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OPEN ACCESS | Article

Tree stem volume estimation from terrestrial LiDAR point
cloud by unwrapping
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Corresponding author: Zhongming An (email: zan1@mtu.edu)

Abstract
Estimating the volume of standing trees is a fundamental concern in forestry and is typically accomplished using one or

more measurements of stem diameter along with formulae that assume geometric primitives. In contrast, technologies such
as terrestrial Light Detection And Ranging (LiDAR) can record very detailed spatial information on the actual surface of an
object, such as a tree bole. We present a method using LiDAR that provides accurate volume estimates of tree stems, as well as
2D rasters that display details of stem surfaces, which we call the “unwrapping method.” This method combines the concepts
of cylinder fitting, voxelization, and digital elevation models. The method is illustrated and tested using a sample of standing
trees, whereby we are able to generate accurate volume estimates from the point cloud, as well as accurate visualization of the
scanned stem sections. When compared to volume estimates derived from Huber’s, Smalian’s, and Newton’s formulae, the
differences are consistent with previous studies comparing formula-derived volume estimates and water-displacement-derived
volume estimates, suggesting the unwrapping method has comparable accuracy to water displacement.

Key words: volume estimation, stem volume, LiDAR, QSM, voxelization

Introduction
A forest can provide many resources such as wood, fiber,

and food, and ecosystem services like water supply and en-
vironment mitigation, but for landowners, financial return
is one of the common goals, and the volume of the tree
stem is one of the major contributing factors to those finan-
cial goals. Traditionally, the volume of stem segments, com-
monly called logs, may be derived from diameter measure-
ments of downed trees using formulae associated with geo-
metric forms, such as Huber’s, Smalian’s, and Newton’s for-
mulae (Avery and Burkhart 2002). The accuracy of these for-
mulae obviously depend on how accurately the underlying
geometric form represents the actual form of a log. A very
accurate way of measuring volume is to use a water displace-
ment method, where the downed and segmented tree will be
submerged under water and the volume of the displaced wa-
ter will be the volume of the segmented tree (Martin 1984;
Biging 1988; Filho et al. 2000). However, both methods usu-
ally involve cutting down trees, which could only be per-
formed on trees that are to be harvested and measuring vol-
ume by submersion is obviously impractical in virtually any
operational setting. Taking measurements at various heights
along the bole of a standing tree can be done with devices
such as a Tele-Relaskop (Parker 1997) to estimate those di-
ameters, but it cannot be as accurate as a direct measure-
ment, especially with irregular shaped stems. Direct mea-

surements can be taken from the upper stem as well, but
will require climbing equipment and training of the opera-
tor, which introduces more risk during data collection, and
is more time consuming. Thus, it is possible but impracti-
cal to perform such missions in real life. With terrestrial
laser/LiDAR scanning (TLS), on the other hand, a very detailed
point cloud of a stem could be obtained and an accurate
volume estimate could be obtained from the detailed point
cloud, which could be very useful especially on standing
trees.

Methods for obtaining log volume estimates from LiDAR
point clouds is an area of active contemporary research. A
common approach is fitting primary geometries, such as
cylinders, to a LiDAR point cloud capturing the tree stem
(Thies et al. 2004; Hackenberg et al. 2015; Olschofsky et al.
2016). Cylinder fitting often requires the tree point cloud be-
ing separated into many short stem segments, and thus al-
gorithms for such action also developed. Quantitative struc-
tural modeling (QSM) (Raumonen et al. 2011; Åkerblom et al.
2012; Raumonen et al. 2013) is a method combining tree
segmentation and cylinder fitting. QSM has been a popular
method used for studies such as radiative transfer model-
ing (Calders et al. 2018) and non-destructive biomass/volume
modeling (Calders et al. 2014; Hackenberg et al. 2015; Sun
et al. 2016; Stovall et al. 2018). Other than cylinders, addi-
tional basic shapes can also be used; for example, Åkerblom
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et al. (2015) suggested that cylinders be used for branch re-
construction and, if necessary, more complex shapes can be
used for stem reconstruction. Voxelization of the point cloud
is another way of estimating tree volume from a LiDAR point
cloud, whereby the total volume of the voxels is the esti-
mated volume of the tree, which could be more accurate than
the traditional method depending on the size of the voxels
(Moskal and Zheng 2012;Hauglin et al. 2013; Hosoi et al. 2013;
Bienert et al. 2014). Cylinder fitting may provide an adequate
estimate of the volume of a log, but the details of the sur-
face is often lost during the process. In contrast, voxelization
provides an accurate estimate of volume as well as a good
amount of detail from the LiDAR point cloud, but this de-
pends on the size of the voxel, and the process requires some
sort of filling procedure (Moskal and Zheng 2012; Hauglin
et al. 2013; Hosoi et al. 2013; Bienert et al. 2014) since the
LiDAR points only cover the surface.

