US010375327B2

a2 United States Patent (10) Patent No.:  US 10,375,327 B2
Kester 45) Date of Patent: Aug. 6, 2019
(54) MOBILE GAS AND CHEMICAL IMAGING (56) References Cited
CAMERA

U.S. PATENT DOCUMENTS

(71)  Applicant: REBELLION PHOTONICS, INC., .
3,841,763 A 10/1974 Lewis

Houston, TX (US) 3,849,005 A 11/1974 Girard et al.
(72) Inventor: Robert Timothy Kester, Friendswood, (Continued)

X (US) FOREIGN PATENT DOCUMENTS
(73) Assignee: Rebellion Photonics, Inc., Houston, TX CA 2365 866 9/2000

(Us) CA 2787 303 712011

(Continued)

otice: ubject to any disclaimer, the term of this
* Noti Subj y disclai he fthi
paten 18 SZ’ESHS;dO f;a;‘?““ed under 35 OTHER PUBLICATIONS

US 10,113,914 B2, 10/2018, Kester et al. (withdrawn)
(21) Appl. No.: 15/789,811 (Continued)

(22) Filed: Oct. 20, 2017 Primary Examiner — Marcus H Taningco

(74) Attorney, Agent, or Firm — Knobbe, Martens, Olson

(65) Prior Publication Data & Bear LLP
US 2018/0191967 Al Jul. 5, 2018
57 ABSTRACT
Related U.S. Application Data In one embodiment, an infrared (IR) imaging system for

determining a concentration of a target species in an object
(60) Provisional application No. 62/411,480, filed on Oct. is disclosed. The imaging system can include an optical

21, 2016. system including an optical focal plane array (FPA) unit. The
optical system can have components defining at least two

(51) Imt. ClL optical channels thereof, said at least two optical channels
HO4N 5/33 (2006.01) being spatially and spectrally different from one another.
G01J 3/02 (2006.01) Each of the at least two optical channels can be positioned
(Continued) to transfer IR radiation incident on the optical system

(52) US. CL towards the optical FPA. The system can include a process-
CPC o HO4N 5/33 (2013.01); Go1J 302 ~ 1n& unit containing a processor that can be configured to

(2013.01); GOLJ 3/0232 (2013.01); acquire multispectral optical data representing said target
S e species from the IR radiation received at the optical FPA.

. . (Co.ntlnued) Said optical system and said processing unit can be con-
(58) Field of Clasmﬁcatlon. Search . . tained together in a data acquisition and processing module
CPC ......... GO017J 3/02; GO1J 3/0232; GO1J 3/0256; configured to be worn or carried by a person.
GO017J 3/28; GO1J 3/2803; G01J 5/0014;
(Continued) 6 Claims, 57 Drawing Sheets
w
Object Front uﬁ:m lens /
w
Spectrally divided pupil
/ 7
Re-Imaging lens amray
1w 7 J / Detecg':array
> .
i ED
GAS _D —
cLoup 7
D \\ Vi
a Towards
processor

"

