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ABSTRACT In underwater electro-optic detection, image quality can be degraded by the backscattering of
light from the illuminated water volume. In practical systems, we tend to simultaneously require a high level
of detection distance (DD), field of view (FOV), and depth of field (DOF), but these factors influence each
other by the media scattering. To eliminate this restriction, we propose to explore the underwater wide-area
layered light field (UWLLF), which classifies the underwater detection area by the DD and distribution
characteristics of the light field, to minimize the scattering influence on target detection. Based on the
UWLLF, an underwater electro-optic detection system is designed that can achieve the specifications of a
70° FOV and 7.9-fold attenuation length (for the attenuation coefficient 1.43 /m of 532 nm) DD. In addition,
with the spatial separation of light energy, the non-detection zone at short ranges is eliminated, yielding an
almost full DOF. With these three factors simultaneously improved, the ability of underwater exploration for
object detection is enhanced.

INDEX TERMS Underwater technology, optical imaging, object detection, light field, underwater detection.

I. INTRODUCTION

Light energy sharply attenuates when it propagates through
water because of absorption and scattering. Unlike the under-
water sonar imaging system [1], in underwater electro-optic
detection (UEOD) [2]-[8], backscattering can be severe, pro-
ducing intense levels of image noise at short ranges, while
the reflected energy that carries the target information at long
distances attenuates to a low level [9]. Both of the above
factors contribute to a decrease in the received image contrast,
which limits the detection distance and imaging quality of the
system [10], [11]. Several technologies based on temporal,
spatial, and polarization discrimination, such as line laser
scanning (LLS), laser range gating (LRG), optical polariza-
tion imaging (OPI), streak tube image lidar (STIL), modula-
tion light imaging (MLI), and structured light imaging (SLI),
have been developed to reduce the effects of backscattering.
The performance of these systems can be evaluated in terms
of detection distance (DD), field of view (FOV), depth of
field (DOF), power consumption (PC), and portability, vol-
ume and weight (PVW). A typical UEOD system should
be designed to see farther, wider, and deeper, making the
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DD, FOV, and DOF the most desired and required evaluation
metrics.

The LLS imaging system, such as SM2000 [12], was
designed to suppress both back and forward scattering for
a better DD based on spatial discrimination by structuring
the illumination field to be highly collimated with a mini-
mal cross section [13], [14], resulting in a narrow instanta-
neous FOV (IFOV) and poor DOF. The LRG system, known
as LUCIE [15], was developed to produce a better DD by
temporarily “gating-out” much of the backscattering [13],
whereas the laser pulse width ¢ constrains the DOF to
a small level ct/2 (c is the speed of light) with a nar-
row FOV. The OPI system amplifies the signal from targets
whose polarization-difference magnitude is distinct from the
background [16], yielding a relatively wide FOV but short
DD. The STIL system measures the time of flight of the
light from the transmitter to the target and back to collect
3D information [17], [18]. When combined with LRG for
underwater detection, it has a similar narrow FOV as LRG.
The MLI [19] and SLI [20] techniques were mainly used to
obtain the depth information of targets from scattering media,
which rarely consider FOV and DOF.
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TABLE 1. The performance of different UEOD systems.

Tech. DD FOV DOF
LLS [13] 7 AL 1°x70° Fair
LRG [15] 6-7 AL <30° Fair

OPI [16], [21] Short Wide Good
STIL [18] 5-6 AL 8.5° Poor
MLI [19] 20 ALF N.A. N.A.
SLI [20] 6 AL N.A. N.A.

T This is only the simulation result at a specific condition.

Table 1 shows the DD, FOV and DOF performances of
different UEOD systems. Because the DOF of the exist-
ing UEOD systems is not usually quantitated, a qualitative
three-level description (poor, fair and good) of DOF per-
formance is made to evaluate the their DOFs, according to
their inherent principles. As shown, the DDs of LLS, LRG
and STIL can be up to 7 AL (attenuation length), but their
FOVs are limited to 30° and their DOFs are constrained to a
small range. A relatively wide FOV and good DOF can be
obtained by OPI, but its DD is short. Moreover, the FOV
and DOF are not available for MLI and SLI because they
are not developed to see wide or deep. In conclusion, current
UEOD technologies are mostly designed to see farther with
a long DD at the expense of a narrow FOV and poor DOF,
and the DD will be short if the purpose is changed for a
wide FOV and good DOF because more backscattering noise
will enter the receiver. In summary, it is difficult to achieve
optimal performance in terms of both DD and FOV/DOF
simultaneously. To overcome this limitation, we propose the
underwater wide-area layered light field (UWLLF) for under-
water detection in this paper.

