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Abstract:

Structured light illumination using phase shifting patterns is a widely used technique for 3D
surface measurement. Even though it is robust to ambient light and object albedo, it may be
susceptible to sensor and environment noise [Wang et al 2010]. The goal of this project is to
obtain optimal structured light patterns which maximizes SNR and in turn increases the depth
resolution.

Introduction:

The method of finding a point in three dimensional space from its projections in many two
dimensional images is called Triangulation. The diagram shown below shows the setup of
triangulation.
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Passive triangulation involves the measurement of a and B which are the angles at which the
object is observed from two different points A and B at a distance x. The perpendicular distance




between the object and the base AB, z can be mathematically obtained using trigonometry.
Stereo vision uses Passive triangulation. In active triangulation, a light source is used to project
a point on the object and this point is inspected by a sensor which responds to changes in
position. Instead of directly calculating angles like in the case of passive triangulation, the
correspondence of the two triangles — object triangle and image triangle are the basis in active
triangulation. Structured light is a method which employs active triangulation.

By projecting a familiar pattern onto the object of our study and then inspecting the distortion
of the projected pattern, the object can be reconstructed. This method of reconstruction is
called structured lighting. Using structured lighting fastens the measuring process as it displays
a pattern of light onto the object using a pattern generator and its distorted reflection is
captured by a camera.

To calculate the 3D coordinates of an object point, the image coordinates of the camera image
and the number of coordinates must be known. In a simple scene, these can be obtained by
counting in the camera image. For complicated scenes, a projected pattern is used. A few
examples of patterns that can be used are binary codes like gray code , phase shifted codes etc.
This project deals with choosing the optimal pattern that can be used to minimize the depth
error.

Background/Related Work:

A structured light method that projects K patterns can be represented by a set of points in the K
dimensional space where each point represents the intensity code of a projector column. The
curve joining these points is called the coding curve of the method. Since the accuracy of a
structured light method is proportional to the length of the coding curve, methods with longer
coding curves achieve higher accuracy.

1. [Wang et al 2010] proposed a novel coding method where the coding curve follows the
edges of the 3D space. The pattern’s signal to noise ratio (SNR) is defined using its
computational length and the number of coded phase periods in the projected patterns.
The mathematical explanation for the dependency of the pattern’s SNR on the
computational length is not mentioned clear in the paper. A detailed step-by-step
mathematical derivation of the dependency was obtained during the course of the
project.

2. [Horn and Kiryati 1997] showed that placing the points along K- dimensional space filling
Hilbert curves produces high quality results. This method was carried out for Gray-code
patterns. This project focuses on developing optimal patterns for phase-shifting
patterns.




3.

[Huang et al 2005] proposed a method which uses trapezoidal phase shifting for 3D
shape measurement and this improved the depth resolution by 6 times. This paper
states yet another new pattern which can be used. The goal of this project was to
develop a comparison between different patterns and define a metric which helps us
choose an optimal pattern.

Technical Part:

Derive a mathematical relationship between SNR and the length of the coding curve and
observe that the length of the coding curve is proportional to the SNR.

Mathematically analyze different patterns, their coding curves and lengths.

Study different noise models and obtain an intuition on the various factors on which
noise depends on.

Based on that, develop a new pattern whose coding length is high and thereby higher
SNR.

Write an algorithm which computes mean error for a structured light system using a
particular type of pattern with a specific number of patterns. For example, sinusoidal
pattern with 4 patterns; triangular wave pattern with 3 patterns. This can be used to
compare mean errors computed for different type of patterns with a specific number of
patterns. The main intuition behind computing this is that, as you increase the number
of patterns even though the length of the coding curve increases, the SNR decreases.
This error metric is expected to prove the above statement and it will also help in
finding the reason behind the counterproductive nature of the length of the coding
curve for higher lengths.

Write an optimization algorithm which takes some of the existing patterns and the
newly designed patterns, applies optimization methods to give an optimal new pattern.
Write an algorithm for the implementation of a structured light system using the
obtained optimal pattern and some of the existing patterns.

Obtain results for various types of objects in practical scenarios and draw comparisons
between different patterns.

Mathematical derivation and experiments carried out :

» By using the equation of the captured images and differentiating them with respect to

the error in the depth value we get,
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where

I(pc) - Image intensity at captured camera pixel pc,
o — Scene dependant constant (albedo),

A— Ambient Illlumination,

Pi(xi) — kth projected pattern at pixel xi.

