








This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

WANG et al.: INTERNATIONAL BENCHMARKING OF ITD METHODS FOR SILVICULTURE AND FOREST ECOLOGY 11

100.0

60.0

50.0

40.0

30.0

A1 A2 Bl B2 B3
HFGI_2 WFGI_4 WFG_8 HMIGN-R ®SLU-R MSLU-H WUZH_2 HUZH 4 WLUZH_8

(a)

(©)

(®)

(d)

Fig. 9. Detection rate of different crown classes in each test plot. (a) Dominant trees. (b) Codominant trees. (c) Intermediate trees. (d) Suppressed trees.

A similar situation is observed with the CoD trees. In
plots Al, B1, and B3, more than 70% of the CoD trees are
coniferous, and A2 has almost equal numbers of CoD conif-
erous and deciduous trees. However, there is no significant
difference in the detection rate of the CoD trees between the
four plots. In general, the detection rate of CoD trees exceeds
70%, and the FGI-P and UZH-H methods have the highest CoD
tree detection rates (above 80%). The homogenous tree height
distribution in the neighborhood is the biggest challenge for
detecting CoD trees. The main source of omission errors of
CoD trees is the failure to separate two or three CoD trees that
have similar heights and that are located close to each other.

The detection of subordinate trees (Int and Sup) is more
challenging in general. The overall detection rate of Int trees is
40%-80% for the FGI-P and UZH-H methods, and even lower
for the other three methods. Based on the results, the detection
of deciduous Int trees is more challenging than that of conif-
erous Int trees. In plot A1, 78% of the Int trees are deciduous,
and this plot had the lowest detection rate among the mature
plots (A1, A2, B1, and B2) when the FGI-P, SLU-R and SLU-H
methods were used. The height of the Int trees also influences
the detection rate. In the stands where the average height of
the Int trees is approximately 10 m (A2 and B2), the detection
rate of the FGI-P and UZH-H methods is higher. However,
species and height are not the primary factors that determine
the detection of Int trees. The most critical influencing factor
is the canopy morphology in the neighborhood of the Int trees.
The possibility of an Int tree being correctly detected is decided
by the crown shape of the neighboring dominant (Dom and
CoD) trees as well as by the height difference between the Int
tree and its neighboring dominant trees. The clearer the height
variance between the different canopy classes in a stand (e.g.,
plots A2 and B2), the easier it is to detect Int trees.

Trees in the secondary canopy layer, i.e., Sup trees, had the
lowest detection rate. One major reason is the limited number of
ALS points reflected from the Sup trees. The capability of ALS
to capture suppressed trees is discussed in detail in Section V-C.
Similar to the Int trees, the correct detection of a Sup tree
is highly influenced by the species and the height and crown
shape of its neighboring trees rather than by the species and
the height of the Sup tree itself. Different methods have varied
performances under different stand conditions. SLU-H works
better for the higher Sup trees. Both FGI-P and UZH-H perform
better under conditions where the height variance between the
Sup trees and their neighboring trees is high. The height of
a Sup tree itself does not have a significant influence on the
detection result of these two methods (FGI-P and UZH-H). The
two raster-based methods (IGN-R and SLU-R) do not provide
information on Sup trees.

B. Cost of Commission Errors

1) Two Commission Cases: The commission errors of the
compared methods for different crown classes in each test plot
are illustrated in Fig. 10. The results show that the number
of Commission I errors is strongly related to the tree species,
particularly for the dominant trees (Dom and CoD). For all the
compared methods, a high rate of Commission I errors can be
found for dominant trees in plots Al and A2 where the Dom
and CoD trees are mainly deciduous. The Commission I error
of the Dom and CoD trees is clearly lower in the coniferous
stands (B1-B3).

The case for the Commission II error is, however, quite
different. The Commission II errors are maintained at a similar
level for both coniferous and deciduous Dom trees. A similar
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Fig. 10. Commission errors of different crown classes in each test plot.

result is observed for the CoD trees. This implies that the height
variance at the edge of a large crown and/or the conjunction area
of neighboring crowns leads to a high risk of Commission II
errors, which presents the biggest challenge for the detection
of dominant trees (Dom and CoD), and such challenges are not
species or stand specific.

