ETPMEE LSQR-LMBC BINIGE=4EEIHEE"

BRY XYY EERD HED FLEE Y
1) CR B RS E B LR 2B, WL A RS B BR 5 v Bk I 2 s =
B 310018)
2) (P EFERATHEIR TSR, B 310018)
W =

Y AHLRT UL ve IR SR 2 AEAL R G A% | [R5l R LA i et
TERR S PR = 2 B S I A7 AR R 55 . LSQR 2 sRAA AL - A B
R RO i /N 3R 1) R IR 2 MUY, R SR T A = A SR TR BE )
TEARIIR R, R A7 W LU ABUAIR R 155 100 T 2 S G B S B O A SRt PHL
LSQR-LMBC FE##H %, #idfE LSQR J7ikpushnfe e iE Wik,
KIGZ YR FE B PTPERE, 45 OMBC 5%, SEIRI R EOR
IR E 7[RI SR AR o 7R U A 553, W 5 5 1 LU BT [ IS, FHLJE LSQR
EC LSQR HIEH AR INAEE, 1E(EWRELILE] 13.86dB I, HEEAEE K
)3 30%. FHJE LSQR-EMBC HISFHEEIRZEN 6.63%. HIT ki KJE
REAT T 558, SR REK I = iR T 39 00 AT T & 50 5 OB RRIE IR R AE,
O LA R MBI R 25 AT X L, AHXHRZETE 6.8% /2 41 6

KR LML, KIE. =4EEEE Y, FHJE LSQR-LMBC i 5k
PACS: 07.20,Dt, 44.40.+a, 42.30.-d
BE&:FHRARRIFIES (IS 51874264, 52076200) ¥F B .

T JEiE#H. E-mail: mkong@cjlu. edu. cn

#—{E#.BE-mail: lshan@cjlu. edu. cn

1 3
TR BE R K IERRBE PRI I B S —, IR A B TR SO A A i A

it



B, HESHRPRES AR R R R, X = 4R IR, B IR AR
SR KA R ATEAR RN o3 A7, TAGBIBAIRBEA RS S, b G 3
A B, B EAR BRI R AL A, XS ORI & R G 2%
FERT. SRR i R 5 35 RS RO R AN 2 R G sl A MR Y L B
AR LR B r . H AT RN O AR R AR 2 ek, CCD R 3 7 L
FEH IR AR KGR A R, RIEJJE R =R E R, B
flt. YEEORRE L SRVELFSEIC AL, B E ANAMEIIE B B
FARELIZ SR CCD MHLE 6500 2 BUGIER K G SRR b 31T &
, FLIE AR ARLR SR A 3R AR S T 1 4 UG T B JER A3 B0 K
() = IR, AR TE VA AR IR v SO0 A B 5 72 S0 S B A5 KA P i 2
T R S A A 518 70 f# (Truncate Singulas, Valué Decomposition, TSVD)ff] I
WA 735 L T = 4 K i B 3 E vk, el e T B A ) A AN 3
Gilabert Z5PHR H—Ff R F £ CCD 45 O RENT BN K MG HEAT = 2k I B2 @ 1Y)
Jiide ZARNLER Gt AR FT DASREU KGN ) J5 1) (1 K G A5 S, (AL R G
HRFE 2R B CCD #E R mdE i, [FI 2w RAHNLAY [F 22 7 . Hossain
LGN AL 45 CCD AN LI CT BT T VER KA = 4L I AT S,
B EHTERBAERIE 7 M E N AT R 2 . JGBRE IR . FEI R SEHY L Bik
S o [ A N IE I L E BT SO AR GEAR LI A SR 00 B KOG AT R AR 0 R, FE
W BRI T K Jam = s, (HR KIARTEAR 2 EN SR, B
o HILVBUR B U2 22, A DUR AR 3 [F) — B 200 (1 K o G 51
FEIAANAE Ry — Pl B R R AL B, BT TE =4k s gt A9 3 B AR e
(S-141, SRR A HOE S IS 2 MR, AT RLRAS LU AR SR = (D0 4
HIRAEE OB BT G ED, P45 A AR A 8 5% SeE ik

