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39 Abstract

40 Quantitative structure models (QSMs) are topological ordered cylinder
41 models of trees which describe the branching structure up to the tips.
42

43 Methods: We present unpublished tree describing parameters which
44 can be derived from a single Quantitative Structure Model (QSM). The
45 parameters are used to build two Radius correction filters.

46 Results: For validation we use QSMs produced from an open point
47 cloud data set of tree clouds with the SimpleForest software. We com-
48 pare the QSM volume against the harvested reference data for 65 felled
49 trees. We also found QSM data of TreeQSM, a competitive and broadly
50 accepted QSM modeling tool. Our RMSE was less than 40 % of the
51 TreeQSM RMSE.

52 For other error measures, the rzadj, and the CCC, the relative improve-
53 ment looked even better with reaching only 27 % and 21 % of the
54 TreeQSM errors respectively.

55 Conclusions: In forest ecology we should use the here presented
56 pipeline to build accurate QSMs for reasons of:

57 Quality - With the invention of the QSM Radius filter techniques we
58 improve tree volume prediction capabilities utilizing QSMs.

59 Quantity - More data can be collected with QSMs than with tradi-
60 tional methods. Here we use models build on more than ten thousand
61 measurements.

62

63

64 1

65
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1 Introduction

Quantitative Structure Models (QSMs) [1-3] represent the Above Ground
Biomass (AGB) of trees and consist of topological ordered cylinders following
the branch structure from the root to the tips.

QSMs are build from 3d point clouds commonly recorded with Terrestrial
Laser Scanners (TLS). The static TLS sensors provide in forest environments
data which covers the surface of trees from the stem up to the branching struc-
ture. For the processing of the data 3d tree reconstruction algorithms have
been developed [1, 2, 4-7]. The input TLS clouds tend to have a nearest neigh-
bor distance in the order of approximately one cm. With such cloud densities
the surface of a large mature tree can be covered with multiple millions of
euclidean points. Because of the high automation level the human bias is low
during both data collection and model computation.

The QSMs derived from such high resoluted clouds can consist of ten thou-
sands up to hundred thousands cylinders [3]. Figure 1 shows a QSM representing
a large Acer pseudoplatanus tree with more than 35 thousand cylinders.
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(b)

Fig. 1

(a) A QSM of an Acer pseudoplatanus [8, 9] with a DBH of ~ 1.4 m containing approx-
imately 25 m3 of woody biomass. The QSM was modeled with Simple Forest [10]. The
tree is located in Wytham Woods, UK. The QSM consists of more than 35 000 cylinders.
(b) A zoom of the red bounding boxed area in (a).

Various software tools with the capability to compute QSMs have been pub-
lished [11]. Licensed under copy left are the Computree [12] plugins SimpleTree
(2, 13] and SimpleForest [10]. Also TreeQSM [1, 14] and 3dForest [15] are QSM
building software tools which can be downloaded including their free source
code.

The sum of the QSM’ s cylinder Volumes is an estimate for the above ground
volume (AGV) of the scanned tree. If after scanning the AGV is additionally
measured destructively reference data is collected for QSM accuracy analysis
studies [14, 16-21].

Studies binning the tree into different diameter compartments revealed
that the the accuracy of QSM prediction capabilities decreased with smaller
branch diameters [16, 22]. Small branching structure tends to be significantly
overestimated both by the TLS clouds and the computed QSVMs.



11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

4 Article Title

In earlier works [13] we introduced a QSM filter designed to reduce the
overestimation problem. An allometric function between the GrowthVolume
and the cylinder Radius allowed a statistical correction of overestimated Radii
with equation 1:

Radius = a x GrowthV olume® (1)

Modeling a Radius ~ Volume relation with a power function is a common
procedure in forestry, various Volume predicting functions have been pub-
lished [23, 24]. In the traditional forestry approach just predictor and predicted
change. Using power functions to model size relations is not limited to trees.
The theory of allometric scaling relying on exactly that base function is a
general biological theory, see equation 2 for the generalization.

Y, =ax X} (2)

A century ago Huxley analyzed size relations on the data of shore-crab

bodies and realized he could linearize the problem by a simple log transform on

predictor and predicted, as we can see in equation 3 [25]. The error ¢; follows a

normal distribution with mean 0 and standard deviation 0. Huxley assumed

an homoscedastic error constant over the full range of log transformed data,
see equation 3.

In(Y;) = In(a) + b x In(X;) + €;, ¢, ~ N(0,0?) (3)
After the linear fit the back transformation to the power function shown
in equation 4 was performed by Huxley.

