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ABSTRACT:

Reconstruction of major branches of a tree is an important first step for the monitoring of tree sway and assessment of structural
stability. Photogrammetric systems can provide a low-cost alternative for the acquisition of three-dimensional data, while also en-
abling long-term monitoring of a tree of interest. This study introduces a low-cost photogrammetric system based on two Raspberry
Pi cameras, which is used to reconstruct the tree architecture for the purpose of stability monitoring. Images of five trees are taken
at a range of distances and the resulting point clouds are evaluated in terms of point density and distribution with the reference to
TLS. While the photogrammetric point clouds are sparse, it was found that they are capable of reconstructing the tree trunk and
lower-order branches, which are most relevant for sway monitoring and tree stability assessment. The most optimal distance for the
reconstruction of the relevant branches was found to be 9-10 m, with a baseline of 120 cm.

1. INTRODUCTION

Urban trees are a crucial element of green infrastructure,
providing a range of valuable ecosystem services. They con-
tribute to the reduction of pollution (Willis and Petrokofsky,
2017) and temperature regulation (Doick et al., 2014) in the cit-
ies, providing shade and potentially reducing energy use. Their
presence in urban areas has also been linked to improvements
in mental and physical well-being, since they may encourage
physical activity outdoors. This also links to some of the in-
direct social and economic benefits, as well-maintained trees
contribute to the increase in value of a neighbourhood, reduc-
tion of crime and can potentially encourage more visitors to
use the local shops and amenities (Turner-Skoff and Cavender,
2019). As a result, campaigns promoting increased tree plant-
ing in cities have gained popularity (Sousa-Silva et al., 2023).
While such initiatives have many benefits, they can also incur
significant costs associated with care and maintenance. Cli-
mate change causes more frequent and intense extreme wea-
ther events, potentially leading to declining tree health. Long
periods of drought weaken the trees and make them more vul-
nerable to breakage, while intense rainfalls cause high soil sat-
uration and increase the risk of uprooting. Urban trees are par-
ticularly vulnerable to branch failures and structural defects, in-
creasing the risk of damage in high wind (Nelson et al., 2022).
A study by (van Haaften et al., 2016) conducted in the Nether-
lands has found that tree failure events are occurring three times
as often now as fifty years ago and the upward trend continues.
These events have significant implications for public safety, as
tree failure leads not only to damage to property and infrastruc-
ture but also loss of health and life. Regular monitoring and
maintenance are therefore essential to ensure the trees’ healthy
condition and reduce the risk of failure. In practice, manual tree
surveys in urban areas are often performed infrequently and the
maintenance is primarily reactive. While it is still vital to con-
sider the existing damage to the trees and their health while
conducting the risk assessments, more data is required to fully

understand the tree response to wind. For this reason, a num-
ber of studies have been conducted which looked at the mon-
itoring of wind-induced tree sway using strain gauges, accel-
erometers and inclinometers (Jackson et al., 2020). However,
the main limitation of these methods is that they take measure-
ments only at a specific point on a tree, usually the tree trunk,
often omitting branches. While the failure of the tree as a whole
has the potential to cause the most damage, it happens less fre-
quently than branch failure, which can also be harmful. For
this reason, it is important to develop a method which would
enable the monitoring of the frequency and degree of move-
ment of not only the tree trunk but also the branches and the
crown as a whole. 3D data capture methods like laser scanning
enable fast acquisition of detailed models of tree architecture,
which could be valuable for the assessment of the tree’s over-
all structural condition. Still, the high costs might limit their
widespread adoption. Furthermore, laser scanning may not be
suitable for the monitoring of tree sway, due to the time needed
for data capture - it is not possible to record high-frequency
movements. Close-ranged terrestrial photogrammetry has the
potential to provide a more accessible alternative, with single-
board cameras serving as a basis for low-cost photogrammetric
and monitoring systems. While previous studies using similar
devices focused on building models from multiple viewpoints
(Miller et al., 2015)(Mokros et al., 2017), our approach looks
at the simple scenario of two cameras installed on a single rail
with a modifiable baseline, which allows us to achieve optimal
depth accuracy. This system is suitable for long-term deploy-
ment for the purpose of monitoring the wind-induced sway and
structural condition of high-value and high-risk trees.

