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Abstract. Three-dimensional light field imaging in laparoscopic surgery is an emerging tech-
nology, which has the potential to enable three-dimensional imaging. Calibration of the three-
dimensional light field endoscope (3D LFE) is essential but challenging as the disparity is much
smaller than that of the conventional light field camera. The geometrical model for 3D LFE is
established, and a calibration method based on virtual objective lens and virtual feature points is
proposed. First, the virtual objective lens is introduced and the parameters about it are calibrated
using corner features in center subaperture images. Second, two types of virtual feature points
are proposed to calibrate the parameters about the microlens array, one is on the black-and-white
board line and the other is selectively determined but can be anywhere on the checkerboard.
Moreover, the relationship between the virtual feature points mapping in the microlens image
and the virtual feature points mapping in the central subaperture image is deduced to overcome
tiny light field disparity. Experimental results verify the performance of our calibration method.
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1 Introduction

Imaging in minimally invasive surgery is usually performed via endoscope or laparoscope,
which is an important imaging mode in the medical imaging area, such as computed tomography,
optical coherent tomography, and ultrasound imaging.' Although traditional two-dimensional
(2D) endoscope has advantages of small scars and quick recovery, it is restricted in finite surgical
operations as three-dimensional (3D) information of organs is missing. Therefore, 3D endoscope
is an interesting research area.

Existing 3D endoscopes are mainly based on stereo vision principles using polarized
glasses.* However, the depth information measured by the stereo endoscope is not precise
enough for many applications, such as 3D display and surgical instrument navigation, as the
baseline of stereo endoscope is too short. In recent years, a great deal of attention has been
given to light field imaging, which is a technique that records four-dimensional slices including
2D spatial information and 2D angular information. Light field imaging records volumetric
information in single shot, therefore, has potential applications in many areas, such as light field
camera (LFC),> light field microscopy, and light field endoscope (LFE).’

In 3D light field imaging, the imaging model and calibration approach play essential roles.
In general, the light field imaging models are based on a two-parallel-plane (TPP) model,* '
where the main lens (or objective lens) is regarded as an angular plane and the microlens array
(MLA) is regarded as a spatial plane. Accordingly, many calibration approaches have been pro-
posed for the conventional LFC in the last decades. The main differences between the calibration
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approaches exist in light field imaging models, appropriate features, and corresponding param-
eters. Duan et al.® presented a homogenous intrinsic matrix to describe the relationship between
the pixel on the image plane and its corresponding light field. Bok et al.’ proposed a similar
relationship while the raw light field images and line features were applied. Zhang et al.'® pro-
posed a generic multiprojection-center model, which is similar to Dansereau’s imaging model
while less parameters are needed.'’ Hall et al.'' presented a correction method due to lens dis-
tortion and thin-lens assumptions, where the volumetric calibration based on polynomial
mapping function was applied. In general, the light field images are equivalent to images of
traditional cameras with coplanar projection centers and a short baseline. The accuracy of cal-
ibration and correction depends on the light field disparity and how to use it. However, the varia-
tion of the light field disparity of 3D LFE is much smaller than that of the conventional LFC due
to the two nonlinear transformations from 3D coordinates to the light field disparity in the LFE
imaging.'? Therefore, the current calibration methods for the conventional LFC are not suitable
for 3D LFE. To the best of our knowledge, little work has been performed on the 3D LFE
calibration so far.

In 2013, Dansereau et al.'* proposed a TPP model to describe the relationship between a ray
and its image, where an outside virtual plane was treated as the angular plane and a 12-free-
parameter transformation matrix was achieved. Although the parameters in the imaging model
lose physical meanings, the imaging model makes the calibration flexible and inspires us. In this
paper, the geometrical model for 3D LFE is established and a valid calibration method for 3D
LFE based on virtual objective lens and virtual feature points is proposed. The virtual objective
lens is introduced as the angular plane in the TPP model, which is neither the objective lens of
the 2D endoscope nor the objective lens of 3D LFE, but an outside virtual plane, just like
Dansereau’s work.'> The parameters about the virtual objective lens are calibrated using the
corner features of the checkboard in center subaperture images. Instead of the widely used corner
features, pairs of virtual feature points are utilized to accomplish the calibration of MLA.
Furthermore, the relationship between the virtual feature points mapping in the microlens image
and the virtual feature points mapping in the central subaperture image is deduced to overcome
tiny light field disparity.