Y; = a x X! x exp(e;), € ~ N(0,0%) (4)
Our former published approach [13] does follow the so called Huxley pro-
tocol [26]. But the GrowthVolume filter has a significant design flaw. Being
calculated from the sum of cylinders’ Volumes it is indirectly relying on the
cylinders’ Radii. Unfortunately, we already know that the Radii predictions
are not reliable for the thin branching structure. We conclude that our pre-
dictor GrowthVolume is error-prone and the computed model is supposed to
deviate from the observed real world phenomenon.
In this manuscript we will build new filters which rely on other parameters
which are much less error-prone.

2 Methods

In addition to the geometrical description also topological information is stored
inside a QSM. Along each path from the tree root to one of the branch tips
the parent child relation is added to the geometry parameters. In figure 2 we
draw an idealized and simplified QSM.
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Cylg

Cyls

Cyly

(Cyls, Cyis)(Cyls)
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)

(a) (b

Fig. 2

(a) An artificial QSM consisting of ten cylinders Cyl,. Each cylinder consists of two 3d
points start and end as well as the Radius. The cylinders between two neighboring branch
junctions are combined to a list structure called segment. Each segment is colored differently.
The cylinder list of one segment is always ordered from closest to the root to farthest away
from the root.

(b) We can see the topological order information from the QSM in (a). The segments are
stored in the nodes. The root node is the segment which stores the root cylinder Cyl; at its
begin.

First we define a few tree describing parameters, some relying on the topol-
ogy only and others on the geometry of QSM cylinders as well. Then we will
build two functions to predict the Radius of a cylinder. We will use both func-
tions in Radius filters designed to improve the Volume prediction accuracy of
QSMs.

2.1 Tree describing parameters
2.1.1 GrowthVolume

We defined in [13] the GrowthVolume of a cylinder recursively.
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Definition 1 (GrowthVolume) The GrowthVolume of a cylinder is the cylinder’s
volume plus the GrowthVolumes of its children.

In other words the GrowthVolume is the sum of the Volumes of all cylinders
with a child relation to the query cylinder, see figure 3.

()

Fig. 3

We see a QSM colored in three different colors representing the concept of recursive child
relation for a query cylinder. In green the query cylinder is highlighted. The query cylinder
has a recursive child relation to itself. Orange are all cylinders which have additionally a
recursive child relation to that query cylinder. Red are all cylinders colored which have no
recursive relation to the query cylinder. Three border cases are depicted:

(a) The query cylinder Cylg is a tip node and none of the other cylinders has a recursive
child relation.

(b) Here the query cylinder C'yls is located in the center of the QSM. The cylinders fullfilling
the the child relation is the sub-branch which would be received when cutting the represented
tree at the position between Cyly and Cyls.

(¢) The query cylinder Cyl; is the root cylinder of the QSM. All cylinders of the QSM have a
recursive child relation to the root.

We used the GrowthVolume as a predictor for the radius in a radius
correction filter [13], see equation 1.
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Nevertheless this filter has a design flaw. Overestimated Radii of cylinders
with a child relation to the query cylinder do influence those cylinders’ Volumes
and therefore also the GrowthVolume. Our predictor is distorted by the noisy
attribute we want to get rid of.

2.1.2 GrowthLength

We can substitute the Volume with the Length in our previous definition to
get a recursively defined Length.

Definition 2 (GrowthLength) The GrowthLength of a cylinder is the cylinder’s
Length plus the GrowthLength of its children.

The GrowthLength is not affected by the Radius prediction errors occurring
during cylinder fitting. Therefore it is a robust ordering predicate for the child
nodes at each branch junction in the topology structure. With this ordering we
can extract the stem by following the left path in the QSM structure depicted
in figure 2.

2.1.3 Reverse Branch Order

To define another meaningful order in the sense of diameter scaling we can
read the reverse branch order from a tree.

Definition 3 (Reverse Branch Order) The Reverse Branch Order (RBO) of a cylin-
der is the maximum depth of the subtree of the segment’s node. If we look at the
real tree, the RBO denotes the maximal number of branching splits of the sub-branch
growing out the segment.

The reverse branch order is depicted in the schematic QSM in figure 4.
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1
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(a) (b)

Fig. 4

(a) The artificial QSM of figure 2 labeled with the RBO.

(b) We can see the topological order information from the QSM in (a) and each node has
the RBO displayed.