2



=4, BAKZ2A) B.S. Thurow ZEUSHEH T —FhIEF oA e MIbLI = 4t
=5y EEMIEF A . Horstmeyer 2RI F Y 280, H40806 v 56 AR
AR — P 2R G 5 22, T LARLEC (9 5 2O 1 ol 1 A0 i 1R o' 2645
B TEE. Prevedel N G H AR TN ¥4 RGBT b, FERT)
IRAF T R T o v SN2 TS B R . JE S AR N0 b UG HOR (3t
BEAT T IRR, R R R BRI TR R G, TSR eI AL
FXFERRE IBHATIRAE, JEX BN AT TG R R U — sk oty
G AR R T KGR = AR B A . B, PEJRVE DK S e i S 5 20
205 K GRS 1 AR FETT R T IRANIIETE, R MO AN 7k A BEME 1 B
GARHE, B8 T MG UG = A P 3 3 4 (0 BROSRE Bl S AR 7 K (R VA% e ]
B[22 261 K S fE B2 5 5037 IR B AR RH 25 Gy K HIE B AT 5 1 KO 63 USRS
MERTIF T — RIIIITL, JERE T I T ORI ML JJE R R G, K IEEAT T
YRR E A .

AAE e G Sl E, #FH 8 LSQR(Damped Least Squares QR
Decomposition, LSQR)FI IMBC({evenberg-Marquardt with Boundary Constraint,
LMBC) VARG &, ARG I 1 o B s 5k BT TR R 555K, F
B S BOEA GG ATIB T, 17 B g S EATHR S 47 ) 1E [ A 400 S
5, )2 ESQRILMBC KR & HZ UG MG AT I i B B g . X
TR YRR I AT E S, A A A R g A R AT XS EE M
2 [FBS5EE
2.1 JeY UG HR

RICRF LG — OGN, g B E LR, H 2l A
B PRSI DL K CCD MR AR AR AL . Sl SRS AR [ a2k, 4l &

3



BiJE o OB SR SISO BICCDH R, 790 R ISR T A e 2 1500
A —BOES N ARG ER /L RO B GRS M &R s E S5 T7
EEEFSES

4 5T FIEH T 3 1 471 CCh

B 1 e bl a7

Fig.1. Structure diagram of light field\ camera.

ASSOHs =4 KA P R — MR BUR /N XARGE o9 BT iR . FEXS K fe it
T =4ER S EER, T BT AR RIR N, Bty DUR AN RO,
PRI XCP I S HOE RO RBEATIB I 5E e HRAEICIAARHLI N HG 5 A1 (1 4l 4
NG TR, ST A AT IR 28 RUIIA I AL 5 A [k i T (10 3B 2 i 2 S of 2
JEEIB ARy -

(1) MeiE HRWSEER A B H 2% 18] 355 F @ -

X, 1 0 s, O X,
A 01 0 s, Yo
tand, | |0 0 1 0| tan@, |’ (D
tan ¢, 0 0 0 1] tang,
(2) &AL TER
X, 1 0 0 0 x
v | | 0 1 0 0
tan6, | |-1/f, 0 1 0| tang |’ )
tan @, 0 =1/f, 0 1| tang,

(3) B TEEBM e ad B th 2 (7] 2AROE BT

4



X, 1 0 s O X,
y» | |01 0 s ¥,
tan€,| (0 0 1 0] tand, |’ &)
tan @, 0 0 0 1| tang,
(4) ek g
x| [ 0 00| x, ][ 0]
y4 O 1 0 0 y3 0
- ’ , “)
tan 6, -1/, 0 1 0| tan6, | |s,/f,
(tang, | | O ~1/f, 0 1] tang, | |s,/f ]
(5) B WEEBN Lk d B thasla], HASUN A B G AL AR
X 1 0 f O X,
Yso|_ 01 0 f|
tan 0, 0 0 1 O0]fftand, |’ )
tan @, 0 0 0 1| tang,

b, XY AR R T I R T N R D 2638 ML BAR KR, R
Xt NLAN R B SFTT s 50 AT, 23Sl xt P BE AR [ 7, A1 /2 73 il R B B ANl
FEHEERE: s s, FRES OS24 WFEFE R . X @ A1 @ (R EUE T AR
MIEA sz 2, @I NI R TC a1 S Bom gs 0 2 18] (1 PR & A5 21
2.2 KIakE S e AR Y