2. AIMS AND OBJECTIVES

In order to use the photogrammetric system for tracking the
sway of a tree and its branches in three dimensions, first it has
to be determined how well the features can be detected and re-
constructed. This work serves as an initial part of a broader
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study and its scope is limited to the evaluation of 3D recon-
struction quality in terms of its utility for tree sway monitoring.
This is achieved by comparing the point clouds obtained with
the photogrammetric method with point clouds from terrestrial
laser scanning, which will serve as a benchmark. We are also
considering the depth resolution and field of view, by testing the
photogrammetric system at a range of distances from the target
tree. It is important to highlight that as the goal is to be able to
track the tree elements with the highest potential for failure and
damage, it is not essential to obtain a very dense and complete
point cloud. Some of the highest-order branches are very dif-
ficult to reconstruct due to how fine and densely growing they
can be. However, these are also the branches that have a very
low impact upon failure. For this reason, the study assesses the
completeness and accuracy of the point cloud at each branch-
ing order of the tree, with higher importance given to the lower
orders.

3. METHODOLOGY

3.1 Equipment

The camera system developed for this study is based on two
Raspberry Pi Zero W computing boards coupled with Rasp-
berry Pi v2 NolR cameras. The main benefit of this setup is
its cost - approximately £10 per board and £24 per camera.
Despite the low price point, the cameras can achieve relatively
good image quality with resolutions up to 3,280 x 2,464 pixels
and can be easily programmed to capture imagery at a range
of parameters. The further specifications of the camera model
can be seen in Table 1. The additional advantage of the NoIR
camera is the lack of an infrared blocking filter, which allows
for data acquisition in low-light environments and the capture
of IR information, especially beneficial for vegetation monitor-
ing applications. Additionally, the Zero boards, in comparison
to full-size Raspberry Pi 4, benefit from portability and lower
power usage, which is particularly important for the potential
long-term deployment of the system. Both boards are connec-
ted to a single button which triggers the image capture, ensuring
that both of the cameras are synchronised to 0.02 seconds. This
is essential for data collection in windy conditions, as branches
have to be in the exact same positions in both of the images for
successful reconstruction. The cameras are positioned in paral-
lel on a rail, which provides a modifiable baseline (Figure 1).

Figure 1. The camera system used in the experiment.

Sensor Sony IMX219
Focal length 3.04 mm
Field of view (horizontal) 62.2 deg
Field of view (vertical) 48.8 deg
Resolution 3280x2464 px
Sensor area 3.68 x 2.76 mm
Pixel size 1.12 ym x 1.12 pm

Table 1. Raspberry Pi v2 camera specification.

Both of the cameras were geometrically calibrated with Agisoft
Metashape Lens Calibration module (Agisoft, 2023). This
method uses a fixed chessboard pattern, which is then photo-
graphed from a range of angles and distances. The calibra-
tion parameters are then applied to each image obtained from
the corresponding camera. To obtain the reference point cloud,
we used Leica RTC360 terrestrial laser scanner. This model of
scanner has been previously used for obtaining point clouds of
trees both in the forests (Ko et al., 2022), as well as in urban
context (Jaalama et al., 2021).

3.2 Experimental setup

The imagery and point cloud data were collected over the period
of late April-early May 2023 in Exhibition Park, Newcastle
upon Tyne, United Kingdom. Four species of trees were se-
lected for the study: two common ash (Al and A2) (Fraxinus
excelsior), one Swedish whitebeam (W1)(Sorbus intermedia),
common lime (L.1) (Tilia x europaea) and sycamore (S1) (Acer
pseudoplatanus). The trees were selected for their ease of ac-
cess and exposure, allowing the capture of their crowns with
limited occlusion.

Figure 2. Example set up of targets around the trees of interest.