Il. UNDERWATER WIDE-AREA LAYERED LIGHT FIELD

A. DESCRIPTION OF UWLLF

Different light sources can create different light fields of
different energy distributions, which produce different DDs
in the same water quality. Based on the DD differences of
different light fields, the underwater detection area by aux-
iliary illumination is divided into 5 levels of field (as shown
in Figure 1): low-energy inhomogeneous light field (LILF, [0,
3.5 AL)), high-energy collimated light field (HCLF, [3.5 AL,
5.25 AL]), remote diffuse light field (RDLF, [5.25 AL,
7 AL]), pulse power light field (PPLF, [7 AL, 10 AL]),
and beyond light field (BLF, [10 AL, oo]), constituting the
underwater wide-area layered light field (UWLLF).

1) LILF: The distance from the receiver is short; thus,
the illumination will produce severe backscattering,
whereas the common homogeneous low-energy illumi-
nation is not strong enough for the imaging of distant
areas, which means that the energy of the light field
needs to be low and distributed inhomogeneously along
the receiver axis [22].

2) HCLF: As the distance increases, a common
light source cannot generally meet the illumination
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FIGURE 1. Underwater wide-area layered light field.

requirements in this level. As shown in Figure 1,
the divergence angle of some level decreases as it
heads far away from the receiver. Therefore, a light
source with a good collimation property is necessary
to establish the HCLF without “polluting” the adja-
cent levels, compensating for the loss of attenuation.
A collimated and homogeneous energy distribution in
HCLF is sufficient due to its small illuminated area.

3) RDLF: Through long-distance propagation, the colli-
mated light becomes floodlit to form a diffuse light
field. Additionally, the diffuse light also enlarges the
illumination area, which benefits the detection area.

4) PPLF: An extremely high light power is required for a
long light attenuation path (>7 AL). According to the
sampling and exposure characteristics of CCD imag-
ing, it is known that the light energy for imaging in
space does not have to exist all the time. Therefore,
the light energy can be condensed into a small time
slice, meaning that a pulse power illumination with
a high instantaneous power can be employed, corre-
sponding to sampling of CCD, both of which contribute
to the temporal discontinuity of the light field.

5) BLF: The area in this level is beyond the detection
range of the existing UEOD systems.

It is widely accepted that the imaging quality of a UEOD
system is associated with the reflected optical energy from the
target and the apparent contrast, and they are both determined
by the spatial energy distribution. The sensitivity of a CCD
and the contrast threshold of the human eye reflect both
of these parameters. For an arbitrary point A(x, y, z) in our
proposed UWLLEF, Equations 1 and 2 show the spatial energy
distribution Er,,,,(x, ¥, 2) and the apparent contrast C(x, y, ),
where 7 refers to the amount levels of UWLLF; E7y; and E7y,
represent the received direct and scattered illumination from
level i, respectively; and Lr,(x, y, z) and Lg,(x, y, z) are the
target luminance and background luminance contributed by
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energy level i, respectively.

n n
Er,,(6,y,2) = Y Erg(x,y, 9+ )_Ery(x,5,9 (1)
i=1 i=1
Yo Ly, 2) = Yoy Loy (x, 3, 2)

Z?:l Lp(x,y,2)

UWLLF is proposed to optimize a UEOD system for
the purpose of producing a far DD, wide FOV and deep
DOF. In UWLLEF, E7,,, is also transformed to L7, and Lp,
in Equation 2, which is used to calculate C(x,y, z), from
which the DD of a UEOD system can be verified. The FOV
and DOF determine the size of the backscattering volume
represented as L, (x, y, z) in Equation 2. It is clear that com-
pressing the FOV and DOF could be helpful for reducing
the backscattering (less Lp(x,y, 7)) to obtain a farther DD
(larger C(x, y, z)); thus, it is difficult to obtain both a far DD
and wide FOV with a deep DOF. Nevertheless, UWLLF is
designed with a layered structure of energy distribution to
minimize the energy magnitude in the same backscattering
volume to reduce Lp,(x, y, z) without reducing the size of
the backscattering volume, yielding a far DD with a wide
FOV and deep DOF.

C(X, Y, Z) = (2)

FIGURE 2. Our UWLLF methodology.