LiDAR is also often used to generate digital elevation mod-
els (DEMs) of the earth’s surface (Ma 2005; Shan and Sam-
path 2005; Liu 2008), which can be considered as pixel-based
raster, with each pixel storing the elevation value. DEMs can
be used to calculate volumes and observe changes in volumes
(McNabb et al. 2019; Grohmann et al. 2020); we propose that
the same concept can be applied to tree stems. Instead of us-
ing an ellipsoid or a geoid for elevation of the earth surface,
cylinders can be used as the primal geometry for tree stem
surface. In this model, a height map like a DEM can be gen-
erated and thus the volume of the stem can be estimated.
In this study, we combine the concept of cylinder fitting and
voxel-base volume estimation, as well as volume estimation
from DEMs, and propose an alternative stem volume estima-
tion method, which we call the “unwrapping” method. This
method is similar to freeform curve fitting method to ob-
tain stem diameters and cross-sectional profiles (Gollob et al.
2020; You et al. 2021), where Cartesian coordinates of a slice
of stem point cloud are converted to polar coordinates and
subsequently a curve, such as a spline, is fitted to the con-
verted points. This method better preserves the general pro-
file and possibly much more detail from a TLS point cloud, as
well as stores the information of a processed stem in a sim-
pler form, as a two-dimensional (2D) raster. Also, if properly
visualized, the information could aid in estimating standing
tree grade through the capture of major stem blemishes, such
as branches, cracks, and other bole defects in the TLS scan.
For example, Stängle et al. (2014) showed that TLS not only
could capture surface defects, but measurements of those
defects could predict inner wood quality attributes such as
knotty core and maximum knot size as measured using X-ray
computed tomography (CT).

The overall goal of this study is to present and demonstrate
the unwrapping method. We describe test data obtained from
a number of standing trees, measured both manually (using
diameter tapes) and scanned to generate point clouds. We
describe the geometry of the unwrapping method, and the
workflow used to calculate log volumes from the point cloud.
We expect that volume differences between the unwrapping
method, which is derived from TLS point clouds, and con-
ventional volume equations, which use diameter measure-
ments and assume particular geometry, are similar to the

differences between water displacement method and volume
equations.

Materials and methods

Approach
The unwrapping method was developed and applied to

a test sample of mature trees, of three species typical of
the northern hardwood region. Species were red pine (Pinus
resinosa Ait.), sugar maple (Acer saccharum Marsh.), and quak-
ing aspen (Populus tremuloides Michx.). Each test tree was both
scanned to generate point cloud data and then manually mea-
sured (standing live, using ladders and a diameter tape) to
generate reference data for modeled volume comparisons.

Point cloud data collection
Sampled trees were selected on the campus of Michigan

Technological University, located in Houghton, MI, USA. Li-
DAR scanning was performed in May 2021, using a FARO X330
phase shift scanner. The selected trees are sparsely located
with little ground vegetation and thus the scans were able
to capture most of the lower tree boles without obstruction.
In total, five sphere targets with radii of 7 cm were available
and, during the data collection, stations were set up such that
at least four spheres were visible for each station, and each
station could cover a 90◦ angle to speed up data collection.
Scans were later registered in CloudCompare (version 2.12,
2021).

