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Abstract. The process of visually exploring underwater environments is
still a complex problem. Underwater vision systems require complemen-
tary means of sensor information to help overcome water disturbances.
This work proposes the development of calibration methods for a struc-
tured light based system consisting on a camera and a laser with a line
beam. Two different calibration procedures that require only two images
from different viewpoints were developed and tested in dry and under-
water environments. Results obtained show, an accurate calibration for
the camera/projector pair with errors close to 1 mm even in the presence
of a small stereo baseline.

1 Introduction

The process of visual exploring underwater environments is an important re-
search challenge. The range of unmanned vehicles that require underwater per-
ception capabilities is rapidly growing due to the more frequent use of this vehi-
cles in inhospitable places such as oil and gas platforms and deep sea underwater
mining.

In this paper, we propose to develop a structured light system (SLS) for
conducting perception tasks in underwater infrastructures. Normally, pure vi-
sual methods struggle in underwater environments due to phenomenons such as:
poor scene illumination, lack of image texture and water disturbances like high
turbidity, absorption and scattering [1]. Therefore, conventional computer vision
approaches using stereo vision suffer from the difficulty of obtaining correspon-
dences between image points. One way of overcoming such limitation is by using
laser based techniques [2], or laser techniques combined with photometric stereo
[3]. In [4] structured light systems are used to perform bathymetric operations
using Remotely Operational Vehicles and discoverer diffuse flow on the seafloor.

To perform such operations in an accurate manner, an efficient calibration
procedure that allows to calibrate the camera and the laser must be developed.
Therefore, our main work was to develop, experiment and evaluate calibration
methods that allow to perform all necessary SLS calibration.

The problem of calibrating a triangulation system between a laser (projector)
and a camera has already been addressed by many authors, but the underlying
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idea is still subject of ongoing research specially when trying to apply it for
underwater operations. In [5] a calibration rig consisting of lines with known
parameters is used. The intersection of the laser plane with each line gives an
image point to world line correspondence. Having enough correspondences a 4
x 3 transformation matrix which maps a 2D image point to its 3D coordinate
on the laser plane can be recovered. Reid et al [6] uses a similar solution, using
a calibration rig consisting of planes with known parameters. Projecting the line
laser onto the known planes gives an image point to world plane correspondence,
and then the 8-point algorithm [7] is used to find the transformation matrix.

One of the methods used in our experiments was a modified version on the
method developed by Huynh [8]. The method uses a calibration rig consisting
of two planes with 12 points (control points) with known 3D coordinates. The
points form 4 straight lines, and by using the cross-ratio invariance [7], the 3D
coordinates of the point of intersection of the laser plane with these 4 lines can
be determined, allowing to obtain 2D image point to 3D world point correspon-
dences that are used to recover the transformation matrix.

Some of these methods are complex and so other simpler methods that require
just a few measurements to a known planar target from different viewpoints can
also be used to compute the camera and projector calibration [9], [10]. An image
of the calibration board is captured, along with the line of its intersection with
the laser plane. Then by correspondences between board points and their image
coordinates, the pose of the calibration board with respect to the camera center
can be determined, resulting in a known world plane. The image of the laser line
is then back-projected to the world plane. Performing this operations with the
calibration board at different orientations results in a 3D point cloud spanning
the laser plane, from which the parameters that define the laser plane can be
recovered.

2 Geometric Model

Our proposed structured light system is composed of a camera and a single
projector equipped with a line beam. The main objective is to be able to ob-
tain accurate 3D points information from objects that are illuminated by the
projector, see Fig.1.

2.1 Camera Model

The camera model follows a classic pinhole model of perspective projection di-
vided into intrinsic (1) and extrinsic parameters.

fz S Cyg
K=10 fye (1)
0 01

where K is the intrinsic parameter matrix, that contains the focal length f (f,,
fy), the skew s, and the principal point ¢ (¢, ¢,) information. There is still one
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Fig. 1. Geometric model of the SLS system

parameter missing which is the lenses distortion that needs to be compensated
when calibrating the camera [11].

For the extrinsic parameters, the projection of a 3D world point P,, repre-
sented in the world coordinate system to a 2D image point p (x,y), in the image
plane is given by :

P ~ K[R[t|Pw (2)

where R is the rotation matrix, K the intrinsic parameters and t the translation
vector that allows to translate a point between the world reference frame and
the camera reference frame. While p is a 2D image point and P,, is the same
point in the 3D world point reference frame, both in homogeneous coordinates
representation.

