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Fig. 2 Two visualizations of a light field®* . (a) Light field is visualized as a uv array of xy images, in which each image in

the array represents the rays leaving one point on the uv plane bound to all points on the xy plane; (b) light field is

visualized as a xy array of uv images, in which each image represents the rays arriving at one point on the xy plane

from all points on the uv plane
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Fig. 3 Phase-space diagrams of light field™ . (a) A regular array of light rays from a set of points in the « plane to a set of

points in the x plane; (b) a set of light rays arriving at the same position in the x plane; (c¢) a set of light rays

approaching a location behind the x” plane; (d) a set of light rays diverging alter converging at a location before the

4
x" plane
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Fig. 4 Plane-direction parameterization model of the 4D

light field, in which we have x =~ 0 at paraxial
approximation
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Fig. 5 2D imaging and 3D imaging. (a) Imaging with conventional camera is 2D imaging, in which 3D information is lost

during imaging and cannot be recovered from the image of single view; (b) 3D reconstruction can be achieved from

images of two-view by using triangulation
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Fig. 6 Light field acquisition with sequence imaging. (a) Spherical gantry, in which the inner arm typically holds a detector

or camera, the outer arm holds a light source or video projector, and the object sits on the central platform™

GoPro rotating array of action sports cameras,

8
env1ronment[ 1

space to scan the aperture

DMD(digital micromirror device)its . DMD it i
PR A5 2R I o — A U S B B AT T A AN [ Y g
A, THIRUALIE A 4 i R S ) i 22 A R S 3 A
1O By W ] . PR AT DA il DMD Gts R A
— AW RS B /LS BLAL AR T A

J7 9 WA 6 2R B AT U T DB A =S )L A
JE 53 B AR FRAR = 106 3 BCHe ks 2 2 DL B
TRAESBRFEN K AWM T 328  His it EHk
R,
3.2 tEANE

R T DR BIROR AT LA Z AL
[Fi) Py 25 28 [ B AR » BRI A6 AR 0 1) BsF ] PN 56 1o 3 5
JEicst. T IRIEZ DAL A R E il R 2
A FHPLLL A M AHPLRES  an il 7 Bos . B 7 () i
UL B4 J0 D) KR AL B AT LA S R AT Ol 3 R AR
& 7(b)j€l?l]ﬁ‘ﬁ)\ﬁ@‘ﬁ%7ﬁ<%ﬁ7ﬁE"Jﬁ:fﬁ%ﬁ%
R0, 3 o HEAR LR AT G RO IR A B R A
NS e Bl 7T T A i e 1 7o)

; (b) 16 X

which can record the panoramic light field of the outward

; (c) aperture scanning 4 f system without mechanical movement, which employs a DMD in Fourier

[29-30]

JE7R T T ABLEE 51 46 7 2 0BTl L A e
A BT TS B MO R e b R AR
17 (DK AR AL B 51 52 B — 4~ B AR 2 4>
PARBILIE AT A TR 9 230 € B s » A It S BB € 06 5 0
15 ARSI AS A BRI RIS 91

%?*ﬁﬂﬁ?ﬁﬂﬁ@fﬁ%*%%éﬁﬁ?&Tj‘ﬁ%%%
F s ) 28046 i A, LR 8 ) AT AL R 50 R B Oy e
TR BE A A g L S 4 o R BB A% i B L X
fE—E R JE LA 7N e .
3.3 timEN

MR JRAS T & L BRI ALE SR B R G A
P AR LU H AR B T AR, Ot 37 R 4R 14 B ) 2%
RN . O T AR R GE AR RN 8] 2R 2 6] B AT
P WHTEHE TR T — R BCA B AYLEE T # Ot
KA T AL B UORAR LB T e R
Bl 8 JE7R T LRI L RS 4 / K2 66 A B, A 45 Ao
B3 B [ 20 %k S AR AL B9 AL AR 2R AT 23 1L SE B 1O
RAESTH,

1209001-6



E48% F 12 81/2021 £ 6 A/HEMNA

© SBP,—
SBP,

Condenser

Tube Holder

Sensor Array

Lens Array Objective LY

Tube Len$E=y
Two-stage Relay Sys

Aperture Plane

QCTV
W0mm, f/3.5

Olympus 1X73

B 7 ARSI RAE . (a) 8X8 MIMLEAE S S B 92 e b R 425 () I T & B R E O R R 58, 1h 331 A4
AL R REC IR A 90 A X HESRARHLAL L 5 (o) 55 MHLIE S 23 WAL RAESY 5 (D WS A A LI S PiCam,

FEAR G A< 4 TOH HL IR 91 LA AN [ 1 2 € 0 g
Fig. 7 Light field capture with camera array. (a) A real-time light field recorder with 8 X 8 camera array™ ' ; (b) a
volumetric capture system for full-body light field capture, which comprises of 331 programmable light boards and

90 high-resolution cameras™ ; (c) light field microscopy with 5X5 camera array™" ; (d) PiCam, an ultra-thin high

performance monolithic camera array, which consists of 4 X4 micro-camera array with different color filters™”
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Fig. 8 Catadioptric light field cameras, which capture light field by combining single camera and mirror array. (a) Mirror

1.

