Sample: Programming
Project Overview:
This is a project based on default proposal in which a high quality 3d model is
generated of an object by reconstructing using multiple 3d scans of the object.
3d scans are generated through graycode projection images using a projector.
These images are recorded by two cameras. The two 2d projections are then
used to triangulate 3d coordinate for each point in the scene.

Data Sets:
To completely model the object, it is required to record 3d scans from different
viewpoint of the object. For creating each 3d scan, graycode pattern is
projected over the object and then recorded by two cameras. These graycode
pattern are decoded at a later stage to assign a unique to value to each 3d
point in the scene. These unique values are compared in both cameras to get
matching location in both the images. Therefore, it becomes very easy to
triangulate.

Figure 1Graycode pattern projected over object to scan.

Figure 2 Decimal image created by
concatenating binary images

Figure 3 Mask, where white
represents goodpixels and object of
interest.

Figure 4 Masked decimal image.

For this project, we are using dataset available in the project resource section
to build a 3d model of “monkey”.

Algorithm and results
We implemented 5 steps to create 3d model of the object.
1. Calibrating cameras.
2. Creating point cloud of each image set.
3. Filtering 3d point cloud.
4. Aligning 3d scans using Meshlab.
5. Overall 3d reconstruction using Poisson reconstruction.

Calibrating cameras:
The technique to create 3d point is based on triangulation which matches
same feature point by projecting graycode pattern on the object itself. For this
reason, it is required to first calibrate the camera for extrinsic parameters
before triangulation.
The rotation and translation of the camera are estimated by creating a
common reference coordinate system such as a Checkerboard pattern.
Therefore, we use a checkerboard pattern with 8x11 squares to calibrate both
cameras. We employ a single capture based estimation. In this process a
regular grid of 7x10 points are iteratively projected to the camera plane to
match the actual projection coordinates in the camera system. The rotation
and translation which minimizes the error between projected and the actual
coordinates of the camera plane determine the actual parameters.
Actual corners of the checkerboard pattern are determined with the help of
Harris corner detection and by picking extreme corners of the checkerboard
pattern through user-interaction.

Figure 5 Estimated corners using Harris detector and user-interaction.

After calibration, the difference between the coordinates for the corners of
checkerboard pattern in both projected and actual image gets minimized as
shown in Figure 2.

Figure 6 Location of projection and actual coordinates.

3d scanning for each image set:
To achieve 3d point cloud using pair of images captured with two cameras
triangulation is done. Triangulation requires that camera parameters are
known which are estimated in the previous section and to have dense point
cloud we must have dense matching between the pair of images. To enhance
the matching procedure we have utilized graycode pattern which are projected
onto the object’s surface to successfully assign a unique decimal value to
each 3d point in the scene which can be observed by both cameras.
For this reason, the graycode projection images are decoded initially which
returns a decimal image for each of the camera which forms the complete
representation of each 3d point in the scene. Same value in both decimal
image points to same feature point hence its location can be used to
triangulate a 3d point. The process involves concatenation of binary images to
form a decimal value for each pixel. For robustness, we can utilize the
difference between the inverted and non-inverted binary projected image to
decide the binary value is positive or negative based on the difference. If the
difference is small then the pixel can be termed as bad pixel and then can be
removed from further processing. We are also provided in the set with two
colored images with and without object in it, which makes it easier to pick only
those regions which belongs to the object to scan.Figure 1, 2, 3 and 4
illustrates the process involved in decoding the graycode projected images.

After getting dense matching, triangulation can be incorporated to calculate 3d
point for each of the match. After triangulation, a set of 3d points (or Point
cloud) is achieved which is shown in Figure 7. For each image set, point cloud
is generated.

Figure 7Point cloud resulted after triangulating on the first image set.