2.1.4 Reverse Branch Order Pipe Area

Definition 4 (Reverse Branch Order Pipe Area) We define the Reverse Branch
Order Pipe Area (RBOPA): The West-Brown-Enquist (WBE) model states that the
branching architecture is self-similar [27-32]. In a self-similar branching architecture
the Radius as well as the cross sectional area of a tip is constant. The RBOPA is a
tree specific area unit. By following the Pipe Model Theory (PMT) [33-35] the RBOPA
of a cylinder at any location inside the QSM equals the number of supported tips.
Supported tip cylinders always have a recursively defined parent relation to the query
cylinder.

We can see the RBOPA depicted in the schematic QSM visible in figure 5.
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Fig. 5

(a) The artificial QSM of figure 1 labeled with the RBOPA.

(b) We can see the topological order information from the QSM in (a) and each node has
the RBOPA displayed.

By its definition the RBOPA is a proxy for the sapwood area. To derive
the true sapwood area measured in metrical units we need to simply multiply
RBOPAX AreaOfTip. AreaOfTip is the expected cross sectional area of each tip
of a tree.

2.1.5 Reverse Branch Order Pipe Radius

Earlier works have shown that small cylinders can represent the topology
correctly, but their radius tends to be overestimated [16, 22]. By having a
Radius independent proxy for the cross sectional area we can simply take its
square-root to derive a proxy for the Radius of a cylinder.

Definition 5 (Reverse Branch Order Pipe Radius) We define the Reverse Branch
Order Pipe Radius (RBOPR) as the square root of the RBOPA.
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2.1.6 ProxyVolume

As the RBOPA is a proxy for the area of active vessels which pass the cylinder
we can also model a proxy for the volume occupied by vessels in a cylinder.

Definition 6 (ProxyVolume) The ProxyVolume of a cylinder is calculated by mul-
tiplying the Length with the RBOPA as shown in equation 5. By definition the
ProxyVolume is not relying on correctly modeled Radii.

ProxyVolume = RBOPA x length (5)

2.1.7 VesselVolume

We had defined the GrowthVolume of a cylinder in a recursive manner. We
used the GrowthVolume in earlier works [13] as a predictor for a corrected
radius of each cylinder utilizing a simple power function fit. In similar manner
to the GrowthVolume we can define the VesselVolume, but utilizing instead
of cylinders’ Volumes their ProxyVolumes.

Definition 7 (VesselVolume) The VesselVolume of a cylinder is it’s ProxyVolume
plus the VesselVolume of the cylinder’s children.

2.2 QSM Filters

We are about to present two filters with Radius prediction capabilities. We
pre-filter first the QSM data. We want to remove cylinders with overestimated
Radii in the afterwards presented fitting routines. As over-fitting during the
QSM generation is more likely to happen within the tip regions [16, 22], we can
simply create one filter to get rid of overestimated cylinders by thresholding
the RBO. For example requesting the the RBO of valid cylinders has to be larger
one removes all tip segments’ cylinders.

The remaining cylinders can then be piped through a statistical outlier
filter based on the cylinder’s distance to the aligned TLS sub-cloud.

2.2.1 Linear RBOPR filter
We will build the RBOPR filter to correct overestimated Radii with equation 6.

Radius = a x RBOPR (6)

We only correct Radii if they differ by more than a user selected percentage
deviation threshold from their predicted Radii.
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2.2.2 Non linear VesselVolume filter

Similar to the GrowthVolume approach we can try to predict the Radius from
the VesselVolume by a simple non linear power fit. So we will use equation 7
to correct cylinders Radii and will refer to as the VesselVolume filter.

Radius = a x VesselVolume® (7)

To get appropriate initial parameters required for non linear solvers we use
the Huxley method on log transformed data [25].

To be in agreement with the geometrical relation between a Volume and a
Length we expect b close to the cube root %

The solver can still fail, if too large residuals are contained in the fitting
data. Non linear fitters are less robust as they can find false, local minima
instead of global minima in the error space. To get robust against such fail-
ures we recommend to first apply the Filter based on the RBOPR with a large
deviation threshold. The linear correction will be applied to the cylinders with
the largest errors, but a lot of unmodified cylinders are still usable to predict
the VesselVolume power function parameters.

The allowed deviation between measured and predicted is user selected.