2 Setup of 3D LFE

In this section, an experimental LFE system is first established and its simplified optical sche-
matic is described accordingly. The 3D LFE proposed in this paper is based on an industrial 2D
endoscope and consists of an objective lens (objective lens II), an MLA, a 1:1 relay lens, and a
picture sensor, as shown in Fig. 1(a). To avoid optical misalignment, which will reduce the
achievable resolution, the objective lens II, the MLA, and the relay lens are mounted inside
kinematic mounts (Thorlabs), allowing fine adjustment in respect to the optical axis. The relay
lens is utilized to facilitate the 3D LFE imaging system, as the focal length of the MLA is nor-
mally <1 mm and it is difficult to place the picture sensor on the focal plane of the MLA directly.

To simplify the imaging model of the 3D LFE, the 2D endoscope is treated as an equipment
composed of an objective lens and an eyepiece lens. The optical schematic of 3D LFE is shown
in Fig. 1(b). F,, F refer to the focal points of objective lens I, and F,, F, refer to the focal points
of eyepiece. The imaging process of 3D LFE could be simplified into the following steps. For an
object, the objective lens I produces its real image, then the eyepiece produces a magnified vir-
tual image. Subsequently, the objective lens II is used to capture the light passing through the 2D
endoscope, then the MLA captures different perspectives of the objective lens II, and the light
through MLA is further imaged on the picture sensor. After being fully recorded, the raw light
field images are adjusted by locating the microlens with respect to the pixels and then they are
cropped to microlens images for calibration.

3 Virtual Objective Lens and Its Calibration

The geometrical model of 3D LFE is proposed based on TPP principles, as shown in Fig. 2,
where the relay lens is ignored as the imaging procedure is not affected by the relay lens. Inspired
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Fig. 2 Geometrical model of 3D LFE and the coordinate system: (a) the simplified geometrical
model and related coordinates, (b) main view of partial picture sensor, and (c) main view of partial
MLA plane.

by Dansereau’s work, a virtual objective lens is introduced to simplify the geometrical model in
our work, which is an abstraction of the 2D endoscope and the objective lens II together. The
concept of virtual objective lens refers to a single virtual thin lens that is equivalently abstracted
from multiple lenses. In the 3D LFE TPP model, two parallel planes are the virtual objective lens
plane (S,7T) and the MLA plane (X, Y), which describe the angular and spatial information,
respectively. Based on the TPP principles, the virtual objective lens plane and the MLA plane
are parallel to each other. Therefore, the light emitted from the 2D endoscope is defined by
connecting a point in the virtual objective lens plane to a point in the MLA plane. In other words,
the light field is expressed as L(S,7,X,Y) in TPP model.

To express the imaging procedure of 3D LFE, five coordinate systems are defined as follows
and the notations of these coordinate system symbols are listed in Table 1. All the coordinate
systems in Fig. 2 follow the same convention: the Z axis points toward the object space (Z > 0),
the X axis points upward and the Y axis points out of this figure. Moreover, the coordinates in
capital letters, such as P(X¢, Y¢, Z¢), are in units of millimeter, and the coordinates in lowercase
letters are in units of pixel.
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Table 1 Notation of symbols in the light field model.

oim _ Xim yim O° — Xcyeze oW — Xwywzw

Image coordinate system Camera coordinate system World coordinate system
oml — xmlyml L(S,T,X,Y) L(s, t,x,y)

MLA coordinate system Light field in TPP model in units of millimeter Decoded light field

Without loss of generality, the optical center and the optical axis of the virtual objective lens
are defined as origin O¢ and Z¢ axis of the camera coordinate system, respectively. Based on the
TPP model and LFE model, the virtual objective lens plane, the MLA plane, and the picture
sensor are perpendicular to Z¢ axis. In the image plane, the raw light field image can be first
decoded as L(s, t, x,y), where (s, t) are the pixel coordinates of microlens images, and (x, y) are
both the indices of microlens images and pixel coordinates of subaperture image.