2.2 Projector Model

For the projector calibration, the perspective projection does not hold since the
light stripe is not directly illuminated from the optical center of the projector.
Therefore, most applications do not use the projection of the light stripe, and
instead prefer to represent the projector by applying the equation of a plane. The
light stripe that appears in 3D space can be expressed in the camera coordinate
frame by the plane equation, described by:

a;Te +biye +cize +d =0 (3)

where ¢ is the light stripe number, a;, b;, ¢;, and d; are its coefficients. From here,
it is possible to define the baseline [; i.e the distance between the camera and the
projector, and also the projection angle 6; i.e the angle between the light stripe
and the Z. axis, and the tilt angle ¢; i.e the angle between the Y. axis and the
light stripe. The parameters can be obtained by the following expressions:

(¥
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0; = arctan (“) (5) ¢; = arctan <b) (6)

a;

2.3 Triangulation

For obtaining the 3D world point information P, in the camera reference frame
as P (z¢, Ye, 2¢), a triangulation principle between the camera viewpoint and the
light stripe is used. To do so, the camera and projector parameters are derived
from (2) and (3), as given by:

fz s 0 ;Cf T — Cy
0fy 0 Zf = |Y—¢ (7)
Q; bz di zi —C;
So, we can estimate P, coordinates as:
T —Cy Y—cy
Te = Zc (8) Yo = —F Zc (9)
f:r fy
I
Ze = (10)

_c _ (m) _ b (yfcy)
a; f7: a; fy

The triangulation principle is used to compute the depth coordinate z. (10).
Afterwards, x., y. coordinates are obtained based on the scaling relation with
the camera (8)(9), we consider skew s = 0.

3 Calibration

Prior to be able to use the structured light system for obtaining accurate 3D un-
derwater measurements, there is the need to perform a global system calibration.
Not only we need to calibrate the camera (intrinsic and extrinsic parameters),
but also to relate the projector position with respect to the image plane.

3.1 Camera Calibration

The first step to obtain a global system calibration is to recover all camera
parameters. Therefore, we start by obtaining the camera intrinsic parameters by
using an offline toolbox procedure.

For the camera extrinsic parameters, they are obtained by taking at least two
images of a plain chessboard in different viewpoints. Afterwards, all chessboard
corners present in each image are detected using the Harris corners detector [13].
The extrinsic parameters (rotation matrix R, translation vector t) are recovered
based on homography decomposition method [7].
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We establish that 3D world points in the world reference frame have null
component in Z,, axis, i.e, so for all the selected points zy, value is zero. These
points can be represented in homogeneous coordinates by equation (11). The 2D
points in image plane without distortion, can be represented in homogeneous
coordinates by equation (12).

Loy _ u
D | Yw Pu = |v (12)
1

To define the set of points, P. and lsw, all corners of the chessboard are
used. So, we can relate a world point Py, and its image correspondent P, up to
a unknown scale A by means of homography H as given by:

\P, = HP,, (13)

To calculate the rotation matrix and translation vector is necessary to per-
form homography H decomposition by:

H =K [ry r2 t] = [hy hy hs] (14)

With the intrinsic parameters known, the transformation from world coordi-
nates to the camera coordinate frame can be obtained by:

_ -1 _ 1
ri =\ K 1h1 A= TATh

= XK 'h — 1
Tl e (15) A2 = g (16)
rg =r1 XIg )\3 — A1tAo
t= >\3K_1h3

Thus, the rotation matrix relating the world coordinate system to the camera
coordinate system is described by:

thmp = [I‘]_ r2 1‘3] (17)

Since the matrix Riemp does not satisfy the orthonormality constraint of a
standard rotation matrix. It is necessary to normalize and orthonormalize the
matrix, using the SVD (Singular Value Decomposition) by:

R=UwW'VT (18)
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Where the matrix W’ is:

10 0
W'=101 0 (19)
00 [[UV']|

With the calculation of the matrix R and the translation vector t is possi-
ble define the position of the optical center of the camera relative the world’s
reference, thus completing the calibration process of extrinsic parameters.

3.2 Projector Calibration

For the projector calibration we implemented two different methods that are
describe in detail in the following sections. The first method denoted as SLSC-
CR method is based on the cross-ratio invariance principle. While the second
denoted as SLSC-LP is based on the robust fitting of the laser line projection.

The methods allows us to obtain control points belonging to the light stripe.
Afterwards, by non-linear least squares fitting is possible to define the equation
of the plane in the camera coordinate frame using control points of two differ-
ent images taken in different viewpoints. Thus, by equation (20) is possible to
determine each axis component (a, b, ¢, d):

& — lazc + bye + cze + d|
(a2 + b2 + ¢2)2

(20)

where x., Y., z. are the control points coordinates is the camera reference frame.

3.3 SLSC-CR Method

The objective for the projector calibration is to discover the equation of the
plane that describes the projector light stripe in the camera reference frame.

Our first implementation is denoted as SLSC-CR (Structured Light System
Calibration - Cross-Ratio). The cross-ratio allows to calculate the relationship
between a set of a collinear points belonging to the same line. This relationship
is invariant under projective transformation, and can helps us relate known laser
points in the image reference frame with the laser points correspondences in the
world reference frame.

The relationship used to establish the cross-ratio is displayed in Fig. 2. It
contains the 3D camera coordinate frame with four collinear points (a,q,c,d)
and 3D world coordinate frame defined on the calibration target with points
(A,Q,C,D). The plane m¢ defines the camera plane, plane myy is the calibration
target plane and 7 is the projector plane.

