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Abstract. Research on urban forest carbon storage requires new allometric equations that 
relate easily measured aspects of tree form to total tree volume. Existing methods for creating 
these equations are time consuming and can require destructive sampling. In this study we 
used a terrestrial lidar sensor; data produced by this system consists of the three-dimensional 
locations of points that lay on object surfaces (in this case the trunk, branches, twigs, etc.). 
The challenge in calculating tree volume was the aggregation of these individual points into 
objects whose dimensions could be reliably estimated.  We converted the lidar observations 
into 3-dimensional voxels, identified narrow (< 20 cm) sections along the stems, and merged 
sections on the basis of their connectivity. The distribution of returns from small branches 
was analyzed on the basis of branch size and the sampling pattern of the sensor. Two hundred 
and fifty measurements of stem diameter were made on 14 trees of two species using both 
lidar and field measurements; the estimates were highly correlated (r2

 > 98%) and unbiased. 
The processing algorithm was applied to lidar data from 179 trees of 11 species; the accuracy 
of results was dependant on tree volume, species and tree form.  

Keywords: terrestrial lidar, urban trees, allometric relationships, volume equations, algorithm 
development. 

1 INTRODUCTION 
Anthropogenic modification of carbon dynamics can take the form of changes in either net 
primary productivity or in carbon storage pools.  Terrestrial vegetation is a carbon storage 
pool that has been the focus of a substantial amount of research, but these studies have 
focused on natural ecosystems (e.g. forests) or their agricultural equivalents (e.g. forest 
plantations). Urban areas are now home to a majority of the world’s population and the 
vegetation of these areas is playing a large role in regional and carbon storage and cycling 
[1,2]. Urban forests have received particular attention for their potential as carbon sinks to 
offset carbon sources such as the burning of fossil fuels. 

The ideal method for measuring the carbon storage of forests is to physically cut down 
and weigh trees, a method which is time consuming and destructive [3]. As this is impractical, 
allometric equations that relate more easily measured aspects of tree architecture (e.g. tree 
height and the diameter of the tree bole) to biomass or carbon storage are used in most 
applications. The advantage of using these equations is that a smaller number of trees can be 
used to develop them and they can then be applied to other trees of similar species and tree 
form. An alternative method to weighing that is most commonly used involves measuring the 
standing tree volume (the volume occupied by woody tissues) and converts to biomass using 
specific gravity values from the literature for individual tree species. However, estimation of 
tree volume is also time consuming, especially if the volume of branches are considered along 
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with the main stem, and most of the methods available for measuring total aboveground 
standing tree volume are inaccurate for research purposes [4]. 

While general allometric equations are often over large regions, past research has 
identified a strong need for allometric relationships that specifically represent the open grown 
trees found in urban settings [5,6]. To date, only one published study has developed volume 
equations for urban trees [7]. In urban forests, even the harvesting of the smaller number of 
trees needed to create allometric equations is impractical. Trees in urban areas are highly 
valued and are usually only removed when they are considered to be a hazard; therefore, they 
are often large and old, contain a significant amount of decomposing wood, and/or are heavily 
pruned and do not represent average tree form.  

In this work, we develop an innovative method to estimate total tree volume using a 
terrestrial light detection and ranging system (lidar). Terrestrial lidar scanning has the 
potential to increase the speed and accuracy of tree volume measurement. In general, lidar 
remote sensing devices collect data about the positions of objects by measuring the time-of-
flight of a short duration laser pulse as it leaves the sensor, is reflected by an object, and 
returns to the sensor. The field-of-view of the sensor is scanned so that ranges can be 
measured to all objects within a 3-dimensional space. Terrestrial lidar scanning refers to the 
applications that involve taking these measurements from a fixed terrestrial location, in 
contrast to airborne or spaceborne platforms. This technology has been applied in diverse 
fields including topographic mapping, architecture and historic preservation, civil 
engineering, military science, and its utility for forestry applications is currently being 
evaluated [8].  Satellite and airborne sensors have been used for a variety of forest inventory 
applications involving large scale mapping [9-14].  The utility of these measurements have 
been demonstrated for collecting forest structure information at a moderate spatial resolution 
of 1 to 30 m resolution. In contrast, terrestrial lidar has the ability to resolve features at the 
scale of centimeters, including the distribution of individual leaves and small branches.  
Research so far has focused on (1) structural canopy attributes [8, 15-20], (2) measuring 
location, diameter, and/or height of a large number of forest trees [14,15,21,22], or (3) 
detailed measurements on a small number of trees [23-28]. 

Hopkinson et al. [14] evaluated the potential of a ground-based lidar system for entire plot 
level volume estimation using tree height and DBH measurements for red pine and sugar 
maple stands.  Although lidar derived DBH estimates agreed well with manual DBH 
measurements, height was consistently underestimated by about 1.5 meters.  This 
underestimate was attributable to the shadow effect where tree branches, stems and leaves 
blocked the scanner from acquiring a large sample point density high up in the canopy.  
Overall, volume estimates based on lidar data were within 7 percent of manual-based 
estimations.   Subsequently, Watt and Donoghue [22] found similar results in Sitka spruce 
and lodgepole pine forests. 

Thies et al. [26] used a terrestrial laser scanner to derive a 3 dimensional reconstruction of 
stems, in order to estimate potential wood quality through variables like taper, sweep and 
lean.  This research was limited to the shape of the main stem, or bole, where most of the 
merchantable tree volume exists and was the first attempt to develop a non-destructive 
method for reconstructing stems; however, Thies et al. [26] recognized a limitation of their 
method was that stem reconstruction was only applied up to the crown base.     