SN A o P AR A TR (R A Sk R B R e 2 AR IS L BEAT 70 B, RATAR
AT TTREREAT AR PR U I BRI 18] N AT DL KA AR, HEE R
et 2 IR N RE BN T BATER . RS AR Rs P . AR PEMie PR,
TR BRI IR BE T3 KT U RETT, D n] LRI JOE IO RetE, X518

JKIGHIBSCRE KB RIAS AR T RE n] LA ZR

a1t
dr, o,

=-I;+1,, , (6)

A, 2y FoR KIGERST G LRGSR A &, R e L7 T T iR
WeREG £, ZOTIR LT EE s 1, FoRHR S C 4Rt RLK KT i (1 F 4k

5



AT, AW (mPesr) , WRAEG IR ERE, 1, ATRRA:

cA”
Ly=—o—, (7)
e’ —1]

X, THAWMOGRIERE, BANK: o fle, NESEE, 25h
3.7418x10 O e Al 1.4388%102 meK 5 1N KIEFES LK

FEBEAT KA = e S, 5 2R R XI5 W Mok, IR K IRGR
N Q2w W), LI BRI — 3 M A TFERER, RIRE 5N
(1,2,m,---, M) . 1G5 m i) KIE5R e85 n MO, TEFE B 77 i

Wk G5 N (WL w2, wi,wj,---,wn) , K 5(6) B HL £ 21 5 (8)F1(9):
=>4, 8)
i—1

A;;i = eXp(_ Z ij .luy' ) - exp(_z KWj .le)
Jj—i

jitl i<n

i=n’ ®)

A = l—exp(—znllcw.-lw.)

BT R R ST ' 26 iR e v A S 5 B 1 o AR A SXmT AR =R (10) I A B T ko
ly/=.A-1l,, , (10)

K, L R CIIATIRNG AL IR 2% 3515 250 N 1) K I 2 S I 28 1) 2 S 58 P 1)

%[lﬁ,lf,lf,---, j”]; IM%ﬂ%ﬁn%ﬁﬁ%ﬁﬂi&rﬂ%[I;A,I,fﬂ,Ig;,---,l,fﬁ]; A JyiE
ROEEIRITEE[A, AL Ao A A A A o A s Ay A Ao, AL
2.3 FHJELSQR-LMBCH 7%

TERI R B EFNRA R, a3 K UG I = 25 B 3 =5 4 1 il g T 2R 1 S 1l
. SR, TEIHATSEBR KGRI E RS, KIARITRIK RABEEDES R RN,
JE B g O 2R 1 n) A AT A 2R 1 ) R TR A TR . O TN SE R KO T IR S R

R RN AR LA R S EEM S &, MR PR AR Ui /s — ke

6



(Non-Negative Least Squares, NNLS-LMBC) [f] V& & & ¥, 0 &2 [H BO$2 H
Tikhonov-LMBC [ & 53 , 1 5 F S8 T DATE MG = ki R 1 1) 5 i /e o
7 B 5 P R A 3R 8o AR ST A I BELJE LSQR-LMBC Vi & 125 R UL 2 50 S
KGR T = el I

BELJE LSQR & 7EHT LSQR ff2EAl BN n ANPHJE 7 FEBY, B K&K T ff ik

LSQR FENSHIAAAE AT 20(10) 7 )i 5 B 3 2 1) i 1 H A e Eein =X(11)

Aan Iﬁ. mxn

Bl | o
I A " _ L ey (12)
AT -2 || x 0 ’

b, mONBER R n O KIERI D JE RIS . 1 O AR,

I

min

AR T, s, IR 2), Y 456 Lanczos IEAUIZEA I B
/N QR A RELEREATRAEEY, 2 Ay 0, FJE/BSQR iy AR HER) LSQR
ks 1=1 0~ ALy AERZE TR

BHJE LSQR-LMBC V& & &ii: (1) B bR £ -

FTR= 16— Lo - (13)

2 (13) %R BB (G FRA SRIE IRT 3R P REAT IR, L) AR SR ST
LRI B RIS SR TN, 1, ) N IGER SR 1 B 0 S 5 B A A . %0
FRINEERUSIZL SR

