US012022172B2

a2 United States Patent (10) Patent No.: US 12,022,172 B2

Borg et al. 45) Date of Patent: Jun. 25, 2024
(54) METHODS AND APPARATUS FOR (58) Field of Classification Search
MULTI-SPECTRAL IMAGING PYROMETER None
UTILIZING TUNABLE OPTICS See application file for complete search history.
(71) Applicant: UNITED STATES OF AMERICA AS (56) References Cited
REPRESENTED BY THE |
ADMINISTRATOR OF NASA, U.S. PATENT DOCUMENTS

Washington, DC (US
g (US) 4687344 A 81987 Lillquist

(72) Inventors: Stephen E. Borg, Williamsburg, VA 2,180,921 A /1993 _Moreau et al.
(US); Hyun Jung Kim, Yorktown, VA (Continued)
US
(US) FOREIGN PATENT DOCUMENTS
(73) Assignee: UNITED STATES OF AMERICA AS Ep 4136 AL * 115000 GOLT 5/00
REPRESENTED BY 1HE WO WO-0173384 Al * 10/2001  .............. GOLJ 5/60

ADMINISTRATOR OF NASA,
Washington, DC (US)
OTHER PUBLICATIONS

(*) Notice:  Subject to any disclaimer, the term of this g (ranglation of EP-3742136 Al, Kroll, Nov. 2020 (Year:
patent 1s extended or adjusted under 335 2020).*

U.S.C. 154(b) by O days.

Primary Examiner — James M Hannett

(21) Appl. No.: 17/723,675 74y Attorney, Agent, or Firm— Matthew R, Osenga:
(22) Filed Apr. 19. 2022 Robin W. Edwards; Trent J. Roche
1led: pr. 19,

(37) ABSTRACT
(65) Prior Publication Data _ _ _ o o
A multi-spectral 1imaging system utilizing tunable optics 1s
US 2023/0336846 Al Oct. 19, 2023 disclosed. Various disclosed systems include a tunable opti-
cal filter coupled to a broadband imaging system. The
(51) Inmt. CI. tunable optical filter allows discrete infrared wavelengths to
HO4N 23/11 (2023.01) pass to the broadband imaging system so that monochro-
G01J 5/08 (2022.01) matic inirared images of a scene may be captured. An 1image
GO2F 121 (2006.01) processing system may process selected monochromatic
GO06T 5/50 (2006.01) infrared 1mages by using a ratio technique to generate an

(Continued) emissivity-independent thermal image of the scene. The

tunable optical filter may also be used to adjust a quality
factor and control an amount of radiated energy that is
passed to an 1mage sensor of the broadband 1imaging system
thereby acting as an aperture to account for both low and
high radiance portions of the scene.

(52) U.S. CL
CPC ..., HO4N 23/11 (2023.01); GO1J 5/0859
(2013.01); GO2F 1/213 (2021.01); GO6T 5/50
(2013.01); GO6T 5/92 (2024.01); GO1J
2005/0077 (2013.01); GO6T 2207/10048

(2013.01); 17 Claims, 6 Drawing Sheets
(Continued) (2 of 6 Drawing Sheet(s) Filed in Color)

tOU

104

102



US 12,022,172 B2

Page 2
(51) Int. CL
GO06T 5/92 (2024.01)
G01J 5/00 (2022.01)
(52) U.S. CL
CPC ............... GO6T 2207/20208 (2013.01); GO6T
2207/20221 (2013.01)
(56) References Cited

U.S. PATENT DOCUMENTS

5,225,883 A * 7/1993 Carter ................... GO1J 5/0014
374/124

5,488,226 A * 1/1996 lafrate .................... HI10N 19/00
257/E27.008

5963311 A * 10/1999 Craig ......coooovvevvvnnnnn, GO1J 5/48
356/43

6,682,216 B1* 1/2004 Small, IV ............. GO1J 5/0805
374/126

11,320,647 B2* 5/2022 Chou ................ GO02B 27/0955
2007/0187604 Al* 8/2007 Bandara ............ HO1L 27/14652
257/E31.022

2019/0235228 Al* 8/2019 Chou ..........ccoeen, GO2F 1/0147

* cited by examiner



US 12,022,172 B2

Sheet 1 of 6

Jun. 25, 2024

U.S. Patent

100

o

1




U.S. Patent

J

e . ]
A
e i ]
E

HIHH'HHHHH

i
E i

Hx?dx!x!x!x!x!x!x?d
N N A A A

lx:!x:!x:! b I

i i e
E

i i
F A

X

H!RHH:HHHRH!*H!RHH!H

w

Jun. 25, 2024

Al AN
E
] xﬂ“ﬂ”ﬂ HHHII
I i |
IHHHHHHHK
‘:il!.
]

|
Al
EY
EY

AR N

WM N ]
»

'-
r

AAA A A K
H'l;'ll!’l!

Sheet 2 of 6

) HIIHIIIIIII-HHIHIII

US 12,022,172 B2

| 4
= = = = = =}
] R |
:
[] E
¥ T3
- F bh} .

I'blrb'rb'rblrb'rblr"l

] :-e’ ”r . J|I'Jr"' *4-" *a-*a-*l

Kiateiole!

A M

Fi ”x

]

™
- a T
ot ]
. e
i »
. in -
=1 ]
1= -
L I
R
- "k
- s -
- ]
= -
- ]
4 -
- ]
(L] 5
-k ]
an -
el ]
s -
‘I-b r
..l-
i

L]
1
L]
]
1A
1
L]
1
L]
]
1A
1
L]
1
L]
]
1A
1
L]
1
L]
]
1A
1
L]
1
L]
]
1A
1
L]
1
L]
]
1A
1
L]
1
T L] 11 a1 L] L ] L ] L] L ] L ] 11 L] L] 11 L] L] 11 L ] L ] L ] L ] L] L] L] L ] 11 a8 1 11 L] L ] L ] 11 L ]
. lll_----l-"--ll--l---ll L L ] bl L L L L --‘_I--I-'I--I-"----I--I-'I L] FRPERRRE R R R E R R -I--_I--I--I--I-_-I--I-_-I--IIJ-I--I--I- LE B L L
- . - h - . § - ¥ . - r_. . . .
L] Xy ] Xy - - r r

. . » . . y . [ . . T . .

LI ] | . E ¥ . - | r
] . & . . ] 1 ¥ . b 1 .
LI ] | | . E [ . - [ | [
. . . . . % . N . . - . .
L] L] . * L . hd r r
. - LT . - . . . . y . . [ . . - . .
LY . ¥ - r £ Y [ . r - - ¥ »

. - . N - - . . . it - N . - . ¥ . . . -k . - . . - .
T - N - L] F N - - r r

- = = = = 4 = = = = == = = = = = = = = = = }§ = = = = § = = = = = g = = = = = = om o= o= o= o= omom === o= = = = = = = = = = = = ®=wm = = = F = m o= omomom o= omomomomo= o= o= o= o= == o=momom o= omomomomeopo= o= o= o= o= o= L] = = = = = = e = = s o= k== = = o= o= o= o= o= = o= o= = = o= o= = = = = = = = = = =g =W = o= o= oy o= o= == o= o= o=
an . 1 . - . r X . - . . . ¥ r

. - . - . - . . . e . . - . . . .

LY . ¥ * - [ - n ¥ ' . - ¥ - - T ¥ F T

. - . » - . . . . - . N - . . r . . - . - PR
LY . [ . - [ - - [ ] . - - r [

. - . . - - . . . . % . . % . - - . . - .
an . [ . . " - " ¥ . - . . ¥ ’ .

. - . . - . . . . . y . . [ . . - . . .
L] . ¥ - - - [ i . - - 3 r

. - . N - - - . . . hat P N - . ¥ . . [ . - . . - . .
LY . N - £ Y N - - r » -

. - . » - - . . . . . % . - ¥ . . - . - . .
1..1 |.|.-.-,.|.|.|.|.-~.-|.|.|.-.-|.|.|.+.--n.-,.n.n.--n.-,n.n.-. |.|.|..-|.|.|.|.-1-|.|.|.|.|..-.|.|.|.---|.-,.‘|.--..|.|.n.|..-‘n.|.|.|..'.-|.|.|.|.--|.|.|.|..-|.|.|.|. ¥ Tn.n...-|.|.n.|..-‘|.n.|..-.|.n.|.|.1...n.|.|.|‘-..n.|.|.|...-|.r..|...-|r|.|.|..-.|.|.|.|..|
LY . [] - £ ¥ [] - - . ¥ r

. . - . . . . . . . N . PR P . . - . . . - PR . - - . oy o PR . . . . . X . . . . . . . P . . . . P . . . -
LY . [ . - [ - Y [ ] . - - r F

. - LT » - . . . . - % . . ¥ . " 1 . . - a .
an . [ . . r - " ¥ - . . . ¥ ¥ .

1
. _.u_.u_u_u_.u'_'._u_.._._.'.._'.__u_u_.._._.u_.u_u_.u_..__u‘_l_.._._.u_.u__'r_'._..__._._.._'._.u_.u__u_u_...._.u_.u_u_u_.-h__u_u_.._._.u‘_-h__u_u_..__._._.u_u_u_..__._._.._._.u_.u__u'_u_..__._._.._._.u_.u__u_u_.|'_'._|_.|__|_'._.I__|_|_.._._.u‘_u__u_u_.u__u_u_.u__u_ul'.._u._i [ l'a-.|-_|-.|-.|-_|‘_|-.|-_|-.|-.|-_~-.|-.|-_|-.|-.|-_|-.|-.|-_|-.|‘I-_l-l‘|-_|-.'|"l-_l-l-.|-_|-.|-.|-_|-.|-.|-_|“|-.|-_|-.|-.'l-_l-'l‘l-_l-l‘l-_'l-l‘l-_l-l"l

. . . . - - . . . it .o . PRI [T . . -k . . . . . .
T - r - - = - i [ ] ' P 1 - - r »

. - LT . - . . . . % . [ T ¥ . . - . - .
L] . Xy - r 1 ] Xy = r b - - r r

. - T » - - - . . - . y P ¥ . - - . - . - .
A - e . . - . . . - . . . . . . . . . Y - P - kn . . . . T - - . - . - . - e - - R - . .- - T . . .- - . .

. . PR . L PR . N . e . P . . . . . . . . . - . . . . - . . . . . . . P . P - . . . ¥ . . . . . . . . . . PR . . . . . . . r . PR . PR . .
LY . [ - [ £ ¥ L] . k- . - - r r

. - LT » - - . . . PR - % rh - a - ¥ . . . T . . T . .
an . [ . . r - & ¥ . . - . . . ¥ " .

. - . » - . . . . y . . . . y . " - . - . .
LY . ¥ . - h Y ¥ -k - - ¥ »

.,‘., n.n"n."-'-'-'n.in.in."-"‘."-"-"n.'n."n."n."-"-"-'n."n.*n. -"-"-"n.rn.'|."-"-"-"-"n"n"n."-"-".“n.in.in."n."-" b b, q."-"-'nlnin."n."-"-"-"n.in."n."n."-" l-.."‘n."-"-"-" n"n."-"r"-*n."n."n."-*,'.- L L LTI L L T I, L] 'q."|."|."-"-"-“n."|.'|."n."-"-."-"-'n."n."-"-'-"n"n.'n."-'-"-"-"-'n."r"n."-"-"n.*n.in."-"-"-" ""‘|."|."n."-"-‘-'n.'n."n."-"-"-"n."n.'n." o)

. - . . » . . . . . . . . - . . . . . & - . . . . . P . . . . ¥ . [ . . . . - . . . . . . PR . . . . .
L] . Xy - . 1 I} Xy T . . =F N - r r

. - T » - - . . . b . by . - . ¥ AU - . - . . - .
LY . [ - ' £ ¥ [ - h r - bk § = - ¥ r

. - L » - - . . . . (S N - - . . . ¥ Py . T . - . .
T - [ ] - = L] F [ ] L - 1 - ko - r r

. - . * - - . . . e L T % . . 1 . . [ - T . . T .
L] . 1] . - ] 1 ] | 3 . ] - LI . r F -

. - . . - . . . - y . . . M . [ " - . - . .
LY . ¥ . - h - Y ¥ - ¥ - - = o ¥ [

. . . . - . - . . . . N . . . . I . . . - PR . . . . . .
T - [ - - 3 - i r F - 3 - - - r r ] -

- .----.------..-----.-J.---.q-----.----....-----.---.-.------..----.:-----...-.by-..---J.....----.-r---..-----...----..-- --..--1--..-----..-----..---...---b‘."q..---...--q----.----..-----..----r.-----...-q
an . . . - . . - .

- - .‘. h - - . . . . . ." _— .... [ . - . . . . ¥ . . . . . . - ko oy . - '. . . . R PR . .
LY . [ - r £ ¥ [ [ - r - - o ¥ r

. - S N - - . . . - e . . N . - . ¥ . . Pl S - r - . .
LY . N - - £ ¥ 3 N . r - - [ - r r

. - . » - - . - . i . - P - % .. . . . - R . . . [ T - . - - . .
L l.q.l.q.l‘qlllqllll.#.q.l.q.l.q.l.q.l.q.quI*llqll.q.l‘qll.q.l.q.llqll.q.l_l.ﬁ_q.l.q.q.q.l.q.l.q.l.#.l.q.l.q.l.q.l.q.l.q.l.q.l.q.l.q._l LR N R R N A P q.q.l.q.l‘qlllqlllqll.q.l.q.l.q,‘_qlqlllqlllqll.q.l.q.l.ﬁ.l.q.l.q.l.q.l.q.l.q.l.q.l.q.l.q.q.q.l.q.l.q.l.q.l.q.l.q.l.q.l.q.!.q.l.q.l.q.q.q.l.q.l.q.q.q.l.q.q.q.kr# I.q.l.q.l.q.l.q.l.q.l.q_.l.q.l.q.l‘qlqlqlllqlqlqll.q.q.q..l
LY . [ . - [ - [ 1] . ¥ - - ¥ [ -

. . o » . - - . . . . . it . - N . - . N . . . PR . . . . .
T - [ - - 3 - i r [ ] - 3 - - r ¥ -

. - . . - . . . . - - . % . . . . . % . " . . . . .
L] . L] . - L] - * L ] L . L] - - r r

L m ®m 1 - % m = ®m 77 - =2 m® 737 =% =m sk 1177 ks 73 s kw7 7777 E T T 7T 7T M E T T FEEEEETTTEEETTTIEFEET " 1 m m 717 7 s m®11 k=1 = =17 - 2= ETAIT - 1 mE = E 1T FEE T~ = oEm oA " 717 = = 7 F 1= = E E 771 - mEmE 717~ =& 77T 71771 mw11 ks omomo1a=ow - " = 1 - = @ w11 - 5k mEi17 - Fr2mEE1TT11mu n
LY [ - - £ 'y - [ - - - ¥ » -

. - S N - - . . . . . - SR . N - - . . ¥ . . - e e e s . - - .
T - N - r L] 3 o & N ' - - b r r

. - . * - - . . . o - % . - . r . . . T [T . T .
L] . [ | - ' 1 F * [ | ] - - . . r e r -

. - S » - . . . . e . . y - . . . . . . r . . T . oy . PR PR .
. T2 aFrr A by rs g Ery TAA T BT R ARy L R R N R L N r"_ilill-q.-r'-ll_ll LRI I N -|l~d|l_d|l FAAAd ST T ALY TS a2 gy AR 4.-!_-! L e R T R T T I e L L T A e R T * A w hl-ll"-ll AR P hE g L
LI T T TR T T T T T T N N R R T - [ - - F - [ & [ ] - F - - - 1 r =Tr ] -

. A - - LT . - . . . = . . % . . . N . . - [t . . .
L] 1 1 . 1] . - . L] * r . ] - - . r ko k -

. . - . . - - . . . = . T y . . . ¥ . . . - . Lla - .
LT £ . ¥ . - - - » r . n - - ¥ |-_- -

T 11 = a L] L] - N - r L] & N r - - r ro-

. . - - LT » - - . . = . T % . - . ¥ . - . - . . . .
L] 1 1 1 . Xy - r 1 * Xy . ] - - . r r

. A - T » - - . . . S = . . y . - . . ¥ . . - . r . .
LY £ " £ . [] - [ £ [ » 3 . ¥ - - . ¥ r [

LI ] L] ¥ r b B I'.rl- * v b F F ¥ b FFF K b"b - F B 'rlrb B F Frh Fr FF Yo FFFEF Y FLRFFEFEFEFR FFEFEFYYYRFNEEFEFFKN l‘b l'lr‘ ¥ F bk F FFFF¥LI F I‘l- F ¥y ¥ h F FFFFr 'rlrb rF * F FkF rFrh rFrFFFEF Lo FFEFF YLD FFEFEF Y PR b'l-  F *h F FFF ¥ F bW FFFEY rFF FFrEFELLD B FFEFEY **FFFEFFY SR l.rl-  F ¥ ¥ F F F F F ¥ FFFFS Y YRR I-lrl' 'r*l-' E F F F rhok

. . e P . . . . » . i . e . . . . . . . . . e . . = [ . . . -y - . - . . . . . . . . . . % . . . P P P . . . . . e . . . . . . . . s Mt S
L] 'ﬂ# 1 . 1] . - . L] b Y * r . ] - - . r b -

- Ty - . 3 - . . . - - . - r C Lk - [ - £ [ . r - - - £ F oy .
LY £ £ . ¥ . - h - n b w » ¥ n - - ¥ » - L a o

. . om s . . - P . . r . = - . N - . . . I . 1 . . . - [
T - - N - = L] " - o= & N = - - r »

L] L] rrrr‘rrrrr:rrrrrrrrrr#rrrr'rrrrrrrrrrrrrrrrrrrrrr:rrrrrrrrqbrrrrr-r‘-r':rrrrrrrrrrr*rrrrrrrrrrrrrrrrrrrrrr.rrrrrrrrrrrrrrrr'rrrrrrrrrrrrrrrr'rrrrrrrrrrbrrrrrrrrrr‘rrrrrrrrrrrrrrrr-rrrr'rrrrr
L] 1 1 . - r 1 - - - .