Henning and Radke [8] also focused on main stems, although their goal was to accurately 
measure upper stem diameters that are also difficult to evaluate without labor-intensive or 
destructive methods.  They found that diameter measurements assessed using lidar point 
clouds were on average within a few millimeters of caliper measurements, a higher accuracy 
than most dendrometers.  Accuracy declined in measurements that were above 10 m along the 
main stem; average error was less than 2 cm with a scanning resolution of 8.5 X 8.5 mm.  
They concluded that a higher accuracy could potentially be achieved with higher resolution 
scans. 
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Many of the studies cited above concluded that the application of terrestrial lidar scanners 
for forest mensuration is just being realized and there is potential for very detailed forest 
monitoring and modeling using this technology.  A review of terrestrial lidar systems and 
their ability to measure carbon stocks shows that ground-based lidar scanning permits 
accurate and cost-effective estimation of individual tree carbon stocks, and would be 
applicable for environmental monitoring of carbon storage that requires repeated 
measurements [23,24,28]; however, this research has focused on basic silvicultural 
measurements like diameter at breast height, total tree height, and tree density.  These 
measurements are then used with allometric equations to predict carbon storage.  
Alternatively, it was our goal to use lidar point clouds and take detailed measurements of 
trees where we could actually develop the allometric relationships used to predict standing 
tree volume. Furthermore, the goals of this project required us to develop methods applicable 
to the complex architecture of open-grown trees whereas existing studies were concerned 
with trees that have the simple architecture of trees grown under closed canopy conditions.  

2 METHODS 

2.1 Study Area 
Fort Collins is the most northern city along the Colorado Front Range (latitude: 40.6N, 
longitude: 105.1W). The city lies within a semi-arid region, receives an average of 38.5 cm of 
precipitation per year, and has an average mean annual temperature of 8.9 degrees C (100 
year record at Colorado State University, CO USA). Fort Collins contains a large and diverse 
population of well-maintained street and park trees, for which we had a complete street tree 
inventory (McHale, unpublished data) and could acquire a sample size that included many 
species of trees covering a wide range of sizes  

2.2 Field Measurements Using Terrestrial Lidar Scanning 

We used a Cyrax 2500 lidar system (Cyra Technologies Inc.) to scan each tree from two 
locations 90 degrees apart. The scanner was placed to maintain an average spatial resolution 
of 1.5 x 1.5 cm and point clouds from both locations were later merged to create one single 
point cloud. The Cyrax 2500 scanned a grid of points 1000 points high and 2000 points wide 
within a 40 by 40 degree field of view. The single point range accuracy is within +/- 4 mm at 
its maximum range of 50 m (www.leica-geosystems.com).  

Table 1. Acronyms for species with names in Latin and English [30]. 

Species Code Species Name  Common Name 
ACPL Acer platanoides Norway maple 
ACSA Acer saccharinum Silver maple 
CEOC Celtis occidentalis Hackberry 
FRPE Fraxinus pennsylvanica Green ash 
GLTR Gleditsia triacanthos Honey locust 
GYDU Gymnocladus dioicus Kentucky coffee tree 
POSA Populus sargentii Plains cottonwood 
QUMA Quercus macrocarpa Burr oak 
TICO Tilia cordata Little leaf linden 
ULAM Ulmus americana American elm 
ULPU Ulmus pumila Siberian elm 
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We collected data on eleven dominant deciduous tree species (Table 1); all sample trees 

were planted along roadways and sidewalks and owned and maintained by the municipality. 
Between 14-22 individual tree samples for each species were scanned. Data were collected in 
the winter of 2002 to avoid visual interference from leaf cover.  

Over 640,000 lidar returns were collected for the average tree (range of 14635 to over 3.2 
million). Tree height was not a good estimator of the number of lidar returns, but the volume 
of the minimum cube required to contain the tree was; for every m3 sampled we collected 
over 80,000 points on average.  

2.3 Comparison of Lidar and Barr and Stroud Optical Dendrometer Diameter 
Measurements 
To test if tree diameters could be measured accurately with a terrestrial LiDAR system, we 
compared bole (i.e. the main vertical growing stem) diameter measurements using LiDAR to 
measurements taken with a Barr and Stroud optical dendrometer. Bole measurements were 
taken from ground level to the peak of the main bole. The Barr and Stroud is no longer 
commercially available and can only be used to take measurements of branches that are 
completely vertical, but has been proven to take accurate measurement of vertical bole 
diameters of one inch and larger [4]. Over 250 diameter measurements (from ground level to 
the end of the lead stem) were compared on 14 different trees of two species.  The results 
indicate that the diameter measurements correlated well for both Fraxinus pennsylvanica and 
Celtis occidentalis (Fig. 1).  

As stem diameter increased there were larger deviations between measurements using 
these two methods.  Part of the issue was that stems were less likely to be perfect circles when 
they were large; therefore measurements of stem size were dependent on the exact position 
where the Barr and Stroud was located in reference to the tree.  For instance, the stem might 
have been oval, but the subtle difference between major and minor axes might not be apparent 
when the Barr and Stroud was positioned in the field. Diameter measurements made from the 
point clouds were capable of this discrimination and this lead to some of the differences in 
diameter. For this reason, lidar is probably a qualitatively better method for quantifying tree 
volume because cylinders can be fit to the shape and size of stems as indicated by the point 
cloud, whereas measurements from the Barr and Stroud must be converted to volume 
assuming that the tree is circular.       

