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Fig. 1. Structure diagram of light field camera.
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Fig. 2. Temperature distribution of simulated flame center

slice.

IFASLESE S 0 OIS, Y ilE T
PR BRI 257187, X Z 3 P AT T R 2
T W7 Y I7RREUIAEHA YR, 2R 4 mm.
AR C 7 G, s Iy PP R s b A5 3R B A
i, 3 E AL G DT BRI ROTIAR A bR, ot i
AR (21) AR ISEA IR BOIELEE(E. FRAE
(15) AT B I ROTIR B L ORR Ton, HIEL
P A 2k 55 3 oo A A 0 R e i IR LR

Botams] (8) s YRR A, HEmiFHE] A {5 AL R
e B KB R AR SRE ], &0 RGB =Vl iE
R JIE R BT RTAR BT KGR, W 3F7s.

3 Bk Ia e iR A
Fig. 3. Simulated flame light field radiation image.
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Fig. 4. Flame temperature field reconstruction results of LSQR and damped LSQR algorithms.
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#1  LSQR S5FJE LSQR JR A AL RN H R
Table 1.  Comparison of relative errors of temperature re-
construction results of LSQR and Damped LSQR.

W {5MELk /dB LSQR FHLELSQR
1% 45.95 0.43% 0.41%
5% 29.44 2.85% 2.15%
10% 21.97 6.66% 5.10%
15% 17.35 10.26% 7.67%
20% 13.86 14.58% 10.99%

I A R T DUE Y, Y E S A M 4
/N, BHJE LSQR AL T LSQR. Bl S i 1% i
B HE R, BHJE LSQR H LSQR H3k H hinfase,
1M LSQR ZWI{E A 520 51K, B BHJE LSQR 5
TE A R B R B SR A FMAR 29 REUY NNLS
AR AIPMR BH BO R IR Tikhonov 5445 LSQR
FEIEAT T X H, BRSSO B A LB R
7], JCARXT A PERESR T A S M E. X F NNLS
Tk, A R KPR R, LSQR SRS R i
TH Bk, (H NNLS K H B UE, mAEkE
LSS R 22 T, [l 20 dB B,
FHXTIRZETE 5% Aty s (EME LR 10 dB I, AR
EIE 20% Foh, (MR 5 dB i, MIXHRZELE 40%
Ze4i. NNLS X} LSQR #8#7HE 5% LAY, /3 NNLS
PRTARHC L LSQR &5 TP MRS, X1 T Tikhonov
Bk, MERE/INEE, Tikhonov 1EMEHE S LSQR
A A R B KR 25 AR — 5 2 (FM
K F] 10 dB B, LSQR B3 5 #2519 A iR 22
1E 1.8% LA, Tikhonov 1E WAk B 45 AL AH
SHRZETE 1.2% LA, FIXHET: T 29 50%. X 43¢
IRHJE LSQR 5335, Mf5Mett A 13.86 dB i), LSQR
A SE R AR RHR 22 8 14.58%, FHLJE LSQRH#E 7
S5 FXT IR 2N 10.99%, FHXTHETF T 32.7%. M
THERE A, ASCH A LSQR AL T A — &4,
THE B ST R AR R — A LA Y R R

X TSR A SO TR BRI 2, A I W R S
Yk S HOUER IR, LA LE LSQR-LMBC

FHJe
LSQR-LMBC  [F il B

—16 mm —12 mm —8 mm —4 mm 0 mm

TR B TR X AL K A B 5 1 AR I R WA R R
TEE R . KAL) 4 mm B E XS KOG T2
2, EEEE AU 6 Fis. Bl G TR 4
A7 P AT L I %) 52 Bt K P L A AR, {H T
TR RS B R

R T 2D A R AT AT, AR SO B
Je WIRT FZ R I TR 2 0T, B i B — A
TR R 5 MR X 17 A B T P 0B A5 A X iR 25
MR, HAs R 7 piR.

ME T R LLE W 2k ) SR R iR 2 A
1.92%—17.2% 2 [8] . 7 A o0 (4 19 SF- 24 158 22
6.63%, DAl iz o e Rk mT A 2 i3k 2100 K /Y
KNI A

3.2 IRHREIRKE

ST AL AL B FE X KA T 4R S5 B
SRR, BRSPS el e s BRI %
SRR EE NP R R, I, 7525555
HLI EMGAR IR A TR R BE AR, S K S
AR O 2 (B G R, I ORI E B 1) o
WL, SCUGHE B AR 8 . ol FH A SR
[ Z AN RS Jl A2 77 1), #9455 ISOTECH Cyclops
Model 878, ¥ i ol LAk E| 1573.15 K, KN
0.1 K, 3@4% K 0.999. HHL A — AL G401,
ISR Lytro-Ilum P41 ElBEE AR 40.11 mm,
oA AEIE R 48.38 um, TSN 1515, =5
B8] 7 E Rk 434 x625. 1T Lytro-Illum J637 AL
RS R R G LFR #520, Hoh & 1R
LRGN S50 B FRRS R 1 e
FHAIL A 1 1 UG bR e G B R 51 0 B AR, L
EE T TR FE L% TR A R —9 s R\ y
ML, X AR R EA MR N TG R . B2
F AR A AR 5 SR AR TR T ] A E2, $ R
WCSRARRI T MDCZ PSR R, F IR AR R A B HES R
AT 2D FARLA A AR KA IOR R 1] Y S0
FAEUSR, 4 BRI SR 7 T HES R AT A5 20 240 A 1A

2000
1800
1 1600
1 1400
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T/K
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6 BHJE LSQR-LMBC $ ik T 5t 0 KO IR 53 45
Fig. 6. Flame temperature distribution reconstructed by Damped LSQR-LMBC algorithm.
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Fig. 7. Relative errors of flame temperature reconstructed by Damped LSQR - LMBC algorithm: (a) —16 mm position; (b) —12 mm

position; (¢) -8 mm position; (d) -4 mm position; (e) 0 mm position.