We start by calculating the cross-ratio using a set of points in image coordi-
nates for each horizontal line of the planar chessboard. The following procedure
was defined:
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Fig. 2. Control points used to calculate the cross-ratio.

— a; and d; - corners of the right and left side of the chessboard.

— b; or ¢; - middle corner of the chessboard (the definition of this point depends
of the q; point position)

— (; - intersection point between the projector plane and target horizontal line.

For computing the cross-ratio is necessary to preserve the correct order of
selected points. Therefore, we considered two different situations for the projec-
tor line points, i.e, when the projector focus on the right side or left side of the
calibration plane. In Fig. 3 is possible to see control points selection in both
cases.

Afterwards, the value of the cross-ratios using 4 collinear points in image
plane, can be defined as CR;. As the value of cross-ratio is invariant, the value of
CR; in world plane is the same. So, we can calculate the equation (21) in order
to control point @, as given by (when the projector focus on the left side):

o —A;D; + C;D; + A;C;CR; — C;D;CR;
o A;CR; — DiCR; — A; + C;

(21)

Fig. 3. Point selection based on light stripe chessboard position
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When the projector focus in the right side, a similar procedure can be used.

For this procedure was considered, for each image, at least six control points.
The control points in world coordinates can be computed from their correspond-
ing camera coordinates.

3.4 SLSC-LP Method

Our second implementation denoted as SLSC-LP (Structured Light System Cali-
bration - Line Projection). With this method it is possible to increase the control
points that defining the projector plane. With the 2D image points belonging to
the light stripe and the camera calibration parameters is possible obtain these
points in 3D coordinates. We used the projective equation and assuming that
2w =0 to calculate the points in world frame (z.,, yw):

P, Yo P, fx 0 cx| [R11 Ri2 Riz ity Tu
P,| =K[R | t] ‘Z“’ < |Py| = |0 fycy| [Ro1 Rao Rozty Zw
1 i” 1 0 0 1] |Rs1 Raz R3zt, fj
(22)
al bl cl
—_—~ —_—~ —
T (Py R31 — Ri1) + yu (P R3z — Ri2) = (Pt + ta) (23)
xw(Py'R?)l - R21) + yw(Py’R32 - R22) = (Py’tz + ty)
—— —_— S——
a2 b2 c2
boci — b
(baay — b1a2)Ty = (bacy — bica) <= 2y = M
gbzal - b1a2)) (24)
a2C1 — A1C2
b1 —a1b2)y, = - Y = Ty
(agby — a1ba)y (agc1 — arc2) Y (azby — arbs)
P,—c P,—c
p, ="+ P, =" Y 25

4 Experimental Results

In this section results for both methods implemented with experiments in dry
and underwater environments are presented.

4.1 Experimental Setup

Our experimental setup consists of a red 635 nm wavelength line laser beam, and
a camera with SXGA resolution both contained in a water proof casing with a
10 cm baseline, see Fig. 4. The procedures were implemented in MATLAB as a
proof concept. As for the processing time it is mainly dependent on the number
of images that are used for calibrating the SLS system.
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Fig. 4. Structured Light System Underwater Experimental Setup

In order to validate the proposed solutions, we compare the methods solution
with the results obtained using known 6 points 3D information (world coordi-
nates) obtained using the camera sensor model with 2D image information by
applying the cross-ratio invariance. Then, both method results are compared
against these obtained points. This can be considered a weak ground-truth sys-
tem. In future work, we plan to use a LIDAR system that can map the real
position of the planar chessboard and compare the results of both implementa-
tions with the 3D LIDAR information.

4.2 Results

The results presented in table 1, clearly show that the line projection method
performs more accurately than the demonstrated by the cross-ratio method,
with over 40% improvement. For obtaining this results we used 96 points (6 con-
trol points over 16 images). The same experiment was performed in underwater
environment, see table 2. The line projection also outperforms the cross-ratio
projection method. It is important to mention that both methods accumulate
2x more error in the underwater environment.

Table 1. RMS Error Comparison between SLSC-CR and SLSC-LP in dry environ-
ments

Methods z (mm) y(mm) z (mm) zyz (mm)
SLSC-CR 0.3207 0.3346 1.2340 1.8893
SLSC-LP 0.2134 0.3473 0.6491 1.0579

Table 2. RMS Error Comparison between SLSC-CR. and SLSC-LP in underwater

environments

Methods z (mm) y(mm) z (mm) zyz (mm)
SLSC-CR 0.1068 0.4215 1.8795 2.4078
SLSC-LP 0.1192 0.3642 1.7798 2.2632
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5 Conclusions and Future Work

In this work we present two methods for performing the calibration of a struc-
tured light system for perception in underwater tanks. The first implementation
was based on the cross-ratio invariance principle, while the second implementa-
tion was based on finding the line projection in the camera reference frame. The
results comparison of both methods in dry and underwater experiments shows
that the line projection method has lower root mean square error both in dry
and underwater calibration scenario. The system will be in future work used
for underwater inspection operations of ship hulls and harbor walls, and a new
version for mapping in industrial indoor underwater tanks is also being currently
develop.
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