2.4 Stem Volume Algorithm 

2.4.1 Summary  
The data produced by laser scanning systems consisted of the three-dimensional locations of 
the points that lay on the surface of objects (in this case the trunk, branches, twigs, etc.). 
These individual points had locations, but no assignment to particular objects. The challenge 
in calculating tree volume was the aggregation of these individual points into objects whose 
dimensions could be reliably estimated.  To do this, we first converted the lidar observations 
into a 3-dimensional grid where the individual elements (voxels) were binary- they either did 
or didn’t contain at least a single lidar observation. From the voxels, we identified individual 
stem sections- groups of voxels that contained the outer surface of a stem. Stem segments that 
formed an open or closed line segment around and normal to the stem were then aggregated 
on the basis of connectivity into stem cylinders whose volume was then estimated. 
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Fig 

Fig. 1. Relationship between field and lidar estimates of diameter for two species. 

2.4.2 Converting points to voxels 
The initial step in creating stem sections was the creation of a 3-dimensional grid of voxels 
from the original point dataset (Fig. 2-A). To achieve the greatest possible accuracy, the 
spatial resolution (the width of a cube voxel in all dimensions) was made as fine as possible.  
Voxel resolution was set at the minimum that was possible within the constraint of available 
computer memory, but never larger than 20 cm. As a consequence of this memory dependant 
rule, smaller trees were converted at a higher resolution (smaller voxel width) than large trees, 
which allowed for greater accuracy and detail. This was advantageous for small trees, as they 
had a large fraction of tree volume associated with smaller features. At the same time, the 
coarser spatial resolution used for the larger trees excluded a relatively small fraction of their 
volume. The result of the digitization process was a 3-dimensional array (data cube); a 1 in 
any voxel in the data cube indicated the presence of at least one laser return in it. 

Our laser scans of trees often included returns from terrain in the vicinity of the main bole; 
these were removed by specifying the lowest level in the 3d grid that we considered to be part 
of the tree. All voxels at this elevation served as a starting (i.e. seed) stem section for 
subsequent identification of stem sections. In some cases, groups of voxels were not 
connected to the remainder of the tree.  For instance, there were times when stems were 
hidden from the scanner’s "view" by other stems, so there were not any points representing 
that portion of the stem. To address those cases, groups of contiguous voxels were identified, 
and groups not connected to the seed section (i.e. those not connected to the main tree) were 
flagged. Seed voxels for the flagged groups were the voxel (or voxels) with the lowest 
elevation in that clump. 

2.4.3 Identification of stem sections 
Once seeds were selected, stem sections could be identified. The key to the identification of 
stem sections was the calculation of the distance of each voxel from the seed stem sections (or 
in the case of non-contiguous groups of voxels, the seed voxel). These distances were 
calculated using an algorithm modified from the built-in "search3d" procedure supplied with 
IDL (ITTVIS, 2007), which identifies contiguous "clumps" of similar data values in a three-
dimensional array. The search3d algorithm operated by repeatedly identifying the set of 
voxels that a) have a specified connectivity direction (e.g. connected on cube faces (6 
neighbors) or along diagonals as well (26 neighbors)) from the existing set of voxels, b) lay 
within a given distance of the existing set of voxels, and c) whose values were within a 
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specified numeric range. For our purposes, all non-zero voxels immediately adjacent to 
existing voxels in any of the full set of 26 directions neighbors were considered to be 
connected. The only modification of the search3d algorithm was the addition of a counter that 
assigned each new set of identified pixels the number of iterations so far completed, i.e. the 
distance to the original seed. 

When the procedure was applied to a single stem and seeded with the set of voxels that 
defined one end, each iteration identified the voxels connected to them, which made up the 
adjacent stem section. For a single smoothly formed stem, voxels at any given distance from 
the initial stem section also formed a section normal to the stem. As a consequence, the 
distance from the starting section of the individual stem could be used as the class identifier 
of the stem section. However, stem segments on separate stems could be the same distance 
from the seed points (Fig. 2-B). Therefore, all voxels at the same distance from the seeds 
were evaluated for contiguity and each non-contiguous set of voxels (i.e. stem sections) was 
assigned a unique identifier.  
 

 
Fig. 2. Steps in the lidar data processing algorithm.  A) Three-dimensional grid of voxels indicating 
presence or absence of individual points from the Cyra laser scanner.  B) Voxels colored to indicated the 
distance from each to the seed stem section at the base of the tree (returns from terrain have been 
removed).  C) Result of the stem section merging process prior to editing. D) Edited cylinders with 
returns from the canopy as well. 
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2.4.4 Merging stem sections 
At this point in processing, there was a new cube of voxels, identical to the original in size 
and the pattern of voxels filled, but containing the class identifier for each stem section. Many 
of these had low connectivity with other voxels and/or represent stems of a diameter too small 
to reliably identify and process and therefore didn’t meet our criteria for "true" stem 
segments. The remaining stem sections were still too numerous (and spatially irregular) to 
treat as individual observations of stem diameter. Therefore, stem sections within un-
branched stems were merged to create stem cylinders of a length great enough that their 
diameter, length and volume could be reliably estimated. 

