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In this project, we have succeeded in adapting conventional fringe

profilometry measurements to use wavelength-encoded fringe data, allowing for simultaneous detection
of many fringe profiles simultaneously. This opens the way for capturing 3D measurements of dynamic
objects, increasing the dynamic range of 3D measurement, and simultaneously measuring the object
reflectance spectrum together with its 3D profile. An unexpected outcome of this project has also
been a breakthrough in understanding geometric phase. As a result of this project, we have published
10 peer-reviewed journal articles, 3 conference papers, and 12 conference presentations --- all
supported in part or fully by this research project.
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1. WFZERdia LD R

With the recent advances in 3D printing, autonomous vehicles, and hand-gesture 3D computer
interfacing, measuring the motion of objects in 3D has become increasingly important.
Existing techniques use scanning, active illumination, or computational imaging, and so they
are slow, require cumbersome equipment, or have poor resolution.

2. WO HK

This project aims to overcome limitations in existing 3D measurement techniques by
developing hardware that encodes the depth information of a scene into its spectrum, such that
the entire 3D (x,y,z) dataset can be captured in a single frame using a snapshot (x,y,4) spectral
camera. This allows the measurement of such things as the 3D environment surrounding an
autonomous car, the 3D shape of a bird’s wing as it takes flight, or following the motion of
hand gestures using only ambient light. By eliminating the need for active illumination, the
system can be used much as a standard video camera, in outdoors instead of in a lab, and
requires no preparation of a scene other than to have enough light.

3. WD IR

We adapt conventional structured illumination techniques to encode multiple fringe patterns
into the spectrum of the projected light. Next, we image the illumination pattern reflected from
the scene objects and use the shifts in the fringe patterns to detect the depth of the objects at
each pixel in the scene. This usually involves projecting multiple fringe patterns and collecting
an image at each illumination step. However, since we encode multiple fringe patterns into the
illumination spectrum, we can use a spectral imaging camera to collect the complete set of
patterns, all without changing the illumination. In our lab, we have a snapshot imaging
spectrometer, so that the entire collection of fringe patterns can be collected in a single frame,
allowing for the simultaneous video-rate measurement of both high-dynamic-range 3D and
reflectance spectrum at each pixel in the scene.

One of the challenges encountered by this approach is that, unlike conventional 3D
measurements, the various shifts between the fringe patterns is not uniform. Thus, whereas a
conventional approach may use four images with phase shifts of 0, 90, 180, and 270 degrees,
the wavelength-encoded approach might have phase shifts of 0, 52, 163, and 202 degrees. As a
result, we developed a new algorithm for estimating the shifts, and for applying these arbitrary
shifts to estimate the object depth.

While working with various phase shift approaches, we started using geometric phase as a
well-known technique for applying phase shifts. However, we soon learned that the lack of a
physical model for geometric phase is a serious hindrance to understanding the best way to
make use of it. The geometric phase literature is filled with hidden assumptions that are poorly
understood, even by those considered experts in the field, because of this lack of a physical
model. Thus, along the way in our research, we paused to investigate the physical basis for
geometric phase.

4. WHFEEER

The first research publications supported by this research project used polarization fringe
projection, allowing for 3D information in a scene to be collected in a snapshot by a
polarization camera. This polarization-encoded profilometry approach is a natural step towards
the wavelength-encoded approach that we were working towards.

While I am currently busy writing the first research paper explaining my approach to
wavelength-encoded profilometry and our measurement results, our papers describing the
physical model for geometric phase have already been published, and have been received
enthusiastically. Our first geometric phase paper was named an “Editor’s Pick” — a paper that
the journal’s editor thought especially noteworthy. This paper was then “spotlighted” by the



journal, upgrading its status to one of the select few articles considered as the journal’s best
publications, and given open access for downloads. The second geometric phase article was
similarly selected as an “Editor’s Pick” and has already produced more email inquiries and
comments than [ have received on any of my other 55 peer-reviewed papers.

One task that remains in our project, and which I am still working towards, is the
adaptation of the wavelength-encoded technique to passive measurement.
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In research connected with this project, | have created two open-source software projects, where interested researchers can download my code and
use it for themselves to help with replicating our work. Both projects are available on GitHub at

https://github.com/nzhagen/flir_camera_interface
and

https://github.com/nzhagen/fpp_tools

The former is a Python-based GUI interface for FLIR cameras, while the second is a collection of algorithms useful for doing fringe projection
profilometry measurements.




