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3D scanning with Structure from Motion

Abstract


Creating a three dimensional reconstruction of a real world object is an important tool for Compute Assisted Design (CAD) and rapid prototyping using 3D printers. Structure from Motion uses point correspondences between two dimensional images to solve for the location of the camera and the locations of the points in 3D space. This project uses algorithms in Matlab to turn images into printable 3D models with no calibration or interaction required beyond the initial image capture.
Introduction
There are many applications for 3D scanning in various industries, but for amateur projects the available hardware is usually too expensive or complex to be worth investing in. Structure from Motion techniques solve this problem by allowing users to create 3D reconstructions using only a camera.

Motivation
3D scanning is valuable in both industrial and design settings. 3D scanners allow printable models to be created from real world objects, thus “closing the loop” between the real world and the rapid prototyping process, as models can be turned into real world objects and vice versa. This project aims mainly to create models printable on hobbyist level 3D printers such as the RepRap or Makerbot. Although these machines can create millimeter resolution objects, the models they use as input must be designed using CAD software or created by another person. 3D scanning solves this problem, but most scanning technology is far out of the price range of the majority of printer owners. Although not as expensive as professional level scanners, the hobbyist level scanning systems that do exist require hardware of varying cost and complexity. Using Structure from Motion (SfM), models can be reconstructed using no specialist hardware besides a camera or webcam, which most users already have access to. Recovered structure points can be used to create a mesh representing the object, either automatically, or manually with programs such as Meshlab. While many algorithms and sets of tools have been designed to solve SfM problems, and many others to create accurate meshes from point clouds, there has been little effort to create systems that take the user all the way from a set of images to a finished 3D model. This project uses the SfM toolboxes created by Vincent Rabaud and Phillip Torr, as well as an implementation of the Crust algorithm developed at MIT, to create a system allowing someone with no Matlab or programming knowledge to create a printable model. 
Method
Currently the program is restricted to only 2 images as input, which can either be passed as arguments to the main function, or captured using a webcam within the program. An outline of the overall process is as follows:
1) Process input data, either as Matlab image objects or from a webcam

2) Use SIFT to find feature correspondences between the images
3) Eliminate outliers using MAPSAC
4) Reconstruct each point’s position in 3D space

5) Use Crust to create a triangular mesh of the point cloud

6) Export the mesh as a stereo lithography (STL) file

Processing input data

Since the project is intended for use by layman with no specific Matlab knowledge, I implemented image acquisition from a webcam as a way to get the input images. The program includes a function for converting YUY2 format images to RGB, as my webcam uses this format by default.  The program can also be given images to operate on as arguments when it is first run. Regardless of how the images are provided, they are then converted to portable grey map (PGM) images and saved as temporary files to allow SIFT to operate on them.
Finding feature correspondences
This project uses David Lowe’s SIFT as both the feature detector and descriptor. This is both a valuable aspect of the project and one of its main drawbacks. SIFT is very good for matching features because it is invariant to a wide range of possible image changes. But it is not a very dense detector, and the detail of the end product models is necessarily constrained by the number of data points available to create them. However, a different feature detector could be easily substituted with no changes to the rest of the program necessary.

Eliminate Outliers
Eliminating outliers in 3D mappings is slightly more complicated than in the 2D case, and a very small number of outliers can completely ruin an attempted 3D reconstruction. Knowing this, I chose to use Phillip Torr’s Maximum  a posteriori Sample Consensus (MAPSAC) approach. MAPSAC is the Bayesian generalization of Torr’s MLESAC (Maximum Likelihood Estimation SAmple Consensus), which is itself an extension of RANSAC algorithm that maximizes the likelihood of a correct mapping, rather than just the number of inliers as with RANSAC. In his technical report, “Interactive Adventures in SfM” [1], Torr defines the probability density of function of noise perturbed data (assuming the noise is Gaussian) as:
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He uses this to derive the negative log likelihood
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as the necessary error to minimize, then shows a number of ways in which RANSAC could be improved on in minimizing this error. Since robust estimation is one of the main stumbling blocks for any SfM system, using MAPSAC for robust estimation makes a large contribution to the overall working of the program.