In the first merge step, the number of neighboring stem sections was calculated for each 
stem section, as illustrated in Fig. 3. If a stem section was adjacent to only one other section, 
then it must represent a stem section at the end of a stem; in this case, the class of the stem 
section with one neighbor was changed to that of the adjacent stem section. If the stem 
section had two neighboring stem sections then it must represent one stem section lying 
within a longer stem; in this case, the classes of all three stem sections were set to the same 
classification as the stem section with the most voxels. In cases where a stem section had 
three or more neighboring sections, no action was performed. The primary cause for three of 
more neighbors was branching within the tree. When two branches (rarely, more than two) 
came together, there was a stem section with three adjacent stem sections (one each for the 
three branches that meet at that point). These segments represented the point where on stem 
ended and one or more stems began; identification of this point was critical for further 
processing. A second source of stem sections with more than two neighboring sections was 
found within dense networks of small branches.  After stem sections were merged they are 
referred to as stem cylinders. However, a single algorithm iteration was insufficient to create 
cylinders of the length required to assure accurate estimates of diameter, length and volume, 
and therefore the "merge" procedure was repeated. Ideally, this process should have been 
continued until no more voxels were being recoded. For this work, the computational 
demands of the algorithm were too great to allow unlimited iterations of the algorithm and the 
number of iterations was fixed at three. 

Even after the "merge" algorithm was performed multiple times, there were many stem 
segments that had only a few pixels in them (for instance, in areas with a dense network of 
branches). We did not remove these pixels from consideration in subsequent merge 
operations (as they may have become interpretable when merged with other stem sections 
later in the process) but they made visual interpretation of the results difficult. Therefore, a 
"prune" operation was performed to make visualization of the data cube more interpretable. 
First, all stem sections with less than 50 voxels that were adjacent to another stem section 
were combined with the neighboring section with the most voxels. The criteria for retaining 
stem segments that were not adjacent to other sections was more stringent; only those that 
accounted for more than 2.5% of the total number of voxels were kept (Fig. 2-C). Voxels that 
did not meet one of these two criteria were ignored during visualization. The X,Y, and Z 
coordinates and the identifier of each voxel were then exported to an ESRI shapefile for 
visualization and editing. 

 
Fig. 3.  Illustration of logic for stem section merging. 
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Editing was performed by recoding voxel classes using data selection and database tools 
in ArcScene (ESRI, 2007). Editing operations fell into three types: merging, splitting and 
deletion. Because only three iterations of the stem volume algorithm were executed, 
individual stems could have multiple stem cylinders along their length. These cylinders were 
selected and merged (i.e. recoded to a single class value). Errors occurred at branching 
locations; these could lead to improper geometry such as more than one branch being 
assigned the same class. These classes were split and recoded to match the class of the 
cylinder they were judged to belong to. Finally, the "prune" operation did not remove all of 
the regions with dense networks of stems. These areas were no longer considered.  Figure 2-D 
illustrates the results of this step of the process. 

2.4.5 Calculation of stem cylinder volume 

With voxels reliably assigned to stem cylinders, the volume of each stem cylinder was 
calculated. It is undesirable to calculate stem volumes directly from the coordinates of the 
voxels themselves because any individual voxel could contain only a single point, and that 
point could be located in an extreme position within the voxel. To circumvent this problem, 
the classes from the voxels (which come from their cylinder class) were assigned to the 
original lidar points that lie within them, and cylinder fitting was performed on the points 
themselves. Five cylinder parameters were fit directly; the center x and y coordinates, the 
radius of the cylinder, and the rotation of the cylinders around the x and z axes. This equation 
was fit to the points associated with each cylinder using the MPFIT package written in the 
Interactive Data Language (Craig Markwardt, 
http://cow.physics.wisc.edu/~craigm/idl/idl.html), a robust least squares curve fitting package 
based on the Levenberg- Marquardt algorithm [29]. The length of the cylinder was not fit 
directly by this equation, as cylinders of any length would satisfy the equation equally well. 
Instead, after fitting the equation for a cylinder, the data points were rotated to align the 
cylinder along the z axis, and the length of the cylinder was calculated as the difference 
between the 1st and 99th percentile of Z coordinates. 

2.5 Canopy Volume Algorithm 
The bole and main branches of a tree are the most obvious components of its total volume. 
However, the fractal nature of tree canopy structure allows a small volume of woody tissues 
(i.e. small stems) to occupy the majority of the total volume of space that a tree occupies. As 
a consequence, most lidar returns are from small branches within this total volume of space. 
We cannot reliably delineate stem objects within this volume, but we can use the number of 
returns themselves to quantify the stem volume of stems in the canopy.  

The most direct inference that could be made for a lidar return is that some surface area 
was intercepted by the laser. In this work, the scanner was set up so that the spacing between 
points was 1.5 cm at the bole (although this varies with distance), and we assumed that each 
return indicated that the presence of a 1.5 cm by 1.5 cm surface area. For each return we can 
assume that the 1.5 cm x 1.5 cm area represented the side of a cylinder with a diameter and 
length of 1.5 cm. For very small stems there was some probability that the branch reflected 
enough energy to register as a lidar return and assuming that the point represented a 1.5 cm x 
1.5 area resulted in an over estimate of stem volume. The probability of a return was from a 
branch of diameter dbranch with a sampling distance s:  

ρ(return) =  
dbranch

s
                                                 (1) 

As we went from small to large branches, we continued to assume that the diameter and 
length was the same as the return spacing:  
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Combining the probability of a return and the volume we assumed it represented, for a given 
stem size we obtained:  
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The ratio between the volume estimated from Eq. (3) and the actual stem volume is:  
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Therefore, even when we account for the lower probability of sampling, the volumes of 
stems that were one-tenth of the sample spacing would have been overestimated by a factor of 
10, and the volume of stems 10 times larger would have been underestimated by the same 
factor. To know the overall effect of these over and underestimates on volume, we would 
need to know the distribution of stem sizes. Assuming the 1.5 cm spacing and formula (4) we 
determined that, for the over- and under-estimates to balance, the number of stems would 
have to increase by a factor of 22.5 as the diameter of the stems decreased by a factor of ten. 
If they increase faster than this rate the method will overestimate the total volume of stems, 
whereas if they increase at a slower rate we will have an underestimate. 