Based on the light field imaging principles,'* for a certain point P(X", Y*, Z") in the scene,
it may correspond to a certain point in the MLA plane and appear multiple times in the image
plane, as shown in Fig. 3. P(X¢, Y, Z¢) is the corresponding point of P(X",Y",Z") in the
camera coordinate system and the relationship between P(X",Y",Z") and its corresponding
image point P(x,y) in the MLA image plane is expressed as

w
X dobmi 0 Yo — Sdop-mi  _ S dobm X
d 0 d-h, d W
Z¢ d Td, Td Ry ()
y| = 0 ob—ml _Ldopi _ L-dop-mi >
| d Yo d-h,, d 0 1 7w
0 0 1 0

where R and ¢ are the rotation and translation matrices, respectively, which are named as extrinsic
parameters in general. d,,,_,,; is the distance between the virtual objective lens plane and the MLA
plane, and #4,, is the distance between the world focal plane and the virtual objective lens plane.
(X9, o) is the principle point of the MLA plane. S and T are the distance from optical center O° to
a certain subaperture of the virtual objective lens that corresponding rays pass through. The “pixel
size” of the virtual image sensor is the diameter d of the microlens rather than the realistic pixel size
of the picture sensor. Note that do,_p,, /,,, and d are in units of millimeter.
By setting S and T to zero, Eq. (1) is rewritten as

W
dob—mi Xt
x doent 0 xy 0 ,
. 4 R t]|Yv
Z y = 0 nbd—ml y 0 0 1 ZW . (2)
1 0 0 1 0
1
b
P(X¢,Y¢,Z°)
hm £ dob-ml dil-im
Focal plane Virtual objective lens plane MLA plane Picture sensor
Fig. 3 Two-dimensional geometrical model of LFE.
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which means that the MLA plane is treated as a virtual image plane and calibration of the param-
eters about the virtual objective lens is accomplished first. Although the conventional camera
is substituted by the central subaperture image, the calibration principles are still identical.
Therefore, the intrinsic and extrinsic parameters about the virtual objective lens in Eq. (2) are
derived based on Zhang’s calibration method and our previous work'>'® with a series of corner
feature points in central subaperture images recorded from different angles.

4 MLA Calibration Based on Virtual Feature Points

Although the traditional calibration methods for ML A with estimation of light field disparity are
available in conventional LFC, they are almost not possible for the MLA in 3D LFE. The tiny
disparity in light field images requires the calibration board to move a long distance, which
cannot be achieved for 3D LFE as its working distance is limited. A calibration method for
MLA is presented by introducing the concept of virtual feature points. Two different types of
virtual feature points are utilized, one is on the black-and-white board line and the other one is
selectively determined but can be anywhere on the checkerboard.