2.3 Data

The author’s of [21] destructively harvested 65 individuals of the species Fagus
sylvatica, Lariz decidua, Pinus sylvestris, Frazinus excelsior. From AGB mea-
surements and density analysis Volume reference data was derived. Then the
authors produced 65 QSMs with TreeQSM version 2.4.1 [36]. For TreeQSM
models a tapering filter [17] relying on a parabolic function to correct overes-
timated leaves was applied. Both TreeQSM models as well as input cloud data
is published at Zenodo [37].

QSMs have been produced as well with SimpleForest v 5.3.1 [10, 38]. We
applied the following pipeline on the input clouds:

1. apply a statistical outlier filter on the input clouds [39],

2. produce QSMs with the SphereFollowing method wrapped in an automated
parameter search [13, 40],

3. apply the RBOPR filter,

4. apply the VesselVolume filter.

2.4 Software

Statistical results have been produced with R-Software [41] and for the plots
we used ggplot [42].
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3 Results

3.1 The Huxley protocol

First we run the RBOPR filter on all QSMs. We then filtered out all cylinders
which had been modified with the RBOPR. That left us with more than 12’000
cylinders which were directly fit into the point cloud and never statistically
modified after the geometry fit. On the remaining cylinders of each QSM a
normalization was performed so Radius and VesselVolume both range from
0 to 1. Lastly a log transformation was performed. We then pooled the 12’000
measurements species wise and fitted four linear models. The rzadj.s of the
species wise linear models range from 0.96 to 0.97 and the slopes of the fitted
lines are quite similar in a range of 0.34 to 0.36, see figure 6.

Performing the Huxley test
Demol et al data — each tree is normalized then log transformed

O .
o)
8 -11 treeSpecies
E . Fagus sylvatica
% Fraxinus excelsior
._g ‘ Larix decidua
T @ rinus sylvestris
z -2
. )= ~0.17+0.351 x R;dj - 0.96
“y=-0.169+0.359 x Rly=0.97
=-0.208+0.342 x R}y, =0.96
-34 . . . . .
-8 -6 -4 -2 0
n(VesselVolumeNormalized)
Fig. 6

All 65 QSMs have been filtered with the RBOPR method. We extracted 12352 cylinders which
had not been modified by the filter. All of those are cylinders fitted into the point cloud [2]
without any further statistical processing. First we normalize each QSM so both Radius and
VesselVolume range between 0 and 1. Then we log transform the data, cluster by species
and lastly fit a linear model for each cluster.

3.2 Volume accuracy

As we have destructively collected reference Volume data [37] we can analyze
the accuracy of QSM Volume predictions. In figure 7 we use SimpleForest
QSMs which have been improved by either the linear RBOPR filter (a) or the



11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Article Title 13

non-linear VesselVolume filter (b). We plot as well the results produced with
TreeQSM as published [37] (c).

QSM total Volume validation QSM total Volume validation
Data source: Demol et al. | Spherefollowing with RPRBO filter Data source: Demol et al. | Spherefollowing with VesselVolume filter
3000 y=70.2+0.866 x, RMSE : 127, FiazdJ =0.96, CCC:0.97 3000 y=55.2+0.882 x, RMSE : 129, FiazdJ =0.96, CCC:0.97
. .
. .
r’)E 2000 - v’)g 2000 .
Z 2
g o3 2 o
= =2
S o ]
> >
= =
1000 K > 1000 K i
Al -~ °
.
B, O . .
0 0
0 1000 2000 3000 0 1000 2000 3000
Harvested Volume (dm®) Harvested Volume (dm®)

(a) (b)
QSM total Volume validation
Data source: Demol et al. | TreeQSM with Tapering filter

2,=085,CCC:086/ o

30001 y=102+1.11 x, RMSE: 324, R,

2000

QSM Volume (dm®)

1000

0 1000 2000 3000
Harvested Volume (dm®)

Fig. 7 We use free accessible data of tree point clouds, those trees’ destructively collected
Volume ground truth data and TreeQSM computed Volume data [11].

(a) SimpleForest QSMs filtered with the RBOPR filter have their volumes compared to destruc-
tive ground truth measurements.

(b) Similar to (a), but this time the VesselVolume filter was applied to SimpleForest QSMs.
(c) We also show the scatter plot of QSMs stored in the data base. Those have been mod-
eled with TreeQSM algorithm [1] and then filtered by the TreeQSM tapering method [17].

All results are written with their root mean squared error (RMSE), their
rzadj, and their Concordance Correlation Coefficient (CCC) into table 1.
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Table 1 Numerical validation of QSM volume measures compared to harvested reference
volume measures.