3 RESULTS 

3.1 Stem Volume Algorithm 

3.1.1 Converting points to voxels 
Two trees were digitized with 20cm resolution. Of the other trees, 75% of trees were digitized 
with a voxel resolution of 6.25 cm or less, the median resolution was 4.76 cm and 25% of 
trees were digitized at resolutions less than 3.1 cm.  

Each tree had an average of 11722 voxels to process (range of 2132 to 23765), however 
the number of voxels that the algorithm was unable to process ("zeroed voxels") was highly 
variable (7% to 56% of voxels, 29% on average, Table 2). As a consequence, the coefficient 
of variation of the number of processed voxels (40%) is lower than the c.v. of the number of 
initial voxels (57%), implying that when the initial number of voxels was high, the initial set 
of voxels had a large percentage that the algorithm could not process. 

3.1.2 Identification of stem sections 
An optimal algorithm would assign every voxel to a stem section associated with a unique 
straight portion of a tree’s bole or branches. Stem sections that didn’t follow the stem as 
assumed (i.e. normal to the stem) were associated with a number of conditions.  

• For the main bole, the selection of stem section of starting points ensured that 
the sections would remain normal to the stem; those regions not connected to 
the main bole were started from points and their sections were frequently non-
normal.  
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• Sharply curved branches also changed the orientation of the stem sections as one 
side of the curve was longer than the other and the algorithm advanced at a 
faster rate on the opposite side.  

• When a branch had a horizontal orientation, stem sections lost their normal 
orientation.  

• Where large branches meet, there was a difference between the distance 
between the starting point and the branch’s top and bottom. As a consequence, 
the stem sections were sometimes skewed relative to the along-stem dimension.  

Table 2. Statistics describing the editing of the output of the stem volume algorithm. Species is the 
species code from Table 1,  N_Voxels is the number of cells in the 3-dimensional grid, NC_Final is the 
average number of cylinders in the final tree, NC_Raw is the average number of cylinders before 
editing, %Voxels_Zeroed is the percent of initial voxels that couldn’t be merged into stem cylinders, 
%Robust_Voxels is the percent of voxels that kept the cylinder class that they had before editing, 
%Robust_Classes is the percent of cylinders that didn’t gain or lose voxels in the process of editing, 
%Split_Voxels is the percent of voxels that belong to classes that were split, %Split_classes is the 
percent of initial classes that were split, %Merged_Voxels is the percent of voxels that belong to classes 
that were merged, %Merge_classes is the percent of initial classes that were merged, %N_Trees is the 
number of trees in the sample. Note that the total percent of voxels that were robust, split or merged can 
be greater than 110% - this represents stem segments that were both split and merged. 
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ACPL 6223 10.5 24.7 14% 28% 28% 37% 33% 55% 39% 20 
ACSA 11296 21.9 38.2 10% 21% 49% 14% 14% 57% 37% 15 
CEOC 15033 14.0 111.7 48% 23% 42% 25% 27% 65% 31% 22 
FRPE 11368 15.6 103.6 27% 14% 24% 33% 38% 67% 38% 15 
GLTR 10164 16.5 44.5 15% 9% 17% 41% 39% 72% 44% 13 
GYDI 2132 5.2 95.3 30% 8% 4% 36% 44% 56% 52% 15 
POSA 21623 10.1 102.3 48% 11% 46% 15% 16% 78% 39% 15 
QUMA 8705 33.2 46.4 7% 58% 74% 21% 19% 13% 7% 17 
TICO 4826 4.6 94.0 28% 3% 2% 32% 43% 85% 56% 16 
ULAM 13805 17.9 38.7 37% 10% 16% 58% 41% 58% 42% 15 
ULPU 23765 8.7 183.9 56% 6% 12% 42% 46% 67% 42% 16 
Mean 11722 14.4 80.3 29% 17% 29% 32% 33% 61% 39% 16 
 

3.1.3 Merging stem sections 
Merging of stem sections along branches proceeded without gross errors. However, in this 
work we limited the number of iterations to three, so merging did not proceed as far as it 
could have in many cases.  
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3.1.4 Editing 
In this work, we had an immediate practical goal (estimation of tree volumes) as well as the 
goal of algorithm development. Therefore manual editing of the less-than-perfect results of 
the current algorithm was required. Before editing could begin, both pruned and un-pruned 
versions of the data cube were evaluated in ArcScene to see which version of the tree would 
require the least editing. For half of the trees the pruned version of the third iteration data 
cube (the mostly highly processed) was selected. However the merging process tended to 
over-generalize some of the smaller trees, with many individual stems classified as a single 
stem section. As a consequence, for 13% of trees, editing started with the pruned version of 
the first merge iteration and for 19% of trees it started with the pruned version of the second 
iteration. For 17% of the trees, the un-pruned version of the data cube was used; these were 
generally the smallest trees where hand editing could only extract the section of the bole 
below the canopy. 

