Lidar (algorithm)
– R2(832) = 0.68
– RMSE = 22 cm

• SfM (manual)

– R2(805) = 0.72
– RMSE = 15 cm

• SfM allows for a better estimation

Question 3: Neighborhood
• Hypothesis 1
– Areas of new development will show the most significant
increase in the measurement accuracy.

Height Measurements
• Historic neighborhoods

• Newer Neighborhoods

– Lidar (algorithm): R2(256) = 0.22
– SfM (manual): R2(255) = 0.90
– Increase in R2 = 0.68
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– Lidar (algorithm): R2(602) = 0.66
– SfM (manual): R2(574) = 0.88
– Increase in R2 = 0.22
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Question 4: Flight Alititude
• H1
– Tree diameter is better measured from lower altitude fights

Altitude Image Comparison
• 50 m image (top)

– Trunk diameter: 21 px

• 80 m image (bottom)
– Trunk diameter: 7 px

Diameter Measurement
• SfM 50 m (manual)
– R2(52) = 0.98
– RMSE = 3 cm

• SfM 80 m (manual)
– R2(52) = 0.90
– RMSE = 8 cm

• 50 m vs 80 m

– Paired t-test
– t(53) = 3.75, p < 0.01

Discussion
• The comparative accuracy of using UAV based SfM was tested
• For tree height the leaf-on condition had an increase of R2 =
0.70 and a reduction in RMSE = 4.14 m over leaf-off condition
• For tree diameter leaf-off was the only condition that the
trunks were able to be resolved
– 39% of trees trunks were not able to be resolved at all from
80 m

Discussion
• SfM had an increased accuracy over lidar R2 = 0.17 and a
decrease in RMSE = 1.91 meters
– Manually sample selection from the lidar data improved
accuracy over the algorithm of R2 = 0.09
• The greatest increase in the height measurement was seen in
the newer development areas.
– SfM is better able to resolve smaller trees

Discussion
• UAV flights at lower altitude had an increase in diameter
accuracy of R2 = 0.08 and decrease in RMSE = 5 cm
– This is due to the increase of the representative pixel width
of the trunks
• Results were comparable to previously published studies

Future Work
• Test alternative methods of diameter extraction
– Use of shadows in congested areas
– Could be a viable alternative for direct measurement
• Development of processing algorithm
– Automate measurement extraction
• Compare result to new ICESat-2 data

Conclusion
• UAV measurements were comparable to manual methods for
measuring tree heights
– Could potentially yield higher accuracies
• UAV measurements of tree diameter were less accurate
– Adjustments to flight altitude improved results

Conclusion
• Cities are looking for ways to do more with less
• UAVs are becoming more commonly used by many cities in
roles of law enforcement, public safety, and code compliance
• UAVs can be used for monitoring urban forests while in used
for these other tasks
• Larger dedicated projects could be planned and scheduled in
advance using existing city UAVs
• This would allow cities to effectively, inexpensively, and
frequently monitor their urban forests
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Questions

Introduction
• Traditionally manual ground-based
field surveys (GFS)
– Time and labor intensive
– Low temporal resolution

• Airborne laser scanning (ALS or lidar)1
– High monetary costs
– Low temporal resolution
– Difficulty resolving small features

1.

Edson and Wing, 2011; Moskal and Zheng, 2012; Hunter et al., 2013; Pingel and Bergman, 2017

Urban Survey: Airborne Laser Scanning
• Rapid area scanning from aircraft
– Image large areas at a time

• Light detection and ranging (Lidar)

– Remote sensing (RS) technique that uses laser
pulses emitted from a sensor to measure
surface features
– A collection of individual points in 3D space is
know as a point cloud

• High spatial accuracy
– 1cm - 6cm vertical1

• Frequently used for tree height estimation2
1.
2.

Hodgson and Bresnahan, 2004
Gatziolis et al., 2010; Gobakken, et al., 2015; Wallace et al., 2016; Touminen et al., 2017

Image: Sanborn Map Company

Urban Survey: Ground-based Field Survey
•
•
•

Historically performed by hand in the field
Trees are sampled individually
Tree heights measured with a measuring pole or by
hypsometry
–

•

Trunk diameter measured diameter at breast height (DBH,
given at 1.3 meters above ground)
–
–
–

•
•

1.
2.

geometric technique that uses distance to tree and angle to
crown1

Tree height can also be estimated from DBH using allometry
Allometry uses set of equations based on known relationships
between tree height and diameter
The equations are adjusted for species and geographic
location2

Additional health characteristics can be gathered
Requires substantial amounts of time and labor

Wing et al., 2004; West et al., 2009
Fang and Bailey, 1998; Sharma and Parton, 2007

Image: Department of Physics and Astronomy, University of Western Ontario

Urban Survey: Airborne Laser Scanning
• ALS has limited penetration through
canopy allowing for ground level detection
• Improves tree height estimation
• Tree height can be underestimated due to
lower limit threshold2
– Backscattered energy much exceed minimum
level to be identified as valid return

• Accuracy of height estimation limited by
low point density3
– Points per square meter returned to sensor

• High cost of generation can limit repeat
cycle

– $179,000 for the 2009 DeKalb county survey4

1.
2.
3.

