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Fig. 5 Calibration principle of tilt error

A W BE I 91 5 0 2 2 18] I AR Sy IR
S B E EDOEA S f R B — 51 (A7) s B
P 3 G2 45 G BREN B8 B0 A Ay F Az, T
TEFN A7) J7 18] b s B2 B 910 5 2 D00 4% 1) S A R
Ax, — Ax,
W
Aob s T R 008 B2 B 91 — 310 () B A0 35 19 B0
HL

5 0 B2 T P YR 4R 19 56 B 5[] 54 A1 6
R A, 38 AT LT GE SR 1) 5 4R DI 4% 22 1) Y
PR, Rkl

tan}’:( )/[(T—l)d], (10

<

' DA,
5:7/ s=1 , 11
S tanf (D

A "N S B I 5 i B RGE B

2004001-3



SE 485 £ 20 H1/2021 &£ 10 A/ E# K

1S BB

4.1 FEMSHBRE
SER SRR AR 8 A E XA R ANEL 6 () FITR
et FH A 1R ok I 3 5 1) O i L8 8 3 B B9 Dl i R

A\
I 6 25 B bR B SR

N AT 28 B B ) BT AR /N T AN T AL
12 R RGN 6 () Tz . 76 32 B0 i a7 45 14
B 2 [N K S 50 mm BYFA IS, B bk Fefs
N EMRIE 6 Co) fian . R4 (7) X (8) Kok g
SESS K S BOR IR ST BRI R 1 PR,

Ca) LSR5 B 5 (b) AN T B P B0 2 TR AR 5 o G P 649 s E T 4%

Fig. 6 Calibration device and results of structural parameters. (a) Experimental device; (b) calibration image without

spacer; (c) calibration image with spacer
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Table 1 Calibration results of structural parameters

unit; mm

Parameter

Nominal value Calibration value

Distance between microlens array and sensor plane

Distance between centers of adjacent microlens

Distance between microlens array and exit pupil of main lens

2.1300 2.2738
0. 3000 0. 3001
47.7058

4.2 WEREIENTEMNRNERERZRTE
il o O R TR A S B TS B A, 0 OR 4R

BEWEGME 7 Fiw. B 7)) 5 X

BEJL SR AT B BLA B 45 0L AR 4 (9) X1 #

@ 1200
100
800}
600 | :

400} :

Lateral coordination y /pixel

(b) 1200

Lateral coordination x/pixel

0
0 200 400 600 800 1000 1200 1400 1600

ARG 5 2% ol 0. 1785°, & BUOG BE 9 I L Ak A I
15 AH AR 0 ) 8] B, A5 21 A0 4B 10 B ARG 0 A
B {E 4 0.3001 mm. 5 4. 1 % 89 ¥5 & 45 B
— 3,

100

800

600

400

Lateral coordination y /pixel

0
0 200 400 600 800 1000 1200 1400 1600
Lateral coordination a/pixel

B 7 BB R ZRIARE . (OARE R (b) L BEFC Y B2 A 45 R

Fig. 7 Calibration of rotation error. (a) Calibration image; (b) linear fitting result of spot centroid
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Fig. 8 Calibration of tilt error. (a) Calibration image of normal incidence; (b) calibration image with incident angle of 6°
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Abstract

Objective A light field camera that is capable of capturing four-dimensional light field information through a single
shot can be realized by inserting a microlens array in front of the sensor of a traditional camera. It has great potential
to play important roles in many applications such as 3D measurement, flow field velocimetry, and wavefront sensing.
To obtain the image information, the captured light-field information shall be decoded. The decoding process is
largely based on the structural parameters of the light field camera, including the distance between the microlens
array and sensor and the pitch of the microlens array. Because of the errors introduced during the manufacturing and
assembling processes, using the nominal values of these parameters are not recommended; calibration of the true
values and assembly errors are desired. Several studies have been conducted on the calibration of light field cameras.
However, most of these studies follow the framework of the calibration method used for traditional cameras, where
a complicated imaging model is built and the unknown parameters are searched using an optimization algorithm. The
complexity of procedures in such methods makes them difficult to implement. Based on optical test principles, a new
calibration method using simpler calibration models is proposed, which enables fast calibration.

Methods The proposed calibration method comprises two parts: calibration with the main lens and calibration
without the main lens. The calibrations of structural parameters are accomplished when the main lens is mounted,
and the calibration model is based on the relation that the exit pupil of the main lens is imaged by the microlens. A
uniform light source is used to illuminate the pupil of the main lens to obtain calibration images. The distance
between the microlens array and sensor and the pitch of the microlens array are treated as two optimized variables of
an optimization model and are calculated by searching the optimal values. The calibration of assembly errors is
accomplished when the main lens is removed, and the calibration model is based on the imaging feature of the
microlens for object points at infinity. A collimated beam is used to illuminate the microlens array to obtain
calibration images. Rotation and tilt errors are obtained by analyzing the geometry of the spot array in calibration
images.

Results and Discussions A self-constructed light field camera is calibrated using the proposed method. The
distance between the microlens array and sensor, for which the nominal value is 2.1300 mm, is calibrated to be
2.2738 mm. The pitch of the microlens array, for which the nominal value is 0. 3000 mm, is calibrated to be
0.3001 mm. Furthermore, the distance between the microlens array and exit pupil of the main lens is calculated to
be 47. 7058 mm (Table 1). The rotation error between the microlens array and sensor is calibrated to be 0.1785°,
which shall be corrected according to formula (2), and the pitch of microlens array is calculated to be 0.3001 mm by
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extracting the distance between adjacent spot centroids on the calibration image. The tilt error between the
microlens array and sensor is 0.0083° and 0.0047° along the row and column directions of the sensor, respectively,
and the distance between the microlens array and sensor is calculated to be 2.2719 mm based on equation (11). The
relative deviation of the calibration values of the distance between the microlens array and sensor obtained from the
two different methods is 0.84 % . Based on the calibration data, reconstruction of the light field is executed and the
rotation error is corrected. Compared with the reconstructed images before calibration, the quality of reconstructed
images after calibration improved (Fig.10).

Conclusions To solve the problem of calibration of structural parameters and assembly errors of light field
cameras, a calibration method based on optical test principles is proposed. A uniform light source is used to illuminate
the optical pupil of the main lens, and the array of images of the optical pupil on the sensor is used for calculating the
structural parameters, including the pitch of the microlens array and the distance between the microlens array and
sensor. The assembly errors can be calibrated with the main lens removed and the microlens array illuminated
directly by a collimated light beam. The calibration images captured for assembly error calibration can also be used
for estimating the structural parameters through simple geometric analysis, which can serve as comparisons for the
calibration results obtained from the method with the main lens mounted. Experiment results show that the calibrated
and nominal values of structural parameters agree well with each other, indicating that the proposed calibration
method is feasible.

Key words measurement; computational imaging; light field camera; structure parameters; assembly error;
calibration; optical test

OCIS codes 120.4800; 110.1758; 150.1488
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