Statistics describing the editing operations were compiled to indicate the degree to which 
the algorithm’s output matched expectations, although the edited version of the cube was not 
necessarily the correct one- it was simply closer to the structure we expect given our 
knowledge of these trees. These values had to be interpreted within the context of our initial 
selection of trees to edit. For instance, we would have expected that pruned trees would 
require fewer voxels to be set to zero. The statistics presented represent the difference 
between the best output of the algorithm and the best efforts following editing and were 
interpreted in that context.  These statistics also indicate the amount of time needed to 
perform editing. 

Before editing, the number of voxels that the algorithm was unable assign to stem 
cylinders was highly variable (7% to 56% of voxels, 29% on average). These voxels consist 
primarily of returns from fine branches and twigs that could not be merged into cylinders. In 
the following statistics (Table 2), these voxels were no longer considered and percentages 
refer to the remaining voxels. Overall, only 17% of stem sections did not change class during 
processing, while 32% of the original stem sections had to be split into two or more and 61% 
of voxels were merged with other stem segments. Splits generally represent bad placement of 
vertices and required manipulation of relatively few voxels.  Most merges were along stems 
where stem sections were incompletely merged by the algorithm and in these cases, a large 
number of pixels were reassigned in a few classes. When considering the voxels that make up 
the stem segments, we see that the total percent of voxels that were robust split or merged 
equals 110% - the extra 10% represents stem segments that were both split and merged.  

Of the eleven species considered, Q. macrocarpa required the fewest modifications- 74% 
of the original segments were un-modified. Splits were required more than mergers, perhaps 
an indication that branches were relatively short, so that three iterations of the merge 
procedure were generally enough to complete most of the merging required. Only 7% of the 
voxels had to be removed, a further indicator that few small branches were present. In 
contrast, T. cordata had few robust assignments (3%) and many mergers (56% of segments). 
A. platanoides and A. saccharinum both had more robust initial assignments (28% and 49% 
of classes respectively) but also required many mergers. P. sargentii and U. pumila had many 
initial sections and many voxels that could not be classified, and few robust voxels (11 and 
6% respectively). U. pumila has high percentages of split cylinders while P. sargentii had 
relatively high percent merged classes. The remaining species (C. occidentalis, G. dioicus, G. 
triacanthos, and U.  americana) all have very few robust cylinders, but average requirements 
for splitting and merging. F. pennsylvanica was average in every case.  

There was high variability in the editing statistics for individual trees of each species, but 
when considered at the species level, a regular pattern emerges (Fig. 4). Species that had high 
mean volume had a higher percent of robust classes, and lower percentages of split and 
merged classes. We treated Q. macrocarpa separately as it had consistently better values than 
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the other species. We separated the other species into those with straight branches and those 
with branches described by the Textbook of Dendrology [30] as having"zig zagged" 
morphology.    While trees of straight branched species had a higher percentage of robust 
classes, they also had the higher mean volumes and thus we don’t have a way to formally 
evaluate the importance of this aspect of tree form.   

3.1.5 Calculation of stem cylinder volume 
A total of 1937 cylinders were delineated from the 179 trees; 51% of trees had 6 or fewer 
cylinders, the other 49% had an average of 21 cylinders; two had over 100 cylinders each. 
The mean diameter of these cylinders was 39.4 cm; 80% of the cylinders had diameters 
between 16.7 and 74.4 cm. The diameter distribution of these cylinders (Fig. 5) indicates that 
the number of stems increased with decreasing diameter, except for stems less than 25cm, 
which are less frequent than those between 25 and 30 cm. We would expect that the number 
of stems would continue to increase as stem diameter decreases, which indicates that the 
reliability of stem identification seems to decline below 25cm.  

Similar patterns of reliability apply to the detection of cylinders as a function of length. 
The height distribution of the cylinders indicates that the number of stems increased sharply 
with decreasing length until the length of the stems is 150 cm. The number of stems in classes 
50-100 cm and 100-150 cm are approximately equal, although we would expect more of the 
smaller stems. It is likely that we missed many of the stems below the 50 cm. limit. 

As expected, fewer small stems were identified for trees that were digitized at coarser 
resolution. The percentage of stems in the 20 cm diameter category was greatest when the 
voxel resolution was set at less than 6 cm (51% of stems), lower when voxel resolution was 
between 6 and 8 cm (32%) and lowest when voxel resolution was greater than 8cm (16%).  
However, at the coarsest resolutions (8 to 10cm) the volume of stems with a radius less than 
10 cm was less than 1% of total volume. Therefore, even if these cylinders actually accounted 
for 51% of the total cylinders (as they do when the resolution is less than 6 cm) it would only 
add 3% of additional volume.  

 
Fig. 4. Relationship between editing statistics and mean volume. Regression lines are included 
to indicate general trends only and were calculated without Q. macrocarpa. 
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Fig. 5.  Histograms of cylinder diameter and length. 

3.1.6 Canopy Volume Algorithm 
The canopy volume algorithm indicated that, on average, 90% of the points for each tree were 
not assigned to any cylinder and were therefore treated as part of the canopy (Table 3). This 
compares with the 29% of voxels that were treated similarly during the stem cylinder 
identification (Table 2); therefore the voxels that contained the un-classified canopy must 
contain three times the number of points as those with a recognizable stem section within it. 
The volume estimate from these points accounts for an average of 47% of the total volume of 
the tree. While the percent of points returned from the canopy is relatively constant between 
species (84-99.8%) the percent of volume attributed to the canopy is more variable (33-89%) 
as the average height of the trees varies between species. As trees increase in height from the 
5-10 m class to the 20-25 m class, the canopy’s contribution to the number of points declines 
slightly (92% to 82%) but the fraction of tree volume decreased more substantially (59% to 
22%). 