- £ L - . & - - - - 3 * [ --"- i [ - - . [ . 3 - ¥ L, - - -

LY £ £ . [] - [ £ r F o= » [ 1 - - ¥ r

. . - . » - - . . . . . . " - P N . . . . ¥ . . . . - T . . T
LB R R £ . L] - - - £ - F o & L] ¥ - - r F -

. . 1 P . . . a2 T . . .. . . . 1w - . - -y - . . -y . . .. 1 . . PR . . . .. . e e . . e e . - . . . 1 . . . . . e . - . . . .
an . - . [ e e T T T T T A A T A L L T T T T T T T o o T T L e om s o= bR R R e om kR R omomomomk EE kB oakEE === koE ., L T T T T T T T e e 4

. o et . s . - s . . e A s " . . " . S . . . .

L] [ £ . ¥ . - h - » - - » ¥ . n - - ¥ [ -

Ao om s S . - . . . . - .._.. . = - . N - . . . . ¥ . 1 . . PR
IR TE 1 . . - . -+ - -

. . - ¥, . - . . . . Lt —_— .r . . - " . . . - r r, -

L] 1 1 1 . Xy - r 1 x L) * Xy . T - r r

L] L] o ke r b rrr ki rrrh il rr i rrs bk rah b b S F kb Fr r m o b rs b rr ks b rrrh rhrrh kbl i rrr ks rrrrr s b rr s b ki bl kb rh s ko rrh ks ko
LY - £ . [ - ' £ - - ) [ . " - - ¥ r

. . [ L . Y - - . . . e = - P N . . - - . . R . . . . . PR . . T . . . . . .
T L] L] - [ ] - F L] i X - & [ ] - F - - r r -

. . - . * - . . . P = . . % . . . ¥ . . T .

L] - 1 . 1] . - ] L] x - * r . ] - - r .

L " LT ) LT T R T B LR T T EIE T I I - 1o PR = =+ a3 A = = a LI TR T TR ERE ) LT ] [ T LT ] = 2 a7 v+ = - 4= = %1 r o = = a2 A = T = = 1 - - EIE T LI T . = 7 = 1 - T T TR T T R ] - EIE T = = 1 s = = = 1 a1 = = = 1 & 2 a
LY £ . ¥ . - h - £ ¥ » ¥ . n - - . ¥ [

. . - . » - . . . . e il L - . N - . . . N . r . .

A . . . . - . - -

- - '. h - - . . r - .". Y .,... .*. § . - . ] . r - ". LS
L] 1 . - r 1 . - . - - - .

- - ". h - . . . .,.*. .". ." [ .,... ‘. [ . . . . ¥ - . r . - . ¥ '_.

L] 1 " . ~ . " . ~ . . " . . " P " " " " - "

. e l."l.'l.'q.'l.'l. - I.I-‘I-" TatatLk 'l.hl-\l.'}"luilnllu"lu\‘ L 'l.‘q."l. L N T L L L P P |.'|.'.."|.1- l."l."l.'l."."l. - |..|.'|.'|.1|." '..'l.'q."l." e n'l..l.'-\l."l."l.'..'l.'l.\- L LT I R S UL L P P '.I-.I-' L T B S L L. I-ll'l\l-\l.hlu L l."l.'q.'l..l." e l."‘l."l..l." Mgttt 'l.Tp."l. [ 'S
LI ] L] . - r LI F o= 1 . . - -

- - ‘. . » - - . ¥ - .". . .- [ .,... . ‘. § . - . - . . . . . h . . T ." . . r_.

L] 1 . [ | - ] T x F o ] [ | ] - - r r
. - . » - - . . - LT e - T y . . . . . - . T . .
LY £ . ¥ . - [ ¥ ¥ ™ » ¥ - ¥ - - ¥ F
LY - = = = = ko= = = F = = = = = = = = = = g§ = = = = = 3 = = = = = = = = = = § = = = = = = = =K k- = - - - = = = = = = = = = & W= = J= === = = F = = = = 9 = = = = = 5 = = = = = = = = = = 5 = = = = = h = = = = = = - - = - - - = = = = = = s e = e s == === === = = o= ==
. - . . .. - . . [ . i . = . . % . . e . - . .
L] 1 . 1] . - . T x A ow ] r . ] - . . r r
. - LT » - - . . " . LT . = - . y . . . . - .
LY £ . [ - - h £ ¥ s » [ . r - ¥ »
. . . - PR P P Y . - . . - . . . e e e s PR . . o R ow - N . . . . . . . . . . . - PR . . - r .
1A 1 T m . "= ==L omom " v omowm " momom "o " v omom - . . om " . omom . . T e eom "L om P T mm "= Lo " mom . " om "L om " . = om T e
[ ‘.‘-,.‘n. [ -*.‘- [ 'y T, h LI L [T B L T -‘_‘.‘l." . T, = n"-‘.‘n. R |.*|. [ .‘.,.".‘n. [ .‘.tn.qn. [ "\" B e LI P P e T B - L P ‘q.q.‘.‘n. . |.'|‘- T Y l.‘.!.‘_‘l.-'p. E oo
. [ | - ] b 1 x F o ] b . ] - r r
atqy - . » - - . . . LT e - - y . . . . T . .
£ . ¥ . - [ - ¥ ™ » ¥ n - ¥ F
om s . » - . . . . PR = - . N - . . . . . 1 .
L] L] . | | . - [ ] E 4 A = [ ] [ [ ] [ | [
- L LI Y L T LIRS Y [ JELY [ IS - . LY - LY - - L | - LI R R SN S "I I L T S LI I S Y ] - u - fowowq LI S LI S .. L . = w wq . v ow LI S =0 A s .
- e e e Ry - L e T T T T T T T e S 1 [ [ L T T T T T T T T e T O T T T T e R T S [l e PR T e A A N N
- . . . . - . . . LT . . = [ . . . . . . . . P . . - . . . . .
- . ¥ . - - v - ¥ P [ i " . . - 3 r
- . . . - - . r o . . - TR o o - N . - . . - . .
£ £ . N - r 3 £ X Y ) N - - r »
- P . . » - - . . . . P . . - Y [ . . % . . . - . . . . . P . . - . .
L] = = = a1 = a1 k17 = = =371 == 77981 =="="97919717===mnH1hko==m=1U01171="=1rnsn11 SRR R L L N I TR NI A T B P T R L L L T T N T N L L " =T = - = "7 = = = 13 m711=F=m11==118mn1-1 = .
£ . [] + - - - £ ¥ F oy » [] ' ¥ - T ¥ r
s - L N - . . - . . PR . = - . N . . . . . . T .
L] - [ - - F F L] X [ ) [ ] F - - r ]
- . . - - . . . . . . . = - - % . . . % . . . . . - 1 . . PR
. [ . . r . - ¥ oz » ¥ . x . - . . . ¥ ¥ .
A L R L R R R T N e R T B L L T B qlqlhll_-.!.-qdr#_!_-- L e T T A L T i e e R T R R R R e L A T e L L L L e e P L P L LI AR
. . - PR . . . o - - . [l - . e P - TR N . . PR i . . ¥ . PR . . . . . -k . . - - . . LI
. . [ . . i - ¥ h m » . . - . . ¥

. - LT » - - e . . .Y 2 = - % . - Fia ¥ . . - r
L] 1 . Xy - - 1 x = ] r - - r

L - - & - - - - - - - [ ] r - [ - - [ ] - § - - -

A e e e [T - - . P . . . . ¥ - . . PR . P - - . - . - . . . . . T . . . . T . - . . . - . - . . . - . - . .
T L] - [ - - F L] X - ) - F - - r

. - . * - - P . . . - . = - % . . . ¥ . - T . T
L] 1 . 1] . - “F ] T x A ow ] . - ] - - . 3 -

. - . . . - . . LT . = - y . . . . . y . .. . . . - . -

LY £ . ¥ . - [ h - ¥ s » . n T -

] R N L N I R N N L R a Frrakrarrabkypalryrors L N R R i R LR R R R A N R RN E RN rarh ko
A . . . . . . - . .

- - '. h - r - . » . .". . [ .,... . § . - ¥ . r - '_. -

L] 1 . Xy - . r 1 - x F o ] Xy r - - r r

. - . » [T . . - - Pl - y . - ¥ . - . - . . - -
LY £ . [ = - £ ¥ F oy » [ ¥ - - . ¥ r -

. - . N - . . . . PR . = s . N . - - . . - . ¥ - . T r . PR
T L] T 1 = om oo “ = F = 7 7 7 2 = omoE1TE R T 1 s = k11w P T T T SR R ] = = f®m 17 7 17 = = = 1k g = 1118w s Fuw 11 = = =771 EE EE T~ ®omomEE T 7T 1Emws k1 TEoEETE T T " = = 7 7 ® = E E 777 mEEEFTEEEEETEE P T " = 1 7 m ® = m =77 f s moEE 7T EoEEE1TTAITATEEEEITIEEET

. . - . » - . . . . . . . . . w P % . . . . i i . . r LT . A T . P T
L] 1 . ] . ] L] x F o ] 1 ] . - - . r F

. - L » . . LT . = - . y . . . M . " - . .

LY £ . ¥ . h - ¥ s » ¥ . ¥ - - ¥ .

. . . . . . . . . - . B o - N . - . . . N . . . . . . 1 . . . . . .
L] 1 . L . L] T L . * - L4 . L] T - . r r -

. T o T T [ e e L T T T T T T T N T T T T T T T T T T T T T T T T T T T T T T T T T Y
L] 1 . ] . . L] x P ] ' . ] - - r r

. - . » - . . L. - e - . y . - . ¥ . . . - . . -

LY £ [ r £ ¥ ™ » [ . - - - ¥ »

. PR . S . . N - . . . . . Lo . - = - . . . . oy o PR - . . . . . . . . . ¥ . . PR . . . . . PR, . . . r PR PR
T L] N - r L] X F o= ) N ' - - r r

. e e - Lo . . P . P P P - . . . . . . - - Loe . % . PR T - - . P . . - - k- . . . . P . . . . e e . . T - - . . . . T . e - ..
L] ra bk kkrr s b ke b bk ek ek bk b ks b kT FFFor R R RS R A N AR A R N A Rl A A N N AN A AR R AR el A R R R A R A AR RN A
LY - h“- - [ - ¥ Y » ¥ ' ¥ . - - 1 .

. [ . - . . . . ENE . PR . PR . . . . . . - - . . I N PR . PR . . . . L . . . . oy o . . . . PR PN . . . PR . . . . 1 .

A . . - . . - -

- h - . . . .". . '- .,... *. § . - . ] . r -
i b W | "y g

1 [ [

. . L.

]
1A

1
L]

1
L]

]
1A

1
L]

1
L]

]
1A

1
L]

1
L]

]
1A

1
L]

1
L]

]