//K
§

V4
Moveable reference source



US 10,375,327 B2

Page 2
(51) Int. CL 8,653,461 Bl 2/2014 Benson et al.
G01J 3/28 (2006.01) 8,654,328 B2 2;2014 Tkaczyk et al.al
9,395,516 B2 7/2016 Katsunuma et al.
222'11\,5‘?/02025 5388288 9,562,849 B2 2/2017 Kester et al.
: 9,599,508 B2 3/2017 Kester et al.
GOIN 21/3504 (2014.01) 9625318 B2 4/2017 Kester et al.
GO2B 5/20 (2006.01) 0.641.772 B2 52017 Yujiri
GO6K 9/00 (2006.01) 9,644,562 B2 5/2017 Fujita
GOGK 9/20 (2006.01) 10084973 B2 92018 Kester ot ol
A A ester et al.
GO1J 5/08 (2006.01) 2001/0040216 Al  11/2001 Knauth et al.
GO1J 5/02 (2006.01) 2002/0015151 Al 2/2002 Gorin
(52) U.S.CL 2002/0121370 Al 9/2002 Kurkjian et al.
CPC oo GO1J 3/0256 (2013.01); GO1J 3/28 2002/0159101 Al 10/2002  Alderson et al.
(2013.01); GOLJ 3/2803 (2013.01); Gozg 20030102435 AL 62003 ?faynegfsefta?
5/0014 (2013.01); GO1J 5/02 (2013.01); GO1J 2003/0183756 Al 10/2003 Huniu
5/0834 (2013.01); GOIN 21/3504 (2013.01); 2004/0093167 Al 5/2004 Braig et al.
GO2B 5/201 (2013.01); GO2B 5/208 2004/0111232 Al 6/2004 Butler et al.
(2013.01); GO6K 9/00624 (2013.01); GO6K 588‘5‘;8335322 i} 1%88‘5‘ ilﬁ:lf tal
9/209 (2013.01); HO4N 5/2258 (2013.01) 2005/0103989 Al 5/2005 Watson et al.
(58) Field of Classification Search 2006/0044562 Al 3/2006 Hagene et al.
CPC ... GO1J 5/02; GO1J 5/0834; GOIN 21/3504; 2006/0183241 Al 8/2006 Lehmann et al.
GO2B 5/201: GO2B 5/208: GO6K 2006;0232675 Al 10;2006 Chzmberlain et al.
’ : 2006/0279632 Al 12/2006 Anderson
9/00624; GOGK 9/209; HO4N 5/2258; 2007/0018105 Al 1/2007 Grimberg
HO4N 5/33 2007/0075888 Al 4/2007 Kelly et al.
See application file for complete search history. 2007/0108385 Al 5/2007 Mantese et al.
2007/0170359 Al 7/2007 Syllaios et al.
(56) References Cited 2007/0170363 Al 7/2007 Schimert et al.
2008/0170140 Al 7/2008 Silver et al.
2008/0204744 Al 82008 Mir et al.
U.S. PATENT DOCUMENTS 2008/0231719 Al 9/2008 Benson et al.
2008/0251724 Al 10/2008 Baliga et al.
3’41123’323 ﬁ éﬁg;i St‘;fi:rtg”l' 2009/0252650 Al  10/2009 Lakshmanan
4933555 A 61990 St 2010/0162206 Al 6/2010 Roth et al.
4963963 A 10/1990 Domman 2010/0171866 Al 7/2010 Brady et al.
1774 A 71990 Fraden 2010/0211333 Al 82010 Pruef et al.
S 13601 A £/1992 Sagan 2010/0309467 Al 12/2010 Fox et al.
3137258 A 10/1992 Cumning, III et al. 2011/0176577 Al 7/2011 Bandara et al.
5354087 A 10/1994 MacPheson 2011/0185048 Al 7/2011 Yew et al.
3320373 A /1996 Cole of al 2011/0261321 Al 10/2011 Ramella-Roman et al.
235035 A 0/1996 Kosar et al 2012/0273680 Al 11/2012 Furry
35604346 A 2/1997 Hamrelie ef al. 2013/0181836 Al 72013 Cardoso et al.
5822222 A 10/1998 Kaplinsky et al. gggggggggg Al gggg o o al.
5.877.500 A 3/1999 Braig et al. chner et al.
5020066 A 7/1999 DiRenzo et al. 2013/0235256 Al 9/2013 Kodama
3026283 A 711999 Hopkins 2013/0250124 Al 9/2013 Furry
5.073.844 A * 10/1999 Burger ........... G02B 3/0056 2013/0307991 Al 11/2013 Olsen et al.
359621 5010941500 Al 122013 Netson ot sl
el l%ggg gi“dclgﬁn"to et al. 2013/0342680 Al  12/2013 Zeng et al.
Slarioe BL 55001 cociin 2014/0002639 Al 1/2014 Cheben et al.
6268 o8 Bl 79001 Zemde il 2014/0139643 Al 5/2014 Hogasten et al.
6436261 Bl 912002 Zhang : 2014/0320843 Al* 102014 Streuber ............. F41G 7/008
0 356/4.01
g"s‘gg’gg E} 1%885 g;%ag?zl 2015/0069239 AL*  3/2015 KeSter w.ocovoorrvvrrrenn. GO1J 3/36
ipone L0 4 250/332
oo B Y008 Hinaichs et al. 2015/0136981 ALl* 52015 Kester ...couuren GOIN 21/3504
7,109,488 B2 9/2006 Milton 250/330
7119337 Bl 10/2006 Johnson et al. 2015/0136982 AL* 52015 KeSter ..o GO1J 3/2823
7,242,478 Bl 7/2007 Dombrowski et al. ] 250/332
7,315,377 B2 1/2008 Holland et al. 2015/0138534 Al 52015 Tidhar
7,321,119 B2 1/2008 King 2015/0144770 Al 5/2015 Choi
7,364,697 B2 4/2008 McFarland et al. 2015/0226613 Al* 82015 Bauer ... G017 5/061
7433042 Bl  10/2008 Cavanaugh et al. 250/349
7,606,484 Bl  10/2009 Richards et al. 2015/0288894 Al 10/2015 Geelen et al.
7,634,157 Bl 12/2009 Richards et al. 2015/0316473 AL* 11/2015 KeSter w.occooomrvmnveee... GO6K 9/22
7,750,802 Bl 7/2010 Parish et al. 250/339.02
7,835,002 B2 11/2010 Muhammed et al. 2016/0037089 Al 2/2016 Silny et al.
7,888,624 Bl 2/2011 Murguia et al. 2016/0041095 Al 2/2016 Rothberg et al.
8,027.041 Bl 9/2011 Mitchell et al. 2016/0097713 Al 4/2016 Kester et al.
8,153,080 Bl  4/2012 Brady et al. 2016/0097714 Al 4/2016 Zeng et al.
8,159,568 B2  4/2012 Ahdoot 2016/0238454 Al 872016 Pillans
8,212,213 B2 7/2012 Miyrick et al. 2016/0245698 Al 82016 Pau et al.
8,373,757 Bl 2/2013 Nguyen 2016/0313181 Al 10/2016 Golub et al.
8,629,930 B2* 1/2014 Brueckner ......... HO4N 5/3572 2016/0349228 Al 12/2016 Kester et al.
348/335 2016/0356702 Al  12/2016 Hinnrichs



US 10,375,327 B2
Page 3

(56) References Cited
U.S. PATENT DOCUMENTS

2016/0380014 Al
2017/0026588 Al
2017/0205290 Al
2017/0234761 Al
2017/0248517 Al
2017/0350758 Al
2017/0356802 Al
2018/0077363 Al
2018/0188163 Al
2019/0003984 Al

12/2016 Ganapathi et al.
1/2017 Kester et al.
7/2017 Kester et al.
8/2017 Augusto
8/2017 Scherer et al.

12/2017 Kester et al.

12/2017 Kester et al.
3/2018 Kester et al.
7/2018 Kester et al.
1/2019 Kester et al.

FOREIGN PATENT DOCUMENTS

EP 0 837 600 4/1998
EP 2 871 452 5/2015
EP 2942 615 11/2015
EP 2 955 496 12/2015
EP 3 040 706 7/2016
GB 1014769 12/1965
GB 2518224 3/2015
JP 2013-128185 6/2013
WO WO 2004/097389 11/2004
WO WO 2007/008826 1/2007
WO WO 2008/109183 9/2008
WO WO 2009/094782 8/2009
WO WO 2010/053979 5/2010
WO WO 2012/078417 6/2012
WO WO 2012/082366 6/2012
WO WO 2013/173541 11/2013
WO WO 2015/108236 7/2015
WO WO 2016/196224 12/2016
WO WO 2017/201194 11/2017
WO WO 2018/075957 4/2018
WO WO 2018/075964 4/2018
WO WO 2018/156795 8/2018

OTHER PUBLICATIONS

Adams, et al., “Advances in Detectors: Hot IR sensors improve IR
camera size, weight, and power”, Laser Focus World, vol. 50, Issue
1, Jan. 17, 2014, 6 pages. Also available at http://www.ircameras.
com/articles/advances-detectors-hot-ir-sensors-improve-ir-camera-
size-weight-power/.

Allen et al., “Measurements of Methane Emissions at Natural Gas
Production Sites in the United States”, PNAS, Oct. 29, 2013, vol.
110, No. 44, pp. 7.