» Equation 1 is for a single pattern extending this to k patterns and defining a new term
resolution (Y) for each pixel x|,
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o — Maximum error in intensity (Intensity error will vary within a range, we are

taking the maximum value as a constant)

» Equation 2 is for a single pixel, integrating equation 2 with respect to the entire range of
albedo, entire range of ambient illumination and the entire pixel range,
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Simplifying equation 3, we get an equation for the resolution of all the pixels which is

given by:
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We know that,

X| min

represents the length of the coding curve. This shows that the resolution and in turn the

SNR is proportional to the length of the coding curve.

» Coding curves were plotted and mathematically calculated for various patterns. Table 1
shows a list of patterns, their corresponding coding curves and their lengths when the

amplitude of each pattern is equal to 1.




Table 1 List of patterns, their coding curves and coding lengths

Length Length
Type of patterns Coding Curve
( 3 patterns) ( k patterns)
Sinusoid Circle V(3/2)*2TT V(k/2)*2TT
Disconnected
Sawtooth . 2V3TT 2VKTT
lines
Kis odd: k*2
sided regular
non-planar
Triangle polygon 2V3TT 2VKTT

Kis even: k sided
regular polygon

Table 2 Type of coding curve and their coding lengths

Type of Coding Curve

Length of Coding curve

Hamiltonian cycle of cube 8
Hamiltonian cycle of tetrahedron 5.656
Hamiltonian cycle of octahedron 4.247
Hamiltonian cycle of icosahedron 74
Hamiltonian cycle of dodecahedron | 8.46




» Hamiltonian cycle: It is a graph cycle in which each of the vertices is visited exactly once.
Coding curves which are Hamiltonian cycles of n-dimensional shapes are used here.
Table 2 shows a list of coding curves which have the form of Hamiltonian cycles of
different shapes and their corresponding lengths. The lengths are high in the case of
Hamiltonian cycle of a cube and Hamiltonian cycle of a dodecahedron.

» An algorithm for computing the mean error while using a particular type of pattern with
a specific number of patterns has been written.

The equation for computing the mean error for one particular (a,B,®) is given by:
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Where

o — Albedo value,

B — Ambient illumination,

¢- Depth value,

E(wp,4) - mean error over the entire intensity space for one particular (a,B,9),
| — Intensity value,

I— Mean intensity value,

o — Standard deviation for the intensity values,

Pc— Probability of finding intensity value | with a mean 1and standard deviation
oina Gaussian distribution.

The equation for computing mean error for all (a,B,d) values is given by :
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Where,
U - unknown space ((a,B,®) space).

» An algorithm for implementing the structured light system has been implemented with
radiometric calibration.




The algorithm includes implementation for projecting the below patterns and also
decoding the obtained captured images to get the phase map. The phase map can then
be triangulated to get the exact depth at that pixel.

e Sinusoidal phase shifted patterns,

e Triangular phase shifted patterns,

e Sawtooth phase shifted patterns,

e Patterns which get coding curve as Hamiltonian cycle of a cube,

e Patterns which get coding curve as Hamiltonian cycle of a dodecahedron.

» Radiometric Calibration: All image sensors (Projector, Camera) have built in image

processing functions which it applies to any image it captures/projects. This will hamper
the process for calculating the depth of 3D object. A radiometric calibration has to be
performed on both a camera and projector to remove this function and get the true raw
image. But nowadays, the cameras come with an option to capture a raw image in
which no additional image processing is applied to the captured image.
To radiometrically calibrate the projector, we will have to project 256 images each
having intensity from 0 — 255 and capture the image in RAW mode. In this way, we
would know what the intensity of the captured image should be and accessing the
captured image will show us the processing the projector has applied. By plotting a
graph between the actual intensity and the captured intensity we can get a relationship
between the two. The below figure shows the radiometric curve obtained while
calibrating the projector.
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Conclusion:

Compared to the conventional phase shifting methods, the new optimal pattern is expected to
give a higher depth resolution. This result will alleviate the huge distortions obtained in the
depth measurements caused by sensor and environmental noise. The comparison table will be
an easy look-up table to decide what kind of patterns to use, number of patterns to use and the
tradeoffs that have to be made.

Future progress of the project is to formulate the optimization problem which takes different
patterns as the input variable and minimizes the mean error.
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