Software Filter RMSE(dm?) r2,  CCC
SimpleForest VesselVolume 129  0.96 0.97
SimpleForest RBOPR 127 0.96 0.97
TreeQSM Tapering 324 0.85 0.86

4 Discussion

4.1 Filter Reasoning
4.1.1 RBOPR filter

The RBOPR filter was build on theoretical grounds. From the WBE model follows
the assumption of a constant tip cross sectional area. And with the PMT we can
correlate the Radius at any position with the number of supported tips. Our
equation 6 is the mathematical realization of the two conceptual properties
originated from two well established ecology theories.

4.1.2 VesselVolume filter

The second filter was build on a revealed pattern during data analysis and not
build on forest ecology theories. So here we reason numerically.

The relation Radius ~ VesselVolume is expected to have an exponent
value close to % The slope of the fitted models in figure 6 deviates with values
between 0.34 and 0.36 only by 0.01 up to 0.03. So the used relation reflects
the fit of a Length to a Volume.

The ngj‘ is close to one for all four fitted functions.

4.2 QSM Volume Accuracy

We imported here in our analysis results [21, 37] which have been produced
with TreeQSM. The TreeQSM pipeline which was utilized by Demol et al. uses
an algorithm which has been discussed in detail [1, 3, 14] embedded within a
traditional optimization algorithm [13]. The QSMs then were filtered with the
tapering method [17].

Importing the same clouds we also produced SimpleForest [10] QSMs relying
on the same parameter optimization technique [13] but utilizing a different
algorithm - the spherefollowing algorithm [2]. The output QSMs have then
been filtered with the here proposed allometric theory based filters. We fitted
linear models into the ground truth Volume vs QSM Volume predictions, see
figure 7 and table 1.

Our results produced data where the RMSE is 39 % of the TreeQSM error.
The devation of the r2adj, value from the best score 1.0 is for SimpleForest
only 27 % of the TreeQSM derived deviation. For the CCC the deviation is only
21 % of the TreeQSM deviation.
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We conclude that the analyzed tree species can be modeled with the here
presented allometric scaling theory based filters. Using our introduced allomet-
ric relations performes better than previously published QSM filtering methods
[13, 17]. This should help to rise the acceptance to rely on TLS scans and QSM
modeling [43].

4.3 Bias

We can see an underestimation of the prediction by SimpleForest, 12 % for
RBOPR and 13 % for VesselVolume filtering. The bias is of roughly the same
magnitude like the TreeQSM overestimation (11 %) bias. A partial explanation
might have been the statistical outlier filtering [39] of the input clouds before
building the QSMs. While getting rid of noise points improves the optimization
results we potentially also lost a significant part of the thin branching structure.

Another explanatory hypothesis is that in the year of recording less leave
growth did happen. Less growing units - the tips which we count - leads to an
underestimation of both RBOPR and VesselVolume.

Time series data recorded under temporal changing weather and climate
conditions might open here a complete new field. In hot dry years we might
observe underestimation as the sapwood Radius and sapwood Volume which
we use as a predictors are less than in humid and mild years.

5 Conclusions

5.1 Impact on QSM usage

We recommend the usage of one of the two the here presented filtering proto-
cols when working with QSMs. To our knowledge no national forest inventory
decided to use QSMs to build Volume functions from it up to date. This work
provides a significant boost for the Volume prediction capabilities of QSMs
so we recommend a reevaluation of QSM usage potentials. The computation
of linear models is more stable compared to the computation of non linear
models. Linear model solvers do not rely on good starting parameters and are
always guaranteed to find the global minimum. Therefore we recommend the
usage of the RPOBA filter over the VesselVolumne filter.

Generalization of the results should be handled with care. We analyzed
here data recorded in leave-off conditions with multiple scans with state of the
art equipment and protocols [21]. Only if similar scanning conditions are faced,
the accuracy of the results can be expected of the same order as discussed.

Prooning campaigns which are designed to influence a tree’s growth pattern
to produce the maximal amount of merchantable wood might result in tree
individuals following growth patterns not fulfilling of the here applied Huxley
protocol [25]. How well this work performs on either conifers or large evergreen
trees needs to be analyzed as well.
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5.2 Impact on forest ecology theories

The RBOPA we interpreted as a proxy for the area of sapwood at any given point
in the tree. Of course we could also think of multiplying the RBOPA with the
expected number of leaves on a new growth unit and derive the total number
of leaves. So the RBOPA can be seen as a proxy for the area leave index as well.

With open QSM data bases [14, 16-21] tree modelers have from now on a
much more convenient way to collect data.
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