(1) AR BB R ORI S0 i SRR, e B Ik MR 3 R 1) e e e
B gy B Loy BN o SRR AT W B . S A7 i S i B AL v A R i
FREIYME, X2 g LM SR MBSO A v v (8] 2 80 AU AT 15
BERIEC k=0, BRIERREON ke =300, v=2, n=2, RURRHHHE

7



N K=K, . REXR NS ST, At ENz8Ho. r.o 8.5, .
H Gy R0 FERRFERE . BEA S THE R ZE R B BiseE &, i
KIEERONER A% P2 S5HEINSH I N o, HPIZREE T 6 (k) X T

A5t K [ — I 0 25 LU BE RO RS o ST ER
a):JTJ’ r:Il‘(G)_Iﬂ(G)’ g:JTr

(14)
Sp = (||g

| <ég&) p=pemax,_, (@)

(2) HRHE v B I B 1) e R L ) 2 (R WA R BV K 0 BB B A ok
7T PRI P8 LSQR St KA T i 1y B (St 5 1 1) ) BB T

T=c,/Alnfc,/(Axl,,)+1] , (15)

(3) FIFHCE T 0 KGR T REGERE 4, FH@ (150 K HEhL
[ R EEA 1, o) () AT TH B

(4) TS HES HLAERE T, RIEEROT AN O . 8
BEATTHEE, RS S HOR RS SIS K Ax)

(o+uDA(K)=g , (16)

(5) Wit S 2 RGN N D PR ZAE 56 0F, R, WREIR

ZOb4RES, BoN 1, [FES KGR BB IR®). R, HA(K) BINT K 133

IR AL K, NPT ISR BT BT R B 2R 21 0
At <eld] (17)

IE(K):Inax{nﬁn{K;u}J}

(18)

. b

ﬁ\:liiil, l([ll,lz,"',lm]) %l]u([ul,uz,---,um]) ﬁ%ﬂ?’ﬂé"]ﬁﬁ@fﬂQE@?ﬁﬁ*ﬂiﬁ

(6) XHEMIEH P BATUE, IFHM P B RTE, HRTEN, AR

KQOFZIR®), R, REAENHAT,

8



_ ”’””2 _”1&(@ _IA'<G>||
A(ur+g)
(7) MR QOVXT I REGHATE R, HEEXN 0. r. & #7iH,

P s U=y V=2V (19)

XtV EUE 2, 4REEXt S, Fl 4 AT

K=K, Stp = (||g||oo < gl)or(”r” <é&)

1 3 (20)
u=au4nwd§Jf{20—4)]

(8) HIIZ I FRHOR AT S, =0, [T HIBTEAR YL LS K
B LR R R A, SRR D R(2), L, @R, R A
J& LSQR S KU 3 AT BRI s HEAT UL, ORI R LI -
3 KiEREIHERL

3.1 B &
FRHE K IARE 6 UG, R Y 2B S AR S BARHEAT AR AL .

ASCR AR D22 TR G AR Horh, T KIGIREE RN, BhL
NK, z AKIGIRIIA AR, r KGR [ A bR o B KA R & KB IR 5y
AR a5, KOEIRIEEAR R FIERJEE Z Y9 40mm, I R IELIEE 40 A1 16 A2 e X Rk 4
Aii o 13 2 JSAREE S AT AT 2 s, IR = R F] 2100 K o BN S
¥oh: EFEGENN SOmm, MUESEEIEA 0.6mm, THUEERESIK/NA 60%60,
FAME S EAR BE R 6 MEE, B R 8um*Sum, KA G AHHL 1.0 #547Y,
MBS AL BB — AR EAL, AR I 23 I8CE FE OB B — AR AL . S
O FFEG O EEE Y 505mm. S G AR JUE T ICs B R R, B
[B]5p 3, REAMRIE BE o MR R AUE TIE e m%, R EE o e
PR R 3 5 1007 5% 10 BE 25 V@ Y AR LRI I RCR AR AT &, — R fREE b

BRI, XA S L BN SR Y (10 S50 B0 4 AR B 2 — 2



2 2
r

z
T=12006xp{—D(§74~E7)—il9f}+900 , 21)

X +y =r , (22)

I 2000K
40 ~

¥ 1800K
g 304

£

" 25 1600K
=P

:EI;/]— 15 1400K
10 4

1200K
54

20° 10GOK.