The canopy volume algorithm relies on the assumption that each individual shot 
represents the interception of at least 1.5 cm of surface area and that the most conservative 
inference about the volume of the branch with that surface area is a cylinder with a diameter 
of 1.5 cm and a length of 1.5 cm (the "smallest stem"). Multiple shots will be intercepted by 
branches greater than 1.5 cm, but the number of shots will be proportional to the surface area. 
As branch diameter increases, the volume algorithm continues to calculate volume as the 
product of the number of shots and the volume of the "smallest stem".  Of course, the actual 
stem volume continues to increase as a function of the square of the branch radius. As a 
consequence, the ratio between the actual volume and the volume calculated by the canopy 
volume algorithm also increases. 
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Table 3. Statistics describing the results of the canopy volume algorithm, indicating the average 
percent of volume and percent of points that were considered to be part of the tree canopy for 
each species and for 4 height classes. 
   

 
Canopy 
Contribution to   

Canopy 
Contribution to 

Species Volume Points  Height (m) Volume Points 
ACPL 44% 92%  5-10 59% 92% 
ACSA 36% 84%  10-15 53% 92% 
CEOC 46% 91%  15-20 40% 90% 
FRPE 40% 86%  20-25 22% 82% 
GLTR 45% 88%     
GYDI 50% 89%     
POSA 33% 92%     
QUMA 43% 89%     
TICO 61% 94%     
ULAM 36% 87%     
ULPU 89% 99.8%     
       
Overall 
Average 47% 90%   47% 90% 

 
 

The results of the stem cylinder algorithm can provide a check on these assumptions. For 
each cylinder we have an estimate of cylinder diameter, cylinder volume, and the number of 
laser shots collected over the surface area of the cylinder. We can calculate the ratio between 
the actual volume of the cylinder and the number of shots intercepted by that section, which 
gives the volume per intercepted points. Given the diameter of the stem, we can calculate the 
volume per intercepted point we expect on the basis of the assumption used by the canopy 
volume algorithm (that each shot represents a volume of stem 1.5 cm on a side).  Figure 6 
shows the result of each of these calculations plotted against each other. While there is high 
variability in the ratios, the overall trend falls around the 1:1 line, indicating that our 
assumption that the mean spacing is 1.5 cm, and that our understanding of the problem is 
correct. 

4 DISCUSSION 

4.1 Stem Volume Algorithm  
Of the two algorithms considered here, the stem volume algorithm is the one that most closely 
follows an existing methodology used by the forestry and forest ecology disciplines. The goal 
is to extract as many of the branch segments as possible and then to accurately quantify their 
length and diameter. While this objective is conceptually simple, the algorithm required to 
segment a lidar point cloud into stem cylinders that can be modeled using simple geometric 
shapes is not. Evaluation of the current algorithm is compromised by the fact that we didn’t 
have the computing resources to run the algorithm to completion. Had algorithm performance 
been better, the merging process could have been allowed to complete, and the number of 
manual edits required to merge segments would have been smaller and the number of robust 
segments would have been higher. Nevertheless, there are conclusions that can be drawn from 
this experience. 
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Fig. 6. The number of shots per m2 of stem as estimated using the assumptions of 
the canopy volume algorithm and as observed on extracted stems. 

 
While computing power has increased dramatically since the beginning of this project, 

algorithm improvements that improve speed still need to be pursued so that finer voxel 
resolution and higher point cloud densities can be used efficiently. Our results indicate that 
the number of small diameter (< 25cm) stems identified was lower than expected. This is 
likely due to the relatively coarse resolution of the voxels we used (median of 4.76cm) which 
would have resulted in a 25cm stem being represented by only 5 voxels across. Higher voxel 
resolution in turn requires higher point density to accurately populate them. To achieve better 
performance, a number of strategies should be pursued. Any reduction in the number of 
voxels would increase algorithm speed and, as we have seen, most are associated with very 
small twins and are unlikely to be used by any stem volume algorithm. Therefore, methods to 
remove these points in the first stages of the algorithm should be investigated. Another simple 
method for reducing the number of voxels would be to formally evaluate the minimum 
number of points (currently, one) that should be required to consider a voxel in the stem 
volume algorithm.  

Increases in performance would have increased the number of iterations we were able to 
perform which would have simplified the editing associated with the merging of stem 
segments, but not other types of editing. Specifically, it would not have decreased the number 
of edits required to split classes (33% of all classes), which are most often required when 
there are errors in processing the vertices between branches. Given the time it takes to make 
these manual corrections, this is an unacceptable level of error.  

One source of errors in vertex processing occurs when stem segments lose their normal 
orientation to stems, which generally causes subsequent stem segments to become 
increasingly non-normal. Therefore, improvements in this aspect of performance are likely to 
reduce the frequency of other types of errors. Testing for orientation of stem segments could 
be performed by rotating a plane around the segment’s center of mass and evaluating the 
points near that plane for both the size and spatial distribution of an oval fit to those points. 

Lidar shots per m2 of stem surface
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The orientation normal to the stem should be indicated by the oval that is smallest and least 
eccentric. Performed at regular intervals, such a check could be used to provide feedback to 
the process of identifying stem segments. A similar approach could also be used to improve 
results for those volumes of returns that are not connected to the main bole. In those areas we 
currently use the voxel with the lowest elevation as a starting point for stem segment 
identification. By checking for stem orientation, we could identify a stem segment near the 
lowest elevation which would lead to better stem normality in subsequent segments.  