Alvarez et al., “Greater Focus Needed on Methane Leakage from
Natural Gas Infrastructure”, PNAS, Apr. 24, 2012, vol. 109, No. 17,
pp. 12.

Bedard et al., “Image Mapping Spectrometry: Calibration and
Characterization”, Optical Engineering, Nov. 2012, vol. 51, No. 11,
pp. 111711-1-111711-13.

Ben-David et al., “Probability Theory for 3-Layer Remote Sensing
Radiative Transfer Model: Univariate Case,” Optics Express, Apr.
2012, vol. 20, No. 9, pp. 10004-10033.

Ben-David et al., “Probability Theory for 3-Layer Remote Sensing
Radiative Transfer Model: Errata,” Optics Express, May 20, 2013,
vol. 21, No. 10, pp. 11852.

Brady et al., “Multiscale Lens Design”, Optics Express, Jun. 22,
2009, vol. 17, No. 13, pp. 10659-10674.

Brochure provided by Lofty Designs to Rebellion Photonics on Oct.
31, 2012 as noted from the email. Subsequent to that date brochure
was used in connection with potential customers.

Caulton et al., “Toward a Better Understanding and Quantification
of Methane Emissions from Shale Gas Development”, PNAS, Apr.
29, 2014, vol. 111, No. 17, pp. 7.

Chen et al., “Quantitative Sectioning and Noise Analysis for Struc-
tured Illumination Microscopy: Erratum”, Optics Express, Oct. 19,
2015, vol. 23, No. 21, pp. 27633-27634.

Chidley et al., “Flow-Induced Birefringence: The Hidden PSF
Killer in High Performance Injection-Molded Plastic Optics”, Endo-
scopic Microscopy, Proceedings of SPIE vol. 6082, 2006, pp. 11.

Chu et al., “The NIST Quantitative Infrared Database”, Journal of
Research of the National Institute of Standards and Technology,
Jan.-Feb. 1999, vol. 104, No. 1, pp. 59-81.

DiPietro et al., “Hyperspectral Matched Filter with False-Alarm
Mitigation”, Optical Engineering, Jan. 2012, vol. 51, No. 1, pp.
016202-1-016202-7.

“Directed Inspection and Maintenance at Gas Processing Plants and
Booster Stations,” United States Environmental Protection Agency
Air and Radiation (62027J), EPA430-B-03-018, Oct. 2003 available
at https://'www?3.epa.gov/gasstar/documents/II_dimgasproc.pdf.
Eriksson et al., “Radiative Cooling Computed for Model Atmo-
spheres”, Applied Optics, Dec. 1, 1982, vol. 21, No. 23, pp.
4381-4388.

Flanigan, “Detection of Organic Vapors with Active and Passive
Sensors: A Comparison,” Applied Optics, 1986, vol. 25, No. 23, pp.
4253-4260.

Galfalk et al., “Making Methane Visible”, Nature Climate Change,
Apr. 2016, vol. 6, pp. 426-430.

Galfalk et al., “Making Methane Visible”, Supplementary Informa-
tion, Nature Climate Change, 2015, pp. 1-14.

Gallagher et al., “Error Analysis for Estimation of Trace Vapor
Concentration Pathlength in Stack Plumes”, Applied Spectroscopy,
2003, vol. 57, No. 6, pp. 614-621.

Gallagher et al., “Estimation of Trace Vapor Concentration-
Pathlength in Plumes for Remote Sensing Applications from
Hyperspectral Images”, Analytica Chimica Acta, 2003, vol. 490, pp.
139-152.

Gao et al., “Compact Image Slicing Spectrometer (ISS) for Hyperspectral
Fluorescence Microscopy”, Optics Express, Jul. 20, 2009, vol. 17,
No. 15, pp. 12293-12308.

Gao et al.,, “Depth-Resolved Image Mapping Spectrometer (IMS)
with Structured Illumination”, Optics Express, Aug. 29, 2011, vol.
19, No. 18, pp. 17439-17452.

Gao et al., “Optical Design of a Snapshot High-Sampling Image
Mapping Spectrometer (IMS) for Hyperspectral Microscopy”, Three-
Dimensional and Multidimensional Microscopy: Image Acquisition
and Processing XVII, Proceedings of SPIE vol. 7570, 2010, pp. 1-7.
Gao et al., “Quantitative Comparison Between Full-Spectrum and
Filter-Based Imaging in Hyperspectral Fluorescence Microscopy”,
Journal of Microscopy, 2012, vol. 246, No. 2, pp. 113-123.

Gao et al., “Snapshot Image-Mapping Spectrometer for Hyperspectral
Fluorescence Microscopy”, Optics and Photonics News, Nov. 2010,
vol. 21, No. 12, p. 50.

Gao et al., “Snapshot Image Mapping Spectrometer (IMS) with
High Sampling Density for Hyperspectral Microscopy”, Optics
Express, Jul. 5, 2010, vol. 18, No. 4, pp. 14330-14344.

Gerhart et al., “Detection and Tracking of Gas Plumes in LWIR
Hyperspectral Video Sequence Data,” Algorithms and Technologies
for Multispectral, Hyperspectral, and Ultraspectral Imagery XIX,
2013, SPIE Proceedings vol. 8743, pp. 1-14.

Gittins, Christopher M., “Detection and Characterization of Chemi-
cal Vapor Fugitive Emissions by Nonlinear Optimal Estimation:
Theory and Simulation”, Applied Optics, Aug. 10, 2009, vol. 48,
No. 23, pp. 4545-4561.

Goldberg et al., “Dual Band MWIR/LWIR Focal Plane Array Test
Results,” Army Research Lab, Adelphi, MD, Aug. 1999, pp. 18.
Golowich et al., “Performance Limits of LWIR Gaseous Plume
Quantification”, Algorithms and Technologies for Multispectral,
Hyperspectral, and Ultraspectral Imagery XVII, 2011, Proceedings
of SPIE vol. 8048, pp. 1-12.

Griffin et al., “The Herschel —SPIRE 1-15 Instrument and its
In-Flight Performance,” Astronomy and Astrophysics, Jul. 1, 2010,
vol. 518, pp. 7.