US 12,022,172 B2

Sheet 3 of 6

Jun. 25, 2024

U.S. Patent

rrrrrrrrrrrrrrrrerrerer . r - B ' .
r F F F F F F°F F°FF F F F F F F FP FPra.a L] F] - L - L] .
rrrrrFrrrrrrFrErrErEE P E P . r - ' »
r Fr FrFrPrrrrrrrrFrFrFPrPrFfP PP TrET [ ] - Fl - * F ] r o
rrrFPFPFPFFFEFEFRPRFEPEPRPRPE P PP . r - ' . »
ror r . a - * - % . .
r . r - ' » e
ror r - a - * N ¥ L a -
r . r - ' » o
rr 1 .. a - * a T . .m
r . r - ' » AL
ror . - a - * N " L ll
r n r - 1 L ] 1
ror . .- ' . * - - . .t‘.
e " " T 1 - * * & 3 .. _..I
r » r - El [ ] '
ror - ' . . - o ' - .- - Rl ' . . - ' DR LEERC - . ' - R . - .- - l-. -
e * ;.u a - * N [ .'. e
r . r - ' . *
111 L] - s * -l * L) - ¥ '. .‘-.‘.‘..‘.‘....‘-.‘.‘..".‘.‘-“.“.“-“.“.“-
i . " “. * Ta * . . o W e )
e . - . - - - " . o a aa a ar a a a al a al a al aal a al ala alal
r . v - . ) S i i i e i e i e i e e i e e i e e i i e
e [ - . - - x " Lo e e aa aaa a aa ala aa a
r . v - . ) s e a a a a al aa a a a al al al a al ala
e . By ! - - - . . e a aa  a a aa aa aa alal aUa ala
r . v - ! ) S i i i e i e e i e e i e e i e e i e e i e
e . - ! - - * . S ka3
r . v - ! . ) 3 i i e e i e e i e e i e e i e e i i e
e . L. . - - x ] . .- U al ala aEal ala aa
r . v - ! ) 3 el s el il a al a al al al sl ol 3
111.||nnlnlnnlnnnl.._lnnnlnnu.lnlnnnl..._..lnnlln\ulnlnnnl...__nlnllnnlnlnnn\Hlnlnlnnnlnnlnnlnnnlnlnanlnnlnn..{.nnlnnnnnlnnﬂlnl H.._.”.._.”....H....”.._.”.._.H.._.”.._.”.._.H.._..-..._.”.._..-..._.”#”#H#”#”&H&”#”&H&”#”&H#“
. - . . . B
r . v - ! ) % S i i i e i MM........_.............................._
e [ - . - - x " . Y S e C
r . v - ! * Calal sl al sl ol al ol cal st al alal al al ol 2
e . By . - - " . i Ll
r . v - . ) Ea sl S i i i e i e e i e
e . - ! - - * . S Y #&4#4*#&41%&4#4*4&4#4#4.
r . v - . ) S i i e e i i i e e e i i e
e . L. . - - - . . N L e W L ki
r . v - ! ) . Eal i) o Cal sl s al ol a3
e r - . - - * . . . N ) Ll U U il a3
[ ] . «
o . - o : A . ” - v v 52 ;H.H.q”.,”.%.q”,..t...?H.H*”.,”.,H..”m.v”.n.n.ﬂ.
e v - . - - x v Lo Y ) LAl C
r . v - ! . ) . Eal k) o Cal st s ol sl ol ol 2
e . - . - - - " . XOR ik N s o a al
ot 11111111111111.1111111..1111111...1111111.1111111“11111111111111.._1111111.1111111.._.111111..1111111“.1111111111.111 ._..H....H.q”...”... .4H...%ﬂ&ﬂ;ﬂ#ﬂ#ﬂ*ﬂ#ﬂ&ﬂ;ﬁﬂ“ﬁﬂ.
. . . . . . .
e . - . - - - " - . N ) Eal Ll ) Ll
r . v - . ) . Eal i) o Eal sl ) Eal )
. - - * . . . N e E i W
el . . 2 a . . . . ¥ N P AN o LALLM AL N ALl MMl
r . v - ! ) X i w i i
rr r - a - * N ¥ L lt. o i i iy i
- ) Eal k) i i Calal)
e - . . . . - ! - r . i P ) e o
e . . v ) L . ! . . o - A e ] e e
r . v - ! ) X i i N ) ¥ i i
e [ L. . - - - " . o a0 " i r
r . v - . ) ] Ealal by 1) &?4...... Lol
e . - ! - - * . . - N e e o ....4;.'#“... i L3
[ ]
1”1 . . .”. ! A - . - . " . ...HJH...H...”...... A, ...H... H...H#H......... L} H...” Ll
i . r ') * Ta * ' . *, ‘w e e T #&#ﬁ#&ﬂ.&#&&ﬂi&.}.&#ﬂ
e . . o . A - . - 1) . . AL AL o p AL i AL AN M LA L M
e v - . - - * ¥ S e Ll a2l
r . v - ! . ) X i i r i il i e e e i i e
e [ L. . - - - " . .. N ) X i i Ll aal ala aa
r . v - ! ) i Eal o ol ol
e . - . - - * " . 3 Pl ) Ll U U il a3
r . v - ! ) e X i W e e e e e e e e e
e . - . - - - " . . EN Wt L ol
r . v - . ) X i r & i i i e i e e i i e
e . - ! - - x . Lo ) Ll C
L]
. ” . . . . “. . 4 - . " . ” % ...H#H...”...”...H.q.........a”...”... * .._.”.4H&H#H&H&H*H&H&H#H&H&H}.H.
e " - . - - * . . . . N a2l
r . v - ! ¥ S i i e e i il i e e e i i e
r ¥ - . . - x L L. B T s
r . v - ! ) a el s el sl sl a ol ol a al al ol sl ol 3
e v - . - - * v . - we a0
r . v - ! ¥ i i i e i e i e e i e i e e i i e i i e
e . - . - - - " . - i al al al alal a al al a alal
r . v - . ) S i i i e i e i e i e e i e e i e e i i e
e . - ! - - x . Lo - e e aa aaa a aa ala aa a
r . v - . ) s e a a a a al aa a a a al al al a al ala
e . By ! - - - . . . e a aa  a a aa aa aa alal aUa ala
r . v - . ) S i i i e i e e i e e i e e i e e i e e i e
e . - . - - * " S . ka3
r . v - ! ) 3 i i e e i e e i e e i e e i e e i i e
e r L. . - - - ¥ . U al ala aEal ala aa
r . v - ! ) - el s el sl sl el s e ol ol ol al ol sl ol 3
e . T '3 * “a ” f . * w ) W A e
e : . - . A . - . v ¥ R .
roa o 1 e a . r . N a . .. P
r » ¥ - . ' » »
ror L] P Fl -II * - L] - -
111 " L] ..I ' -ll L b - L[] .'.
e " . LT a . ¥ ! a " ¥ . )
e " r T a Y * ' N % i o
e " r L a * ' a ¥ '. ..__-..
r . r - ' »
rr r - a - * N ¥y L W
r . r - ' »
ror . . a - * - " . .
r n r - 4 L ]
ror " - a - * N " .. .
r ] T Il 1 Fl » [ ] .
" X a'x'a'a a'aaaa’a a'a’a’a y'a Faa'a atala a'a'a'a’a'a'y - W aaaa e aaaaaa i e aa'a'a'a’a aaaa i.i..l._.i..l.i.i.i.i.i.l.i.i.i.i.i.i.l 2 a'aaalaaa i..l.i.i.i.i..i.i.i.i.i.i.i.“"'.i.l.i.i.i.i
e A . . S R ST Rl Ra i oo . R . . F .
rr . r .- a Y * ) a ¥ . . R AR
. . .
i . T ”. * Ta * ' . * ‘w ' e P L
e . By . - - - v . . .####E##&#&#####
r . v - ! ) Ul d i i e e i
e . - . - - * " S . L A e a  a a a
r . v - ! ) [y W e e e e de e il e el e el i
e [ L. . - - - " . Y- o T e i e e
r . v - . ) Dt atal sl Cal ol it
e . - ! - - * . . B T N a
r . v - . ) ._..................iaﬁ e i i ik i b .
e . - ! - - - . . B oy Ca
- ) . W e e e el e e e e il b
1”1 ” - - * Ta * .. . * . . . e aa a a
r =y F -k EFrrrrFErrERr R R R R TJ.* F k- FFrFFEF TI FF bk FFFFFFPFEFEFEFEFEFRFRFEFEFERERERFRFRFRFEFEFRFREEFEFERESERERFREFRFRFRFFRFEFRERREEFEREREEFEEFEFEF T'* | I T.‘Wl FFrFFFFEFP . '..l-l.l.}-l...l-l. w '}-l...l-}.l.l.l.}.l-l.l.}-l...l-}.l.‘.
o . v . - u&- .
e v - . - - * ¥ S B L L
r . v - ! ) W ok i dr i e i
e - L. . - - - v . LR e Ca T
r . v - ! ) D Ut a3
e . - . - - * " . - L s
r . v - . ) Ul dr i i de i i i i i b .
e . - ! - - - . . - L S
r . v - a ) Ul de i ie i i i e i i b
rr . - ! - - x . . w Ll L o
L] .
. . . i . I . ! . . ) o B e .4.......4...............“*_a"....4..........-.
r . v - ! ) Utk L AL A NN
i . - . * Ta * . . * v . o ar i, i
e v L. . - - - ¥ . e R e Eal U W
r . . v - ! ) . Dl i Pl al it
e " - . - - " . L #&#&W#&é&#&;#
r . v - ! ) DRttt Wi e b Wi e i i b
e . - . - - - " . LR T Cal s
r . v - ! ) W ok i dr i i e i e e .
e . - ! - - x " Lo L N L At
r . v - ! ) Dl alaly e s
e . By ! . - - . . LR e ............ttlv......._-.
. . v - 4 1) DRl k) EaC bl ) LA
e " - . - - * . L5 L L N
r . v - ! ) W ok i Pl e i i
r - - * | .
”1” . . v . - . ! H N ) ._”...”...H...”...H..........q... .._.H...”.......... i #&H;.”#”...H.
r . " . ' W .*;**ﬁn*ﬁﬁ-ﬂk;**n.
e . - . - - - ¥ . L Ca Ll
r . v - ! ) W ok i dr i i e e e e e .
e [ - . - - x " Lo Wi i L
r . v - . ) Dl Al i aalat
e . . . - - . . ##*#Nﬁ*#&#&;*###
r . v - . ) Ul dr i i i i i e i i b .
e . - ! - - * . S L L
r . v - . ) W ok i Wi i e i e e e i .
e . e 4 - - - . . LR e e Ea i
r . v - ! . ) -#&*#&ﬂ&*#&*#&*#&.
e r - . - - * 1) . L L
r . v - ! ) Ul Wi i i i e i i b .
e ‘- - . - - ¥ . LT i i Cal
r . v - ! ) W e e e e e W e i e e il bk
e - - . - - x ¥ Lo Wi i L
r . v - ! ) Dl Ca sl
e . By . - - - " . L ) Ca
r . v - ! ) Ul dr i i i i i e i k.
e . - ! - - * " S L L
r . v - . ) '#&&#mm.;&*&##&&#&.
e . L. . - - - . - L Ca T
r . v - . ) Dl el al
e . - . - - * . . L L
L] . .
1”1 . . T ) * . . . . ” B A A
rr r -.I Fl -II * F ] r . . .
e " . LT a * ' - T .._.._.._.
r [] T [ ] ] [ ] h
ror " - a - * N " .
r » r - a &
rr [] - Fl .I * - [] -
111 " ] a.l 1 -II * * & - 'l
111 " L] ...I F] -‘ L b - L[] 'I-
g " * T a - * ' N r -_._.-
r . r - ' . *
rr r R a . * a ¥ .
e b T a .|l * ! N ¥ "
111.IlIlllllllllll*lllllll“llllIll*llIllllhlIllllll‘llllllllllllllﬁlllllll*lllllllﬁlllllll.*llllll% N EF B SE B S B O = O = oy =
. T a ..“ * ' N " -t
L] ...I ' -‘ L b - L[] .“I
[] J.I ] -II * * F ] | ] . -
- LT a . * ! - » .“ﬁ-_.
- J.I F] -ll L ' - r I'.
. LT a - * ! - ¥ Lt
L] L] ' Ld B
. - a - * N " L
T b 1 [ ]
" . .. a - * . - " .. .. . .
o o ko 1-.. o l. s b & ¥ K Fr .1”‘. i bk rrra ko d ki rd o d ok |L rd & & F F I *. r b b o i ks oa o r l”Il m ok ks - .
. o . P : . - - . R
. - . - - * . . i i al ol ol
v - ! . l..! ¥ dr i i i e i e e i e e i e e i e
.. L. . - - - ¥ . . Dl ke
v - ! ) s ol a2l o)
r . - a - - * ¥ B P " a e a a a a aa aa aaa
v - ! . 1 1) i Ly i i e i i e i i e i i e i i e
. - . - - - v . o N e e
v - ! h# ) ' de i i i i i i de i i ke i b i i ke
[ - . - - x " ) . " . i a aa ala aal alak alal
v - ! h# ) ..fﬂ..q Ca a3l
. By - - . . . - * N W
- v ! . . = | ¥ W ) Lo L L L
e . . - ! - - ) * . Ty e LA, AN ML N A
r. I .....................................................................-....................................._....................................-.................................r........................................_...................................................................r......................................_......................................_................................-.....r .......................-_...................................................................... N . i_.....-......._......-............ .._......-..............-..... ot .....-................-..
. r - * * L . * DS 2 N LN
i . v * Ta . g . ..“.in—_._ Lo .........LuJ'.".............___.
e . v o . . - . - ....-_ . By Nl LA Ko b Al
rr . . . a Y * \ N LI g .-......-.......-..-.......-_-
rr 1 . a . * a T . ar, dp g e a
r . v . . ) Eal )
ror . - ' - * N .. o
. . v . . -t“- ¥ i e
rr . .. ' - * a . . i i i
r . v - . ! ) Ealal )
i . - 3 ! Ta * . . T W Lo 4.........&..........4........_.
e . . . ”. . A - . - . iw 1) . i#;&####*&ﬁ#&#ﬂ&ﬂ&t&& Pla iy
e r . . - - n h.nvq L N ......4.___.:}_-......4....
r . v - ! ) Cal il Calal) )
e " By a - - . oK . ) LN W e
. . v - ! v 1) i i i i i " i i i e
- * - - & .. L ) i & i
el . ! Ea a . ' . l.-_ ! ¥ 1#41##4##&&#&# & e e .
r . v - . = ) Cal s Cal) Caa )
i . - __.. ! Ta * . . & . W B i P P N M Ny
e . - . - - * " . il a a a a al a al
r . v - . ' ) dr i i i e i e e i e e i i e i e
e r . . - - PR . L N N L N e
r . v - ! . ) Ca a3l
e . By . - * . ¥ . e
r . v - ! .%- ) dr i i i e i i e i e e i e i i e
e . - . - - r o v S i il al ol
r . v . . e ] ¥ drTdr oy i e e e iy i e e e i e e i e
T - L - .
et . h v ) - . ! ) e e o T T S Vo e
rr : [ - a - - ) | " y AL AL N X MM AL NN N AL AL
ror L] .‘.I ' L ..- L] . * -
r n r - 1 L ]
rr [] - ] -II * F ] | ] o
111 " ] .J.I Fl * ' . . » '.
e " r T a .|l * ' N ¥ .i.
r » r - ' &
rr r .. a - * . & ¥y .
r » r - ' [ ]
ror . - a - * N " L
r . r - ' »
ror . .- a . * a " .
e " . T ' - * .. il N - .i.
. . . .ot - ..o T, a - . .__ e - r . . " L .
1.....IIIIII.I.-.IIII.J.:....IIIII.-T .lllII.J.'-.llIII.-L.I.lllII.J.I'.!IIIIII.J.I.‘III .—..-.l.‘.llll."...IIIII.J..r.a..l.‘lIII-..-.J..IIIII.'.I.'IIII.-.-.I.IIIII
rr r .- a - * l-._.-.-_ - ¥ .
r . r - ' »
ror r - a - * " N ¥ L
r " r L] .l-_.-. [ [ ]
ror " .- a Y * - a " .
e " M T a - - i ' N " L
r » r - . El [ ]
ror [] P ] .I * [ I . - [] .
s " . T ' - * * N . .
r n r - 1 L ]
ror L] T F] . - - » .
e " - . . . . . a . Y . . . . aE e . o, . . - % i
e i o i ot .-...-_..-_..-_..-_..-_..-..__.-_..-_..-...-...-...-..l...-...-..l...-.. .l“:.-_..-..l_..-_..-...-_..-_..-...-_..-_..-...-...-..l...-...-...-..l...-...-..l...-...-. .-_..-_..-...-_..-_..-...-_..-_i.-...-_..-_..-...-...-..l..l...-...-..l...-...-..l..
e " r T a Y ..lllln * ' B R r ¥ r st e e e e et e
e " . LT a .l * ' - " * 1.....-..r .r.-..r.-..rl..r.-..r.-..rl..r.-..r.-.....l..r .....-..rl..r.-..r.-..rl..r.-..r.-..rl..r.-..r.-..rl..-.. R
r L] T L] .H..l F] [ ] LI I R I N N B R N B IR R T I I ]
ror L] - ' - - I . L - L] — dr b O b b b b b b b b b b b S b W X
r [] r [ ] Fl [ ] PN R N R I R N R R R I R N RN B Y N RN N R N R )
ror L] T ' s e . L - L[] . O I I U
r L] [ J L] L) F] | ] [ I D D N N B T IR R I N I D N I N N )
ror r - Fl - . .-.‘-.-.- * F ] r .. B i iririkririrnir 5§
r L] T L] ' . [ ] dr & b b b s s s s s s s s
ror r - F] .r.H.h. L - ¥ . w ol b b b b b b S i b b i i N
r . r . ' » dr dr b b Je de Jr dr e dr dr dr Jr dr e Or Je dr O 0r O 0r Or
rr T - Fl T . * F ] [ o dr o dr dr o Jr Jr O o Jr O O 0 O O 0 0 O 0 0 O e e e e B
r L] [ J ' . | ] b b b W h s Mk N h o
ror . . a Coe .4 R * - T . J e S S S I S S
r [] T ..' HE ] ] [ ] .T.T.T.T.T.T.T.T.T.T.T.T.T.T.T.T.T.T.T.T.T.T.T Fl
R e P e e e e .._.....r--|-|...._.........|-.__..|r....._....._...---.l..._......_.......--...-|MI”.II- A R T T S T T Tl T e e T T e Pl T Pl P e P P P e e I e T Rt Bt T T R Rt Bl S B T e R B P S N
ror [ A s . . F] a . . L . +* . L] . dr b b b S o i o X
r . r " - a * rrrrrrrrrrrrrreeFr S de dr dr Jr Jr O Je O dr Je dr O o
rr . - . .. .'Iﬂ - * N ¥ L ™ r r rrrrrrrrrrrer Jrod b dr e e o de b b e b B
r L] T L] ' [ ] r F F F F F F F F FrFrFrFPrrr b b b M 0k b s s M h N h A N h N
. - L n . ..b-.'.'.'.'.'.'.'....'.'.'.'.'.'.'.'.'.'.'.'..-
[ ] [ ] 'l bl g i ik
L r .. F & bbb drodrdrdrodrir iR
. | ] b b b W b Moa
* ¥ . odr o i b}
[ ] o b W b W o
* ¥ .. i b dr dr ik B
[ ] b b h ks o
* M . b dr b r & bk B
| ] A b b b o W Mo
* " L [ T S S Sl )
[ ] r b bk ko
L L] . I I

