[bookmark: _GoBack]S1 Text: Meshlab ICP point cloud registration methods
TLS and SFM point clouds were manually co-registered into the same coordinate system using the following method implemented in the open source 3D software Meshlab (v1.3.3 64-bit available online: http://meshlab.sourceforge.net/, downloaded 2014-04-02).  All work on point clouds was carried out in the Stanford PLY file format.  All models converged to a residual error within at most 2 runs of the Iterative Closest Point (ICP) algorithm, i.e., additional runs did not improve the error estimate.  Residual error: leaf-on: 0.0112 m; leaf-off:  0.0049 m.

1. Point clouds were manually trimmed to contain only points of the tree itself, from the base of the tree out to all branches.  Lone stray noise points from TLS and SFM point clouds were removed by first computing the distance around each point using the 'Estimate Radius from Density' function based to the 16 nearest neighbors and removing any points with a radius larger than the 99th percentile of radius values for the whole point cloud (i.e., removing 1% of the points with the lowest density or greatest distance to another point). 
2. The 'Measure' tool was then used to measure distances between common points within each point cloud in order to estimate a scaling factor from SFM to TLS point clouds. The point clouds were manually rotated in two adjacent windows in Meshlab to approximately the same point of view.  Then, similar points in each model were visually identified, e.g., the tips of prominent branches or the location of red ball targets, and the distances between these points in each point cloud were recorded.  
3. Distance between the same points was measured in the TLS and SFM point clouds.  Six pair distances were identified for each SFM and TLS point cloud with the same pairs identified for point clouds by both methods.  A scale ratio was computed for each distance pair (DTLS / DSFM) and the mean scale ratio applied to each of the XYZ values of the coordinates of each corresponding SFM point cloud [XYZscaled = (HTLS / HCVSFM) × XYZSFM] in Python using the Numpy module (v1.8.2, http://www.numpy.org/).
4. Next, the SFM point cloud was roughly manually aligned to the TLS point cloud using the 'Point Based Glueing' interface within the 'Align' tool.  This interface prompts the user to identify matching points between the two models, which it then uses to rotate and translate one model relative to the other.  At least 4 tiepoints were identified, typically at the ends of prominent branches.  Following 'Point Based Glueing', the point clouds were aligned using the Iterative Closest Point (ICP) alignment to refine the rotation and translation of the SFM point cloud to the TLS point cloud.  The ICP algorithm works by taking a random sample of points from both models and attempts to minimize the distance between point pairs in each model.  This is repeated with new point sets until the minimized distance achieves a user specified threshold.  At that point, the last rotation and translation values are applied to the entire point cloud.  A threshold of 0.005 m (5 mm) was used here for aligning the TLS and SFM point clouds as it was found through repeated iterations that the models could not be aligned with greater precision.  The new rotation and translation values were then fixed to the SFM point cloud, which was then exported to a new XYZRGB ASCII text file.  This process was repeated for aligning each leaf-on and leaf-off SFM model to the corresponding TLS model for the same season.  An exact workflow was developed for this task:
a. First import the TLS model into a new project in Meshlab, then import the scaled & filtered SFM model.
b. Start the 'Alignment' tool.
c. Highlight the TLS model from the list of models in the Alignment tool window and select 'Glue Here Mesh' and 'Set as Base Mesh' from the buttons.
d. Highlight the SFM model from the list of models.
e. Select 'Point Based Glueing'
f. Select tie points of approximately matching points/features in each model:
i. At least 4 points are required.
ii. Leave 'Allow Scaling' disabled/unchecked because a scaling factor has already been applied.
iii. Double click a point in one model, then double click the 'same' point in the other model.  Order does not matter.  To remove a point hold Control and double-click.
iv. Click 'OK' when finished.
g. Close the 'Align Tool' window and open the View > Show Layer Dialog from the main Meshlab window.
h. Remove the TLS model from the current project by right clicking on its name in the Layer window and selecting 'Delete Current Mesh.'  