Gross et al., “Remote Identification and Quantification of Industrial
Smokestack Effluents via Imaging Fourier-Transform Spectros-
copy”, Environmental Science & Technology, 2010, vol. 44, No. 24,
pp. 9390-9397.

Gupta et al.,, “Miniature Snapshot Multispectral Imager,” Optical
Engineering, 2011, vol. 50, pp. 033203-1-033203-9.

Hadlington, Simon, “New Camera Makes Methane Visible”, Chem-
istry World, http://web.archive.org/web/20160305234907/http://
www.rsc.org/chemistryworld/2015/12/methane-camera-infrared-
greenhouse-gas, Dec. 14, 2015, pp. 2.



US 10,375,327 B2
Page 4

(56) References Cited
OTHER PUBLICATIONS

Hagen et al., “Analysis of Computed Tomographic Imaging Spec-
trometers. I. Spatial and Spectral Resolution”, Applied Optics, Oct.
1, 2008, vol. 47, No. 28, pp. F85-F95.

Hagen et al., “Coded Aperture DUV Spectrometer for Standoff
Raman Spectroscopy”, Next-Generation Spectroscopic Technolo-
gies II, Proceedings of SPIE vol. 7319, 2009, pp. 1-10.

Hagen et al., “Compound Prism Design Principles, 17, Applied
Optics, Sep. 1, 2011, vol. 50, No. 25, pp. 4998-5011.

Hagen et al., “Compound Prism Design Principles, II: Triplet and
Janssen Prisms”, Applied Optics, Sep. 1, 2011, vol. 50, No. 25, pp.
5012-5022.

Hagen et al., “Compound Prism Design Principles, III: Linear-in-
Wavenumber and Optical Coherence Tomography Prisms”, Applied
Optics, Sep. 1, 2011, vol. 50, No. 25, pp. 5023-5030.

Hagen et al., “Fourier Methods of Improving Reconstruction Speed
for CTIS Imaging Spectrometers”, Imaging Spectrometry XII,
Proceedings of SPIE vol. 6661, 2007, pp. 11.

Hagen et al., “Foveated Endoscopic Lens”, Journal of Biomedical
Optics, Feb. 2012, vol. 17, No. 2, pp. 021104-1-021104-6.

Hagen et al., “Gaussian Profile Estimation in One Dimension”,
Applied Optics, Aug. 1, 2007, vol. 46, No. 22, pp. 5374-5383.
Hagen et al., “Gaussian Profile Estimation in Two Dimensions”,
Applied Optics, Dec. 20, 2008, vol. 47, No. 36, pp. 6842-6851.
Hagen et al.,, “Quantitative Sectioning and Noise Analysis for
Structured Illumination Microscopy”, Optics Express, Jan. 2, 2012,
vol. 20, No. 1, pp. 403-413.

Hagen et al.,, “Quantitative Sectioning and Noise Analysis for
Structured Illumination Microscopy: Errata”, Optics Express, Feb.
27, 2012, vol. 20, No. 5, pp. 5343.

Hagen et al., “Real-Time Quantitative Hydrocarbon Gas Imaging
with the Gas Cloud Imager (GCI)”, Proceedings of SPIE, vol. 8358,
Chemical, Biological, Radiological, Nuclear, and Explosives (CBRNE)
Sensing XIII, May 1, 2012, pp. 7.

Hagen et al., “Review of Snapshot Spectral Imaging Technologies”,
Optical Engineering, Sep. 2013, vol. 52, No. 9, pp. 090901-1-
090901-23.

Hagen et al., “Snapshot Advantage: A Review of the Light Collec-
tion Improvement for Parallel High-Dimensional Measurement
Systems,” Optical Engineering, Jun. 13, 2012, vol. 51, No. 11, p.
111702-1-111702-7.

Hagen et al., “Snapshot Mueller Matrix Spectropolarimeter” Optics
Letters, Aug. 1, 2007, vol. 32, No. 15, pp. 2100-2102.

Hagen et al., “Spectrally-Resolved Imaging of Dynamic Turbid
Media”, Multimodal Biomedical Imaging VI, Proceedings of SPIE
vol. 7892, 2011, pp. 1-7.

Hagen et al., “Video-Rate Spectral Imaging of Gas Leaks in the
Longwave Infrared,” Chemical, Biological, Radiological, Nuclear,
and Explosives (CBRNE) Sensing XIV, May 29, 2013, SPIE
Proceedings vol. 8710, pp. 7.

Harley et al., “Remote Quantification of Smokestack Effluent Mass
Flow Rates Using Imaging Fourier Transform Spectrometry,” Chemi-
cal, Biological, Radiological, Nuclear, and Explosives (CBRNE)
Sensing XII, Apr. 25-29, 2011, SPIE Proceedings vol. 8018, pp.
1-13.

Hayden et al., “Determination of Trace-Gas Amounts in Plumes by
the Use of Orthogonal Digital Filtering of Thermal-Emission Spec-
tra”, Applied Optics, Jun. 1, 1996, vol. 35, No. 16, pp. 2802-2809.
Hirsch et al., “Detection of Gaseous Plumes in IR Hyperspectral
Images Using Hierarchical Clustering”, Applied Optics, Sep. 1,
2007, vol. 46, No. 25, pp. 6368-6374.

Johnston et al., “A Real-Time FPGA Implementation of a Barrel
Distortion Correction Algorithm”, Projects, 2003, vol. 10, pp.
91-96.

Karion et al., “Methane Emissions Estimate from Airborne Mea-
surements Over a Western United States Natural Gas Field”, Geo-
physical Research Letters, 2013, vol. 40, pp. 4393-4397.
Keshava et al., “A Survey of Spectral Unmixing Algorithms”,
Lincoln Laboratory Journal, 2003, vol. 14, No. 1, pp. 55-78.

Kester et al., “A Real-Time Gas Cloud Imaging Camera for Fugitive
Emission Detection and Monitoring”, Imaging and Applied Optics
Technical Digest, 2012, pp. 3.

Kester et al., “Development of Image Mappers for Hyperspectral
Biomedical Imaging Applications”, Applied Optics, Apr. 1, 2010,
vol. 49, No. 10, pp. 1886-1899.