B. METHODOLOGY OF UWLLF
The optical energy can be delivered to different levels
using different methods, which determines the design of a
UWLLF system. Figure 2 illustrates our UWLLF method-
ology, in which the LILF and HCLF are established in our
previous work [22]:
o In the LILF level, a common underwater light source
with a slightly collimated ability can be employed, and

VOLUME 6, 2018

an appropriate divergence angle is necessary for the
inhomogeneous distribution. The area near the CCD
in Figure 1, although beyond the area of direct light,
could utilize the scattered volume for the illumination.

o A Fresnel lens light source (FLLS) with a special angu-
lar distribution can be designed for both HCLF and
LILF [22].

Here, we present our procedure for establishing RDLF to
illustrate the UWLLF methodology shown in Figure 2.

1) MODEL THE ENERGY AND CONTRAST

The modeling of energy and contrast can be implemented
according to Equations 1 and 2. Duntley developed a model to
illustrate the energy distribution of direct light and scattered
light [23], as shown in Equations 3 and 4, respectively, where
ERg is the portion of direct illuminance and Eg; is the portion
of scattered illuminance. Therefore, the energy received by
the CCD can be deduced as Egg,;;, shown in Equation 5.

lk —kl —
Erq = {exp(—cl —cr)+ M

4
2w 27\%
25—15log— ) |1 +7(—
X( %¢){ (¢>
ptl (D 2
x exp(—kD)]} Tl (7> 3
Egs = {exp(—cl —kr)+ Ik exp(—kl — kr)
4

2
x (2.5 —15log —”>
¢

27\ 05
X |:1 +7 <?> exp(—kl)j”

ol [rk(1+7ﬁexp(—kr))] D2
7.8112 (f) @

ERsum = ERq + ER; (5)

X

where [ is the light intensity of the light source, ¢ is the
beam-divergence angle of the light source, Sy is the optic-axis
distance (from the CCD to the light source), D is the aperture
diameter of the CCD, f is the focal length of the CCD lens,
c is the attenuation coefficient of water, k is the diffuse
attenuation coefficient of water, r is the distance from the
target to the CCD, [ is the distance from the target to the light
source, and p is the reflection factor of the target.

The contrast model can be derived from Figure 3. The
backscattering luminance dL(r) from the volume element dV
is derived as:

1 2
dL(r) = {1—2 exp(—cl) + <2.5 —1.5log ?)

27\ Ik exp(—kl)
X |:1 +7 <?> exp(—kl):| aal

x B(0) exp(—cr)dr (6)
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FIGURE 3. The geometrical configuration of the underwater auxiliary
illumination system.

According to the definition of the apparent contrast,
the apparent contrast of the underwater target is C [24]:

_Lr+Lp—Lg Ly —L(ro,r)
Lg L(ry,12)

where L7 is the target luminance, Lp is the luminance of the
path from the target to the receiver, L(rg, r2) is acquired by
integrating dL(r) from rg to r2, and L(r1, r7) is obtained by
integrating from r; to r.

C

(N

TABLE 2. The parameters for the simplification of the energy model and
contrast model.

p T So(m) D/f OL(AL)1L Em—Y)  r@m) I(m)
0.6 09 1.35 1/1.4 7 c/2.7 5.10 5.28

T OL = ¢ * r, which means the optical length. Because the light source in
the design is white light, the attenuation coefficient ¢ of natural light is used
according to ¢ = 3.912/visibility in this case. Visibility is measured by
the Secchi disk [25].

2) SIMPLIFY THE MODEL

The detection area is subsequently set to the RDLF level
(7 AL), and Table 2 presents the parameters for simplifi-
cation. The sensitivity of the CCD (Outland UWC-325) is
0.001 lux, and the contrast limit of the human eye is 0.02.
For a high margin of detection, 5-fold of these two thresholds
is chosen as the model threshold, corresponding to 0.005 lux
and 0.1, respectively. Thus, the energy model is simplified to
be a function of ¢ and /, and the contrast model is simplified
to be a function of ¢. As shown in Figure 4, more imaging
energy can be acquired with a higher intensity and wider
divergence angle of the light source, and the apparent contrast
is only related to the divergence angle.

3) CHOOSE A SET OF (¢, /) AND PERFORM THE

CONTRAST THRESHOLD VERIFICATION

In Figure 4(a), the illuminance of the CCD is plotted with
the variables ¢ and /. An arbitrary point above the blue plane
is qualified with the energy threshold (0.005 lux), and a set
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FIGURE 4. The simplified energy threshold Egg, (¢, /) (a) and contrast
threshold on specific condition (b).