Reference measurement
Field measurements were obtained in June and July of

2021. Trees were measured live and standing, and thus climb-
ing gear, ropes, and a tree ladder were deployed so that direct
measurements could be made using a diameter tape. Diame-
ters were measured at 0.61 m (2 ft) intervals from the ground
level to 4.88 m (16 ft) above ground, and in total, 81 mea-
surements were taken for the nine trees. An exception was
made for one aspen, which was measured from 0.61 m (2 ft)
to 5.49 m (18 ft) to obtain a 4.88 m (16 ft) log section, since
ground vegetation was not completely cleared and caused sig-
nificant occlusion at ground level. Also, one of the maples
has an irregularity in the bole (a large bump) at about 2.4 m
(8 ft) in height, and thus the diameter measurement above
the bump, which is at about 2.6 m (8.4 ft) in height, was used
instead.

Tree point cloud processing
Standing tree scans were first registered manually in

CloudCompare using sphere targets set up during data col-
lection to obtain a full 3D point cloud for each stem. Once
all scans were correctly registered, clip boxes were applied
to each registered point cloud to remove excessive surround-
ings. A Cloth Simulation Filter (CSF, Zhang et al. 2016) was ap-
plied to the point cloud to separate ground and non-ground
points, and subsequent processes were performed on the
non-ground points. Preliminary foliage and other noise point
reduction was accomplished by using a simplified method in-
spired by Zhang et al. (2019), which uses curvature change

C
an

. J
. F

or
. R

es
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

M
IC

H
IG

A
N

 T
E

C
H

N
O

L
O

G
IC

A
L

 U
N

IV
 o

n 
04

/2
8/

23

http://dx.doi.org/10.1139/cjfr-2022-0153


Canadian Science Publishing

62 Can. J. For. Res. 53: 60–70 (2023) | dx.doi.org/10.1139/cjfr-2022-0153

Fig. 1. A cylindrical coordinate system.

rate to filter out many of those points. In this case, geo-
metric features were calculated within CloudCompare, and
PCA2, the second eigenvector of principal component anal-
ysis (PCA), was used as the parameter to set the threshold,
which is less likely to filter out stem points and leave holes in
the stem. The thresholds used in this case vary from 0.2 to 0.4,
depending on the visual inspection. After filtering, connected
components were labeled to separate clusters of points, and
the stem points were selected from the clusters and exported
as individual point clouds for later manual cleaning. Once in-
dividual stems were separated, and branches and remaining
foliage and noise points manually removed, a section of the
lower tree bole 4.88 m (16 ft) in length was then selected and
exported for further processing.

Coordinate transformation
For a mostly straight tree stem, an axis should go through

the stem and around the axis, the surface of a stem can be
unwrapped into a 2D plane, and thus generate a model like a
DEM. The point clouds collected by the LiDAR unit were in lo-
cal Cartesian coordinate systems defined by the scanner, and
by converting points to cylindrical coordinates (Fig. 1), the
point cloud can be unwrapped. The first step is to find the
central axis, achieved by performing PCA on the stem sec-
tions, where the first eigenvector and the center point decide
the central axis. Then a coordinate transformation between
Cartesian coordinate systems moves the center of the stem
to (0, 0, 0) and converts the first eigenvector to (0, 0, 1), and
thus the central axis is the Z axis of the converted coordinate
system. In this case, the rotation matrix was generated using
the roll, pitch, and yaw fashion, where, for the stem section,
the rotation along the central axis was considered as roll, the

Fig. 2. How roll, pitch, and yaw are defined in this study.

rotation along the X axis was considered as pitch, and the ro-
tation along the Y axis considered as yaw (Fig. 2). The rolls for
the stem sections were all set to 0 for a simpler transforma-
tion process and it does not matter much in this case. Thus,
the rotation matrix is