Editing is also required in cases where stem segments were merged along stems that bend. 
In such cases, splits were required at the location of the bends so that stem volume could be 
estimated along straight portions of the branch, as required by the fitting technique. An 
automated approach to this problem could involve determining the center of mass of each 
stem segment and the resulting line segment evaluated for rapid changes in its trajectory.  

The method described in this paper relies on a basic topology of branches and nodes. 
However, we didn’t keep track of the adjacency of stem segments and the vertices explicitly 
(although this is a simple modification to make). The spatial pattern of voxels that are 
observed when vertices are improperly processed are complex, but the topology of the 
vertices and the branches that connect them should be simpler and subject to automated 
processing. For instance, it would be easy to identify terminal branches in the vicinity of 
vertices that are less than a certain length. Similarly, short "branches" between vertices are 
also likely to be processing errors and would be simple to remove. In summary, further 
processing of the topology of the branches and vertices is one of the main strategies for 
improving stem volume processing. 

Given the complexity of tree architecture, it is likely that improvements in the stem 
volume algorithm will not completely remove the need for manual editing. It was possible to 
do the required editing within ArcGis but many operations (especially splitting of classes) 
were time consuming and required combinations of selection and database functions in 
various ArcGis editing modes. Within the context of this project, we did not attempt to create 
a custom solution for editing within ArcGIS, but it is clear than many of the more difficult 
procedures could be automated.  

Another improvement to the algorithm involves the calculation of volumes for the stem 
cylinders. While these are termed cylinders, and for the calculation of volume they are treated 
as such, if forestry they are generally treated as the frustum of a cone. These are similar to 
cylinders, but differ in that the circles making up each end of the cylinder can be of different 
sizes, allowing the taper of the branch or bole to be incorporated into the calculation. The 
frustum of a cone is used to allow the modeling of each segment of a branch using only the 
diameters at each end. The diameter of the branch is assumed to vary in a linear fashion 
between the two ends. In this work, the mean diameter of the branch is calculated along the 
entire branch, which allows us to incorporate any variation along its length. Nevertheless, 
using the frustum of a cone does allow the ends of the branch to match the adjacent branch 
ends, so its use should be implemented. 

4.2 Canopy Volume Algorithm 
Ideally, we would be able to apply the stem volume algorithm to all tree stems although this 
would require vastly more data than we collected with terrestrial lidar in the current work. It 
appears that there needs to be at least 5 voxels across a stem to be able to reliably identify it. 
If, for instance, we want to identify stems all the way down to 5 cm, each voxel would have to 
be 1 cm in size and we would require a laser point spacing of 0.3 cm (1/5 of that we are 
currently using). Even though sampling stems down to 5cm will include almost all the 
volume of woody tissues, there will still be smaller twigs we would be unable to sample. The 
motivation for a canopy volume method will apparently remain for some time.  
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The canopy volume method underestimates the volume of twigs whose diameter is larger 
than the sampling distance of the sensor, and overestimates the volume of twigs whose 
diameter smaller than that distance. We showed that, in order for these over- and 
underestimates to balance, the number of stems would have to increase by a factor of 22.5 as 
the diameter of the stems decreased by a factor of 10. If they increase faster than this rate the 
method will overestimate the total volume of stems, whereas if they increase at a slower rate 
we will have an underestimate. Therefore it is important that we have some idea of the actual 
relationship between these two variables. In addition, we used an average value of 1.5 cm 
between laser observations in this work. In the future, explicit modeling of the spacing should 
be performed. 

In the process of developing a model that explains the hydraulic properties of trees (i.e. 
the pipe theory), Shinozaki et al.  [31] evaluated the relationship between the number of 
branches and their associated diameters. In this analysis they determined the slope of this 
relationship on a log log scale for species of Picea, Abies and Camellia was -2.0, while for 
species of Betula, Pinus and Cryptomeria the slope was -1.5.  For our assumption to hold true, 
the slope for our species would have to be -1.35 (the slope of -1.5 represents a 32 times 
increase in stem number for every 10cm decrease in diameter, the slope of 2.0 represents a 71 
times increase), therefore for the deciduous species our assumption is realistic- however more 
of the shots are associated with small twigs than the method assumes.  

In this work, a large fraction of tree volume (47%, Table 3) was estimated using the 
canopy volume method, and was therefore associated with stems that were on the order of 
25cm or less. While this may seem inconsistent with casual inspection of trees, Jenkins et al. 
[32] found that branch biomass associated with hardwood species was about 70% of total 
biomass for small trees and as low as 20% for large trees (any tree over 30 cm DBH).These 
values are consistent with  values in Table 3 for the smallest trees (59% of tree volume for 
trees with heights between 5 and 10 m) and tallest trees (22% of volume for trees with heights 
between 20 and 25 m. 

5 CONCLUSION 
The algorithms developed in this study are first approaches to two problems that arise in 
trying to estimate the woody tissue volume of trees. Estimating of the volume of large stems 
requires that the tree be segmented into objects whose geometry is relatively simple. If the 
contribution of small stems (in this study, less than 5 times the voxel resolution) to tree 
volume is also required, then a probabilistic approach to the interpretation of volumetric 
returns from the canopy will be required. This study documents the performance of two 
algorithms that represent first attempts at addressing these problems and presents potential 
areas of improvements.  
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