OO

of (¢4, I4) (Point A) is selected. Then, ¢4 is verified by the
contrast threshold, as shown in Figure 4(b). Finally, the set
(¢4, 14), meeting both thresholds, is chosen:

¢4 = 0.14 rad )
Iy =224 x 10° cd )

4) DESIGN LIGHT SOURCE

The intensity of 2.24 x 10° cd is divided into 8 light sources
(2 arrays) to meet the energy needs (Figure 5(a)). Each array
consists of 4 high-power biconvex lens light sources (BLLS),
transmitting four collimated beams with a beam-divergence
angle of 0.135 rad. Each BLLS contributes a light intensity
of I = 3.28 x 10* cd (the illuminance distribution is
approximately homogeneous in facula using a biconvex len).
Therefore, the total tested intensity is:

I, =8x1I,
=2.62 x 10° cd (10)
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which indicates that the machined BLLS can meet the design
criterion of ¢4 and Iy4.

(@ (b)

(c) (@

(O] ()

FIGURE 5. The entity of our UWLLF system (a) and experimental
environment (b) and (c). (d) is an image with negative contrast near the
CCD (0.4 m). (e) is an image with positive contrast at 3.5 m. (f) is an
example of mask of (e) for the contrast calculation.

Ill. EXPERIMENTS, RESULTS AND DISCUSSION

Figure 5(b) and Figure 5(e) show the pool (8 m x 3.6 mx2 m)
experiment. The target is a Lambert white board with dimen-
sions of 54cm x 45cm and every light source is equipped with
a halogen lamp of 4000K color temperature. The optic-axis
distance is set to 1.35 m, and the tilt angle relative to the CCD
viewing axis is set according to the Figure 1. In the experi-
ment, the target was moved away from the CCD, from 0.2 m
to 6 m in 0.1 m interval. Additionally, the divergence angle
and intensity of the light source, which are adjusted through
different stops and neutral optical attenuators, respectively,
are an additional two variables. The specific information of
these three variables is shown in Table 3. In the experiment,
more than 2000 images, each of which has different distances,
light source intensities and divergence angles, are acquired.
The manual segmentation of the target and the background
is implemented like Figure 5(f) due to the huge amounts of
data.

TABLE 3. Three variables in the experiment.

Target distance 0.2m ~ 6m, 0.1m interval
1%, 5.9%, 21.5%, 31.5%, 100%

3.8°,7.6°,11.4°,15.2°,18.9°,22.6°,26.3°, 29.9°

Light source intensity

Divergence angle
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FIGURE 6. The spectral distribution of attenuation and absorption
coefficients (a), and the attenuation coefficient of 532 nmis 1.43/m.
(b) is the DD performance of our UEOD system.

The wavelength 532 nm of double YAG lasers is employed
in a number of UEOD systems, such as Table 1, whose DD
performance is apparently evaluated by AL (532 nm). Thus,
for a consistent comparison of DD performance or other
specifications, the attenuation length of 532 nm is chosen as
the standard unit. As shown in Figure 6(a), the spectral dis-
tribution of attenuation and the absorption coefficients were
acquired by AC-S211 of Wetlab. The attenuation coefficient
of 532 nm is 1.43/m, i.e., one AL is equal to 0.7 m.

As shown in the simulation of Figure 4, the DD perfor-
mance of a UEOD system is related to the intensity and
divergence angle of the light source. The DD performance
of our UEOD system with different intensities and diver-
gence angles is tested in the pool experiment, as shown
in Figure 6(b). It reveals the downtrend of DD with increasing
divergence angle. For the same intensity curve, the DD gap
between the maximum and minimum is more than 1 AL;
for the same divergence angle, different curves show the
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DD performance VS intensity: 100% intensity leads to the
largest DD, approximately 7.9 AL at 7.6° divergence angle,
whereas 1% intensity only supports 6.8 AL. In other words,
the DD decreases as the divergence angle increases, and the
DD increases as the intensity increases. This experimental
result is consistent with the preceding simulation model.
In addition, the selected 100% intensity and 7.6° divergence
angle in the simulation can optimize this UEOD system to a
DD of 7.9 AL in the experiment.
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FIGURE 7. Contrast performance at divergence angles of 11.4°
(a) and 29.9° (b) in the near area (LICF and LCLF levels, <5.25 AL).