The detection of subordinate trees (Int and Sup) is a chal-
lenging task for all the compared methods. As previously
mentioned, the species and heights of the subordinate trees
alone do not explain their detection accuracy levels. The
distribution of commission errors among the Int trees also
reflects this fact. Plots A2, B1, and B2 have higher commission
errors (I and II) with respect to Int trees, but the Int trees
in these three plots are mainly coniferous. The influencing
factor for with a greater impact on the detection accuracy of
subordinate trees is the complexity of the local 3-D canopy
structure, i.e., the distribution of the crown classes in the
neighborhood.

EFGI_2 WFGI_4 WFGI_8 WIGN-R WMSLU-R WSLU-H WUZH 2 WUZH 4 wUZH_ 8

Another important fact associated with the detection of Int
trees is the balance between a high detection rate and a large
number of commission errors. Detecting Int trees requires a
method to be sensitive toward the local height variance of
the canopy such that the lower treetops of Int trees that are
suppressed by the neighboring dominant trees (Dom and CoD)
can be detected. However, large branches of dominant trees as
well as the conjunctions of dominant tree crowns may present
morphological features of the canopy structure that are similar
to those of intermediate trees and their surrounding Dom and
CoD trees. Both situations consist of a recognizable height vari-
ance of the individual crown or crown group. Efforts to detect
the treetops of Int trees will therefore simultaneously increase
the Commission II error associated with the large branches
or the conjunction area of Dom and CoD trees. In brief, the
increase in commission error, particularly Commission II error,
is a side effect of pursuing a high detection rate of Int trees,
which is very challenging for all ITD methods.
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Fig. 11. Com_Cost factor for each method for different crown classes.

For the suppressed trees, the Commission II error resulting
from the FGI-P and UZH-H methods is high, which signifi-
cantly contributes to the overall commission error rate of these
two methods (see Fig. 8). One reason could be that the shrubs
and bushes that are not included in the reference data have been
detected by the methods. Another source of such commission
error may be the large spruce or pine branches located at low
heights in the stand. The result also shows that an increase in the
point density reduces the Commission II errors for suppressed
trees. This is because a higher point density will record the
treetops of suppressed trees in more detail, and it is easier to dif-
ferentiate these canopies from the other points on low branches.

2) Match—Commission Tradeoffs of the Methods: A com-
parison between the correct detections and the commission
errors of the five methods shows that the commission error is
positively correlated with the detection rate. A higher overall
detection rate tends to result in a higher commission error.
This indicates that the high tree-detection rate most probably
increases the commission error, and addressing the tradeoff be-
tween “match” and “commission” is one of the main challenges
for ITD. One technique to assess the tradeoff between “match”
and “commission” is to estimate the stem volume distribution
for both cases and to evaluate the extent of the stem volume
overestimation caused by the commission errors. However, the
estimation of stem volume itself can be biased considering
different species and stand conditions.

In this paper, the commission error is considered as a cost
of correct detection, and each method has different costs of
commission errors associated with the correct detection. The
measurement of the match—commission tradeoff is evaluated
using the commission cost, which is defined by the following
equation:

Com_Cost = Commission Rate/Detection Rate.

The Com_Cost factor represents the cost of commission
error (including both Commission I and II errors) per each
percentage of the detection rate. A low Com_Clost factor for a
method means the method can produce its detection rate with a
low rate of commission error, which is an indication of a proper
balance between accurate detection and commission error. The
Com_Cost factor for each method for different crown classes
in all five plots is illustrated in Fig. 11.