Gatziolis et al., 2010
Wallace et al., 2016
DeKalb County GIS Office, Personal Communication

Image: GISgeography.com

Urban Survey: Unmanned Aerial Vehicle
• Single or small member crew
• Flight parameters can be
adjusted to suit the situation
– Flight height
– Image overlap

• Flights can be repeated at
need
• High resolution imagery

– Large amounts of images can be
produced
– Still frame or video

DJI Mavic Pro

Survey Accuracies
Reference

Location

Tree Types

Methods

Reported Accuracy

Tuominen, S., Pitkänen,
T. P., Balazs, A., &
Kangas, A. (2017)

Central Finland

Pine, Spruce, Broadleaf in
forest settings.

Satellite & aerial imagery and ALS compared to field
recorded heights.

Torres-Sánchez, J.,
López-Granados, F.,
Serrano, N., Arquero, O.,
& Peña, J. M. (2015)
Dandois, J. P., Olano, M.,
& Ellis, E. C. (2015)

Cordoba, Spain

Olive trees in a grove.

UAV imagery (visable light and multispectral)
compared to field sampled heights.

Height: Sat rRMSE=33.78%; Aerial 2D rRMSE=31.16%;
Sat+Aerial 2D rRMSE=29.93%; Aerial 3D+Sat 2D
rRMSE=11.49%; ALS+Sat 2D rRMSE=10.99%; ALS
Aerial 3D RMSE=4.8%;
rRMSE = RMSE Relative to mean
Height: Visable RMSE=0.17-0.18m; Multispectral
RMSE=0.22-0.53m. Coefficient of determination: At
Average flight height- 50m 0.90; 100m 0.84

Maryland

Temperate Deciduous

Multivariable flight settings (Altitude, overlap,
resolution) and conditions (wind, cloud cover, and
lighting) compared to ALS and field measurements. 3
sites HR, SERC, and Knoll.

Height: Field measured to UAV- HR&SERC
RMSE=3.6m ; UAV to ALS- HR&SERC RMSE=1.6-3.0m
(R2=0.89-0.99); Field measured to UAV- Knoll
RMSE=7.9m; Field measured to ALS- Knoll
RMSE=6.4m

Zarco-Tejada, P. J., DiazVarela, R., Angileri, V., &
Loudjani, P. (2014)

Cordoba, Spain

Olive trees in a grove.

Color Infrared (CIR) Very high resolution (VHR)
imagery. Two study areas. UAV flight compare to field
sampled heights.

Height (Relative RMSE= R-RMSE) : Area 1- RRMSE=10.8%, RMSE=0.33m (R2=0.81); Area 2- RRSME 13.3%, RMSE=0.39m; Combined RMSE=0.35m

Wallace, L., Lucieer, A.,
Malenovský, Z., Turner,
D., & Vopěnka, P. (2016)

Hobart,
Tasmania,
Australia

Sclerophyll eucalyptus
(Eucalyptus puchella)

UAV imagery and ALS compared to field sampled
heights. Imagery and ALS captured simulataneuously
from UAV.

Height: ALS to field measured- RMSE 0.92m (R2=.84);
UAV to Field measure 1.30m (R2=0.68): ALS to UAV
1.30m (R2=0.69)

Panagiotidis,
Abdollahnejad, Surový.
and Chiteculo (2017)

South of
Prague, Czech
Republic

Norway spruce, European
larch, and Silver birch

UAV imagery compared to field sampled heights. 2 test
plots.

Height: Plot 1 RMSE=3.00m (12.62%); Plot 2
RMSE=3.08 (11.42%)

Data Processing
• Image processor

• Dell PowerEdge r720
• 2x Intel E-5 2670
• 118 Gb

UAV image
collection

Image
Orthomosaic

SfM
Processing

Point cloud
referencing

Tree data
extraction

Statistical
Analysis

• ArcMap 10.6.1

– GIS preparation
– Tree point locations

• Pix4D Promapper Desktop
– Photogrammetry
– SfM processing

• LAStools

– Point cloud sample extraction

• CloudCompare

– Point cloud software

UAV Photogrammetry
• Uses 2D images taken from differing
angle or locations to generate 3D data1
• Uses image capture details to calculate
spatial details about objects within images
– Flight height / distance to image focus
– Lens focal length
– Scale

• Images are scanned for identifiable points
– Changes in angle, size, location, and
orientation of identified points are used to
attribute details of items within image
– Successfully used in multiple vegetative
studies2

1.
2.