L U
r A b b M g

# a d Ak d i bk bk b b Mroa

...-..._......._......._..... ......_......._......._..-.. e .r.f. I F i b b ki ¥
& a ¥ ¥ i kX o d A A i & ok b b b b droa
m dr dr e dp dp dp dp dp dp i s Ll dr de M O O b b A N i d b b b b
& dr dp i Jrodr b i b i ¥ b ¥ & N F 4 I b b h b h b b Jra
o iy dp e g dp g dp oy iy a P ko b A ok b b b b A b B
& dr dp b b b b 0 0 b X F & N LAk b h b b Mo dr o d e b b b
w dr dr dr dp dp dp dp dp i dr 4 . K kN b b b e de e drdr r o b b B
X dp dp dp iy 0 odp 0 dp L A e J i dr kh o b b b bk Jo b b b doa
dp dp dp dy dp e dp dp dp dp s K & A kN I Jod b b de b b M b b & & X
Fd b ik bk ko id i ki b b b de b dr dr b o be e dr b
dr dr dp i dp dp i ir & r dr 0 A bk Jodr b dr de dr b dr dr dr b W B

dr dp dp dp dp i dr b & a Lk h bk h Mk d kM kb
< dr e dp dp dp dp dp . k k kb o i
<y dp A b dr e e | X & ki ] o de dr de de b dr Jr dr O 0 0r 0o
dp dp dp dp i . e Jod b b de b b de b b0 & b B

L L b b b h bk h bk o h o I

W dr A ol b b de b b b b b & & X



U.S. Patent Jun. 25, 2024 Sheet 4 of 6 US 12,022,172 B2

LB

- -
. - . - . r . . . -
T 1 . ' -
- r a '
T - r - . . ' -
- . ' - ' '
F B EFEF ik kb kb h kFFEFYY kb FErrrhkh ek FElrryrerFEEFEYryrrbrbbrErbrbrrFFFr ¥y k F F =k kb FEFErr kbbb = kk FEFEY TR R R - = F ke ke Fhrrrh kbbbt ke EEFEYrYS kbbb =FkkrFEFrr
. . . . " . - - .
T. . b . . Ir'r."'ﬁ 1 ' '
. - . N . . ' ' . .
- ) . SO '.}bbrl ' -+
T d L] r LN | 1 " -
. - . . f - . b . - . .- - . T ey g - . . . . - . . a - -
* [l - LY O 1 ' -
- b . - kg oa a ' -+
T d - - L 1 ' - -
- F . . ' ' 1
-+ [l - - 1 ' - -
- ' . - . ' '
T . [l 3 » 1 ' - -
- b . - . ' 1
. L] ' . ' * . -
- b . . 1 ' ' -+
T - d L] r L] - 1 b - -
AR R R RS NN RN b rror = Lk k== k= b kb= k ke ror = bk ko= bk kR T= =k k== k bk kkror= kh k==Lt FFFF=EL k== kb
- . . . f . . .
- - b . . ' -+
T . . - . f - .
' - b . a ' *
f . . . . . . . - . - . - . .
- - - T. - - - - - 9 - = .__l - - - - - - - - - - - - - - -
* . r - 1 L] r -
- r - ' ' 1
-+ r - . ' - -
- ' - . ' '
' . . - r .
A F F F 17 FFFTYTE R FFFTTEFFrFTTAE NS FFFrFT s Ty E o Frr o " rFrr1 s s FrkrTFrrrcT " s rrrE s FrrrT " FrFrr 7 s = =8 FkTTTE FFFTT Rl FFFTTE Ol FETTTE N F17 e s FrFTTTE R
- b . 1 1 '
. . . . ' .
' T. . . il '
FREEREREER FEE R R R R R R R R R R R EEEEREREERRERE R R R R R R R YRR RS FEEERFEFEEREERFEREFEREEERERE FEF R R E R R R R YR FRE R R R E AR R R R YRR R R RN R R R R RN ER R R R R R R FEE R EREEREREREER
. 1 . - .
T. r ,.- 1 1 L] - - -
-+ - - 1 ' - -
- ' . . ' '
T r - 1 ' - -
- 1 - - L] . ' 1
-+ . » r A 1 ' - -
- - - Ll - - 1 -
. T . . - r . . .
- - 1 - - ' -+
T . - . .
e T = m = w = m o= = =T wom = = omogowmo= o=k momomoyowm momomoqgmomomomomoymmymomomomomomoyom o= = = m g = m o= = omogommawm momomoymomomomomomammomomomomyomomomomomom oo
T. ,.- a L] - 1 -
. - . - - . . .
- . a 1 LY ' *
|.|.|.|.|.|.|.|.|.|,.'|.-|.|.|.|.l.|..|.|.|.l.|.|.-T|.|.|.|.l|.|.|.'|.|.l.|.|..|.|.|. |.|.|.|.--|.'|.|.|.'J.|.-.|.|.|.|.|..|.T|.|.|.|.|.|,.-|.|.|.|.|.-.|.|.|.|.l.|.|.-|.|..|.|...". .|.|.|.|.|.|.|.|.|.l|.|.|,."-|.|.|.|.|._.|.|.|.|.|.|.|.|.|.|.-|.|.-|.|.|.|.l.
* r r . -
- *.- - r 1 1
' T r - r . -
- . 1 - r ' *
-+ - - ' . -
. - . . 1 - . - ' L]
T . » f .
' - - 1 1 kY ' -+
. - . - . . . .
' - - a 1 -+ ' -+
. T - . . - f . . .
FE R EFEEEREFREEEREEREREREREREREREEREREREEREREREREE AR R FE R EFEEFEREREEFEFREREERERERE R REREEREREREEREREEREEERERE R FE R EFEFEEREREEREREREEREREREEREAEREERERERE R
. - . . - . . . . [,
- "_Jr ' . . - r '
T L . L r .
- F F . - r '
e e T o L e N R T L T T i L I i R P L I."I."I."‘*I.III."I."I."' LRt AL -'p.'l."l." 1I.IlI.I.I.I.ll.rl..hl.ll.l."l..l."l.llllI.I.I."I.Il..hl.llIl."l.'l."l..l..hlllll.l‘*l. '|.'|.'-l.l.l.'l.ll.'l.'lll.'l.lq.il.'i LY
r . . . r .
- :r b . 1 - - '
. - . . .
- ¥ b ¥ 1 - - '
. - . . . . . . " - . . . PR . . . . . . . . - . . .. . . - . . . - - . . . . .
. T. . -:I- b * 1 1 . - 1 Jl-*bbl '
-+ - . . 1 '
' - ¥ . . 1 1 kY Il e '
. T - - . . . . ' - -k on .
. - Pk . - a - . -+ a r
li-l-lI!-l-l14-l-l-1-llQ-I-I-l-l-!lll-I'_i-ll‘q{-I!-l-lTli'ﬁ-l-l-l-lli-l-lil + F %72 a2 g i-llq-q-laqllc-l-|-r_lqii1-+1--q||-|-|--|-41_11-1-1-1-_411-411-1111l--|-|-qul-q-q--arql-ii-q-l-441-41-1--411-1-1-|ar|a|-|+-|--|-1rl-"-~|-|+-|-|qqlli-|--|--|-
. T r - - r - r . 1 ' r e .
- -"n 1 - - r . bb.'r '
-+ . - . - r . . ' - .
- i F . ' r . = r n '
= = 2 aa - o= a - - =A== - - - wa - - T . L T - - = A - - - s aa - - a2 - - - 12 - - - 1= = = - - - =a - - = & A - R I L B - - ana- - g= = 2aa - R B CRE T == 177 = = = 22 kk o= = mo -
. . . 1 . ' - . - ' e '
-+ i - » . 1 ' - K-
- r - b - 1 - - 1 ror
. T o . . - . . . . ' . [
r - ¥ . a 1 -+ vk g
F R R R R R R R R R R R E R OE R E R R E R R R R OREE LR R EEE L e R R R R R R R R R [ [ L E R R R R R R R R R R R R R R R R R R RE R E Rk E R R E Rk E R R R ETE R R LR R OEOE R E R E R R R E kR R R E R LM Y T
. . - . . 2 . . ' 1 e
T T - - » r . 1 ' [ T
- ] r - . . '
. - r . . - - r . . . ' .
- - ' ' . r '
RN S AEEE R NN AR NN RN N AR F ko F ke r T T F kb r v ra b kb bhorrass bdbkrrers b kbkbkrss b kb brbbkrassdbkbkbrrebkbbd b bkbbrerbkbssbkbkrbkbrrs s b kbkPbkroas F ke rru b kFhkbkerssbh bkrrerras
. . "
* ¥ - r . . ' -
- L . - '
' . - r . . ' . .
T. ¥ [ - - 1 1 '
T T T [ L h R e e o Lk m e o= ek ko E o= om o= kR E o= o= om o= k ok E kR o= o= o= kB E E E o= o= o= ETEOE 2 & o= kg kR EE = o= o= = ko ko o= omomom k EE k== ok ok komomomom ko kR E o= o= ko EoE o= oao=
r - ik . 1 1 . - 1 '
. T . . . . f .
- ¥ . a 1 r a '
. - e . . . . . ' . .
- b ' a 1 r a '
T N - r - 1 ' r
- . - ' ' . r ' '
-+ -+ - r . . ' -
! : o e : : : :
' -+ - - r . " ' -
- - ¥ . 1 1 ' r ' '
= = = = = 4= = = = p = = = = = = = = 4= = = = = = 3= = = w k=== == = =1 - - = - - - R R R = m = = = = = =y = = = = = = aa= = = = = = = = = = = =4 === = =} oa= = === === == =4y == == === = L T T T
- - b . b 1 ' - - 1 '
-+ - - - ' 1 ] .
- - ..-Jr . 3 . . * 4 1 - - Il '
. - Ak v & . Y . . . . ' - .
".'..'.'..'..'..'.'..'.'..r.'..'.'..'.'..'.'..'.'..'.'..'.'..'.'.'1."'..'..' L I T T B P | '.'..'.""...'.'..'..'.'..'.'. '.'..'.'..'.'..'.'.'...".'.'..'..'...'..'.'..'.'..".'..'.'..'.'..'.'..'.'..'.'..'.'..'..'.."'..'..'.'..'..'...'.'..'.'..'.'.'.'..'.'..'...'..'.'..'.'..'.'..'.'..'. F T F I ST [
- . . T . . 1 2 - . » '
-+ . - r - 1 '
, . AL 1 . - - '
. T ¥ . - r . . . . ' .
- - ! r - r L}
- L Faaa - - EEE T T ---..--.-'ra.-- = = 1a 1= e IR BN B M ] - - L L - =1 - O R = m1aa = =+ - &A= o o= 4= - = a7 oa - = a1 a - L L T T T T - 2 m o= -
- . . . - . - '
' . - r . '
- TJ.-'r- . 1 - - 1 '
 k . Y - 1 '
- r . - 1 . '
-.---|.|.ll-l-.--.---|.|r|-|r-.---|.|.l-l-l-.--.---|.|rq:'|-|r-.--|.|.|r|-|-|--.--.--.|r|-||r-|.--.-|.|r|r|II 13 EE vt v bk kB R YR E R FESY RS L kR ERYA kb EFERYYC R EEERYh ot EEEFERSY RS ATEEEY YR LR EEERESE REFESY PSS kb BEEEYSY EREEFRT " s b kB Er®t b BEF Yo
- . " . . a 1 . a '
[ - » T - ' - - [
- r - . - a - r a ' 1 - - -
. [ . - - - " . . . ' - . .
- r - ' - . r ' ' 1
[ - . - r - . . ' - -
- ] - . 1 . - . r . ' '
' . - r r . ' - -
. - . . r . . ' - . .
- Jri - F . ' - - 1 1 ' *
T . - . - f . . . - . .
- r - b - 1 - - 1 ' -+
T - . » . . . . f - .
- r . - . - 1 1 kY
. ™ T . - . - - . . . '
a ' . - '
B R E R R R FE R R FE R EE R l'll-lj-lIIl-lIl-lIlI'I"l'l'I-III-III-III-III-IIII-IIll-l-l-l-I-l-l-I-l-l-I-l-l-l-l-l-I"J-l-I-l-l-l-l-l-l-l-l-l-l-l-l-l-l-l-l-llll FFEFEEFEFEEREEREFEEFERER
- . ' . ' . . -
T . - r » r . 1 ]
- r - - r
L] . - ' - r . . . '
- b a . 1 -
T . . . . » P - . . . . P . . . - . . .
. . 1 . 1 - . -
-+ - ' - 1 ' - - - -
- . . 1 1 - - - -
. . . . f .
T. . ] . a 1 -+ a ' -+
- . - . . . f - .
- . ' 1] . a . r a ' 1
T - - » r - 1 ' - -
- ' oy - . r ' ' 1 - - -
L] , . - ' - r - . . . ' * . -
L R L L . T T I S *n.n.n.--n.n.n.n.n.n...ln.»,.n.--n.n..n.n.n.-‘ nnnh.-nnn"nn.nnn|.|.|.--|.|.|.|.|.n.|.|.n.|.|.|.|..-nr‘n.n..-~.|.n.|.|.n.|..n.|.|.-,.n..-|.|.n.|.|.|..»,.'n.|.|.|._.n.|.|.n.|.|.-|.|.n.'.|._..n.n.n.n.n.n.'nnnnnhn..nnhnh.n
. . 1 " half} . ' . . " ' ' .
-+ - r ' - -
- b * 4 . ' - - 1 ' ' -+
- Y . . - . . . ' . . .
a e «omom o PO . oo - N PR Sl oo e " ow o Lo " n oo CNE TS [ -+ ERER "o C S LR T W oo oa N C r e e FRE
" . - . . - . . * 4 - - . . . - . . . . . . . .. - . ' \ . . . - . . . - . . . e - . . . . . . .
- b 1 - 1 - 1 ' -+
* . ] - - - 1 L] - -
- b - . 1 r a ' -+ - - -
T . 1 - . - - . . . ' - . .