The imaging process of two typical virtual feature points P{(X¢,Z{) and P5(X$, Z5) is
depicted in Fig. 4, the scale of which is deceptively magnified to see the microlens clearly.
All rays emitted by point P§(X¢, Z{) pass through the virtual objective lens and converge to an
imaging point P¢(X¢,Z¢) in the image space of the virtual objective lens, and then the light
that passes through the center subaperture of the virtual objective lens heads to P™(X™!, Znh)
on the MLA plane and Pi™(X™, Zi™) on the picture sensor. The mapping procedure about
P§(X$,Z$) is shown as blue lines in Fig. 4. It is important to note that P]! is the central
point of a microlens image, which is named MI. Similarly, the mapping procedure about
PS5(X5,Z5) comes to P4(X5,Z5) and PP(XT, ZD) is shown as red lines in Fig. 4.
Particularly, among the multiple imaging points of P§(X$, Z5) on the picture sensor, which
are emitted from different subapertures of the virtual objective lens, the one Pi"(X'™, Zim) in
the same microlens image MI with Pim(Xim, Zim) is chosen, where Pi™ is mapped by the light
ray emitted from P5(X$,Z5) and passing through the specific subaperture S of the virtual
objective lens (shown as the yellow solid line in Fig. 4), and d,_, is the distance between
the specific subaperture S and the optical center of the virtual objective lens. The imaging
point Pi™ of the virtual feature point P is easily determined in our calibration method as
it is the center of the microlens image MI, therefore, P{ can be any point on the checkerboard
in the scene. How to extract the imaging point Pi™ of the other type of virtual feature points
will be explained in the next section.

Pzr"ﬁi
el 8Axml - fl
R Axim
o i {nlé 1 -"'F;Zi-“;f
g
dob-ml édml—im
Focal plane  Virtual objective lens plane MLA plane Picture sensor
Fig. 4 Calibration model about MLA.
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In order to implement the calibration of MLA, the relationship between two distances is
deduced, which are the distance from PI™ to PI" in the microlens image and the distance from
P to PY in the central subaperture image. The distance from Pi™ to Pi™ in the microlens image
is defined as AXjy,, and the distance from P™ to PP in the central subaperture image is defined
as AX;. The two distances are in units of millimeter.

In the derivation of the calibration formula about the parameter d,,_;;, an auxiliary point P
is introduced as the intersection of the chief light ray of P{ and the perpendicular line from P to
the optical axis. As shown in Fig. 4, the triangles AOSP and AP§P5P™ are similar, and the
triangles AOSPT! and APIMPI"P™ are also similar. Therefore, there is

ds—ob _ XS _XS A}(im

= = ) (3)
dob—ml dob—ml - 28 dml—im
Given the constraint that P{, P§ and the optical center O¢ are collinear, there is
X§ Xg
21 _20 4)
VAR
Similarly, P§, P5, and the optical center O¢ are collinear, there is
X5 X5
222 5
Z; 7

By combining Egs. (3)-(5) and the relationship that Z{ and Z§ are equal, Eq. (3) is rewritten as

AXiw _ 73 (Xz Xi)

dm]—im B dob—ml - Z; ZE Zi

(©6)

Furthermore, as points PS5, P;"', and O°¢ are collinear, and points P¢, P‘]“', and O¢ are collinear,
Eq. (6) is rewritten as
AXim z5 1

- _ - AX,, (7)
dml—im dob—ml - Zz dob—ml :

considering that dyy_p,, Z™ and Z5! are equal. The distances Ax;,, and Ax, (in units of pixel)
are corresponded to AX;,, and AX,,; (in units of millimeter), respectively. There are g - Ax;,, =
AX;, and d - Ax,; = AX,,, where d is the pitch of the microlens and ¢ is the pixel size of the
picture sensor, which could be obtained from the manufacturing information of the MLA and
the picture sensor. Therefore, Eq. (7) is rearranged as follows to yield a simple expression for
the parameter d,,_;, about MLA:

q (dob—ml - Z;) ) dob—ml Axim

dplim = = . 8
ml—im d Z; Axm] ( )

Eq. (8) shows that d,_;, is a linear function of a ratio, which is determined by four imaging
points PP, PP, Pim and Pi™ on the MLA plane and picture sensor of two virtual feature points
P$(XS,Z5) and P5(X$, Z5). Therefore, it is important to determine these imaging points of
virtual feature points to finish the calibration of the parameter about the MLA.