Rr =

⎡
⎢⎢⎣

cos (r) − sin (r) 0

sin (r) cos (r) 0

0 0 1

⎤
⎥⎥⎦

Rp =

⎡
⎢⎢⎣

1 0 0

0 cos (p) − sin (p)

0 sin (p) cos (p)

⎤
⎥⎥⎦

Ry =

⎡
⎢⎢⎣

cos (y) 0 −sin (y)

0 1 0

sin (y) 0 cos (y)

⎤
⎥⎥⎦

(1)

where r, p, and y represent roll, pitch, and yaw, respectively,
and R represents the rotation matrix.

With the point cloud in the new Cartesian coordinate
system, the points were then converted into a polar coor-
dinate system in the XY plane while retaining the Z co-
ordinates (Fig. 1), which is a cylindrical coordinate sys-
tem. Thus, each point was represented as (θ , Dis, Z),
where θ is the azimuth, Dis is the distance from the
point to the central axis, and Z is the retained Z coor-
dinate from the Cartesian coordinate system. Then let θ
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be U; let Z be V; let Dis be W. These variables will then
be presented in a Cartesian coordinate system (U, V, W).
However, U is represented in angle and to convert angles to a
distance, a base cylinder was used where the radius was the
absolute mean of the distances and the height is the same as
the range of Z, of which the circumference represents a 2π

range. Thus, the U coordinates were consistent with V and W
and then the coordinates were exported for later processing
in ArcGIS.

Interpolated surface generation
Surface rasters were generated from the point coordinate

layers using the inverse distance weighting (IDW) in ArcGIS
10.5, with concave hulls to reduce extrapolation. Then rasters
with a constant value of 0 and the same size as the respective
IDW rasters were created and merged with the IDW rasters,
filling the extrapolation pixels with a value of 0. Rasters were
then converted to point features with a resolution of 5 mm
and exported for subsequent processing.

Volume estimation
Two volume estimation methods were tested. The first de-

fines each pixel as representing a small wedge, of which the
volume could be calculated easily; this is referred to as “NC”
in the following text. The second uses the volume of the base
cylinder as a base volume estimate and each pixel represents
the volume difference between the interpolated surface and
the cylinder; it will be referred to as “CY.” The difference be-
tween NC and CY is that NC uses the sum of volumes of those
wedges to obtain volume while CY uses a base cylinder vol-
ume and adds or subtracts the volume difference between
stem surface and the cylinder to obtain volume.

The angle resolution, which is defined as the angle covered
by each pixel, was calculated. In the case of the first method,
NC, the volume of each pixel wedge was calculated by

VNC = Dis2 × tan
ϕ

2
× Res(2)

where VNC represents the volume of each wedge, Dis repre-
sents the distance from the interpolated surface to the cen-
tral axis, ϕ represents the angle resolution, and Res repre-
sents the pixel size or spatial resolution. The sum of all the
pixel wedges is the final estimate of the stem section volume.

In the case of the second method, CY, the volume difference
of each pixel was calculated by

VDiff =
(
Res + 2 × Dis × tan ϕ

2

) × Diff × Res

2
(3)

where Diff = Dis − Rc, Rc being the radius of the base cylinder.
The sum of the base volume and the volume difference is the
final estimate of the stem section volume, VCY.

Traditional volume estimation and data analysis
Volume estimates from TLS were compared to the vol-

ume estimates using popular log volume estimation formu-
lae, specifically Huber’s, Smalian’s, and Newton’s formulae
(Avery and Burkhart 2002). Huber’s formula uses the diame-

ter measurement from the midpoint of a log segment, while
Smalian’s uses the diameter measurement at the two ends
of a segment, and Newton’s uses all three diameters. In this
study, measurements were taken every 0.61 m (2 ft) to 4.88 m
(16 ft) in height; thus, volume was calculated for each of the
eight segments using Smalian’s formula, and the four seg-
ments using Huber’s and Newton’s formula, and the estimate
for the entire log was the sum of the volume of the individual
segments.