_ L] 1 L[} . K . v . | - -
_ B . [ § . . . . . . . . . ...
- - . - . .
. . 5 . ¥ . ' . . ) . " . ¥
- - - r [ " a § - a " . . - |
- - 3 ' 1 - - ' - 1 . -
. - - ¥ [ - a § - a - |
- - . . . . . . . - . . . r .
- - 3 . ¥ . ' * ' - iy N - B r '..-
_ " .- . [ ] . ] _ : R - " . * " .a
e : : : » \ : : : -
- - . . - - » - r ] -
- - . r § - 1 . - . . . . - 5
- - 3 r . - - -+ - r . -
. R - T T T e T R L e T T T T T P T T P T e T T o T T o T T T T T T T T T TR P PR . )
- - . . -
) - ' ¥ ! ' . b‘ﬁ v ’ . * . ) ' : ¥
- . .3 b * . , i ‘-bﬁ-:b'l* ¥ -.-.'nr"bl_rr- " - i By i - * ] ..-
- - '-_ § T r § L T 1;‘4‘. 1 1.' 'r‘erqu_ " r . - - . N r ¥ . & '..-
- - - L ] N J L . - 1 L ]
- - . . rr - STy - - » - r ] -
- - . r § » . S . - . - 5
- - 3 . . o - " - r - 1 . -
. A v ' » 4 LR 3 L)
- - 3 ' . . o . - =y L] . L] -
- - L ] +* a . b . - L ]
- - . e - 1 1 -
- - , 1] ¥ & . a Xy . . 5
- - 3 " o - 1 3 -
. ST = T I T T N T T T e
- . .
- . 1 b t . . x 3 ] ..-
- - . r § » . . - 5
- - 3 . . ra r ] -
. - PR - ST - L o~ o o oo - SR - . & .|.h N - - o B owonom - o -\.‘_..-\. - LT o - et LR LR -..-_
- - . . - .
- - L ] +* . . - L ]
- - " . e . r -
- . [ . § » . . . . 5
- - 3 1 ' o - 1 r -
- - R T T T T T o A o h"brr-rqljbrrqh:lbrrrrllbbr~r1ll brr-r-|lbbrrbllbrrrlllbrrqllbbr-r-|lllbbr1jlbbr-r-|llbrr-r-|lrb..-
- . 1 b t X - " 3 ] ..-
- - - ¥ F a [] ‘.
- - 3 . rr - r ] -
- "..“'..'..'..'q.'-.'..'q.'..'..'..'..'..q.......'.. R EE R R R R l."q.'|.'|.'|.'|.'|.'|.'|.'|.'|.'|.'|'|.'|.'|.'|.'|.'|.' L3 l-"l"l-'l-'l-'!-'l-'l-'!-'l-'!-'!-'I"l-'!-'l-'!-'l-'l-'l-'!-'!-'l-'!-:l-'!-'!-'l-' EE R R R R R R R R R R R R R R R R R R TR R '!-'l-'l-'!-'l-'l-'!-'l-'l-'l'l-'!-'l-'!-'l-'!-'l-'l-'!-'l-'!-'!-'!-'l-'!-'l-..-
. . 4 . ¥ X . . . L
- - 1] » . a " . . X
- - 3 o - 1 r -
- - - ¥ » a § - - |
- - ' . e . - . . . -
- . 1 L t X - " * 3 ..-
- - .3 b ¥ S - " " ] ..-
. - - ¥ » a § |
- - P - - -8 117 = == ks 1 = =1 m17===1981717=="="n@g111==111@m71==9=nmun-:1 LR L L R R R B R B L 17 = = = 547 = = m17 9= == 19m1917==>=mnha1==1==19@mm717=540=1m8m11770==1=79m-77H13-=2==1 8%
. e . ¥ X, - . . L
- - 1] » . a " . . X
- - , 1 roa L] L] -
. T = e L e e e e S e e e 2 e e e T T T . R
- ] .
. . 5 ¥ X . h . R ¥
. ¥ » 4 % : - L)
- - X . . - - 3 -
- . 3 k * . o . - " L] r . ] ..-
- - - ¥ 1 » a . - - r K - - I
- - . ra - - » o r ] -
- . [ » . . - . - . o . 5
- - 3 r L ra - . - T br.-'r r ] ..-
- - - . . . - . . -
- - :hhhhhhhhhh#hhhhhhhhhhhhhhhhthhhhhhhhhhhhhhhh#.'jhhh ah;aha;‘hxahaahJ-J-J-J-4:1-1.J-J-J-J.J-J.J-J-J-.J.J-J.J-J-J-J.J-J.J-J-J-J-J-J.J.J-J-J-J-J.J.J-J-J-J-J.J,.IJ-J-J-J-J-J.J-J.J-J-J-J.J-J.J-J-J,J.q.b..J,J-J-J.J-J.J-J..J-J-J-J.J.J-J-J-J-J.J.J-J-J-J-J.J.J-J.J-J-J-ahaah;ahaahaahaahaahaaa
- c- ¥ -rf il - - -+ - - -*bb. 1 3 ..-
- - .3 L ¥ " S - " - i h i - Ty - 3 ..-
- T '.'r'rbl-II-'r'rb-i-bI-Ib'rbbl-Ib'rbbi-IIb"'r'rbbllb'rbbll'r'r'rq-:-i-l-lb'r I‘illhbb#blb'«-l‘blll'r'rbi-l'l-l':'r'rbi-l-lb'rbbb‘ll'b'rbi-bl'bb'rbbbl-l'l'"r'rbbl'.'l"r'rbbll"r'r'ri-j-l'l-b'r'rb*l:jl'rl-bi-llbhbbbl 'r'rbbbl-lb'ri-bll-l'b'r'rbi-ll'l-'r'rbb'l’.-
- - 1 . t . "u X - . - -+ * - LU ] '.-
_ " .- . ] *I' r"- - R » T, . n.*,'. » '..-
- - . ¥ h » a . - B ] - [ ]
- - b . " .r . - . . - T . - ey . " -
T - L L] + a . - a - . . ¥
- - . r - . - - ' - N r oy . N -
- - . r . ak » . . X - . . L . - 5
- - 3 . o - - - 1 L . 1 ..-
- . :--..-q----.;J-.----;.-.----...----'-..-.---.-.qq*.-...-'-- q{':.-----.J-.-.--':..-4---...-.--"--..-.-J,--a.;'q---.--.---...; rla:q.-r:ab:--ra.:--rl-.:J---h*ﬁbq-a-:-rraa:#-rra-.::-rrla'--rraa:'-rraaqa
- - b t Y X - : - - " L 3 '.-
_ " .- . [ ] L L} r-'r - - . . ¥ " '..-
- - a ¥ -k ] » a § - - |
- - Do e s T e e e m - = - e - o= o= e e e e s mom s P T T e e m D B o= om s P B o= o= D h e e e s e aTL
- - L L L] +* . - - 1 . L ]
- - r r 1 . . - ra - - -+ - r ] -
- = - r o [ ] [ ] Y . a [ - - n . . .
- - 3 r - 1 . - o - - ' - 1 r -
- - . r 3 ] 1] & - N - - £ L |
- - 'S . 1 . - e - - -+ - - 3 -
- - 3 k * - . - u L - : - . By - 3 u ..-
- - '---||b------J-lp------bb----||b--'r---||b--rqq-*lbb-r-rq--b---qbbbj"-r [ R h"ab-----ab---l..:-|---r-|---|r-.-r-|--|r|r--|--nb-----nnb-----n--- 12 8 Frra s b Frras bk kbrerks b kFrrTraoa jlbbrrqllbrr-r-|llb..-
- . 1 . t 2T . . - u ™ x - - - - r [ ..-
- . L] L] | | L] & . . N . . - - . X
- - 3 . r . . . - » ra - . - r Cal " -
- a [ T - * n E Y » § - a - oA - |
- - W - - - b L o= = =k fp k=== o=k EE o=o=omo= kk ok oa'aosomE ko= o=k kkoso=o=o= bk ko= o= kK - [t T S S ol b= = = = B B L ='a s = kb kg = o= o= kL E == o= o= bk EE = = = = E Lk o= og= o= = b EE o= o= o= kEE ===k ko= o= o= o= = kL o= o= jp= b kE === =k Ek ko= o= == kfo=om o= o= o= bk Eo=o= ko= ok E Rk koo,
- - L r [} L] L] +* L1 - . 1 - b | L ]
- - r . - . - e - ' - . r |23 )
- ] .. | ] ] e [ N " . . . . e ¥
- - X ' . 5 . - " e - - - B 3 ey )
- - - ¥ ¥ ] L] Tk » i a " - [ 5
- - k L . b . - " o . - L) - r . ] "Irllr ..-
- - . . .
- . 1 b t 'u . - u » x - -+ - [ 3 ] N
-_" - r [ ] [] [ ] = h » [ . - . . - .
- - 1, [ ] L ] n - L] roa - Ll - r [ -
L - L] k ] L ] - & L L] - - L] - L]
- - P - - -85 11 === k11 ==1m17==="9171717=9==@nk1317==>=1nnn-1 [T L R R L R TR TR L L R R R o L R L T L R R R N R T T R B N L L L R I R N R N N L T B RN R L R R N R LR N T B B B N
i - T ) : 2 . . ) . . : . : X
- a1 - ¥ 1] Tl » § " a " . . . |
- - , L4 1 - L v - - - . 3 l.-
- -"r'r'r'r'r'r'r'r'r'rl'r'r'r'r'r'r'r'r'r'r'r'r'r'r'r'rt!'rl-‘l"r'r'r'r'r'r'rb'r L 'r.j-'r'a-'r'r'r'r'r'r.'.-'r'r'rl-‘l L T T T 0 T T T T o .
- . 1 . t r u » x " - - - * - 3 ] ..-
- - . r - [ -n » . . . . - 5
- - X . . . . " o . - . r . -
A - - [ o | L] & 4 L] " h L)
- - P . Com oo s e s P “a e o om s - - PR e s owm o S om o o on o e o m P e om o s oo o S o e P Comon o s e o m [ e e s - e e s m oo s e m wws P
- - il [ [ ] ='W & a1 3 - L] £ . - L |
- - . h . - » e - - - " . -
- - L [ | Tk & . a b - . . . ]
- - 3 ' a 1 - v o - - - 1 . ..-
- - :--...----.;J-.-----.-----..--"b-.-.-----.b---...-----a-.-- .'n.-----;..-14---.4"1-----.1----':..-.----...---"--..;b---.;-----.-.----..; - E o rr s a2k rrrrsa rarrkfaa s rrrsa s Ers s sk rrraasrrrrkarrrrrasaxrrrsaxr-
- . 3 L r.-l' " u " X - " - - * 3 ..-
B r ] | - n - 4 [ : - A
- - 3 b ot . . - v T - . - - - ] ..-
- - a
- . ’ L} i-.‘ . [ .' .- [ rr . - - - . . r . & -
-_" - T r [ [ ] - m & a [ - - . - ]
- - r 1 . . - » ra - - - - v . -
- - & [ [ ] 1] = » . a ] - . " . . . I
- - 3 r ¥ . . - » o - - -+ - 1 . -
- - - ¥ ¥ [ ] ] E Y » a § - a - - - |
- - . r - . . . . » e . » . ' . . . " -
- - § [ [ ] ] T & 1 N L] a L] - L |
- - 3 - o 1 . - v e - - -+ - - 3 -
- = 3 ’ (] L N ] -'I u 1\.- r"- - : - By i - ] 3 '..-
- 11":-4-q.q-4-q#--4-q.4-4-q;ﬁq-4-:q.4-4-*.4-4#*.4-4-*.--#--4:4 -: .4-4-q.44-4-44:1.-4-4.;-4-44:4-.--.--. . .J,.--.--.--444.--.--.--4--.4414--.444-4.41,4-4.4-4-4.4.-4-4.4-4-4.4-4--J,4-4-4.--.-;.--.--.--.--.--4:.-
- - 3 . ¥ . . - » r - - » . r . -
e [ . [ -n » . . - . . . . 5
- ' L . . - . Ly rl.| - . - R T, . - 1 B . ..-
- h 1;. = = oma & 2 m o m o m o oa s 2 2 m o om 2 o2 & 2 m o om m o om o3 x g om o= =T = m m o a4 == Rt s ow ko= P m = = o= s mos o= o= omo4 o 2 & m o om o omo s o2 & momop m o3 4 1 m omom o2 & 1 momom o m o m o+ 1 & m o m o m o omo& o m o mom o+ & s 2 omom o mox s+ o+ ko= omo & o+ o2 & o momomo:ogos o+ omomo o= o& s omomo o= ox oo om ko= " s m o omor s g m o om o om o om 2 m omomoE s x m mta
[ 1] T & a N - il - L |
- 1 - » e - - 1 - 1 3 -
r [ ] T h » a ¥ - a " . . - 5
- " - v e - - r - " 3 -
- * . b . " - . - " - L] . - " . ] ..-
L [ ] - E) a § . - . - )
- " - » i - - - - r 3 -
[ ] [ ] = h » a [ - . - . . ¥
- . - v rr - . - L] - T b .-'
- - . . . -
- N TR T .".........;.._.....-"...1......-....:....1........1.....1.............1.......-‘.......-......-................-.....1.......... PR oE oE o R EoE R R oE o oE R oEoEoEoEoEoEoEoEoTEoE wTs
. ¥ . . T X . . . N . . . ¥
r . [ 1] ) » . a § " a " . . - |
- . - . - - r - 1 r -
¥ n E Y » a § - a - - |
- " E T - 3 = EE1-1EEmE117EEEwE1=-hkoaw L R R R L L R L e R I O L R R L R R e L L R L e R e N L R LR L R R B
- ¥ . u " X 3 " - - * - r ] '.-
[ [ - h » . . . . . . 5
- . - » T - - » - r ] -

1G. 7B



x -
E
b‘-b
L] b*
'
F

o
& A dr b .

[ R S R S R
.'.T.T.'.T.T.'b.'.-
o i LU

&
L]
.T.T.T.T.T.TE.T.T.T.T.T
&

i o
[
[
r

x
[
[
L]

"
L

a A
[
F F
[
r F
r
"

]

FEo

r
F
r
r
L]

X
"
"
]

r
F
r
r
r
L

ke A s
2 .

dr b bk kA
dr o dr dr br Jr Jr b b b b i i & i
L] I

P | B L
» L] A 4 h k.
o b A ok E N I
Ak Rk k.
L)
PO U I
E N B
P ]
R U
A x
ar b b ook
Ak h h h kA A
b kb kM S T T
bk bk h
E N B
I & '
I b b b M A b b o B dr b b dr dr Jr Jr Jr 0e 0r 0 0 0
L IAE DA A B R R B B R R E
Ak ke ke ke
.T.T.T.T.T.ﬁ-?.f
A A e b I
T Fo
E |

i o
[
[
[l S Ul Y™
]
[
r
[
[ Y ]
]

x
"
]
"

I

X
]
"
]

a A
L}

[
[

ik
o
e
e
r

Ly
r
r
"
r
I
"
L4
"
Ly
r
I
Ly
.