The trees were first scanned with the TLS in a semi-circle,
with approximately 5-7 stations per tree. The semi-circle was
deemed sufficient, as the photogrammetric system would only
be capable of reconstructing the trees from one point of view
and the TLS managed to capture all parts of the crown without
completely encircling the tree. As the automatic pre-alignment
process of Leica RTC360 is prone to errors, black and white
reflective targets were set up near the trees. This also allowed
for an easy alignment with the photogrammetric point clouds.
The baseline between the cameras was set as constant at 120
cm. The wide baseline was mainly selected to ensure the recon-
struction at further distances (>10 m) with relatively low error.
Such distances are important to consider from the perspective
of deployment e.g. to monitor trees across the road. The images
were taken at a range of distances (5-12 metres) from the target
tree, measured from the tree trunk to the level of the camera
lens. The cameras were angled slightly upwards (by around 20
degrees), to ensure that most of the image is occupied by the
tree crown instead of the ground.

3.3 Data processing
Stereo reconstruction is the most intuitive solution for 3D re-

construction from an image pair, however, it depends on the
very precise stereo calibration of the cameras. The cameras
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have to be fixed in the exact same position in relation to each
other. This proved to be problematic in the outdoor setting,
where any movement of the rig would lead to a slight displace-
ment of the cameras and the stereo reconstruction would fail to
produce a point cloud. For this reason, we decided to follow the
structure-from-motion approach. The TLS point clouds were
pre-processed using Leica Register360 and the photogrammet-
ric point clouds were reconstructed using Agisoft Metashape.
The images were first loaded in pairs (one per pair chunk) and
aligned with the accuracy set to "high’. Markers were added to
the images corresponding to the same targets visible in TLS, to
ensure both point clouds are sharing the same local coordinate
system. The cameras were then optimised using the parameters
obtained through the initial camera calibration. Finally, dense
matching was performed, with quality set to "ultra high’. In or-
der to check if initial image segmentation has the potential to
improve the reconstruction of trees, masks were applied to se-
lected image pairs, allowing for the detection of key points only
within the area of the image occupied by the tree.

6

Figure 3. Photogrammetric point cloud (red) plotted against TLS
(green) on the example of Al.

The point clouds were then migrated into CloudCompare
(CloudCompare, 2020), where they were segmented so that
only the points belonging to the tree remained. Photogrammet-
ric point clouds were then finely registered with their corres-
ponding TLS (Figure 3). In order to compare the two point
clouds we applied M3C2 (multiscale model-to-model cloud
comparison) algorithm available as a plug-in in Cloudcompare.
M3C2 was originally developed for detecting a topographic
change in point cloud time series (Lague et al., 2013), how-
ever, it has also been recently applied in the evaluation of point
clouds created using different methods (Cutugno et al., 2022). It
uses a cylindrical buffer formed from the selected ’core points’
from the reference cloud, to look for the nearest-neighbour
points within the corresponding cloud and calculate the distance
between them. In this case, we selected the TLS to serve as the
core points, with normals diameter set to 0.06 and calculation
mode set to "horizontal’. Photogrammetric point clouds are also
examined in terms of point distribution per branch order, which
was calculated using from TLS point clouds with the TreeQSM
package (Raumonen, 2017).

D Al A2 L1 ST w2

5 308,051 150,051 | 206,764 366,245 65,204
6 320,607 | 210,274 | 101,037 302,636 60,792
7 402,297 | 120,043 | 268,019 339,292 64,719
8 352,447 | 198,804 | 231,859 172,499 125,481
9 201,574 | 216,413 | 308,886 137,352 144,159
10 278,514 | 247,158 | 178,165 636,721 155,740
11 247,536 | 256,104 NA 143,850 43,778
12 132,352 | 216,828 NA 96,132 42,473
LS | 5,351,813 | 974,119 | 3,044,200 | 3,407,502 | 9,737,823

Table 2. Number of points per tree at each distance D (metres) in
photogrammetric and laser scanning LS point clouds.

Tree ID | Points (no mask) | Points (mask)
Al 132,352 120,911
A2 216,828 145,369
Wi 42,473 49,016

L1 178,165 167,338

S1 96,132 NA

Table 3. Number of points per tree processed without initial
image segmentation and masking and after applying the mask.