To be consistent with previous studies, the estimated vol-
umes from TLS were considered as the “true value” and com-
pared to the estimated stem volumes from manual measure-
ments according to different volume formulae. Thus, the dif-
ference between “true” and “estimated” volumes were calcu-
lated with the following equation:

ei =
∑n

i=1 (yi − ŷi )
n

(4)

where ei is the difference, yi is the volume estimated by un-
wrapping, and ŷi is volume estimated by formula from diam-
eter measurements.

Results
Measured using a circumference tape, standing tree diam-

eters at the base ranged from about 35 to 85 cm (Fig. 3).
The largest trees were the three maples, and the smallest the
three pines, with aspen falling in-between. Some trees exhib-
ited marked taper; for example, the diameter of maple Tree
3 declined from over 80 cm at the base to just over 50 cm at
about 1.3 m (4.3 ft) in height. Taper was greatest in the largest
trees, regardless of species. Note that because a measurement
at the base of aspen Tree 3 was not possible, taper at the base
is not known for this tree. Note also that the “bump” at about
2.4 m (8 ft) in height for maple Tree 1 is not apparent in the
diameter profile from measurements, because the measure-
ment was taken above the “bump” instead.

LiDAR data collection produced a dense point cloud com-
prised of stem, foliage, and ground returns (Fig. 4). Visual
assessment of points removed using foliage and noise filter-
ing reveal that some points that appear to be true stem re-
turns were falsely eliminated. However, these removals did
not leave significantly large holes along the stem. Other re-
maining foliage points were easily removed manually.

Unwrapped LiDAR volume estimates NC and CY were
nearly indistinguishable (Table 1; Fig. 3). Volume estimates
from stem circumference measurements were always larger
than those from LiDAR, with the largest values from
Smalian’s formula and the smallest from Huber’s formula.
The absolute mean bias if NC estimates are considered as
“true” values is 9.71%, and the absolute mean bias for CY is
10.00%; when compared to volume estimates using Huber’s
formula, the absolute mean biases for NC and CY are 5.51%
and 5.79%, respectively; when compared to volume estimates
using Newton’s formula, the absolute mean biases for NC and
CY are 8.31% and 8.59%, respectively.
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Table 1. Summary of volume estimates for the test sample trees, by method.

Maple 1 Maple 2 Maple 3 Pine 1 Pine 2 Pine 3 Aspen 1 Aspen 2 Aspen 3

NC Vol Est (m3) 0.603 0.461 0.931 0.330 0.438 0.315 0.563 0.450 0.343

CY Vol Est (m3) 0.602 0.460 0.930 0.329 0.435 0.313 0.565 0.451 0.340

Smalian Vol Est (m3) 0.694 0.513 1.147 0.348 0.467 0.326 0.617 0.493 0.354

Huber Vol Est (m3) 0.652 0.501 1.078 0.342 0.460 0.316 0.571 0.465 0.352

Newton Vol Est (m3) 0.679 0.509 1.124 0.347 0.464 0.323 0.601 0.483 0.354

NC-Smalian Bias% 14.86 11.13 23.15 5.73 6.41 3.79 9.52 9.27 3.54

CY-Smalian Bias% 15.17 11.33 23.33 6.18 7.04 4.44 9.11 9.05 4.31

NC-Huber Bias% 8.11 8.69 15.82 3.92 5.00 0.53 1.51 3.27 2.74

CY-Huber Bias% 8.40 8.90 15.99 4.36 5.62 1.16 1.13 3.07 3.51

NC-Newton Bias% 12.61 10.32 20.70 5.12 5.94 −2.70 6.85 7.27 3.27

CY-Newton Bias% 12.91 10.52 20.88 5.58 6.57 −3.34 6.45 7.06 4.04

Fig. 3. Tree diameter profile with height (left) and estimates of log volume by method (right).