X
"
"
"

X
»
"
"
]

b & & & & & b o
e b b b b b b o e Ay
A & & b &k ok &S

a 4 oo
ko
FF
ko
ik
L

r

r

r

a A
[
r
[

i o
[
[

ax
r
r
r
r

o o A

ko

F

ok F
[

r

r

ok ko

E I I o A

i o
.
r
L}
L}
r
L}
L}
r
L}
L}
r
i

a A oar
ko
kb
"

e T A T A U
RN
r b b b o o
e
N NN
b & & & F
P e L U |
A A
r b ko .
s
L O

& b Jr

L]

a 4 oo dr
F ko
F kb
F Fk kk

r i
.*b
-

r

&
L]

*I

-

i

F
i

F

F ek
gb
r

r

Kk
L
rr
L
K
Ll
Kk
bbk
LA
bbkl
L

¥

LI

L NE NE B B RN

o
-

et

- .._H....q.._....._.a....q

SO N
ot

e e, .-.-..-_ -

o)

L *-I *-i ‘-I *-I *-i
L *-I *-I *i *-I *-I *i "-I'

»
»
»
»
L. N

I
5

L)

Rt R et
)

»
L

)
)
E )
)

»

»

E o e e e

»

L ]
L BL B B RN R

*-I*-l-ll-i-ll

»'a
RN M
e
L L I B

A
»
1)
»
1)
-"4:4'4-444-444-444-4-
»
'-1-"1-

e e e e e e e A e e e e e e e e e
e el e s el ol sl el ol s ol s s ol s s ol sl ol ol s
Je i i e i i e i i e i i e i i e e i e e i e e i i el i e e e e e e e e e e
e el el el e L
N N a; e A sl el s e sl sl el sl sl sl s sl sl 2l ol
e W e e e e e e e e e e e e
Je i i i i i e i i e i i e i i i i i i i i i i i e
Cal ol ol ol ol el ol el ol ol ol e e ol sl el ol s el ol s
Jed i e i e i e e e i e e i e i e i e e e e e e e e e
i a a ar aa L
Je i i i i e i i e i i e i i e i i i i i i i i e e s sl sl sl sl sl el e s el sl sl sl ol ol
g & quk#k*#kk#k*ﬁk#kk#
ak##MmM“.q...k&...&.q...k& e i e e i e e W
Cal o i a a Ll C ) P sl oy
NN Cal o i i i i e i i e i e a a a a al
W Xy e e B e e e W g ek ..................hﬂﬁ...............
N A al CaE M i e ....q.._.#.._.m W#k* u i e N
Ca .ﬂ-.#kk&"k#k*# e L r*#gk*#kk P
ENNUN i N Ea ) W i e i e e X CaC CaC el
Cal P Eal oy Ca a0 & Ea i a a a) Pl sl oy
DN X e X e e i e *k&ai(ﬁ**k&#w}.k&#&-
&.........Iﬂ Eal s Ea LN P ) Xk
> i i b o i i i S AN i i i i r N a i i i
6 Cal ¥ X o i & .._r_k.q...lu{ﬂ_.k...... Wk ok
>y i ' i Wi i X e e ) i X W
Cal ol ol o) Eal e P sl oy
NN gl e e 3 i i i i e e i i i i a2l e e .
Wk ¥ X EE N LN .q&MM%...##... X d i
> i 'y i i Pl sl s i i i X i Pl Eal sl el ol ol
W X ¥ X P L P AL AL N WL AL AL NN
EN AN i X a i i e e e i i i i e ) L) Cal ) CaC e
Cal el ol i o el s sl s s ol s ol al’ & iy A
f ...&...&ﬁ}ﬂ.' N N Al m&}.k*m}.ﬁk*k&*&**k&*&-
W O A ) P LN P s
> i iy ' i i i i i e i i i i i r Cal s el )
Cal ¥ C N N L i e P
NN e X i Ca AN e N ) N N ol N
CaE i el ol el ol Eal sl s a aa; e P
0 N ) d i i e i e i e i i i i ey kk}.%&}.&&*&i_—#k*&-
CE N W P o d i LN i X a ke ke x yy
i i B e i i ....q.__ﬁlm-...k.q... i i CX e e )
o Pl k...-_l.___.-_l..__.r# Pt L W e #ktﬁ#kk#
> i ar iy X ¥ e i i i i i e O A T i i
Cal ol e S Pl i A ) o e i
PN ) ....................u._imlln......... i e e e P I N N
CE N N d A oy L e N XA X
i i e i e i u i i i P N i i i ur Vi i i i i e i
Cal ¥ P A S & >y PN wl”n!k*#
NN ar LN AN N NN NN i e e e X i e i
Cal #%k# Ea ol Ll L) i ;
S ...k&&ﬁ.q Caa) .4-_-..*...&.;...&.;... i iy Yl i }.3*}. B b dr ke d A Ak
W X ke dr e e i L N e iy
> #&*#k;#.ﬁ.ﬁ&&*#&k#k&# e o s W Al A sl o sl s o sl sl o sl el 2 ol
Ca Ea ) e e L a e e
> i i i i i e iy U i i i i i i i i i e e ....q.q....q.q-ﬁ!m-_...&*...&&...&._
Ca e e e e e o el ol e el Al e ol s o ol s ol ol L N o A
Jede e e i e i e e e e e e e i e i e i e e e e e e e e e
t i a a ar aa L
N N a a N a aEN; e s e e s e e s el sl sl sl ol ol
g a W e e e e e e e e e e e e e e e e e e e e .
A i i e e o a ae aae a aar e  ae r i i o e e a a a  a a a a a  a  ae a a
Ca A e s e s e s e s e el s
e Jo i i e i i e i i e i i e e i e e i e e i e e i i el i e e e e e e e e e e
e el el el e L A
L]
e e e e e e e R M A M
...H H H H H.q” H&H#H...H H.q”...k H#H H#H#H#H&H#H...H H.q” * H#H...Hkn#u...”&”#”...” H#H#H&##H#H#H#H#H H#H...Hkn H...H H
o i i o i i i o i i i o o o
s A e s s e e A A
akk&k&b.&k?”&k#k;#kk#k;# ;k#k&#&kﬂi}“k#k;#kk#k;#k
CaE e C ) N
N s N N M N N i i i i i X Ve i i i i i
d e el e e e U e e e e e e e e e e e e e e e e e e e
Jd i i e e i i e i e i i e o Nl e el
&#k*#kk#k*kw.«kk#kk#kk#k. el ol ol ol ol el oy S
Je i i e i i e i i e e e i e e i i e i e e i Wi i i e i e e o i i e
L e e e e e e i e e e W e e e e e
i i i e i i i i i el el ) e i i i i i
U e e e W
N ) i i i i i i i i i i i W e e e e e e e e e e
&#k*#kk#ikk#kk#kk#kk#k. CaE o el oy o e sl s o ol ol ol el ol
ke i e o e i i i e i e # e e e i e e i e
######*#%*###*ﬂﬁ######. N NN NN NN N NN N X
i i i e i i iy i i i i N N ) Ca) ur i i i ey
CaE Xk Mol kX k kkd #kk#kk#k%#kk# X
N N A N N NN N NN NN N Nl T N s X e
Ca ) Pl s e
a_k&&&&...&*%*&**&m&&*&&* AL N M M W M N d i i i
CaE el e e e e Al e e i E mk#k## X
N ) o i e i e A i i Pl )
e PPN LN N N k#k*#ﬁ#k*#kk#
N A A NN o NN i i i i i N CaC e
Cal sl el o ol oy k...k_-ma_ﬂk......k...k. CaE o el oy Pl ) e e
ke i e X i e e W e e e T e e
CaE e Wyl e E k#k#@#k##kk#
N ) i i a i i i i i i i i i e i i i i i o i iy
4 o AL NN NN MM e D A A e
N ) i e e N T A o e e e
Cal el o sl o'y e Ty Tap ap p e r dp ar Vaeap Ve Yae i Cal ol ol el ol Ea) sl sl o ol ol 3
N ) i i i i ﬁ.................. ;;#1&#1;#%#;#&;##;#1;#1
) X i a al N ) *####tﬂ-?.######...
N N ) CCE A A N # e e i L iy P )
CaE ) dr e e e W e e e i E ) Sy e e e X
2 N ) Ca Y AN N U a i i i e i i iy i i iy
Cal sl el o ol oy .qk...k.-}r_...k...kk....q. CaE o el oy Eal P ol sl o ol ol
a_&*&...&...&.qﬁ*&##t e e +k*k&#&*t§&**t{-ﬂ&k*k&#&
CaE 1....1%...................... E EE Nt e el
N ) i i i e e i i i e i i i i i i e
0 o e N e e e e e e e e k*kﬁﬁﬁ;k#k##kk#
Jed i i e i e e e i e i i i e N
A e e el ol s el o s ol s el s sl ol s ol ol S
N ) e i e e e LR N NN i i e i i i iy ey
&....q.q....q.q...““#............ N a a a C u"_................q........................
N ) o i i i e A L iy Pl el )
q- CaE ) ar e e e Xk ko xd E ) P
N A i e i i i i C o L N e N N
d i e i g Ly e e e i N W A
.-.........#...........Nx......... X e e W e e e e .........-i”.........k.........
CaE s L N C EE N el
N ) i i i i e e el e a als i dp Wi i i
e kk#l_ﬁﬁs..kk...k*#k. e e e k*%k#k##kk#
e e e e i o i e e i e e e 'k#k&#kkkﬁk*.. X e e
&#k*#kk#ﬁ&k#kk#kk#kk#k. Ca o ol el oy e o o o 2 ol ol 3
[ 2 N ) X i i e e e e e e i e i e e e X i i i i i i e i
CaE o e e e e e e e e e i C e e e
i i i e i ar i i i e i e O el el i i i i i
S ##k##k##ﬁ&#kk#kk##k##k. N Jr g e e dr b U ke i ke kR
N ) o i i i i i i i i i i i i ) i i i i i i i i iy i i iy
Cal el o ol al's L CaE ol el oy e el o o ol ol el ol
N ) e i e i e i e O T A )
EE N N ) el el
N ) i i i i i i i i i i i i N N ) i i o i i i i i iy iy
CE '  aa  a a a al  a a a a a N N N N N
2 A e e e gl e e e e o e el U e e e e
CaE e s oy s C S A s s el oy
Je e i i e i i e e e e i e e i e e i e i e e P e N aa )
e o el S a a aa
B s e s el s s sl el sl sl sl sl sl o)
e e e e e e e e e e i e i e e i e e e e e e e e i e 0 e e i e e e e i e e e i e e e e e

A A

a

B iy P i i g P Py iy Py Py iy Py Py iy

2k h h h h k& k k k& Ak Ak k k ko ko

s b b Lk b b bk h h ok b kb bk Ak k kA N

MR I e N

2 4 2 h h E h kA E k k ko ok k k kM Ak k kA M

N N YN
RN,
R I T

4 & &k h h h h k k k kb E B Rk Nk kA M
NN T

dr 4 &k h kb b &k k ko ok k k& k k k kA M

Rk bk B Bk § h h bk k k Ak k k kA k

YRR RN NN, NN,

i dp i RN RN

. &k ¥ b ¥k ¥ i I RN F e N )
S dr dr dr dr b d ke IR NN ] x5 RN
B T T T N RN
L e e &k h h ok Wk RN
J d d b o & & dr droa R RN
e e e e e b A de de dp RN R
dr kb b & & b & k i k & IR N,
wldr de dr 0 dp o dr 0 O b dp RN RN
dr d Jrodr 0 dr O dr dr dp & 4k h h h kM Bk ok kb bk k Ak k kA M
rhdr i b bk YN RN
ik b & b b X X &k RN NN,
N N A N N LA R v.._.._.._.._.._.__.._.._.._.._.._.r.._
LY ....._..r.._..r....r.._..._. 2 e e e e .._..-.-..._.__.._.r.r 2 a e aa
ik i X i i J ¥ dr &k Ok 2k h h Jy  h E k k kA M
rhr X ki RN I RN
aC N ki i oo b b E A AN r a NN
rd de A P RN N &k ok ok ok Wk
ik i Xk ¥ i k& EEEEEEN] Y N
s d X i dr i Jr RN NN X RN
dr b i A ol rd h h k d g h A d & NN
dd ke L N Y Lk h h ok ok k&
d k0 b i X i i & RN i bk RN
s de g e a0 0 b & &k kS a kA k k kh om kh ok ok ok k Ak Ak ko
ik ¥ X k ik k & b &k kN b b kb g h kA M
o d d o dr o dp N RN
ik i X X i X - Y F h h k NS
sdr dr b Nd b i ko X i r 2 & b kK .._.._.._.__..-.'.Jl___.__.._.._.._.._.._.._
iy i X o Y P I I I i R A g
2 e e N RN

X X & 'R o NN NN

N N R RN

gk k b b b b b k& I

Ak h h h kN #

RN

PR

¥
i
'
IS
i
X
'
i
¥
IS
»
5
[
r
]
r
[
r
[
L
]
r
[
]
[
[
]
[
L

-
) I i Jr ar h k oa M RN N
............._..._............................................_. L [ e A e N W
e e e e e de e e 0 LA T T N T T T T TN
l..r....r.........._..r...........r.._.........r....r.._..-. NN .._J...__.._.._.._.._.._.._.._.._.._.__.._.._
W h o drodr b o d ok dr RN a b b & h b b b k& & & I
o de dode o de ko ~h b kN RN N
U ko ki RN [ T T A e N W
kod e dp ke dr A - N RN
i i drodp b b kN ok kb ko b kb ok kA S

D Ak kA ' EEEEEEEEEN;

. L I I s

IR EEEE ]

r & b &k &b b b b b kb b b kb kb kA J
R N

sk b kb & b bk b kb bk b kA kA kA I
R .

b b b kb b b kb b b b b kb koA I

Jrh & & b b b b & & b b bk h kb & hok

R N

wh b b & & & kb b b &k & kb b oAb kA k

dr h b & b b bk b ok bbb b h b ki ¥

E
E
E
E
E
E
E
E
E
E
E
E
E

P

44
PR EEEEFEEEEEEEREEEREEERER .

h_N_&_
Jr:'r:Jr:'r
ol
Pl
Xy
¥
¥
% x
a»
o
X x
Pl
x
Pl
s
llb*b r
F
F
[
I
FrFr
bbb
r b"
.
r
r
b*b
r



US 12,022,172 B2

(aFuey o

iy

HHHHHHHHH“I"I"I"I"I"
Ao K A KK XK KR
oM NN X XEREXRERE
HHHHHFHFHHHHHHHHHHIH

F
H
F
o
o
E
]
H
Al

|
-
H
o,
>
>
>,
.
Al
Al

M
"H
M
P,
FY
o,
Y
F
]
o
Hd
o,
]
F
Y
’H ]
o,
F

Al
]
)

i
e
o

HHHHHHRHH

e
A A N A
IHH"HHH!
MM A
H:H:H:H:H
L/ MM
L/ F
L/ N oM N
o F
A,

Sheet 6 of 6

Jun. 25, 2024

U.S. Patent

£

2

L

Y WY W W W W W W W Wy

' ! i gl g
| “r*x"n
E i |

)

i

£

.
PN
X
X X
. n
E
X X
N X

a

A
XM
H“H“HHH .
HHH E

ue 9d0 Y

6 "DIAd

B e Y

s

e

- !
A R A A A A A A MK
B oo o o o o o o

-+ &
Ve
i
AL

LE NE N N NE N N I O )

Y ..
L q - =
. . . .ll“l"l ..
X . B = = = x TN
X R
X R RE N
AR v,
= T
X" ERRRER~RERERERH
L ’ e "a"ann“u":aaaa .
] - L - -
] . co L NN
..“n I . a"n“a"n"a“
R R E N o G
B R x x ww w
" r B w x r x xR
N e
"R R A
L 3 ) e

A
I I
A
X

nv_””nnanxﬂxnxﬂv rv.v_v
H::.ﬂfﬂ.xn.xjxax:”

.
FY

Al Il!xil!

XX T
?lx?d

A
- i'd’i'!’?!




US 12,022,172 B2

1

METHODS AND APPARATUS FOR
MULTI-SPECTRAL IMAGING PYROMETER
UTILIZING TUNABLE OPTICS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The 1invention described herein was made by employees
of the United States Government and may be manufactured
and used by or for the Government of the United States of
America for governmental purposes without the payment of
any rovyalties thereon or therefore.

BACKGROUND

Accuracy of current radiometrically calibrated imaging
systems 1s aflected by emissivity vanations within the
ficld-of-view. There 1s no way to provide automatic, 1nde-
pendent, emissivity-based temperature corrections at the
pixel level, for cameras that operate with broadband detec-
tors. Multiwavelength pyrometric systems can make emis-
s1vity-corrected temperature measurements, but they are not
imaging devices and lack the ability to view surface gradi-
ents and other subtle variations 1n the field of view. For best
results, their usage 1s restricted to applications with uniform
temperature profiles within their field-of-view. Data 1s basi-
cally a pomnt measurement and displayed as either and
average or peak value.