4. RESULTS

4.1 SfM point cloud generation

As predicted, photogrammetric point clouds generated from the
image pairs have significantly lower point density than those
obtained with the terrestrial laser scanner (Table 2). A2 has
on average the highest proportion of photogrammetric points
compared to TLS, at 201,959 points which is approximately
20%. W1 has the highest discrepancy between the TLS and
photogrammetric cloud, with 85,793 points on average (0.9%).
The values for L1 at 11 and 12 metres are missing from the data
table, as the point cloud at those distances could not be resolved.
This is likely due to the lack of sufficient features - the tree itself
is relatively small (approx. 5 m) and with a narrow crown, so
at the larger distances the image is largely occupied by the sky
and other background features. This could also be the reason
for the lower numbers of points at the distance of 12 metres for
the other trees. While there appears to be no strong relationship
between the distance from the object and the number of tree
points, in most cases the highest values can be observed at 9-10
metres. The trend is most prominent in W1, where the number
of points grows from about 7 to 10 metres, to fall again at 11-12
metres. Part of the reason is due to the same issue mentioned
above - the presence of background.

Figure 4. Swedish whitebeam (Sorbus intermedia) with the built
structure (in red circle).
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Ashl
Branch level | 5 6 7 8 9 10 1T 12 LS
1 9281 7287 7476 5044 4452 5927 7025 3277 825
2 6.61 25.12 22,66 3216 2749 2425 1256 30.95 10.43
3 0.47 1.94 1.03 1094 TI1.I5 9.5 5.3 1204  18.89
4 0.1 007 03 431 106 2.63 5.34 1292 289
5 0 0 1.09 1.8 4.05 1.82 5.21 9.21 21.95
6 0 0 0 005 207 25 095  2.07 8.59
7 0 0 0.12 031 0.05 0.04 038  0.04 2.53
8 0 0 0 0 006 O 0 0 0.04
9 0 0 [ 0 0 0 [ 0 0.04

Ash2
1 80.54 49.15 46.94 223 3477 18.3 4774 1466  24.24
2 7.81 502 2536 37.7 16.3 38.8 17.76  26.144  21.43
3 864 0 2557 114  31.1 9.5 1339 2552  20.94
4 132 20.83 058 405 72 1096 6.2 19.3 16.73
5 .67 25 1.01 13.09 4.9 122 7.99 1029  10.18
6 0 0 053 406 4 1.04 10.94  0.95 4.76
7 0 0 0 7.3 1.7 8.1 192  6.12 1.46
8 0 0 0 0 0 0 004 0 0.24

Lime
1 91.52 93.1 9579 92.13 9252 38593 NA NA I11.85
2 441 2.82 1.7 3 321 5.81 NA NA 11.01
3 283 221 189 285 204 434 NA NA 25.16
4 I 148  0.38 1.39 .44 213 NA NA 28.04
5 0.18 029 0.2 0.48  0.65 1.58 NA NA 16.33
6 006 009 004 014 0.12 0.17 NA NA 6.03
7 0.002  0.005 0.004 0.005 0.02 0.02 NA NA 1.34
8 0 0 [ 0 0.00T 0.0006 NA NA 0.19
9 0 0 [ 0 0 0 [ 0 0.03

Sycamore
1 9783 92.64 9478 75.19 86.I1 77.52 89.78 8558  20.97
2 1.61 447 28 10.17 8.42 10.07 725 10.3 29.21
3 055 2.87 228 1148 534 879 258 377 31.16
4 0.002 0.02 014 276 0.12 2.62 029  0.28 11.66
5 0 0 0 0.31 0.006 0.68 0.04  0.06 4.93
6 0 0 0 007 0 0.29 0.06 0.002 164
7 0 0 0 002 0 0 0 0 0.35
8 0 0 0 0 0 0 0 0 0.06
9 0 0 0 0 0 0 0 0 0.004
Whitebeam

1 97.84 90.67 39.11 2424 63.15 4087 77.19 23.65 335
2 2.16  6.88 1333 16.86 19.25 315 1349 13.69 16.17
3 0.003 244 2622 30.1 8.3 122 6.17 2222  14.66
4 0 0.01 10.67 13.64 3.7 6.48 0.84 1392 1433
5 0 0 10.67 848 347 454 1.13 1479  11.04
6 0 0 [ 5.48 .62 33 0.66 10.89  7.52
7 0 0 [ 1.I8 042 I 049  0.77 2.44
8 0 0 0 0 0.07  0.07 0.01 0.05 0.25
9 0 0 [ 0 0.007 0 [ 0 0.03

Table 4. Proportion of points (%) per branching order, at a range of distances and in laser scanning (LS) point clouds.