Filtering point cloud:
In this step, the point cloud generated in the previous step is filtered to remove
the 3d points that does not belongs to the object or they are too scattered
away from its neighbors. Point cloud is filtered through the following
technique:
1. 3d boundary based filtering.
2. Filtering based on the location of 3d point w.r.t. its neighbors.
3. Filtering points which creates long edge of triangles in 3d mesh.
By visual inspection we observed 3d boundary of the object. The boundary is
used to filter out the points outside the region. One method which was
implemented in assignment 4 can also be used to remove 3d points far away
from its neighbors. This is done by calculating average Euclidean distance
with its closest neighbors and if the distance is greater than certain threshold
the point is removed. Delaunay triangulation is used to create 3d surface
given point cloud. It does so by filling region bounded by three 3d points. If the
area of triangle is large it will result in poor estimate of actual surface.
Therefore, these must be filtered out by measuring longest edge of each
triangle and if the length is greater than certain threshold then it must be
removed. The filtering process is implemented for each of the image set /
point cloud.

After filtering point cloud the surface generated through it is very rough due to
some errors during triangulation. A method which is used to smooth the
surface by averaging the location of its neighbors can be used. As shown in
Figure 9, it resulted in very good 3d surface representation.

Figure 8 Surface reconstruction before smoothing
is applied

Figure 9 Surface reconstruction after smoothing is
applied.

Aligning 3d scans using Meshlab:
The 3d scans generated in the previous step have different orientations with
respect to each other. To create a full 3d model all these scans must be
aligned at first stage. For this task,we used an open source software namely
“Meshlab”. In this software,we can import multiple “3d meshes” and then align
them through user interaction and ICP algorithm. The process is divided in the
following steps.From MATLAB, the 3d point cloud is generated in “.ply” form
which is a supported format by Meshlab.
For alignment one mesh is taken as a reference and by picking up multiple
matching 3d points in both the meshesMeshlab calculates the approximate

rotation and translation and then approximately aligns both the meshes
keeping the orientation of reference mesh fixed. For perfect alignment,ICP
algorithm is used by Meshlab to minimize the distance between closest points
of both meshes. After alignment, the 3d surface is shown in Figure 10.

Figure 10 Aligned 3d scans shown on top of each other.

For final reconstruction, all the 3d meshes are merged then exported as ply
file.

3D reconstruction using Poisson method:
The 3d mesh imported by Meshlab is loaded to a third party Poisson
reconstruction tool to recreate the 3d model of the object. The result is shown
in Figure 11.

Figure 11 Reconstructed model using Poisson reconstruction tool.

Assessment and Evaluation:
The project was a direct continuation of the assignment done in the course
before. It includes the 3d scanning using graycode projection. We have added
up functions for making this project like single checkerboard image based
calibration, cleaning mesh, aligning scans with respect to each other and
finally reconstructing using Poisson reconstruction tool. The most challenging
part was to align all the 3d scans which took some time due to learning the
software. I believe that the resolution of the 3d model created can be
enhanced further if denser graycode projection can be done on the image and
by improving the resolution of the camera.

Appendix:
1.
Demoscript.m– Self-written
It is the main file which executes calibration, 3d scans reconstruction,
cleaning of meshes, smoothing meshes and finally to generate .ply file
for further processing.
2.
Calibrate_ext2.m – Modified
It calibrates the camera by finding out extrinsic parameter provided only
single image of checkerboard pattern with focal length and camera
centers. The limits of optimization are edited to extend the search range.
3.
Mapgrid.m – Provided by instructor
This function takes an image containing a grid of corners and with some
user help, locates all the corners in the grid and returns the grid corner
image coordinates in a canonical order.
4.
Project_error_ext.m– Provided by instructor
This function projects 3d points over 2d surface using known camera
parameters and then returns an error between actual projected points
and points projected using known camera parameters. This is used in
optimization problem to figure out rotation and translation of the camera.
5.
Reconstruct.m– Modified
This function triangulates 3d points using graycode projection and two
image captures from left and right cameras. In this function I added up
the functionality of picking only the points belonging to the object only.
6.
Triangulate.m – Provided by instructor
Triangulates 3d point when matching pair of 2d coordinates and camera
parameters are provided.
7.
Nbr_error.m – Provided by instructor
Computes distance of 3d point to its neighbors.
8.
Tri_error.m – Provided by instructor
Computes distance of longest edge of the triangle in triangulated mesh.
9.
Nbr_smooth.m – Provided by instructor
It makes the 3d surface smoother, which forms more actual
representation of the 3d object.
10. Mesh_2_ply.m – Provided by instructor
It is used to create “.ply” model file which can be imported to Meshlab
using 3d mesh information.