Kester et al., “High Numerical Aperture Microendoscope Objective
for a Fiber Confocal Reflectance Microscope”, Optics Express, Mar.
S, 2007, vol. 15. No. 5, pp. 2409-2420.

Kester et al., “Low Cost, High Performance, Self-Aligning Minia-
ture Optical Systems”, Applied Optics, Jun. 20, 2009, vol. 48, No.
18, pp. 3375-3384.

Kester et al., “Real-Time Snapshot Hyperspectral Imaging Endo-
scope”, Journal of Biomedical Optics, May 2011, vol. 16, No. 5, pp.
056005-1-056005-12.

Kudenov et al., “Fourier Transform Channeled Spectropolarimetry
in the MWIR”, Optics Express, Oct. 1, 2007, vol. 15, No. 20, pp.
12792-12805.

Kudenov et al., “Snapshot Imaging Mueller Matrix Polarimeter
Using Polarization Gratings”, Optics Letters, Apr. 15, 2012, vol. 37,
No. 8, pp. 1367-1369.

Landau et al., “Design and Evaluation of an Ultra-Slim Objective
for in-vivo Deep Optical Biopsy”, Optics Express, Mar. 1, 2010,
vol. 18, No. 5, pp. 4758-4775.

Levi, Michael A., “Comment on ‘Hydrocarbon Emissions Charac-
terization in the Colorado Front Range: A Pilot Study’ by Gabrielle
Pétron et al.”, Journal of Geophysical Research, 2012, vol. 117, No.
D21203, pp. 1-5.

Levi, Michael A., “Reply to “‘Reply to ‘Comment on Hydrocarbon
Emissions Characterization in the Colorado Front Range—A Pilot
Study’ by Michael A. Levi”’ by Gabrielle Pétron et al.”, Journal of
Geophysical Research: Atmospheres, 2013, vol. 118, pp. 3044-
3046.

Low et al., “Remote Sensing and Characterization of Stack Gases by
Infrared Spectroscopy. An Approach by Using Multiple-Scan Inter-
ferometry”, Environmental Science & Technology, Jan. 1967, vol.
1, No. 1, pp. 73-74.

Luo et al., “Fast Processing of Imaging Spectrometer Data Cube
Based on FPGA Design”, MIPPR 2007: Multispectral Image Pro-
cessing, Proceedings of SPIE vol. 6787, pp. 7.

Manolakis et al., “Long-Wave Infrared Hyperspectral Remote Sens-
ing of Chemical Clouds”, IEEE Signal Processing Magazine, Jul.
2014, vol. 31, No. 4, pp. 120-141.

Mathews, “Design and Fabrication of a Low-Cost, Multispectral
Imaging System,” Applied Optics, 2008, pp. F71-F76, vol. 47.
Naranjo et al., “IR Gas Imaging in an Industrial Setting,” Thermosense
XXXII, Published in SPIE Proceedings vol. 7661, May 4, 2010, pp.
1-8.

Nguyen et al., “Snapshot 3D Optical Coherence Tomography Sys-
tem using Image Mapping Spectrometer”, Biomedical Optics and
3D Imaging OSA, 2012, pp. 3.

Niu et al., “New Approach to Remote Gas-Phase Chemical Quan-
tification: Selected-Band Algorithm”, Optical Engineering, Feb.
2014, vol. 53, No. 2, pp. 021111-1-021111-10.

“0il and Natural Gas Sector Leaks”, U.S. EPA Office of Air Quality
Planning and Standards (OAQPS), Review Panel, Apr. 2014, pp. 63.
Pétron et al., “Hydrocarbon Emissions Characterization in the
Colorado Front Range: A Pilot Study”, Journal of Geophysical
Research, 2012, vol. 117, No. D04304, pp. 1-19.

Pétron et al., “Reply to Comment on ‘Hydrocarbon Emissions
Characterization in the Colorado Front Range—A Pilot Study’ by
Michael A. Levi”, Journal of Geophysical Research: Atmospheres,
2013, vol. 118, pp. 236-242.

Pisano et al., “Thermal Illuminators for Far-Infrared and Submil-
limeter Astronomical Instruments,” Applied Optics, Jun. 1, 2005,
vol. 44, No. 16, pp. 3208-3217.

Polak et al., “Passive Fourier-Transform Infrared Spectroscopy of
Chemical Plumes: An Algorithm for Quantitative Interpretation and
Real-Time Background Removal”, Applied Optics, Aug. 20, 1995,
vol. 34, No. 24, pp. 5406-5412.



US 10,375,327 B2
Page 5

(56) References Cited
OTHER PUBLICATIONS

Rebellion Photonics, “Gas Cloud Imaging Camera: A Breakthrough
in Leak Monitoring for the Rig & Refinery Safety Market”, Pre-
sentation at SPIE Defense Security and Sensing, 28 pages, Apr.
29-May 3, 2013.

Sandsten et al., “Development of Infrared Spectroscopy Techniques
for Environmental Monitoring”, Doctoral Thesis, Aug. 2000, pp.
123.

Sandsten et al., “Real-Time Gas-Correlation Imaging Employing
Thermal Background Radiation”, Optics Express, Feb. 14, 2000,
vol. 6, No. 4, pp. 92-103.

Sandsten et al., “Volume Flow Calculations on Gas Leaks Imaged
with Infrared Gas-Correlation,” Optics Express, 2012, vol. 20, No.
18, pp. 20318-20329.

Shogenji et al., “Multispectral Imaging Using Compact Compound
Optics,” Optics Express, Apr. 19, 2004, vol. 12, No. 8, pp. 1643-
1655.

Telops, “Hyper-Cam”, http://web.archive.org/web/20160608180941/
http://www.telops.com/en/hyperspectral-cameras/hyper-cam as archived
Jun. 8, 2016 in 2 pages.

Telops, “Innovative Infrared Imaging”, http://web.archive.org/web/
2016060321729/http://www.telops.com/en/ as archived Jun. 3, 2016
in 2 pages.

Walter Jr., et al., “Detection of Atmospheric Pollutants: a Correla-
tion Technique”, Applied Optics, Jun. 1975, vol. 14, No. 6, pp.
1423-1428.