Current radiometric infrared 1maging systems utilize fixed
aperture optics and vary the sensor integration timing to
achieve higher temperature ranges. This limits the dynamic
range ol the temperature data the system can display for a
given sensor mtegration time. Current optical systems that
make measurements at several discrete wavelengths require
the use of multiple optical filters with fixed optical proper-
ties, and are typically controlled with electromechanical
devices that are slow, bulky and require high power.

For example, modern radiometric infrared cameras and
pyrometers have some design elements that limit their
performance, accuracy, and functionality. The radiated
energy from a body due to 1ts temperature 1s proportional to
temperature at a rate of T*, meaning that a doubling in
temperature yields a 16-fold increase in radiation output.
Current radiometric cameras use fixed-aperture optics and
are calibrated using specific detector pixel integration times
to extract temperature data from scene radiosity. Because
detectors have limited bandwidth and pixel full-well capaci-
ties, to expand the min/max temperature range that can be
measured, 1t 1s necessary to vary the detector pixel integra-
tion times to prevent data loss due to saturation/underfilling,
of the electron wells.

Modern radiometric infrared imaging cameras also rely
on estimations of the target emissivity in order to get
accurate temperature data. Spectral emissivity 1s a function
of temperature and wavelength, and 1s typically the largest
source ol uncertainty in radiometric data. Large changes 1n
target temperature could also result 1n dramatic changes in
its emissivity, causing errors to propagate. Additionally,
natural variations in scene emissivity can also skew results
and commonly require correction by hand.

Ratio pyrometers do have the ability to correct for emis-
s1vity eflects but are not true 1maging devices, they usually
give either averaged or peak, single-point temperature data
within their field of view. There are a few 1maging pyrom-
cters that combine the benefits of a focal plane array type
imaging sensor with a multi-wavelength pyrometer, but they
are limited 1n capability. For example, 1n one case a multi-
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color pyrometer samples a fixed region within the 1mage,
then uses the emissivity compensated data from those pixels

to provide a blanket correction to the rest of the image. The
assumption 1s that the remainder of the pixels outside the
pyrometer portion of the image has similar radiometric
properties. This 1sn’t usually the case 1n complex, real-world
imagery and provides results that are less than optimal.

BRIEF SUMMARY OF THE TECHNOLOGY

A multi-spectral 1maging system utilizing tunable optics
according to various aspects of the present technology
includes a tunable optical filter coupled to a broadband
imaging system. The tunable optical filter allows discrete
infrared wavelengths to pass to the broadband i1maging
system so that monochromatic infrared 1mages of a scene
may be captured. An 1mage processing system may process
selected monochromatic infrared images by using a ratio
technique to generate an emissivity-independent thermal
image ol the scene. The tunable optical filter may also be
used to adjust a quality factor and control an amount of
radiated energy that 1s passed to an image sensor of the
broadband 1maging system thereby acting as an aperture to
account for both low and high radiance portions of the scene.

One embodiment of the technology 1s a multi-spectral
imaging pyrometer system that measures the radiated energy
ol a scene at selected discrete wavelengths 1n the 2 um-10
um range using a focal plane array-based imaging camera.

Another embodiment of the technology 1s an 1maging
system that utilizes a single, tunable optical filter and a
broadband infrared imaging camera system to generate
discrete 1images at a series of selected discrete wavelengths.

Another embodiment of the technology 1s to provide a
multi-color pyrometer with true 1maging capabilities that
can generate emissivity corrected temperature data from
cach 1mage pair.

Another embodiment of the technology i1s a tunable
optical filter having a tuning capability, allowing 1t to
actively change 1ts center wavelength (CWL) and the band-
width of 1t’s full-width half maximum (FWHM) on the order
ol nanoseconds-milliseconds (GHz-MHz) tuning speed. The
FWHM 1s related to the Q-factor (quality factor) of a
resonator, which 1s a measure of the strength of the damping
of 1ts oscillations, or for the relative linewidth. The CWL
tuning capability of the optical filter 1s used to create
monochromatic infrared 1mages at various wavelengths.

Another embodiment of the technology 1s to use a ratio
technique to calculate emissivity-independent thermal
image (radiomaetric) data of the scene according to a series
of generated discrete monochromatic infrared images at
selected discrete wavelengths.

Another embodiment of the technology 1s actively vary-
ing Q-factor of the tunable optical filter to control an amount
of radiation reaching an 1image sensor to limit pixel satura-
tion/underfilling, and expand the dynamic range of the
temperature data 1in the image for a given pixel integration
time, stmilar to that of visible HDR (High Dynamic Range)
photograph.

Another embodiment of the technology 1s the use of a
broadband infrared imaging device as a multiwavelength
ratio pyrometer to calculate temperature using a ratio tech-
nique at specific wavelengths rather than using the same as
a broadband imaging device and calculating temperature
based on the mtegrated signal across the entire wavelength
range of the detector.

These and other features, advantages, and objects of the
present technology will be further understood and appreci-
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ated by those skilled 1n the art by reference to the following
specification, claims, and appended drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The patent or application file contains at least one drawing,
executed 1n color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Oflice upon request and payment of the necessary fee;

FIG. 1 representatively illustrates a multi-spectral 1imag-
ing system 1n accordance with an exemplary embodiment of
the present technology;

FIG. 2 representatively 1llustrates a tunable optical filter
in accordance with an exemplary embodiment of the present
technology;

FIG. 3 representatively illustrates a flowchart for gener-
ating and combining discrete temperature images into a
single image in accordance with an exemplary embodiment
of the present technology;

FIG. 4 representatively illustrates a blackbody spectral
energy distribution 1 accordance with an exemplary
embodiment of the present technology;

FIG. 5§ representatively illustrates a spectral irradiance
rat1o 1n accordance with an exemplary embodiment of the
present technology;

FIG. 6 representatively illustrates a flowchart for adjust-
ing a Q factor 1 accordance with an exemplary embodiment
of the present technology;

FIG. 7A representatively illustrates a spectral energy
distribution for a high radiosity target image 1n accordance
with an exemplary embodiment of the present technology;

FIG. 7B representatively illustrates a spectral energy
distribution for a low radiosity target image 1n accordance
with an exemplary embodiment of the present technology;

FIG. 8 representatively illustrates a flowchart for gener-
ating a high dynamic range image based on radiosity in
accordance with an exemplary embodiment of the present
technology; and

FIG. 9 representatively illustrates a flowchart for gener-
ating a high dynamic range 1mage i1n accordance with an
exemplary embodiment of the present technology.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

For purposes of description herein, the terms “upper,”
“lower,” “night,” “left,” “rear,” “front,” “vertical,” “horizon-
tal,” and derivatives thereof shall relate to the technology as
oriented 1n the corresponding figures. However, 1t 1s to be
understood that the technology may assume various alter-
native orientations and step sequences, except where
expressly specified to the contrary. It 1s also to be understood
that the specific devices and processes illustrated in the
attached drawings, and described in the following specifi-
cation, are simply exemplary embodiments of the inventive
concepts defined 1n the appended claims. Hence, specific
dimensions and other physical characteristics relating to the
embodiments disclosed herein are not to be considered as
limiting, unless the claims expressly state otherwise.

Aspects of the disclosed embodiments may be described
in terms of functional block components and various pro-
cessing steps. Such functional blocks may be realized by any
number of components configured to perform the specified
functions and achieve the various results. For example, the
present technology may employ various optical imaging
devices, filters, materials, and geometries, which may carry
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out a variety of operations. In addition, the technology
described 1s merely one exemplary application for the dis-
closed device. Further, the present technology may employ
any number of conventional techniques or methods of
capturing, focusing, filtering, or manipulating any type of
inirared 1image data received from a target image, scene, or
field of view.

Methods and apparatus for a multi-spectral 1imaging sys-
tem utilizing tunable optics according to various aspects of
the present technology may operate 1n conjunction with any
type of temperature-based measurement system such as an
imaging pyrometer system. Various representative imple-
mentations of the present technology may be applied to any
type ol 1mage capture device or infrared thermal imaging
system for measuring one or more distinct wavelengths from
a test object or target 1image.

The multi-spectral imaging system may be configured to
measure the radiated energy of a target image (scene) at
selected infrared wavelengths within a predetermined range,
using a focal plane array type imaging sensor. The multi-
spectral 1maging system generates monochromatic infrared
images at various discrete wavelengths and may then use a
ratio technique to calculate emissivity-independent thermal
image data of the scene according to the generated mono-
chromatic infrared images at the selected wavelengths.

Referring now to FIG. 1, 1n one representative embodi-
ment, a multi-spectral imaging system 100 may comprise an
image capturing device 102 positioned to capture image data
from a target image 108. A tunable optical filter 104 may be
positioned between the target image 108 and an 1maging
sensor/detector of the 1mage capturing device 102. An 1image
processing system 106 may be coupled to the image cap-
turing device 102 and the tunable optical filter 104. The
image processing system 106 may be configured to control
the tunable optical filter 104 to select two or more desired
wavelengths. The image processing system 106 may also be
configured to control the image capturing device 102 to
capture 1image data at each of the selected wavelengths. The
multi-spectral 1maging system 100 may be further config-
ured to measure radiated energy from the target image 108
at the two or more selected wavelengths within a range of
about 2 um- to about 10 um to generate emissivity corrected
temperature data for each image.

The 1mage capturing device 102 may comprise any suit-
able system or device capable of collecting any suitable
image data, such as radiated energy, within the focal plane
of the image capturing device 102. For example, in one
embodiment, the 1image capturing device 102 may comprise
a broadband inirared camera configured to generate a two-
dimensional thermographic scene from infrared radiation
emitted from the target image 108. In one embodiment,
infrared thermal energy between about 2 um and about 10
wm 1s radiated from a complex, three-dimensional scene, and
viewed by a conventional, quantum-detector based iirared
imaging camera that 1s configured to generate image data.

The 1mage capturing device 102 may comprise any suit-
able device and may be selected according to any desired
criteria. For example, a quantum-detector based imaging
device may provide benefits such as enhanced sensitivity,
faster detector response time, and a high degree of optical
resolution as compared to other types of imaging devices.

The mmage capturing device 102 may be allowed to
operate 1 normal broadband mode during use. In this
manner, the 1image capturing device 102 is not required to
have any native filtering capabilities thereby allowing for a
broader range of 1imaging devices to be used. The image
capturing device 102 may also have any desired frame rate



US 12,022,172 B2

S

that 1s capable of meeting a desired test set up. For example,
in one embodiment, the 1mage capturing device 102 may
have a frame rate of between about 1 kHz and about 30 kHz.
In an alternative embodiment, the 1image capturing device
102 may be suited for higher speed operation and have a
frame rate of up to about 200 kHz. It should be understood
that these frame rates for the image capturing device 102 are
merely examples and not intended to limit the frame rates of
the 1image capturing device 102.

The tunable optical filter 104 allows the 1image capturing
device 102 to be used in a conventional manner, with the
detector operating in broadband mode, but function as a
multi-color ratio pyrometer with true 1maging capabilities.
For example, the tunable optical filter 104 may comprise
phase-change materials (PCM) and be positioned between
the target 1image 108 and an imaging sensor of the image
capturing device 102. The PCM may comprise any suitable
material or materials (e.g., GeSbTe, GeSbSeTe, SbSe) and
may selected according to any desired criteria. In an exem-
plary embodiment, the tunable optical filter 104 may have a
PCM comprised of Ge,Sb,Te- arranged as a phase-change
cavity embedded between distributed Bragg reflectors
(DBRs) to enable spectrally-tunable (bi-stable) all solid-
state FP-bandpass filters operating across a range of about 3
um to about 5 um. [See Table 1]. Other PCM materials may
be selected to provide differing operating ranges.

TABLE 1

CWL FWHM ‘Transmittance Phase-Change Materials

An Qm (um) {(nm) 1 (%) (Amorphous/Crystalline)
A1 Qmin 3.46 100 85 Ge,SbyTe< (A)
Al Qmax 3.46 500 85 Ge,Sb,yTe (C)
A2 Qmin 4,00 100 85 Ge,Sb,Tes (A)
A2 Qmax 4.00 500 85 Ge,Sb,yTes (C)

Referring now to FIGS. 2 and 3, the tunable optical filter
104 may be configured to be selectively switched between
user selected center-wavelengths A,, A, ., A,, allowing the
image capturing device 102 to collect a series of single-
wavelength, monochromatic, two-dimensional 1mages 302,
304. The tunable optical filter 104 may be switched between
the selected center-wavelengths at a rate faster than the
frame rate of the image capturing device 102 such that it 1s
possible to take continuous 1mages at the selected center-
wavelengths as fast as the image capturing device 102 1s able
to generate them.

With particular reference to FIG. 3, at the pixel level, the
intensity values of the monochromatic 1images 302, 304
represent the wavelength-dependent, blackbody energy
emitted by the target image 108 due to its temperature.
Ratioing the measured spectral irradiance for each wave-
length A, A, yields emissivity-independent temperature data
at each pixel. These discrete monochromatic 1images 302,
304 may then be combined by the imaging processing
system 106 1nto a single combined temperature-based image
306 displaying the emissivity corrected temperature data for
the target 1image 108. This combined 1mage 306 displays
temperature of the target image 108 that can be read along
a temperature scale 308.

In operation, the spectral energy density distribution emit-
ted by a body due to its temperature, as a function of
wavelength, 1s given by Planck’s Law [Eq. 1] and shown 1n
FIG. 4 for a 600° K blackbody. The location of the radiation
peak, as well as the spectral energy distribution predicted by
Planck, 1s unique for each temperature. Since Planck’s Law

1s well-behaved,
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[Eq. 1]
Ey =

8hc’ [

o
A’S(Ehcﬂk’f’ _ 1) mz)um

and 1f the surface emittance remains constant at wavelengths
A, A, it is possible to predict the temperature of an object
by knowing the spectral energy at two wavelengths on this
curve. In the example shown, the ratio between A, and A, is
1.45. Referring now to FIG. 5, plotting the spectral irradi-
ance ratio [A,/A;] over a wide temperature range illustrates
the correlation between wavelength energy ratio vs tempera-
ture. Specifically, for each wavelength ratio (e.g., 1.43),
there will be a unique temperature.

The PCM of the tunable optical filter 104 may exhibit a
large reversible refractive index shift through an applied
energetic stimulus. This allows for a rapidly tunable filter
that may be selectively switched between one or more
specified wavelengths. For example, in one embodiment, a
PCM may be used as an “active” cavity in a Fabry-Perot
filter. Through mtegration of the PCM, the tunable optical
filter’s 104 center wavelength (CWL) and Full Width Half
Maximum (FWHM) may be actively tunable on the order of
nanoseconds-microseconds (GHz-MHz), a rate which 1s

generally faster than the frame rate of the image capturing
device 102.

Changes in the CWL and/or FWHM are related to the
quality factor (Q) of the filter. The Q of a resonator 1s a
measure of the strength of the damping of 1its oscillations, or
the width of the power spectral density of the electric field
per unit wavelength/frequency. The tunable optical filter 104
1s tunable because the CWL and FWHM tuning 1s a function
of the refractive index of the cavity, which 1s a function of
the PCM state (amorphous or crystalline). This behavior
may be electronically controlled by the 1image processing
system 106 and can be operated time-sequentially (e.g.,
nanosecond time scale), again, at a rate 1n excess that of the
frame rate of the image capturing device 102.

The tunable optical filter 104 1s configured to be dynami-
cally tuned between two or more wavelengths with each
state change. It 1s possible to vary the CWL of the tunable
optical filter 104 to any value between the CWLs of the fully
crystalline/fully amorphous states by varying the ratio of
crystallinity/amorphicity of the filter medium. This flexibil-
1ty 1s highly advantageous when the emissivity—which 1s a
function of temperature and wavelength—1is no longer well-
behaved and changes significantly between A, A,. A tuning
range of the tunable optical filter 104 may be adapted to
cover the visible to mid-wave infrared (MWIR) (600 nm-15
um) spectrum, and the FWHM can range from less than
about 1 nm to several um, but 1s not limited, and 1s based on
the transmittance range of the filter materials. For example,
Ge,Sb,Tes 1s transparent between about 2 um and about 10
um, and Ge,Sb,Se Te. _ 1s transparent between about 800
nm and about 15 pm.