Loed ; (¢) mirror array with spherical

array with spherical mirrors of small curvature® ; (b) planar mirror array™

: [38]
mirrors of large curvature
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Fig. 9 Integral imaging, which captures light field by direct imaging using the microlens array. (a) Schematic diagram
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of integral imaging"™'; (b) integral imaging lens consisting of lens-prism pairs
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Fig. 10 Various lenslet images captured using plenoptic cameras with different MLLA configurations
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Table 1 Characteristics of different light field capture systems

System Resolution Efficiency Cost
Sequential acquisition Spatial: high; Angular: high Low Moderate
Camera array Spatial: high; Angular: low High High
Light field camera Spatial versus angular: tradeoff High Low
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Fig. 11 Planar parallax for light field®" . A point P not

on the reference plane has distinct images
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Fig. 12 Angular coherence and refocusing™ . (a) Original ligh
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recorded in one macro pixel. Different pixels within

one macro pixel exhibit angular coherence, that is, the

consistency of light intensity, depth and shadow
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Fig. 13 Visualization of a cross-structure light-field and EPIs"* .

Horizontal light-field EPIs are obtained by slicing

horizontally through the image volume, while vertical light-field EPIs are obtained by slicing vertically through the

image volume
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Fig. 14 Light field 3D scanner framework for producing ultra high quality 3D reconstruction™
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3D Imaging Using Geometric Light Field: A Review

Yin Yongkai' ", Yu Kai', Yu Chunzhan', Bai Xuechun', Cai Zewei*, Meng Xiangfeng',
Yang Xiulun'
' School of Information Science and Engineering, Shandong University, Qingdao, Shandong 266237, China;
* School of Electronic and Optical Engineering, Nanjing University of Science and Technology, Nanjing,
Jiangsu 210094, China

Abstract

Significance Light field imaging expands classical optical imaging and provides possibilities for advancement in
imaging technology. It has continued to become a major research interest in the field of computational imaging.
While, objects and scenes in nature are all three-dimensional (3D) entities, and traditional imaging systems only
record two-dimensional (2D) images. From geometry, traditional imaging is equivalent to the 2D projection on the
image plane of a 3D object in space. Therefore, the depth information is lost during projection. To restore the
object, or perform quantitative analysis on the shape, position, and internal structure of the object, we reconstruct
the missing depth information and 3D structure from the 2D images. This process and related techniques are referred
to as 3D imaging and have become an essential support technique with applications in areas such as biological
imaging, industrial inspection, automatic navigation, and virtual reality. Among several methods for 3D imaging,
light field imaging is a major approach.

Progress This paper introduces the basic theory of light field while reviewing common systems for light field

1209001-19
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capture. Key techniques and typical works in light field 3D imaging according to the categorization are discussed. For
emphasis, this paper limits its discussion to geometric optics, thus only paying attention to the intensity distribution
of rays in 3D space, i.e., the geometric light field. A light field refers to the distribution of radiance carried by rays
in 3D space. For monochromatic and static cases, a light field is described using a five-dimensional (5D) plenoptic
function. Since radiance remains unchanged along a ray unless blocked, the 5D function reduces to four-dimensional
(4D) function in free space. The major challenge choosing a representation for the 4D light field is parameterizing
the space of oriented rays. The most common model parameterizes rays using their intersections with two parallel
planes (Fig. 1). The advantages of this representation are that planes can be placed at infinity, and then rays are
parameterized by a position and a direction, which is called the parameter/state space of rays. A point in the state
space corresponds to a ray in the light field; therefore, phase space (also referred to as ray space) is used to
represent the light field (Fig. 3).

From the definition of a light field, we need to record different ray directions passing through any point in 3D
space. During imaging using an ordinary camera, only the ray of one direction for each point can be recorded.
Therefore, an ordinary camera used in the light field capturing should expand in dimensions such as time, space, and
aperture to record rays from multiple directions. Three systems emerge from this (Table 1). They include
sequential acquisition (Fig. 6), camera array (Fig. 7), and light field camera (Figs. 8-10). For research in light
field imaging, different systems are flexibly selected according to a specific application.

The light field carries 3D information of the object and scene. Thus, 3D imaging is realized by modeling and
processing the light field data. 3D light field imaging techniques are summarized into two categories: the light field
depth estimation and the light field 3D reconstruction. The light field depth estimation obtains the depth (near or
far) information about the object. A typical process of light field depth estimation starts with estimating the initial
depth map with the appropriate algorithm, and then employing a global optimization or local smoothing algorithm to
refine the depth map. The initial depth estimation for a light field is divided into two categories according to the
different mechanisms: the method using multi-view stereo (MVS) (Figs. 11-12) and the method using the epipolar
plane image (EPI) (Fig. 13). Generally, research on light field depth estimation tends to solve some open problems,
e.g., modeling, processing of occlusion, depth estimation of discontinuous surfaces, depth estimation of non-
Lambert surfaces, selecting algorithms for depth estimation according to the application, and improving the time
efficiency of the algorithm.

When applied to measurements, such as 3D positioning and 3D point cloud generation, light field 3D
reconstruction is used to obtain the true 3D coordinates. Note that light field 3D reconstruction follows the same
theoretical basis as classical binocular and multiview 3D reconstruction, which is hinged on the principle of
triangulation. The 3D coordinates are calculated from the intersection of rays in different directions in the 3D space.
The light field 3D reconstruction can be divided into active (Fig. 14) and passive (Fig. 15) approaches according to
whether the structured illumination is exploited.

Conclusions and Prospect Benefiting from the development of photonic and micronano techniques, a series of
progress in the research of light field imaging systems and mechanisms has emerged recently. Due to the adoption of
new techniques and devices, the quality and structure of the light field data obtained by the new systems are
inevitably different from those of traditional systems, which bring new challenges to light field information
processing. Depth estimation and 3D reconstruction using a novel light field imaging system are problems worthy of
attention. The light field 3D imaging is the support technique for light field imaging. With the scope extension and
complex increase in applications, the importance of light field 3D imaging has become increasingly prominent.
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