R JeAtiL

B8 LT ARLAR B 5l BE b S S 00 % 1

Fig. 8. Experimental deviceofradiation intensity calibration

of light field camera.
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WP e AR ) TERRARAE R, 7EFS E IR
FE T 4R S s B A vT LAt (24) 2 HEC

EOT) =¢()\) % exp (—;—QT) , (24)

K, EONT) FBK X DGR SR EEE, e(N)
RPN RS R, BUE R 1, T Bk
MR EAE, c1, e g3 o0 — R 5 W BRI SRS — 4R
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(d)

B9 ARPERTFBEEIEZEGE  (a) 1098.15 K; (b) 1123.15 K; (c) 1148.15 K; (d) 1173.15 K; (e) 1198.15 K; (f) 1123.15 K;

() 1248.15 K; (h) 1273.15 K

Fig. 9. Blackbody radiation light field images at different furnace temperatures: (a) 1098.15 K; (b) 1123.15 K; (c¢) 1148.15 K;
(d) 1173.15 K; (e) 1198.15 K; (f) 1123.15 K; (g) 1248.15 K; (h) 1273.15 K.

LPE, BEINPLAZE R (25) X—(27) PR:
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EURI R, G, B3l FREX K. 65
RSO AR 4 R I AU R R A& 10 B,
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P
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| 6 S
m et
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g .
~ 4 o
3 ./,
- /.3'1223,15 K
= #
g s Q,/I —— R-fitting
™ ) S nsssk G-fitting
:_Li‘é i }’;173.15 k B-fitting
= 3 . o R
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o LHozaas K
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10 a3 RUGOR BL (B -5 8 5 ik B2 A b s 100 i 22 1)
Fig. 10. Calibration fitting curve of gray value and radi-

ation intensity of light field image.

3.3 ZLBRANIBREER

SR KGR = 4IRS B F A S
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2 b B EIH AL KOG T RS ) R SE
S AL EENE 11(a) Ui, BRI T Be S HE R

BRI, KR A=A I EA20 20 mm.

FEXF KAEBEAT R BRI, BEE S K S AR
ZIAIREEES, JF HARIEAMAAL T2 R SR s Y
2 LRI rh . R, 5 2 A B AR DL
ITa], B PRoR AR B JA EBAR R KA 2 HH B
BRI BE, BRI AR Y SE . LA
PLRAR R T be KIS E R E 11(b) Brox,
KIGEICHHAPLZ B AR 15 cm.

11 BREEJUATHE (o) SLEREE; (b) T b KM%
5oty

Fig. 11. Experimental diagram of combustion flame: (a) Ex-

perimental device; (b) light field of butane flame radiation.
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Fig. 12. Temperature distributions of different layers after
three-dimensional temperature reconstruction of butane

flame.
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TEIOAS [ B A RFAE S A I, DU o e Hn
[ 13(b) s, HR A A AE I 2 s, H) i o5 BBl
BRI AE R S R i e 4, AT S 80™ A
PRI, A TN BRI R, TR (28)
OO 25 SR T I PO
T} - T}

he

K, TIINBIEIE IR, T Ty o 51 R I i
A D s T P R S 0 P U B S o ) IR 4 T A
203.15 K Zifi; e Fon AL MBEL A%, i
iR K AV BB 0.89; o R il #
IN-BERIL S H L, BUEN 5.67 x 108 W/(m>K*);
he FTRRRATI R L P

Vo o AU R RT IA H A4s TE U BE R AT LU X, A
# 2 IR,

MR 2 ATLIFE Y, AR 5 R A R A
P FEA S i 25 0 AER 76 K A A,

% 2 PHJE LSQR-LMBC &R B 5 & 1F

TR H

Table 2.  Comparison of DampedLSQR-LMBC re-

construction temperature and thermocouple correc-

T=co + T, (28)

tion temperature.

A B C D

T/K T/K T/K T/K
FHFELSQR-LMBC  1121.78 1396.73 1351.81 1077.74
e f 1044.35 1307.5 1295.36 997.61

WETT %

(b) RO

PR fHiE
BERAER

K13 ARSI TR IERIE (o) PORMEIE IR, (b) Peb e SO £ 8

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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Abstract

Light field camera can solve the problems of complex optical path and difficult synchronous trigger of
radiation temperature measurement multi camera system, which has some unique advantages in three-
dimensional temperature reconstruction of radiation imaging. The 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 into the LSQR method, the anti noise performance of flame
three-dimensional temperature field reconstruction is improved. By combining the LMBC algorithm, the
absorption coefficient and three-dimensional temperature 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
turns more stable than LSQR. When the signal-to-noise ratio reaches 13.86 dB, 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 characteristic of radiation
flame combustion. Compared with the temperature measurement data of thermocouple, the relative error is
about 6.8%.

Keywords: light field camera, flame, 3 D temperature field, damped LSQR-LMBC reconstruction algorithm
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