Fabris and Pesci, 2005; Bohlin, Wallerman and Fransson, 2012; Vastaranta et al., 2013
Miller et al., 2000; Næsset, 2002; Anderson and Gaston, 2013

Image: The Haskins Society

UAV Structure from Motion
• Increasingly being used for tree height estimation1
– Applied in natural forest and agricultural settings2
– Limited usage in urban forest setting
• Limited by the parameters of source imagery used3
– Image quality and coverage4
•
•
•
•
1.
2.
3.
4.

Camera lens, pixel depth, and resolution
Image overlap must be enough to track points through multiple frames
Image height above ground level (AGL) and angle relative to ground
Environmental factors of illumination intensity and angle relative to object
being imaged

Anderson and Gaston, 2013
Salami et al., 2014; Diaz et al., 2014; Kattenborn et al., 2014; Zarco-Tejada et al., 2014; Diaz et al., 2015;
Torres-Sánchez et al., 2015; Panagiotidis et al., 2017;Tuominen et al., 2017
James and Dobson, 2014; Salami et al., 2014; Dandois et al., 2015
Lisein et al., 2013; Salami et al., 2014, Dandois et al., 2015; Puliti et al., 2015

Tree Point Cloud Comparison
SfM

Lidar

Point Cloud: Diameter Slice

Point Clouds-Height measurement

Point Clouds

Extracted tree selections point clouds in CloudCompare

SfM Point Matches

Flight Logs
Flight Name
HNP1
HNP2
HNP3
HNP4
HNP5
HNP6
HNP7
HSP1
HSP2
HSP3
HSP4
KP1
KP2
KP3
KN1 North
KN1 South
KN2 North
KN2 South
KN3 North
KN3 South
KN4
KN5 East

Leaf
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off
Off

Altitude
Group (m agl) Images
HN
80
550
HN
80
547
HN
80
621
HN
80
453
HN
80
440
HN
80
448
HN
80
584
HS
80
459
HS
80
603
HS
80
329
HS
80
432
KP
80
249
KP
80
480
KP
80
162
KN
80
558
KN
80
318
KN
80
473
KN
80
522
KN
80
526
KN
80
537
KN
80
450
KN
80
289

Flight Name
Leaf
f1_20180717_KN1 On
f2_20180717_KN1 On
f3_20180718_KN2 On
f4_20180719_KN2 On
f5_20180817_KN3 On
f6_20180817_KN4 On
f7_20180817_KN2b On
f8_20180820_KN5 On
f9_20180820_KN6 On
f10_20180820_KP1 On
f11_20180820_KP2 On
f12_20180820_KP2b On
f13_20180822_KN4b On
f14_20180822KP3 On
f15_20180822_HS1 On
f16_20180822_HS2 On
f17_20180823_HS3 On
f18_20180823_HS4 On
f19_20180823_HS5 On
f20_20180823_HS6 On
f21_20180823_HS7 On

Altitude
Group (m agl) Images
KN
80
596
KN
80
519
KN
80
517
KN
80
490
KN
80
103
KN
80
171
KN
80
160
KN
50
199
KN
80
170
KP
80
447
KP
80
127
KP
80
64
KN
80
412
KP
80
530
HS
80
105
HS
80
265
HS
80
207
HS
80
314
HS
80
541
HS
80
540
HS
80
505

Flight Name
f23_20180828_HN2
f24_20180828_HN3
f25_20180829_HN4
f26_20180829_HN5
f27_20180829_HN6
f28_20180829_HN7
f29_20180830_HN8
f30_20180830_HN9
f31_20180830_HN10
f32_20180830_HN11
f33_20180830_HN12
f34_20180830_HN13
f35_20180904_HN14
f36_20190208_HN15
f37_20190215_HS_08
f38_20190215_KP_04
f39_20190216_KN07
f40_20190216_KN08
f41_20190216_KN09

Leaf
On
On
On
On
On
On
On
On
On
On
On
On
On
Off
Off
Off
Off
Off
Off

Altitude Image
Group (m agl) s
HN
80 503
HN
80 250
HN
80 541
HN
80 208
HN
80
95
HN
80 241
HN
80 587
HN
80 370
HN
80 108
HN
80 320
HN
80 180
HN
80
98
HN
80 266
HN
50 425
HS
50 348
KP
50 226
KN
50 199
KN
50 162
KN
50 183
12833