Wikipedia entry https://en.wikipedia.org/wiki/Mobile computing last
modified on Dec. 30, 2016; retrieved from the internet on Feb. 2,
2017 in 6 pages.

Williams et al., “Dual-Band MWIR/LWIR Radiometer for Absolute
Temperature Measurements,” SPIE Thermosense Conference XXVIII—
Manuscript 6205-23, Apr. 18, 2006, pp. 13.

Young et al., “An In-Scene Method for Atmospheric Compensation
of Thermal Hyperspectral Data”, Journal of Geophysical Research,
2002, vol. 107, No. D24, pp. 14-1-14-20.

Zheng et al., “A Static Multiplex Fabry-Perot Spectrometer”, Sen-
sors, Cameras, and Systems for Industrial/Scientific Applications X,
Proceedings of SPIE-IS&T Electronic Imaging, SPIE vol. 7249,
2009, pp. 8.

Zheng et al., “Analytic-Domain Lens Design with Proximate Ray
Tracing”, Journal of the Optical Society of America A, Aug. 2010,
vol. 27, No. 8, pp. 1791-1802.

Preliminary Amendment as filed in U.S. Appl. No. 14/538,827 dated
Jan. 28, 2015 in 6 pages.

Office Action received in U.S. Appl. No. 14/538,827 dated Jun. 30,
2015 in 8 pages.

Non-Final Office Action Response as filed in U.S. Appl. No.
14/538,827 dated Dec. 28, 2015 in 11 pages.

Notice of Allowance received in U.S. Appl. No. 14/538,827 dated
Feb. 1, 2016 in 18 pages.

Corrected Notice of Allowance received in U.S. Appl. No. 14/538,827
dated Feb. 10, 2016 in 4 pages.

Corrected Notice of Allowance received in U.S. Appl. No. 14/538,827
dated Feb. 22, 2016 in 4 pages.

Request for Continued Examination and Response to Correct Appli-
cation Papers as filed in U.S. Appl. No. 14/538,827 dated Apr. 29,
2016 in 14 pages.

Notice of Allowance received in U.S. Appl. No. 14/538,827 dated
May 26, 2016 in 9 pages.

Notice of Allowance received in U.S. Appl. No. 14/538,827 dated
Sep. 19, 2016 in 9 pages.

Amendment as filed in U.S. Appl. No. 14/538,827 dated Dec. 16,
2016 in 9 pages.

Official Communication received in U.S. Patent Application No.
15/418,532 dated Jun. 23, 2017 in 7 pages.

Amendment as filed in U.S. Appl. No. 15/418,532 dated Nov. 22,
2017 in 8 pages.

Official Communication received in U.S. Appl. No. 15/418,532
dated Dec. 11, 2017 in 21 pages.

Office Action received in U.S. Appl. No. 14/543,692 dated Nov. 3,
2015 in 7 pages.

Interview Summary received in U.S. Appl. No. 14/543,692 dated
Feb. 17, 2016 in 5 pages.

Response to Office Action as filed in U.S. Appl. No. 14/543,692
dated May 2, 2016 in 9 pages.

Office Action received in U.S. Appl. No. 14/543,692 dated Jun. 1,
2016 in 18 pages.

Response to Final Action as filed in U.S. Appl. No. 14/543,692
dated Nov. 30, 2016 in 12 pages.

Notice of Allowance received in U.S. Appl. No. 14/543,692 dated
Dec. 9, 2016 in 12 pages.

Amendment after Allowance as filed in U.S. Appl. No. 14/543,692
dated Mar. 3, 2017 in 6 pages.

Notice of Allowance received in U.S. Appl. No. 14/543,692 dated
Mar. 17, 2017 in 4 pages.

Preliminary Amendment as filed in U.S. Appl. No. 15/471,398 dated
Oct. 6, 2017 in 6 pages.

Notice of Allowance received in U.S. Appl. No. 14/571,398 dated
Oct. 18, 2017 in 8 pages.

Notice of Allowance received in U.S. Appl. No. 14/571,398 dated
Feb. 7, 2018 in 20 pages.

Office Action received in U.S. Appl. No. 14/539,899 dated Mar. 26,
2015 in 6 pages.

Non-Final Office Action Response as filed in U.S. Appl. No.
14/539,899 dated Aug. 26, 2015 in 8 pages.

Final Office Action received in U.S. Appl. No. 14/539,899 dated
Dec. 11, 2015 in 9 pages.

Amendment as filed in U.S. Appl. No. 14/539,899 dated Jun. 9,
2016 in 6 pages.

Notice of Allowance received in U.S. Appl. No. 14/539,899 dated
Jun. 21, 2016 in 17 pages.

Notice of Allowance received in U.S. Appl. No. 14/539,899 dated
Oct. 31, 2016 in 10 pages.

Amendment as filed in U.S. Appl. No. 14/539,899 dated Jan. 27,
2017 in 5 pages.

Official Communication received in U.S. Appl. No. 15/462,352
dated Sep. 28, 2017 in 6 pages.

Amendment as filed in U.S. Appl. No. 15/462,352 dated Feb. 28,
2018 in 5 pages.

Extended European Search Report received in European Applica-
tion No. 14192862.2 dated Mar. 30, 2015 in 10 pages.

Official Communication received in Furopean Application No.
14192862.2 dated Apr. 19, 2016 in 6 pages.

International Search Report in PCT Application No. PCT/US2013/
041278 dated Aug. 27, 2013 in 4 pages.

International Preliminary Report on Patentability in PCT Applica-
tion No. PCT/US2013/041278 dated Nov. 27, 2014 in 10 pages.
Preliminary Amendment as filed in U.S. Appl. No. 14/700,791 dated
Jul. 13, 2015 in 8 pages.

Notice of Allowance received in U.S. Appl. No. 14/700,791 dated
Jun. 9, 2016 in 11 pages.

Notice of Allowance received in U.S. Appl. No. 14/700,791 dated
Sep. 30, 2016 in 19 pages.

Notice of Allowance received in U.S. Appl. No. 14/700,791 dated
Feb. 21, 2017 in 20 pages.

Comments on Allowance received in U.S. Appl. No. 14/700,791
dated May 19, 2017 in 2 pages.