A large DD is desirable, so we designed the BLLS and the
light field as above. Additionally, another specification of this
system is still in our consideration — contrast performance in
near area (LILF and HCLF). As described in section II-B,
LILF and HCLF are established in our previous work. Thus,
what is the detection performance after adding the RDLF to
the whole light field? Figure 7 and Figure 8 illustrate the
apparent contrast of the target in LILF and HCLF levels.
The apparent contrast is calculated following the principle of
Equation 7, and the mask as in Figure 5(d) is used to calculate
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FIGURE 8. Contrast performance VS different divergence angles in the
near area (LICF and LCLF levels, <5.25 AL)).

the luminance of the target and background. As shown
in Figure 7 and Figure 8, there are three characteristics
reflected:

« With increasing light intensity, the apparent contrast in
the near area is decreasing. This is a contrary conclusion
to the DD VS light intensity.

o There is negative contrast within approximately 0.8 AL,
which corresponds to the images of the dark target and
bright background as in Figure 5(f). This is related to the
DOF discussed in the next paragraph. Strong contrast
exists between 1.5 AL and 5 AL, where the target shows
a sharp edge as in Figure 5(c).

o There is a slight downtrend of apparent contrast as the
divergence angle increases, as shown in Figure 8. As the
distance increases, the downward trend is not obvious,
but it tends to be flat.

Therefore, it can be concluded that a high light intensity
weakens the apparent contrast in the near area, whereas the
impact of the divergence angle is slight. Overall, however,
the weakened contrast is strong enough for target detection.
As shown in Figure 9, two strips with a 0.1 m white-black
interval are used to calculate the DOF and FOV of our UEOD
system. The image of the white-black strip in Figure 9(a)
stretches from the nearest to the maximum detection distance.
Moreover, the contrast distribution in Figure 7 demonstrates
that there is no contrast data located below the threshold
within the maximum DD. Additionally, negative contrast
exists within approximately 0.8 AL (no-imaging zone, but
still detectable). In other words, this UEOD system achieves
the full DOF for underwater detection. The FOV is calcu-
lated with the same method of a white-black strip placed at
2.4 m from the CCD. The diagonal FOV of 67° is obtained
through the triangulation calculation. Additionally, in another
experimental environment (swimming pool), as shown
in Figure 9(c), the large DOF and wide FOV are verified: the
swim-lane of the float ball and black line are imaged from the
nearest area of the horizon to the distance; thus, an almost full
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()

(b)

(c)

FIGURE 9. lllustration of the FOV and DOF of our UEOD system. (a) is for
the DOF evaluation, imaging the white-black strip with a 0.1 m interval.
(b) is acquired at a distance of 2.4 m for the FOV calculation and
evaluation. (c) is acquired in another environment of water quality

(13.5 m visibility) at a distance of 20.5 m, assisting in calculating the
FOV and DOF.

DOF is evident. This image is acquired at 20.5 m; therefore,
an approximate FOV of 70° is acquired.

In summary, equipped with 100% intensity and 7.6° diver-
gence angle of the light source, this UWLLF system opti-
mizes the underwater detection within 7.9 AL at an almost
full DOF without sacrificing the FOV (70°).

IV. CONCLUSION
In conclusion, this paper presents the underwater wide-area
layered light field (UWLLF). Along the detection direction,
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the layered structure of UWLLF in the distribution of light
energy can optimize the DD of a UEOD system. Addition-
ally, with emphasis on the UWLLF methodology, this model
is tested through a pool experiment, achieving the design
goal of a 70° FOV and 7 AL DD (actually up to 7.9 AL).
In particular, the non-detection zone at lower energy levels
is eliminated. These three improvements enhance the capa-
bility of the UEOD system in target detection, allowing it
to see farther, deeper and wider. This paper only focuses on
improving the image quality in the detection process, and in
future work, 5 dimensions of the light field will be employed
to describe the scattering characteristics of UWLLF, pursing
a more precise description of energy distribution and a basis
of image post-processing on removing backscattering and
forescattering.

APPENDIX
To assist for the reading, the abbreviations in the paper are

summarized in Table 4.

TABLE 4. The abbreviations in the paper.

DD detection distance

FOV field of view

DOF depth of field

AL attenuation length

UEOD underwater electro-optic detection
LLS line laser scanning

LRG laser range gating

OPI optical polarization imaging

STIL streak tube image lidar

MLI modulation light imaging

SLI structured light imaging

UWLLF  underwater wide-area layered light field
LILF low-energy inhomogeneous light field
HCLF high-energy collimated light field

RDLF remote diffuse light field

PPLF pulse power light field

BLF beyond light field
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