Reconstruct 3D data
The heart of the method is taking the image correspondence data and using it to reconstruct 3D locations for each point. Because the system currently only operates on 2 images, the normalized 8 point algorithm specified by Richard Hartley, implemented in Vincent Rabaud’s Structure from Motion Toolbox is used to calculate the fundamental matrix. Essentially, the algorithm transforms the points from each image into a new coordinate system with the origin at the centroid of the point cloud and normalizes the distances of the points from the origin. From this new dataset, the equation
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such that
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is solved using singular value decomposition. Once the Fundamental matrix has been found, the 3D location of each point can be determined.
Create a Mesh from the point cloud

After a cloud of 3d points has been reconstructed, the next step is to create a mesh from the points that will ideally reflect the geometry of the original object. The Crust algorithm, developed by Nina Amenta, Marshall Bern, and Manolis Kamvysselis [2] is the first surface reconstruction algorithm that will, given a good sample of points, provably create a topologically correct surface with geometry convergent on that of the original surface. The main tools it uses are Voronoi Diagrams and Delaunay Triangulation. Voronoi Diagrams are a way to decompose a metric space into specific subspaces. While the extension of the Voronoi method to three dimensions presents some problems the creators of the Crust algorithm propose workable solutions for their algorithm. Delauny triangulation is a method of triangulating a surface such that no point on the surface is inside the circumcircle of any triangle. This gives a triangulated surface with the useful property of maximizing the minimum angle in the triangles, creating a surface with a few wide triangle as opposed to many skinny ones. Delaunay triangulation can be easily extended into the third dimension using circumspheres instead of circumcircles. The specific implementation of the Crust algorithm I use, RobustCrust by Giaccari Luigi, also uses the ball pivoting method developed by Bernardini et al. [3] to extract the manifold and ensure that all normals face outward. 
Exporting to a Stereolithography file

Most hobby level 3D printers use the STL file format for their input models. These were originally designed for Stereolithography machines, but have become the de facto standard format for 3D printer models since the models are compactly described as vertices and unit normals. It is therefore relatively simple to take a triangle surface file and export it as an STL file. This is accomplished using a function available from the Matlab file exchange. The STL file must be converted into machine instructions, called Gcode, before it can be printed, but this is usually done with a separate program called Skeinforge which is open source and freely available.
Results
Due to partially to the use of SIFT as a feature detector and to the restriction of the program to two images, results at this point are not very good. It is hard to capture a dense enough set of points to create a “good sample” for the crust algorithm to operate on.  
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Images
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Point correspondences
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Outpout

However it performs well on pre-generated toy data sets, where an initial point cloud is projected onto a series of cameras, then sent back through the algorithm as individual frames. [image: image9.png]
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Point cloud and triangulated surface
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Output in replicatorG (3D printer software), and printed version.

This suggests that results would be good with different detectors and the use of more images.

Improvements
There are many ways in which this program could be improved, and I hope a number of them are realized as I intend to release this code to the 3D printing community in hopes that the spirit of community development and improvement common in said community will lead people to extend what I’ve started to be a fully functional structure from motion scanner. The first step toward this will be incorporating multiple images into the algorithm, which will dramatically expand the number of SfM techniques available for reconstruction. The main obstacle to this will be handling occluded points, which is only partially implemented in Vincent Rabaud’s toolbox. If the camera can be calibrated, or an auto-calibration routine added, then the number and quality of available algorithms will increase still further, and it will be possible to upgrade the reconstruction from projective geometry to affine, then to metric, creating much more accurate end results. The program would also be more useful if it were able to export the point clouds to a common format, which would not be particularly difficult to implement.

Implementation Notes

This program requires a number of toolkits and external functions, which have been packaged for convenience on this project’s web page. In the interest of full disclosure and acknowledgment, the various programs needed are:

· David Lowe’s SIFT feature point detector: http://www.cs.ubc.ca/~lowe/keypoints/
· Some elements of Philip Torr’s SfM toolkit: http://www.mathworks.com/matlabcentral/fileexchange/4576-structure-and-motion-toolkit-in-matlab
· Vincent Rabaud’s toolkit: http://code.google.com/p/vincents-structure-from-motion-matlab-toolbox/
· Luigi Giaccari’s MyCrust Robust function: http://www.mathworks.com/matlabcentral/fileexchange/22185-surface-reconstruction-from-scattered-points-cloud-part1
· Andreas Richter’s STL_Export:

http://www.mathworks.com/matlabcentral/fileexchange/24400-stlexport
The program is run by calling the twoImSFM2STL function. It can either be called with no arguments, in which case it will attempt to use the default input video device (webcam) to capture photos. Alternatively, the function can be called with two matlab image objects as arguments, in which case it will skip the image capture step and operate on the images passed to it. It shows the initial correspondences, the correspondences after running MAPSAC, the point cloud, and the final triangulated surface. It also outputs the file output.stl in the current directory.
The entire SFM2STL folder must be added to the Matlab path for the program to function, but due to the way the SIFT function operates the program must be run from within the SIFT folder to function properly. 
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