The microlens image MI, which contains a board line (the light blue line) of black-and-white
regions is determined first of all, as shown in Fig. 5(a). Then the center [the black dot in Fig. 5(a)]
of the MI is considered as Pi™, which has two properties as follows. (1) The pixel indices of Pi™
in the determined MI are both zero as it is the center of MI. (2) P’lnl is located in the central
subaperture image, and its coordinates are equal to the indices of the microlens in the MLA.
Furthermore, a line in MI is determined, which passes through the center Pi™ and is
perpendicular to the black-and-white board line. The perpendicular foot [the dark blue dot
in Fig. 5(a)] is considered as Pi", which is also the imaging point in the MI of another virtual
feature point P5. As the microlens image is a picture of the virtual objective lens viewed from
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Fig. 5 Extraction of the virtual feature points. (a) 4D light field raw data and the partial magnified
microlens images with marked line features and virtual feature points mapping in the Mls.
(b) Partial mapping points of the virtual feature points in the central subaperture image.

specific position, the board line in the microlens image is part of the board line in the central
subaperture image [the light blue line in Fig. 5(b)]. Therefore, PY' in the central subaperture
image [the dark blue dot in Fig. 5(b)] could be also determined by the perpendicular foot from
P to the board line. For every microlens image that contains a board line, the distance Ax;p,
and the corresponding distance Ax,, in the central subaperture image could be derived from
these four imaging points of two virtual feature points. The calibration of the parameter about
MLA expressed in Eq. (8) is consequently accomplished when numerous such microlens
images exist.

5 Experimental Results

The 3D LFE system proposed in this paper is equipped mainly with the Shenda 2D conventional
endoscope (ZG-3A), the Thorlabs objective lens (N-BK7 LA1509-ML, focal length is 50 mm),
the AUS MLA (APO-Q-P136-R0.94), the Myutron 1:1 relay lens (LSO10F) and the Teledyne
DALSA industrial camera (G3-CC10-G5105). To extract central subaperture images and micro-
lens images, the 4D light field is recovered from the original 2D image recorded on the picture
sensor of the industrial camera, where the MATLAB LFToolbox (V 0.4) designed by Dansereau
is used. The setup of 3D LFE system follows the description in Sec. 2 and is shown in Fig. 1(a).

We captured seven checkerboard images to accomplish the LFE calibration. The size of raw
images is 5112 x 5112 pixels, the size of central subaperture image is 176 X 176 pixels, and
the size of microlens image is 29 X 29 pixels. The pixel size ¢ is 0.0045 mm, and the microlens
pitch d is 0.136 mm, which are obtained from the metadata provided by product supplier.
The checkerboard is a pattern of 5 x 7 cells, whose grid size is 12 mm X 12 mm. In our experi-
ments, the checkerboard is located at the distance of 100 to 200 mm from the objective lens I of
2D endoscope. To accomplish the calibration, 140 features are utilized for calibration about the
virtual objective lens, and 140 pairs of virtual feature points are determined for calibration about
MLA. Zhang’s calibration method and the least square method are performed, respectively. Note
that the radial distortion of the 3D LFE is mainly caused by the 2D endoscope because its objec-
tive lens has short focal length but wide field of view, whereas the MLA is ideal approximately.
Therefore, the undistorted parameters are derived in calibration about the virtual objective lens
only. The nonlinear optimization is performed with the Levenberg—Marquardt algorithm. The
calibration results are detailed in Table 2.

The reprojection error of the corner points in the central subaperture images is shown in
Fig. 6(a) to evaluate the performance of calibration about the virtual objective lens, and the line
fitting result is shown in Fig. 6(b) to illustrate the performance of calibration about MLA. As
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Table 2 Parameters of 3D LFE.

