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研究成果の概要（和文）：本プロジェクトでは、従来の3D計測を波長符号化された縞模様データを用いることに
成功し、多数の縞模様を同時に検出することが可能となりました。これにより、動的な物体の3D計測を行う道が
開かれ、3D計測のダイナミックレンジが広がり、物体の反射率スペクトルを3D形状と同時に計測することが可能
となりました。また、このプロジェクトの予想外の成果として、幾何学的な位相の理解にもブレークスルーがあ
りました。このプロジェクトの成果として、査読付き学術論文10本、会議論文3本、会議発表12本、すべてこの
研究助成で支援されています。

研究成果の概要（英文）：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.

研究分野： spectral imaging

キーワード： 3d profilometry　geometric phase
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研究成果の学術的意義や社会的意義
一般的な3D計測は静止した物体を対象としますが、本アプローチは動く物体の3D計測を可能にし、自律走行など
のアプリケーションで重要な利点となります。既存の方法では、ダイナミックレンジが狭く、色の強い物体の測
定に問題があるなどの弱点がありました。幾何学的位相は、約70年前から知られている光学特性です。研究者た
ちは、幾何学的位相の計算方法を研究し、その利用方法について議論してきましたが、私たちがこのプロジェク
トに取り組むまで、幾何学的位相の物理的モデルはこれまで存在しませんでした。現在、そのようなモデルが存
在し、それを使用して機器と測定を改善する方法を理解するのに役立ちます。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景

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．研究の目的

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,λ) 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．研究の方法

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．研究成果

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 I 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, I 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.
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