Discussion
In this study, we present a novel method of estimating tree

stem volume from a LiDAR point cloud, which effectively “un-
wraps” a log such that it is represented digitally as a surface
model. This method can work not only with TLS data, but
point clouds generated from photogrammetry as well, and
has some distinctive advantages over alternative approaches.
A detailed tree displacement raster can be generated, eas-
ily visualized, and is detailed enough to capture some large
defects from the stem, such as the large bump of Maple 1
and the scarring tissue above it (Fig. 5). Visualization could
be helpful in standing tree grading, through detection of
branches, knots, and seams and predictions of internal defect
(e.g, Stängle et al. 2014). Also, since this method could retain
the detailed shape of a stem, it is also possible to perform
some product optimization algorithm, for example, fitting
dimensional lumber to the stem to minimize waste. Notably,
volume estimates from the unwrapping method, when com-
pared to volume estimates from stem measurements com-
bined with standard volume formulae, show biases that are
consistent with previous studies comparing water displace-
ment method and the same formulae (Martin 1984; Biging

1988; Filho et al. 2000). These biases likely represent failures
of the formulae to capture actual detail in stem shape that is
straightforward with an adequate point cloud.

A fundamental advantage of the unwrapping method is
that it captures detail of the stem surface that is lost under
contemporary alternatives. We consider the cylinder fitting
method an extension of the traditional methods, where a sec-
tion of a stem is considered as some type of primal geom-
etry, into the digital world. However, the primal geometry
used for cylinder fitting is cylinders instead of frustums of
paraboloid or neiloid for traditional volume equations. This
method along with the stem segmentation method devel-
oped by Raumonen et al. (2013) may yield an accurate esti-
mate of tree volume, as well as a basic representation of the
structure of the tree. However, this method does not catch
details from the surface of the tree very well. For example,
applying the QSM algorithm in 3DForest (https://www.3dfore
st.eu/) developed by Trochta et al. (2017) to our data reveals
the algorithm to have some difficulties recording the large
bump on Maple 1 (Fig. 6). Voxels can be considered a pixel
in three dimension and can be used to preserve very good
surface details, as well as provide an accurate volume estima-
tion (Moskal and Zheng 2012; Hauglin et al. 2013; Hosoi et al.
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Fig. 4. Clipped point cloud after registration (a), separated stem points (b), foliage points (c), and the resulting points for the
4.88 m log (d).

2013; Bienert et al. 2014). The unwrapping method shares
some similar concepts with voxelization and the accuracies
and details retained by both methods depend on the resolu-
tion (voxel size for voxelization and pixel size for unwrap-
ping), but the unwrapping method does not require a fill al-
gorithm to fill the inside of the tree. The outputs of the un-
wrapping method are simply 2D rasters and can be viewed
without any special tools.

Incomplete information, either due to occlusion (e.g.,
brush, branches, or foliage) or insufficient scan points, is
an issue that is common to methods that depend on point
clouds. During field data collection, occlusion happens often,
but can be minimized with good field methods. When deal-
ing with an incomplete scan of a tree, methods that adopt a
geometric primitive (e.g., an ellipse for diameter or a cylinder
for volume) may be somewhat robust, since as long as the re-
quired parameter can be measured from the point cloud, a
volume estimate can be generated. The voxelization method

could use some sort of interpolation, such as spline interpo-
lation (Hosoi et al. 2013), to counter the missing informa-
tion, and a similar solution could be used for the unwrap-
ping method. For small areas, this could be achieved within
the workflow using IDW, but it would not work well if a
large patch of a stem is missing. Because accuracy will de-
cline under all approaches with missing information, we sug-
gest that it is more important to acquire more complete data
than to use algorithms to extrapolate over incomplete data.
In practice, the use of handheld LiDAR systems that rely on
Simultaneous Localization and Mapping (SLAM) algorithms
for point cloud registration may have advantages compared
to stationary units despite accuracy limitations, and this is an
area of active contemporary research (e.g., Holopainen et al.
2013; Gollob et al. 2020; Hyyppä et al. 2020; Mokroš et al.
2021).
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