Almost all methods had a low C'om_Clost factor (below 0.5)
for the Dom and CoD trees, which shows that the performance

of the compared methods in controlling the commission errors
associated with the dominant trees is plausible. However, it
should be noted that the C'om_Cost factor implies a balance
between accurate detection and the commission errors; the fac-
tor alone does not represent the efficiency of a method. A low
Com_Cost factor may be associated with a low detection rate.
A good balance of the tradeoff between the correct detection
and the commission errors is to obtain a high detection rate
(e.g., above 80%) with a low Com_Cost factor (e.g., below
0.5). In this respect, the FGI-P and SLU-H methods provide
the most satisfactory results. The IGN-R method has the lowest
Com_Cost factor for the Dom and CoD trees, as well as the
lowest detection rate. On the contrary, the UZH-H method has
a high detection rate and a high Com_C'ost factor.

The appearance of the commission errors associated with the
Int trees is highly relevant for the detection of these Int trees.
The SLU-R, SLU-H, and UZH-H Com_Cost factors for the
Int trees are clearly higher than those of the Dom and CoD
trees. The reason for this might be that these three methods
rely on rasterized data (images) for detecting Int trees, and
the balancing of the match—commission tradeoffs is notably
difficult for the raster-based methods. The utilization of point
clouds may reduce the Com_Cost factor, as shown by the
difference between the SLU-R and SLU-H methods.

The Com_Cost factor associated with the Sup trees was not
evaluated for IGN-R and SLU-R because these methods do
not detect suppressed trees. For the other three methods, the
Com_Clost factor was much higher for the Sup trees compared
with the other crown classes. As previously discussed, one
reason for the high commission error is the absence of shrubs
and bushes in the reference data. On the other hand, an increase
in the point density obviously reduces the Sup tree Com_Cost
factor, which confirms the importance of a high point density
for the detection of subordinate trees at the secondary canopy
layer.

This study of the Com_Cost factor indicated that: 1) to
pursue a high detection rate while maintaining a low commis-
sion error is an achievable task for the dominant trees (Dom
and CoD), but it is challenging for the subordinate trees (Int
and Sup); 2) the utilization of point cloud data in the ITD
methods is important in dealing with the tradeoffs between the
detection rate and the commission errors; and 3) a higher point
density clearly benefits the reduction of the Com_Cost factor
for detecting the Sup trees.

C. Capability of ALS to Detect Suppressed Trees

The penetration of forest canopies by laser beams is one of
the most competitive characteristics of ALS, which makes it
possible to study the vertical canopy structure and the under-
growth of the secondary canopy layer using remote sensing
technology over large areas. The features that are related to
the scanning system (e.g., discrete or full-waveform, the pulse
frequency, etc.) and the flight (e.g., flight height, scanning
angle, etc.) are assumed to have a direct influence on the ability
of ALS to capture the secondary canopy layer. Forest canopy
characteristics, e.g., canopy closure and leaf area, also influence
the capturing capabilities. Until now, there has been a lack of
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TABLE VII
NUMBER OF DETECTABLE SUPPRESSED TREES IN EACH TEST PLOT
Al A2 Bl B2 B3 Average
Total Suppressed Trees 12 23 3 14 11
Detectable Suppressed Trees 4 10 1 7 1
Detectable Rate (%) 333 435 333 50 9.1 339

quantifiable evaluations of the efficiency of the ALS data to
capture the 3-D canopy structure, particularly the Sup trees that
are often occluded by other canopy layers.

The number of detectable Sup trees in the applied first—last
return ALS data (8 pts/m?) is evaluated in this study. A Sup
tree is considered as “detectable” using automated methods
when there are a certain number of ALS points that describe
its crown. Three methods in this study (FGI-P, SLU-H, and
UZH-H) require a cluster of points at the crown area for the
detection of Sup trees. Considering the ALS point density as
well as the criterion of the “point cluster” in the three methods,
the definition of “detectable” is set to at least 5 points within a
cylinder space with a 2.5-m radius and 3-m height surrounding
the treetop of a reference Sup tree. To mitigate the possible
height bias in the reference data, the top of the cylinder space is
set to 1 m higher than the reference treetop.