The combination of the tunable optical filter 104 with
variable CWL and (Q with a convenfional quantum-based
infrared 1mage capturing device 102, allows the multi-
spectral 1maging system 100 to function as a tunable,
multi-wavelength pyrometer with imaging capabilities. Tun-
ing the tunable optical filter’s 104 CWL and Q factor makes
it possible to generate accurate temperature measurements,
beyond the ability of currently available conventional IR
imaging cameras and multiwavelength ratio pyrometers.
The 1mage processing system 106 may be configured to
generate an accurate temperature measurement of the target
image 108 using a two-wavelength, ratio technique. For
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example, the 1mage processing system 106 may be config-
ured to assume that an emissivity (¢) at each sampled
wavelength A, A, remains constant &, =g, . Therefore, the
ratioed emittance values ¢, /e, will cancel, and will have no
cllect on the measured radiance. Emissivity 1s a function of
temperature and wavelength, and the ability to dynamically
vary A, A, gives the image processing system 106 greater
flexibility over conventional pyrometric systems when ¢, /
e, =1, by allowing the image processing system 106 to
select, either automatically or 1n response to a set of prede-
termined factors, alternate wavelengths which satisty the
constant emissivity requirement. Additionally, the PCM of
the tunable optical filter 104 1sn’t limited to transitioning
between only two wavelengths corresponding to 1its fully
crystalline/Tfully amorphous states. The CWL can be tuned to
any number (n) of intermediate wavelengths, A, A,, A5, . .
. A, that exist between the fully crystalline/fully amorphous
states. The number of possible states 1s limited only by the
resolution of phase-change power supplied by the switching
clectronics.

This degree of instant tunability 1sn’t possible with cur-
rent pyrometric systems that rely on conventional, fixed
CWL/Q factor optical components to make their measure-
ments. Further, current radiometric infrared imaging sys-
tems use large diameter/low f-number (1/#), fixed aperture
lenses to control the radiant flux reaching the 1image sensor.
Higher calibrated temperature ranges are achieved not by
limiting the radiation flux with higher f-number optics, but
by reducing the integration time on the detector sensing
clements. This limits the ability of conventional optics
system to adequately function 1n all situations.

Contrary to conventional systems, embodiments of the
disclosed multi-spectral imaging system 100 1s also config-
ured to limit the radiation flux by changing the Q factor of
the tunable optical filter 104. The ability to vary the filter Q
factor of the tunable optical filter 104 allows it to act as a
solid-state adjustable aperture, effectively allowing the tun-
able optical filter 104 to selectively increase or decrease the
amount of radiant energy that 1s passed to the image sensor
to prevent pixel over/under saturation. For example, with
reference now to FIG. 6, the image processing system 106
may be configured to adjust the Q factor of the tunable
optical filter 104 for a set of desired pixel signal levels to
create an 1image pair [1, /1, | and calculate a global tempera-
ture. For portions of an image scene that are very bright
(¢.g., pixels that are not 1n a desired range), the QQ factor may
be made smaller to reduce the amount of energy that enters
the 1mage sensor of the 1image capturing device 102. Simi-
larly, for portions of the image scene that are darker, the Q
factor may be increased to allow more energy to enter the
image sensor of the image capturing device 102. Once a
suitable set of QQ factors 1s determined, the image pairs may
be generated and the temperature of the target image 108
calculated.

Referring now to FIGS. 7A and 7B, using the tunabaility of
the tunable optical filter’s 104 Q factor, the 1image processing
system 106 can create a composite radiometric image with
an extended dynamic range from a series of images that were
optimized using different Q factors. For example, the image
processing system 106 may first create a series of 1mage
pairs [1, /1, |, each taken at different Q factors (Qmin=30
nm, Qmax=1350 nm) and optimized for regions of the scene
with high/low radiance respectively. Varying the Q factor
increases or decreases the transmitted energy to the image
sensor of the image capturing device 102, thereby enhancing
an 1mage for either high or low radiosity target images 108
without the need for an adjustable aperture on the multi-
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spectral 1maging system 100. Referring now to FIG. 8, the
image processing system 106 may be configured to combine
these optimized images together to generate a composite
image with an extended dynamic temperature range. This
High Dynamic Range IR (HDRi) mmage would not be
possible by using an 1image pair taken with a fixed Q factor
because portions of the image scene would either be too dark
or oversaturated to process correctly.

Referring now to FIG. 9, the image processing system 106
may be configured to vary the Q factor for the combined
temperature-based 1image 306 generated from the discrete
wavelength 1mages 302, 304 to account for high or low

radiosity portions within the target image 108 and generate
discrete 1mages for Q. 906 and Q___ 904 which can be

FIIF X

combined to generate a final HDR1 image 902 that accounts
for not only high and low radiance portions of the target
image 108 but also incorporates the emissivity corrected
temperature data generated from each discrete wavelength.
The generated image for Q_ 904 may represent a high
temperature range of the image representing a specified first
range 908 of temperatures. The generated image for Q
906 may represent a comparatively low temperature range of
the 1mage representing a specified second range 910 of
temperatures that may have a small overlap with the first
range 908 of temperatures. The 1mage processing system
106 may then combine the discrete images for Q.. 906 and
Q_ 904 into a single HDR1 image 902 covering the entire
temperature range 912 represented by the generate discrete
images for Q_. 906 and Q___904.

These and other embodiments for methods of transmitting
and filtering selected wavelengths of light may incorporate
concepts, embodiments, and configurations as described
above. The particular implementations shown and described
are 1llustrative of the technology and its best mode and are
not mtended to otherwise limit the scope of the present
technology in any way. Indeed, for the sake of brevity,
conventional manufacturing, connection, preparation, and
other functional aspects of the system may not be described
in detail. Furthermore, the connecting lines shown in the
various figures are intended to represent exemplary func-
tional relationships and/or physical couplings between the
various elements. Many alternative or additional functional
relationships or physical connections may be present in a
practical system.

The description and figures are to be regarded in an
illustrative manner, rather than a restrictive one and all such
modifications are mtended to be included within the scope of
the present technology. Accordingly, the scope of the tech-
nology should be determined by the generic embodiments
described and their legal equivalents rather than by merely
the specific examples described above. For example, the
components and/or elements recited in any apparatus
embodiment may be assembled or otherwise operationally
configured 1n a variety of permutations to produce substan-
tially the same result as the present technology and are
accordingly not limited to the specific configuration recited
in the specific examples.

As used herein, the terms “comprises,” “comprising,” or
any variation thereof, are intended to reference a non-
exclusive inclusion, such that a process, method, article,
composition or apparatus that comprises a list of elements
does not include only those elements recited, but may also
include other elements not expressly listed or inherent to
such process, method, article, composition or apparatus.
Other combinations and/or modifications of the above-
described structures, arrangements, applications, propor-
tions, elements, materials or components used in the practice

b
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of the present technology, 1n addition to those not specifi-
cally recited, may be varied or otherwise particularly
adapted to specific environments, manufacturing specifica-
tions, design parameters or other operating requirements
without departing from the general principles of the same.
Any terms of degree such as “substantially,” “about,” and
“approximate” as used herein mean a reasonable amount of
deviation of the modified term such that the end result 1s not
significantly changed. For example, these terms can be
construed as including a deviation of at least 5% of the
modified term 11 this deviation would not negate the mean-
ing of the word 1t modifies.

The present technology has been described above with
reference to exemplary embodiments. However, changes
and modifications may be made to the exemplary embodi-
ments without departing from the scope of the present
technology. These and other changes or modifications are

intended to be included within the scope of the present
technology, as expressed in the following claims.

We claim:

1. A multi-spectral imaging system for measuring a tem-
perature ol a target image, comprising:

a broadband 1mage capturing device configured to capture

image data from the target image;
an 1mage processing system coupled to the image captur-
ing device and configured to receive the captured image
data;
a tunable optical filter configured to be positioned
between the image capturing device and the target
image and coupled to the 1mage processing system, and
having a tuning response time in excess of a frame rate
of the broadband image capturing device, wherein the
tunable optical filter 1s configured to:
allow a first selected infrared wavelength to pass to the
image capturing device in response to a first signal
from the 1image processing system; and

allow a second selected infrared wavelength to pass to
the 1mage capturing device 1n response to a second
signal from the 1mage processing system,

wherein:
the broadband 1image capturing device 1s configured to:

generate a first monochromatic infrared image at the
first selected inirared wavelength; and

generate a second monochromatic infrared 1image at
the second selected infrared wavelength; and

the 1image processing system 1s configured to use a ratio

technique to generate an emissivity-independent

thermal 1image of the target image according to the

generated first and second monochromatic infrared

images at the first and second selected infrared

wavelengths.

2. A multi-spectral imaging system for measuring a tem-
perature of a target image according to claim 1, wherein the
tunable optical filter comprises:

a Fabry-Perot filter; and

a phase change material (PCM) disposed within a cavity
of the Fabry-Perot filter.

3. A multi-spectral 1imaging system for measuring a tem-
perature of a target image according to claim 2, wherein the
tunable optical filter alters the refractive mndex of the PCM
in response to the first and second signals from the image
processing system.

4. A multi-spectral 1imaging system for measuring a tem-
perature of a target image according to claim 1, wherein the
tunable optical filter 1s further configured to adjust a quality
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(QQ) factor to limit radiation flux and selectively control an
amount of radiant energy that i1s passed to the broadband
image capturing device.

5. A multi-spectral 1imaging system for measuring a tem-
perature of a target 1mage according to claim 4, wherein:

the tunable optical filter reduces the QQ factor 1n response
to a third signal from the 1mage processing system
when a high radiance target image 1s detected;

the 1mage capturing device generates a third image 1n
response to the third signal;

the tunable optical filter increases the QQ factor 1n response
to a fourth signal from the image processing system
when a low radiance target 1mage 1s detected;

the 1image capturing device generates a fourth 1mage 1n
response to the fourth signal; and

the 1mage processing system combines the third and
fourth 1mages to generate a composite 1image with an
extended dynamic temperature range.

6. A multi-spectral 1imaging system for measuring a tem-
perature of a target image according to claim 5, wherein the
image processing system 1s configured to combine the
composite 1mage and the emissivity-independent thermal
image to generate a final high dynamic range IR 1mage.

7. A multi-spectral 1maging system for measuring a tem-
perature of a target image according to claim 1, wherein the
broadband 1mage capturing device comprises a quantum-
detector based 1maging device.

8. A multi-spectral 1imaging system for measuring a tem-
perature of a target image according to claim 1, wherein the
ratio technique comprises:

determining a ratio between the first and second selected
inirared wavelengths according to a spectral energy at
cach wavelength; and

determining a temperature according to the determined
ratio along to a spectral irradiance plot.

9. A multi-spectral 1maging system for measuring a tem-

perature ol a target image, comprising:
a broadband 1image capturing device configured to capture
image data from the target image;
an 1mage processing system coupled to the 1mage captur-
ing device and configured to receive the captured 1mage
data;
a tunable optical filter positioned between the image
capturing device and the target image and coupled to
the 1mage processing system, wherein the tunable opti-
cal filter 1s configured to:
allow a first infrared wavelength to pass to the image
capturing device 1n response to a first signal from the
image processing system; and

allow a second diflerent infrared wavelength to pass to
the 1mage capturing device 1n response to a second
signal from the 1mage processing system

reduce a quality (QQ) factor in response to receiving a
third signal from the 1mage processing system when
a high radiance target image 1s detected; and

increase the Q factor 1n response to a fourth signal from
the 1mage processing system when a low radiance
target 1mage 1s detected,
wherein the 1mage processing system 1s configured to:
cause the broadband 1mage capturing device to gener-
ate a monochromatic infrared image at each of the
first and second selected wavelengths; and

generate an emissivity-independent thermal image of
the target 1image according to the generated mono-
chromatic infrared images at the first and second
selected wavelengths
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generate a high radiance 1image 1n response to the third
signal;

generate a low radiance 1image in response to the fourth
signal; and

combining the high and low radiance images to gen-
crate a composite 1image with an extended dynamic
temperature range.

10. A multi-spectral 1maging system for measuring a
temperature of a target image according to claim 9, wherein
the 1mage processing system 1s configured to combine the
composite 1mage and the emissivity-independent thermal
image to generate a final high dynamic range IR 1mage.

11. A multi-spectral 1maging system for measuring a
temperature of a target image according to claim 9, wherein
image processing system 1s configured to use a ratio tech-
nique to generate an emissivity-independent thermal 1mage
the ratio techmque comprising:

determining a ratio between the first and second selected

inirared wavelengths according to a spectral energy at
cach wavelength; and

determining a temperature according to the determined

ratio along to a spectral rradiance plot.

12. A method of calculating emissivity-independent ther-
mal 1image data of a target 1image, comprising;:

positioning a broadband image capturing device to cap-

ture 1image data from the target image;
coupling an 1mage processing system to the image cap-
turing device to recerve the captured 1mage data;

positioning a tunable optical filter between the image
capturing device and the target image, wherein the
tunable optical filter 1s coupled to the image processing
system;

passing a first selected infrared wavelength through the

tunable optical filter to the 1image capturing device in
response to a first signal from the 1mage processing
system;

generating a first monochromatic infrared image with the

broadband image capturing device at the first selected
inirared wavelength;

passing a second selected infrared wavelength through the

tunable optical filter to the 1image capturing device 1n
response to a second signal from the 1mage processing
system:

generating a second monochromatic infrared 1mage with

the broadband image capturing device at the second
selected inirared wavelength;

generating an emissivity-independent thermal 1mage of

the target image with the image processing system
according to the generated first and second monochro-
matic infrared 1mages at the first and second selected
inirared wavelengths; and
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adjusting a quality (QQ) factor of the tunable optical filter
to limit radiation flux and selectively control an amount
of radiant energy that 1s passed to the broadband image
capturing device.

13. A method of calculating emissivity-independent ther-

mal 1mage data of a target image according to claim 12,
wherein the processing system 1s configured to use a ratio

technique to process the generated first and second mono-
chromatic infrared images.

14. A method of calculating emissivity-independent ther-
mal 1mage data of a target image according to claim 13,
wherein the ratio technique comprises:

determining a ratio between the first and second selected
infrared wavelengths according to a spectral energy at
cach wavelength; and

determiming a temperature according to the determined
ratio along to a spectral irradiance plot.

15. A method of calculating emissivity-independent ther-
mal 1mage data of a target image according to claim 12,
wherein:

the tunable optical filter reduces the Q factor 1n response
to a third signal from the image processing system
when a high radiance target image 1s detected;

the 1mage capturing device generates a third image 1n
response to the third signal;

the tunable optical filter increases the Q factor 1n response
to a fourth signal from the image processing system
when a low radiance target 1mage 1s detected;

the 1mage capturing device generates a fourth image 1n
response to the fourth signal; and

the 1mage processing system combines the third and
fourth 1mages to generate a composite 1image with an
extended dynamic temperature range.

16. A method of calculating emissivity-independent ther-
mal 1mage data of a target image according to claim 185,
further comprising combiming the composite image and the
emissivity-independent thermal image to generate a final
high dynamic range IR 1mage.

17. A method of calculating emissivity-independent ther-
mal 1mage data of a target image according to claim 12,
wherein:

the tunable optical filter comprises a Fabry-Perot filter
having a phase change material (PCM) disposed within
a cavity of the Fabry-Perot filter; and

the tunable optical filter alters the refractive index of the
PCM 1n response to a signal from the 1mage processing
system.
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