, : e 20
-10 T (A7 :K)

y(PEA7: mm) 0 -20 (M7 mm)

P 2 RIS L DT ik B 4
Fig.2. Temperature distribution of simaidatedflame center slice.

DN EZE G0 OfF N IR A, Y Shael MR IR 8- 10, X A1 Z Sifr47
T BB 1. 35 Y J7 R KEET V)R, BER18I0E 4mm. HRAEEI7 K
(L L LY S /R E Nt & I T U DA VAZS 07T 0K S L NA SO P
TR ARRARN 2 2 D) A5 A R DDA e B AL o AR AR 28 2K (15) T 545 3 K
TR FR) R A B, o NEEMBEABL JOHE B 06 2k 2 3 A A P i AN s MR AL 3R 8
AR A XE)RAVERE 4, BE 2 EGEELRES L JE R OiRERER, &
i RGB = IBE T K R B R 13 2RO JOE I, Qi 3 fror .

10



B 3 Bk e B R
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Fig.9. Blackbody radiation light field images at different furnace temperatures: (a) 1098.15K ;
(b) 1123.15K ; (c) 1148.15 K ; (d) 1173.15 K ; (¢) 1198.15 K ; (f) 1123.15K ; (g) 1248.15K ;

(h) 1273.15K .
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Fig.10. Calibration fitting curve of gray value and radiation intensity of light field image.
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Fig. 11. Experimental diagram of combustion flame: (a) Experimental device; (b) Light field

of butane\flame radiation.
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Fig.12. Temperature distributions of differentlayers after three-dimensional temperature

reconstruction of butane flame.
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Fig.13. Measurement of butane flame temperature using thermocouples: (a) Thermocouple
temperature measurement experiment diagram; (b) Location diagram of thermocouple fixed-point

temperature measurement.
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Table 2. Comparison of Damped LSQR-LMBC reconstruction temperature and thermocouple

correction temperature.

N B C D
meisE — _— _ _
T/K T/K T/K T/K
FHJE
1121.78 1396.73 1351.81 1077.74
LSQR-LMBC
FAHLH 1044.35 1307.5 1295.36 997.61
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Flame 3D temperature field<“reconstruction based on
Damped LSQR-LMBC"
Shan Liang" Zhao Teng<Féi!)" Huang Hui-Yun" Hong Bo" Kong Ming? !

1) (Key Laboratory of Electromagnetic Wave Information Technology and Metrology of Zhejiang
Province, College of Information\Engineering ,China Jiliang University, Zhejiang 310018, China)

2) (College of Metrology, & Measurement Engineering ,China Jiliang University, Hangzhou, Zhejiang

310018, China)
Abstract

Light field camera can overcome the problems of complex optical
path and difficult synchronous trigger of radiation temperature
measurement multi camera system, which has its unique advantages in

three-dimensional temperature reconstruction of radiation imaging.
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LSQR is a classical algorithm for solving the least square problem
based on large sparse matrix. When the algorithm is used to
reconstruct three-dimensional temperature field, it depends on the
initial value of temperature, and the reconstruction accuracy is not
ideal when the signal-to-noise ratio is low. In this paper, a Damped
LSQR-LMBC reconstruction algorithm is proposed. By adding a
damped regularization term to the LSQR method, the anti./neise
performance of flame three-dimensional temperature = ‘field
reconstruction is improved. Combined with the LMBG. algorithm, the
absorption coefficient and three-dimensionaly femperature field are
solved at the same time. In the numerical simulation part, with the
gradual reduction of signal-to-noise ratio;the reconstruction effect of
Damped LSQR is more stable than LSQR. When the signal-to-noise
ratio reaches 13.86dB, the reconstruction accuracy is improved by
about 30%. The average-, reconstruction error of Damped
LSQR-LMBC is 6.63%»The three-dimensional temperature field
distribution of/butane, flame is consistent with the characteristics of
radiation / flame, 'combustion. Compared with the temperature
measurement data of thermocouple, the relative error is about 6.8%.
Keywords: Light field camera, Flame, 3D temperature field, Damped LSQR-LMBC
reconstruction algorithm
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