The number of detectable Sup trees that satisfy this def-
inition and the corresponding total number of Sup trees in
the reference data are presented in Table VII. Plots A2 and
B2 have a relatively higher rate of detectable Sup trees, most
probably because there is a more homogenous distribution of
different species as well as crown classes in these two stands.
The dominant populations of deciduous trees (Al) and old
coniferous trees (B1) in the topmost canopy layer may reduce
the detectable rate of the Sup trees in the stands due to higher
leaf area and/or canopy closure. The possibility of detecting
Sup trees in the young and dense stand (B3) is even lower, partly
because of the lack of a clear canopy structure in this stand. In
B3, the high stem density is another challenge for the ALS to
detect the Sup trees.

The average detectable rate of the Sup trees in the five
test plots is 33.9%, which indicates that the first-last return
ALS data with 8 pts/m? point density is capable of capturing
approximately one-third of the Sup trees in stands. This fact
implies that the performance of the automated methods for
detecting Sup trees, as shown in Fig. 9(d), is plausible. The
actual detection rate of the Sup trees, calculated from the
detectable number rather than the total reference number, can
reach up to 88.2% for the FGI-P method, 37.7% for the SLU-H
method, and 63.1% for the UZH-H method.

It should be emphasized that the overall detectable rate of
Sup trees is only evaluated for the applied ALS data that
were collected more than ten years ago by repeated flight lines
to achieve higher point densities. With the rapid progress of
scanner technology, new data usually have the ability to provide
more intermediate returns and a higher point density, which
should improve the capability of capturing the Sup trees in
stands. It is a pity that test areas have been felled during the
last ten years, and it is impossible to obtain new data for the
same test plots because it would be interesting to compare
the difference resulting from the different scanning systems.
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VI. CONCLUSION

This paper has clarified the current status of the ITD ap-
proaches with respect to their capabilities to depict 3-D canopy
structures through international benchmarking. Five ITD meth-
ods, i.e., two raster-based (IGN-R and SLU-R), two hybrid
(SLU-H and UZH-H), and one point-based (FGI-P), were eval-
vated and compared, in which the point-based method (FGI-P)
is a newly developed approach introduced in this paper. The
methods were compared using three ALS data sets with differ-
ent point densities (2, 4, and 8 pts/mz) collected in five boreal
forests with diverse stands at different development stages.

The capability of ITD methods to depict the 3-D canopy
structure was evaluated at a crown-class level. Individual crown
classes were evaluated separately, and detailed analyses of the
detection accuracy of subordinate trees, i.e., the intermediate
and suppressed trees, are reported for the first time through
benchmarking in this study. In addition, the challenges of
modeling 3-D canopy structure using ITD approaches are inves-
tigated from different perspectives, i.e., the methodology, the
stand situation, and the quality of the applied ALS data.

It is revealed that, at the current stage, the raster-based ITD
methods are shown insufficient to depict the 3-D canopy struc-
ture due to their incapability to detect trees in the secondary can-
opy layer. The point-based and hybrid methods tend to simplify
the canopy structure, particularly in the vertical direction, since
the number of subordinate trees is typically underestimated.

With respect to the methodology, this study reveals the
importance of utilizing the point cloud data in the ITD methods,
which is necessary for depicting the 3-D canopy structure, and
benefit of dealing with the challenges of commission errors,
particularly when high detection rates for codominant and
intermediate trees are expected. Clear tradeoffs are observed
between the detection rate and the commission errors. The com-
mission errors that occur at the edge of the crown or the con-
junction area between crowns are more challenging, because
the large branches as well as the conjunction areas of dominant
and codominant trees may present morphological features in
the crown structure that are similar to those of the intermediate
trees, which means that any attempt to detect intermediate trees
simultaneously increases the risk of generating commission
errors. It is difficult for the raster-based methods to differen-
tiate the large separated branches or certain conjunctions of
neighboring crowns from the real intermediate trees because
information of vertical dimension is typically lost in the raster-
ized data. The application of the point cloud data can mitigate
such a challenge by taking more vertical information into con-
sideration, such as the crown depth and the crown cluster size.