In the case of these image pairs, there is a small building present
next to the target tree. The building is covered in bright graf-
fiti, which provides plenty of high-quality geometric features
(Figure 4). These are significantly easier to detect and match
than any of the features on the tree (Figure 5). Furthermore,
the crown of the whitebeam is very dense, with relatively thin
branches, exacerbating the difficulty in finding keypoints within
the tree.

4.2 TImpact of masking

Due to the impact of the background discussed above, we per-
formed manual segmentation and masking on the images, to
determine if it improves the keypoint detection and matching,
potentially resulting in denser higher quality point clouds. The
test was performed using the images captured at the furthest
distance from the target tree where the point clouds resolved -
10 metres for lime and 12 metres for the other species. The res-

ulting point clouds do not differ significantly from the point
clouds obtained without the masking and in most cases, the
number of tree points is lower. The only exception is W1, where
the number of tree points is slightly higher after applying the
mask, which may confirm the theory that fewer points found
on the tree are due to the feature-rich elements in the back-
ground. However, it must be noted that despite masking most
of the background, the targets were also included in the match-
ing process and these areas of the image include a high number
of keypoints. Further investigation is needed to determine if the
quality of the initial segmentation plays a significant role in the
improvement of point cloud generation.

4.3 Point distribution

As the final goal of the system is to be able to monitor the
sway and stability of the tree and its key branches, rather than
looking at the size of the point cloud it is more important to
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Figure 5. Tie points detected in the whitebeam image pair taken
at a distance of 11 metres. Blue lines indicate valid matches and
red - invalid.

4.5

Figure 6. A2 point cloud classified by the branching order.

determine how the points are distributed on the tree. Higher-
order branches are usually much smaller in diameter and if they
fail, they cause very little to no harm. It is then of paramount
importance to reconstruct the lower-order branches at the tree
trunk. For this reason, we classified the tree point clouds by
the branching order (Figure 6) and examined the proportion of
points associated with each level (Table ??). In the case of
our analysis level 1 indicates the tree trunk, while first-order
branches (growing directly from the tree trunk) are included
in level 2. Due to its high accuracy and coverage, the laser
scanning (LS) point cloud can be used to reflect the actual dis-
tribution of branches across the tree structure. In most cases,
the LS points are relatively evenly distributed across branch-
ing levels, with a significantly lower proportion of points only

in the highest-order branches, which makes sense due to their
smaller size. These branches are almost impossible to resolve
within the photogrammetric point clouds, even when the whole
tree is present in the field of view of the camera, such as at a
distance of 10-12 metres. For A2 and W1, the highest propor-
tion of LS points can be found on the tree trunk, which reflects
their structure - a prominent tree trunk with larger less dense
branches (ash) or smaller highly dense branches (whitebeam).

A2 L1

Figure 7. Presence of foliage in the captured trees. Ash (A2) -
leaf-off, lime (L1) - partially leaf-on.
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Figure 8. M3C2 distance between TLS and photogrammetric
point clouds for Al at 5 m (top) and 12 m (bottom).

The branch density is highly reflected in the distribution of
points within the photogrammetric point clouds. Due to the
field of view, all of the point clouds have a very high proportion
of points on the tree trunk at shorter distances - most branches
are not visible in the image. However, for the trees where the
tree crown is not very dense, the points are more distributed
across the branches the further the image is taken from the tar-
get. This is the case for both ash trees. Sycamore has a dense
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Figure 9. Nearest-neighbours number of points for Ash (A1) at the distance of 5 m (left) and 12 m (right). Grey points indicate areas
not covered by the photogrammetric point cloud.
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Figure 10. M3C2 distance for Ash (A1) at the distance of 5 m (left) and 12 m (right). Grey points indicate areas not covered by the
photogrammetric point cloud.

crown that was more difficult to reconstruct, hence the points
are still mostly focused on the trunk, regardless of the distance.
A similar observation applies to lime, although here the issue is
more related to the presence of foliage during the data capture
rather than the density of branches within the crown (Figure 7).
There is no strong pattern present in W1, but that may be due
to the relatively small size of the point clouds, with very little
coverage across the tree.