Notice of Allowance received in U.S. Appl. No. 14/700,791 dated
Jul. 10, 2017 in 24 pages.

Preliminary Amendment as filed in U.S. Appl. No. 15/623,942 dated
Dec. 7, 2017 in 6 pages.

Notice of Allowance received in U.S. Appl. No. 15/623,942 dated
Jan. 24, 2018 in 22 pages.

Extended European Search Report received in European Applica-
tion No. 15165877.0 dated Oct. 8, 2015 in 12 pages.

Official Communication received in Furopean Application No.
15165877.0 dated Jan. 3, 2017 in 9 pages.

Preliminary Amendment as filed in U.S. Appl. No. 14/700,567 dated
Jul. 10, 2015 in 6 pages.

Publication Request as filed in U.S. Appl. No. 14/700,567 dated
Aug. 24, 2016 in 237 pages.



US 10,375,327 B2
Page 6

(56) References Cited
OTHER PUBLICATIONS

Official Communication received in U.S. Appl. No. 14/700,567
dated Jun. 14, 2017 in 29 pages.

Amendment as filed in U.S. Appl. No. 14/700,567 dated Dec. 13,
2017 in 12 pages.

Official Communication received in U.S. Appl. No. 14/700,567
dated Mar. 5, 2018 in 38 pages.

Extended European Search Report received in European Applica-
tion No. EP 15165880.4 dated Nov. 24, 2015 in 8 pages.
Preliminary Amendment as filed in U.S. Appl. No. 14/792,477 dated
Dec. 21, 2015 in 7 pages.

Official Communication received in U.S. Appl. No. 14/792,477
dated Jan. 27, 2017 in 10 pages.

Response to Restriction Requirement submitted in U.S. Appl. No.
14/792,477 dated May 8, 2017 in 6 pages.

Official Communication received in U.S. Appl. No. 14/792,477
dated Jul. 19, 2017 in 20 pages.

Amendment as filed in U.S. Appl. No. 14/792,477 dated Jan. 18,
2018 in 10 pages.

Preliminary Amendment as filed in U.S. Appl. No. 15/166,092 dated
Aug. 15, 2016 in 7 pages.

International Search Report in PCT Application No. PCT/US2016/
034455 dated Oct. 24, 2016 in 12 pages.

International Preliminary Report on Patentability in PCT Applica-
tion No. PCT/US2016/034455 Dec. S, 2017 in 8 pages.
Preliminary Amendment as filed in U.S. Appl. No. 15/789,811 dated
Mar. 20, 2018 in 6 pages.

Invitation to Pay Additional Fees in PCT Application No. PCT/
US2017/057725 dated Dec. 14, 2017 in 3 pages.

International Search Report in PCT Application No. PCT/US2017/
057725 dated Feb. 14, 2018 in 14 pages.

Preliminary Amendment as filed in U.S. Appl. No. 15/789,829 dated
Mar. 20, 2018 in 8 pages.

Invitation to Pay Additional Fees in PCT Application No. PCT/
US2017/057712 dated Jan. 10, 2018 in 2 pages.

International Search Report in PCT Application No. PCT/US2017/
057712 dated Mar. 6, 2018 in 12 pages.

Cossel et al., “Analysis of Trace Impurities in Semiconductor Gas
Via Cavity-Enhanced Direct Frequency Comb Spectroscopy”, Applied
Physics B, Sep. 2010, vol. 100, No. 4, pp. 917-924.

Notice of Allowance received in U.S. Appl. No. 15/418,532 dated
Jun. 15, 2018 in 12 pages.

Corrected Notice of Allowance received in U.S. Appl. No. 15/418,532
dated Jul. 6, 2018 in 3 pages.

Amendment after Allowance as filed in U.S. Appl. No. 15/418,532
dated Sep. 14, 2018 in 6 pages.

Notice of Allowance received in U.S. Appl. No. 15/418,532 dated
Dec. 5, 2018 in 11 pages.

Notice of Allowance received in U.S. Appl. No. 14/571,398 dated
Jul. 2, 2018 in 8 pages.

Notice of Allowance received in U.S. Appl. No. 14/571,398 dated
Oct. 24, 2018 in 7 pages.

Notice of Allowance received in U.S. Appl. No. 15/462,352 dated
Jul. 17, 2018 in 25 pages.

Notice to File Corrected Application Papers received in U.S. Appl.
No. 15/462,352 dated Aug. 8, 2018 in 3 pages.

Response to Notice to File Corrected Application Papers filed in
U.S. Appl. No. 15/462,352 dated Oct. 8, 2018 in 3 pages.

Notice of Allowance received in U.S. Appl. No. 15/462,352 dated
Oct. 31, 2018 in 9 pages.

Official Communication received in Furopean Application No.
13732285.5 dated Jul. 26, 2018 in 6 pages.

Official Communication received in Furopean Application No.
14192862.2 dated May 2, 2018 in 3 pages.

Notice of Allowance received in U.S. Appl. No. 15/623,942 dated
May 24, 2018 in 23 pages.

Comments on Allowance filed in U.S. Appl. No. 15/623,942 dated
Aug. 23, 2018 in 2 pages.

Amendment as filed in U.S. Appl. No. 14/700,567 dated Jul. 5, 2018
in 10 pages.

Office Action as filed in U.S. Appl. No. 14/700,567 dated Aug. 27,
2018 in 36 pages.

Notice of Allowance received in U.S. Appl. No. 14/792,477 dated
Apr. 19, 2018 in 13 pages.

Notice of Allowance received in U.S. Appl. No. 14/792,477 dated
Sep. 20, 2018 in 14 pages.

Official Communication received in U.S. Appl. No. 15/166,092
dated May 15, 2018 in 30 pages.

Amendment as filed in U.S. Appl. No. 15/166,092 dated Nov. 15,
2018 in 11 pages.

Official Communication received in U.S. Appl. No. 15/789,829
dated Jun. 5, 2018 in 16 pages.

Amendment as filed in U.S. Appl. No. 15/789,829 dated Dec. 4,
2018 in 9 pages.

Preliminary Amendment as filed in U.S. Appl. No. 15/902,336 dated
Sep. 20, 2018 in 9 pages.