i. Right-click on the SFM model and select 'Freeze Current Matrix'.  The 'Point Based Glueing' routine created a 4x4 rotation and translation matrix to match the alignment provided by the tiepoints.  'Freezing' the matrix applies the rotation and translation values to the point cloud.  
j. Export the SFM point cloud to a new file: File > Export Mesh As.  Provide a new file name and use the PLY format.  When prompted, choose to include 'Colors' and 'Radius' and disable/uncheck 'Binary Encoding'.  The SFM point cloud has now been scaled to match the TLS model and provided with an approximate translation and rotation to be roughly aligned with the TLS model.
k. Close the current project and open a new project in Meshlab.
l. Import the TLS model first and by itself, then import the pre-aligned SFM model from the previous step separately. 
m. Open the 'Align' tool.
n. Highlight the TLS model and select 'Glue Here Mesh' and 'Set as Base Mesh'.
o. Highlight the SFM model and select 'Glue Here Mesh'.
p. Open the 'Default ICP Params' dialog and set the following parameters:
i. Sample number: 1000 (Default)
1. Practice found no improvement in increasing this number.
ii. Minimal Starting Distance: 0.3
1. As in 0.3 m or 30 cm and represents the minimum distance between a set of randomly selected point pairs to begin the ICP alignment.
iii. Target Distance: 0.005
1. As in 0.005 m or 5 mm.  Practice found that this is a minimum value of this parameter for this application beyond which no improvements in the measure of average error are obtained.
iv. Max iteration: 50
1. Practice found no improvement by increasing this number.
v. Normalized Equal Sampling: ON
vi. MSD Reduce Factor: 0.8 (Default)
vii. Sample Cut High: 0.75 (Default)
viii. Rigid Matching: ON (we do not want ICP to apply a scaling factor)
ix. These parameters were determined by running multiple iterations across multiple point cloud sets and observing the visual quality of the alignment and the value of 'AvgErr' reported by the program which provides an estimate of the mean difference between a set of randomly selected point pairs in the same 3D region of space.  It is not truly a measure of alignment error or accuracy, but merely a measure of fit between the two models.
q. Click 'Process' to perform the ICP alignment. In practice, this approach typically converged to the 'Target Distance' value after one iteration of ICP alignment.  Further runs of alignment did not show improvement in the AvgErr parameter.
r. 'Freeze' the alignment matrix and export the SFM point cloud as in (h) – (j) above.
5. The above process was used first to align the leaf-off SFM point clouds to the leaf-off TLS point cloud.  To align leaf-on and leaf-off point clouds, the TLS point clouds for the two time periods were first aligned to each other, leaf-on to leaf-off, then the leaf-on SFM point clouds were aligned to the leaf-on TLS point cloud, putting all point clouds in the same coordinate system as the TLS leaf-off point clouds.  Co-registration of the leaf-on SFM and TLS models used the same process as above, but co-registration of the leaf-on and leaf-off TLS models required a slight modification of the process, as described below.
a. ICP alignment was unable to correctly rotate and translate the two leaf-on and leaf-off TLS models due the large differences in the crown 3D geometry between the two scans.  
b. To address this, the two models were first cropped to contain points only of the main tree trunk (≈ 1.3 m above ground) and approximately 0.2 m of the lowest branches that are not obstructed by leaves in both scans.  Visual inspection determined that this part of the tree was the most similar across the scans taken in different seasons.  
c. 'Point Based Glueing' was first used to roughly align the point clouds together.   Then, the 'Manual Rough Glue' function was used to manually rotate and translate the leaf-on model along all three axes to be approximately visually aligned with the leaf-off.  
d. With the models roughly visually aligned, the ICP 'Process' was run until there was no discernible change in the alignment of the models based on visual inspection.  The resulting rotation and translation matrix for the leaf-on TLS point cloud of the tree trunk was then exported as a plain-text alignment file (ALN) and applied to the entire leaf-on model by changing the referenced file name for the rotation and translation matrix in the ALN file , re-loading the ALN file as a project, which automatically loads and applies the matrix to the full leaf-on TLS point cloud, and then following (4h) – (4j) above to 'Freeze' and export the aligned point cloud. 