4.4 Point cloud distance (M3C2)

In order to examine the alignment and distribution of photo-
grammetric points in relation to laser scanning, we calculated
the M3C2 distance between the point clouds. It was found that
in most cases, across the species and distances, the photogram-
metric and laser scanning point clouds are well aligned, with
most points at M3C2 distance 0. An example of such distribu-
tion can be seen in Figure 8. The one exception is A1, where the
M3C2 deviation is higher across the point cloud in both direc-
tions. When comparing the nearest-neighbour point distribution

across the tree (Figure 9), it can be seen that at a distance of 5
metres, the points are highly concentrated on the tree trunk, and
the surface is well reconstructed and aligned with the TLS. Ata
distance of 12 metres, the points are more distributed across the
tree, particularly the prominent first-order branches, with the
highest concentration of points in the areas where the branches
meet the trunk. In terms of M3C2 distance (Figure 10), higher
deviations can be seen in the branches and the further from the
tree trunk, the higher the deviation. This may indicate the er-
rors in depth resolution due to the increase in distance from the
target.

5. DISCUSSION AND CONCLUSIONS

The low-cost photogrammetric system introduced in this study
has the capability to provide a rough reconstruction of the tree
architecture, however with significant limitations. With images
taken at a close distance to the target tree, it is possible to re-
construct the tree trunk with high point density. In most cases,
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the further the image from the tree, the more distributed the
points across the crown, but also the resulting point cloud is
significantly sparser. As from the perspective of stability as-
sessment, we are mostly interested in the tree trunk and major
branches, it is essential to find an optimal distance that provides
a sufficient field of view, with points distributed across the rel-
evant areas. A larger distance of the cameras from the tree may
also introduce a depth error to the point cloud, which may be
detrimental to sway monitoring, as the actual positions of the
branches will have higher uncertainty, however, we are mostly
interested in the relative position rather than absolute. Although
the point clouds are sparse, skeletonization methods could po-
tentially be applied to reconstruct the branching structure of the
trees from the points. There are also limitations to the data ac-
quisition, which have implications for the quality of the point
clouds. The images were taken in late April and early May and
some of the trees have already grown leaves. This issue has
been most prominent in the case of lime and whitebeam. Ad-
ditionally, as whitebeam has a very dense crown of very fine
branches, it is most difficult to detect and match the keypoints.
Future research should consider datasets from both leaf-on and
leaf-off stages, as means of comparison - while it may be easy
to retrieve the branching structure from a tree without foliage,
it may not be possible for the same tree, but with the leaves
present. Another major obstacle to the reconstruction of the
trees was inconsistent light. The camera settings were set as
constant values. This was supposed to ensure that both of the
cameras provide consistent images at the same time. Automat-
ics settings can sometimes lead to inconsistency between the
images, as the change in setting can be triggered in one but not
the other camera. These settings were not adjusted between the
acquisitions at each distance, so changing weather and sun po-
sition affected the illumination. While in general, we found the
reconstruction to be of higher quality in brighter images, more
work is required to determine what settings of exposure and
what amount of light is necessary to obtain the most optimal
result. It also has to be noted that this is the most basic version
of the system. Future iterations might explore the potential of
a higher number of cameras installed on the same rail, which
would allow for a larger overlap between the photos and higher
quality of the point cloud, but also increase the cost of the sys-
tem and could be detrimental to its portability and deployab-
ility. The use of fisheye lenses instead of pinhole cameras is
another aspect worth exploring in the future, as fisheye lenses
provide a larger field of view, potentially improving the capture
and reconstruction of tree canopies at closer distances and smal-
ler baselines. While NoIR cameras are used in this study, their
spectral capabilities are not explored. Future work should take
the spectral properties into consideration, as they can provide us
with additional data in the form of e.g vegetation indices which
may have implications for the tree health assessment.
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