International Search Report in PCT Application No. PCT/US2018/
019271 dated Jun. 27, 2018 in 15 pages.

* cited by examiner



US 10,375,327 B2

Sheet 1 of 57

Aug. 6,2019

U.S. Patent

80IN0s aduais)sl s|qeAoN

1774
1794

&

[ OLD

Vl
i “ w
%
\
%
Jossaooud “
SpJemo %
V774
5 “ ano1o
% SVO
/| a7
%
/|
% V44
\ ) /
Reuse J0J0818(Q /- M &
K14
Aelie sug| Buibew-ay
&
lidnd papiAlp Ajesjoeds
1774
sus) 199/qo Juoi- psiqo
. \\ 2



U.S. Patent Aug. 6,2019 Sheet 2 of 57 US 10,375,327 B2

DN,
‘\\‘«.«,‘h

B i
AR

B
N
RIS ™

SE I 3
2O
NN, 5
IRV - o
. S $ 3
AT :
P

AN e
X ,\\»x\\ii\:‘\\\p?\(\?x\\v\f\\\,,

S

R

IR e Seigen NS S
AN e
NS A NN

. N

e e
e o O
SRR R S
NS

Ristrnsye,

R N R ARV

: § T e S s S S

X

PP Sdonsn
o,

&
&
=~
3
§
prerT. e
g 3
¥ s Sawses
s
I !
e i
e ¢
qentBE g o
e
- 200 Toward
e OWaras

processor 150



US 10,375,327 B2

Sheet 3 of 57

Aug. 6,2019

U.S. Patent

2
7%
%,
A4
%
%
%
“ %
o b
e 7
s, 7
Pt 7
g 7
i
I
L
L I,
Sl e
g
%% ﬁx&%
L A
\m.\\ g z
N M
T » Z
4 i
Py 'S §
74 :
% i
< 4 k *
] 5 ;
LW [
o 3 . * %
4 %
M y m I
o0 s 3
R IAIIIIE %
] et H
-~ P
= )
-« - !
fndmg 3

¥

s,
o

o

%

FIG. 3B



U.S. Patent

w3
Suen
, 2
@ €38
25 @
© T P~
228 g
O R== S
- ]
&g RAONIE
&
S
f,Q
.'ﬂ.
<t
ol
&
<

Aug. 6,2019

Sheet 4 of 57

US 10,375,327 B2

i s e e

R
v M,
§

S5

axease

450

226"




U.S. Patent Aug. 6,2019 Sheet 5 of 57 US 10,375,327 B2

FIG. 5A




U.S. Patent Aug. 6,2019 Sheet 6 of 57 US 10,375,327 B2

filberla
fitteria
filteria

i
H H M

} H ! i

N BN ENEMIXECXLO UGN T AN I RINENLESUBIRERADI WP X AN 3 g

el

IR AR VINMOINCH M AW [EX]

- e e o o e oo oo s T Bl % Rl B B o B e B

s

geend

20, 580 BT, 0 1 SO 0% 3% 96 350 3006 300

FIG. 6A

16
wergedength (U

HRES AT URBIVETIY BNV EERAEIN LN

NN VAN NN AN NG DNCIN DI EINGI A Y EN DN EINII LT Ny

- — G

t : § H i
w = o4
] &2 )

LSS RLISUEE

i
6.8
0.0



U.S. Patent Aug. 6,2019 Sheet 7 of 57 US 10,375,327 B2

2wen

fittariih
filberih

g % :
b § s

o
e AmaimemItmEGmATAmImemswaws e
: §
: g
: 2
: ;
° H
: i
x s .
of B 3
: i
M §
Zor 2 Mk Ga B 2R Sal ReF 0T0l RoP Bk 0 WO PO TRNIR A9 B W SR 0, ST P

i

HAIOI0 I BANEG M BISLA U ACAUX
»
H
3.

i
00 106 ¢ 50t 00 %0 ¥4 0( 00 00 WY

8 L T
B 0K G 200 WO KO MK MS M8 00
P S AC TGS BYEAVEN QONEANE N INED COXCORE ) 4 B NT S RE I NG STy Iy FF P LT DRy e 900 000

o)
&
L.

in
wavelsngth fumd

00 300¢ 300

ook 2000, a0c N9 AR A A A 0 3000 GOI000 008 K0T DD oo TR BRTERRTERE:

BEEI ML YN A KCaINEDIKCAPCRINEEI BRI NCOIKCHICCINNCINALINCAINCAIN E
¥

do 106 ¢ 20t 00 06 100 3( 30t GO 106

eoﬂlnlo)n(blullto)x

080 M 2w L NN B NG K, D SO K0 I 50000 300 308

j { | J
] 4 = o &
o ] e @< ]
LEISERAISLRLY

1.0
8



U.S. Patent Aug. 6,2019 Sheet 8 of 57 US 10,375,327 B2

ERE:
L% b e
©@ @ © W

ot o+ i e

Py s
: H 2

12

RTeIRIXORE B AMANI AV A NI RO KRS NI NENNDY RN A E

waresiergih fum
FIG. 6C

3 200 300 WO 00 DO e e WE AN S oox b X6 XD

e BE
o \wv»»‘
9

~

&

3 .
> s
e,

O s s N A % BN SN 0 KO R E IR P KON G P NI NON EINEINEN KU AL NG ZARANZBYEIRAPKINEIN

{ § { H { {
(13; e L "‘*i" (“\! 51?‘
oot Lo i o) o <

LIOISSRUEUR



U.S. Patent Aug. 6,2019 Sheet 9 of 57 US 10,375,327 B2

2 owd 64
T e b b
B @ @
I B
s » -
g H £
H H x
! T T T
o
ok
- o
S
uun(unu,nnnnnn.u.nnuunun;nzalu(nx:unn"nuunnuuu
g
-4

4
RT3

mumuwummwnmnﬂmuOﬁumwwmw‘mmﬂﬂ

10

s e F
R a it B IXINE N

ayelength {um
FIG. 6D

W

N IMIAOXEBCOINIFARIN IR IMEBIAYBIMNOIDIN IR IWT

-4 o

! i i i i
e s e wF T [as)

LRSS HISURD