(a) Intrinsic parameters

dml—im (mm) dob—ml (mm) (Xo:,Vo)

0.907 11.276 (89.364, 87.497)

(b) Extrinsic parameters

R (x1072 rad) t (mm) (kq, ko)

(-0.220,-0.185, -3.080) (22.627, 20.700, 104.632) (-0.595,0.365)

8
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Fig. 6 Experimental results of the proposed calibration method for 3D LFE. (a) Reprojection
error of the calibration about the virtual objective lens. (b) Line fitting results of the calibration
about MLA.

shown in Fig. 6(a), the typical root mean square (RMS) reprojection error is about 0.08 pixels.
According to Dansereau’s results,'® the calibration accuracy increases with decreasing the
checkerboard grids; a too small grid will make the corner extraction inaccurate. Therefore, three
checkerboards are used in our calibration method, and typical RMS reprojection errors are 0.10,
0.08, and 0.11 pixels for 15, 12, and 9 mm checkerboard grids, respectively. Consequently, the
12-mm checkerboard is used in this paper. Although the calibration about the virtual objective
lens is precise enough for the 3D LFE, it can be improved compared to the conventional cameras
and LFC calibration.'>!3!718 For the calibration result of MLA, as shown in Fig. 6(b), the dis-
tance d,_im between the MLA and picture sensor is 0.907 mm and the root mean square error
(RMSE) is 0.008 mm only. To demonstrate the performance of our 3D LFE calibration method,
three other calibration methods for conventional LFC were applied to the 3D LFE for compari-
son, but the results were not satisfied. For the calibration method proposed in Ref. 15, the RMSE
of d1_im 18 3.422 mm due to tiny light field disparity in 3D LFE. Furthermore, other calibration
methods proposed in Refs. 12 and 19 even cannot be achieved.

To further evaluate the validity of our 3D LFE calibration method, another eight checker-
board pictures are captured and their central subaperture images are shown in Fig. 7(a). The
checkboard grid is 12.000 £ 0.005 mm. All the corner feature points corresponding to the eight
checkerboard pictures are reconstructed and shown in Fig. 7(b), respectively, where the EPI-
based 3D reconstruction principles are used.'” It is obvious that distortion was well corrected,
although it was apparent in Fig. 7(a). The Euclidean distances between adjacent reconstructed
feature points are computed, and the RMSE is 0.280 mm. Moreover, the standard deviation
(STD) of the planes fitted by the reconstructed feature points shown in Fig. 7(b) is calculated.
The mean STD of the 8 fitted planes is 0.123 mm. Both RMSE and STD demonstrate the good
performance of the calibration method proposed in this paper.
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Fig. 7 EPI-based 3D reconstruction results using calculated parameters: (a) the central subaper-
ture images and (b) reconstructed coordinates of the corner features in the camera coordinate
system.

6 Conclusion and Discussion

In summary, a new calibration method based on virtual objective lens and virtual feature points
for 3D LFE is introduced and two main contributions are made in this paper. On the one hand,
inspired by Dansereau’s work, a virtual objective lens is introduced in 3D LFE imaging model,
which decomposes the 3D LFE calibration to the calibrations about the angular and spatial
planes respectively and makes the calibration similar to that of the conventional camera. On
the other hand, the concept “virtual feature points” is proposed in this paper. To calibrate the
MLA, the relationship between pairs of virtual feature points mapping in the microlens image
and mapping in the central subaperture image is deduced to overcome tiny light field disparity.
Our calibration method’s performance has been verified by the RMS reprojection error, RMS
line fitting error, and EPI-based 3D reconstruction results with the calibrated parameters.
Although light field imaging is capable of recording volumetric information in single shot, it
has not been used for many medical imaging applications, as it is acquired at the cost of reduced
spatial resolution and inherent trade-offs between spatial and angular resolution. The reduced
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spatial resolution that results from ray-space multiplexing may be overcome by future improve-
ment such as high-resolution picture sensors, and the trade-off between angular and spatial res-
olution may be solved by the super-resolution method.***! Our future work may include a more
appropriate 3D LFE imaging model to overcome the limitations of pinhole and thin lens, as well
as a more complicated lens distortion model to improve the precision of 3D LFE calibration.
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