Considering the impacts of the stand structure, this bench-
marking study also revealed that the crown class plays a con-
siderable role in the detection accuracy of ITD methods, and its
influence is even greater than that of the tree species as well as
the species composition in a stand. In mature stands, the overall
detection rate of dominant trees can exceed 90%, and that of
codominant trees can exceed 80% for most of the methods,
regardless of the tree species and the species composition in
the stand. The canopy structure has a greater impact on the
detection rate of the subordinate trees, i.e., intermediate and
suppressed trees, than the species and height of the subordinate
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trees themselves. The detection rate of the intermediate trees
ranged from 40% to 80% and was even lower for the suppressed
trees (up to 30%). The clearer the height variance among
different crown classes in a stand, the easier it is to detect
subordinate trees.

Apart from the methodology and the stand structure, the low
detection rate for subordinate tree is partly because only limited
laser beams were reflected from the forest undergrowth due
to the occlusion caused by dominant trees or the low point
density. This study conducted the first quantifiable evaluation
of the efficiency of the ALS data to capture suppressed trees.
In the 8 pts/m*> ALS data, only 34% of the suppressed trees
in the test area were sufficiently recorded in the ALS point
cloud to describe the existence of their canopy. Among the
recorded suppressed trees, up to 88% of the suppressed trees
can be detected and modeled. These statistics indicated that the
automated ITD methods perform well in detecting suppressed
trees in various forest structures; however, at this point density,
ALS has limited capability to capture suppressed trees, and the
depiction of suppressed trees directly depends on the capability
of recording such trees.

Another important finding is that the increase in point density
is clearly helpful in the detection of subordinate trees. This is
different from what was concluded in [18], where the point
density was reported to have limited influence. While being
insignificant for the raster-based methods, the point density is
a highly influential factor in the performance of the methods
that use the point cloud data. In the point-based (FGI-P) and
hybrid (UZH-H) methods, an increased point density results in
a higher detection rate and a lower cost of commission errors
for both intermediate and suppressed trees. On the other hand,
the dominant trees were shown to be well depicted in ALS data
with all point densities. This finding shows that if the focus
of an application is to measure the dominant trees only, ALS
data of a point density of 2 points/m’> may already provide
satisfactory results.

With the use of ITD methods that are able to take advan-
tage of the richer information produced by the high-density
point clouds, utilization of more advanced multireturn and
full-waveform data with higher point density is anticipated to
improve the characterization of the 3-D canopy structure by
more accurately detecting intermediate and suppressed trees in
stands. Again, the application of more advanced ALS systems
is only meaningful for the methods that utilize the point cloud
data, which indicates that greater effort should be placed on
developing and improving the point-based and hybrid ITD
methods to model the 3-D canopy structure and to further
explore the potential of high-density ALS data.

Measuring 3-D forest structure from ALS has great practical
potentials. Applications that use remote sensing data to produce
forest attribute maps often require plot-level field data for
constructing mathematical models and validating outcomes.
Typically, representative field plots are costly to install and, as a
result, are often limited in number and extent. As an alternative,
Walder et al. in [5] proposed the concept of the ALS (LiDAR)
plot. In such a concept, it is particularly necessary to be able
to characterize the subordinate trees, i.e., the intermediate and
suppressed trees. While recent ALS systems are capable of

providing a very high point density, i.e., above 100 pts/m?,
the advantages of such high point density for ALS-based ITD
still need to be explored. On the other hand, an extremely high
point density does not necessarily benefit the performance of
ALS-based ITD considering the usefulness of the points and
the computational costs. The marginal utility of point density
for ITD performance requires more in-depth study in the future.

Furthermore, ALS systems are adopting wavelengths other
than the near-infrared. The Optech Titan ALTM system pro-
vides up to three active channels of different wavelengths,
which is assumed to be helpful for the classification of species
and may consequently benefit ALS-based ITD with respect to
higher accuracy. As the application of ALS data expands to
more widespread applications in silviculture and forest ecology,
both the horizontal and vertical structures of forest canopies
are expected to be investigated for the purpose of monitoring
regeneration, estimating biomass, or classifying habitats. Our
future studies will focus on employing the latest ALS data to
improve the study of 3-D canopy structures, ITD in different
crown classes, and other parameter estimates for the trees in
both the topmost and secondary canopy layers.
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