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Abstract—Designs for an optical sensor detector array for use
in autonomous control of unmanned underwater vehicles (UUVs),
or between UUVs and docking station, are studied in this paper.
Here, various optical detector arrays are designed for the purpose
of determining and distinguishing relative 5 degrees-of-freedom
(DOF) motion between UUVs: 3-DOF translation and 2-DOF rota-
tion (pitch and yaw). In this paper, a numerically based simulator
is developed to evaluate varying detector array designs. The simu-
lator includes a single light source as a guiding beacon for a variety
of UUV motion types. The output images of the light field inter-
secting the detector array are calculated based on detector hard-
ware characteristics, the optical properties of water, and expected
noise sources. Using the simulator, the performance of planar and
curved detector array designs (of varying size arrays) are analyti-
cally compared and evaluated. Output images are validated using
empirical in situ measurements conducted in underwater facilities
at the University of New Hampshire, Durham, NH, USA. Results of
this study show that the optical detector array is able to distinguish
relative 5S-DOF motion with respect to the simulator light source.
Furthermore, tests confirm that the proposed detector array de-
sign is able to distinguish positional changes of 0.2 m and rotational
changes of 10° within 4-8 m range in x-axis based on given output
images.

Index Terms—Light attenuation, optical communication, optical
detector design, simulation, unmanned underwater vehicle (UUV),
water clarity.

I. INTRODUCTION

NMANNED UNDERWATER VEHICLES (UUVs) are

used for tasks that are difficult or too dangerous for divers,
such as underwater pipeline inspection, bathymetry exploration
and military operations (e.g., minesweeping, harbor monitoring,
and anti-submarine warfare) [1]-[5]. Some underwater opera-
tions require more than one UUV for efficient task completion
(e.g., large area surveying). The time and cost associated with
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using a single UUV are not suitable for such applications. One
approach to reduce operation time is the deployment of mul-
tiple UUVs that can perform tasks while in formation. A key
requirement for this group of UUVs to move in a controlled for-
mation is an underwater communication link between the UUVs
[6], [7]. In addition to UUV operation in formation, underwater
communication links can also be used for UUV docking or data
transfer from an operating UUV to a data storage platform [8].
The two latter applications allow UUVs to operate with longer
periods underwater without the need for excessive emerging/
submerging.

Most studies on intercommunication between UUVs have
concentrated on acoustic communication that performs well
over long distances [9]. However, the necessary hardware is
costly and requires payload considerations in the UUV platform
design. A cost-effective alternative is optical detection that
either uses existing hardware (e.g., light sources as beacons) or
additional hardware, i.e., low cost, commercially available off
the shelf photo detectors, etc. In astronautical and aeronautical
applications, optical communications are used for navigation,
docking and data transfer [10], [11]. For example, free space
optical communication is used in rendezvous radar antenna
systems [12]. In both cases of interspacecraft rendezvous
and docking, a continuous-wave laser is transmitted from the
pursuer spacecraft to a target spacecraft or to aid in the docking
process [13]. The challenge to conduct underwater optical
communication is that light is significantly more scattered
and absorbed in water than it is in air. As a result, the com-
munication ranges are much more limited underwater [14].
In addition, water as a medium is rarely homogeneous and is
constantly changing. Thus, it becomes difficult to predict its
optical properties for varying water conditions (e.g., diffuse
attenuation coefficient and scattering) during UUV operation.

Detector arrays consisting of individual optical detector ele-
ments are used for pose detection between UUVs. Many pos-
sible geometric shapes for optical detector arrays exist, but the
two most common array designs in literature are planar and
curved [15], [16], each design having its own benefits. A planar-
array design can maximize the signal-to-noise ratio between
all its elements, while curved arrays require a smaller number
of optical elements and results in a larger field of view. Cur-
rently, studies that have investigated optical communication for
UUVs are very limited and focus mainly on planar arrays for au-
tonomous underwater vehicles (AUVs). These studies include

0364-9059 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



EREN et al.: OPTICAL DETECTOR ARRAY DESIGN FOR NAVIGATIONAL FEEDBACK BETWEEN UNMANNED UNDERWATER VEHICLES (UUVS) 19

an estimation of AUV orientation to a beacon by using a photo-
diode array [17] and distance measurement between two UUVs
[18], [19]. In addition to array designs for communication be-
tween UUVs, other studies have investigated optical communi-
cations for docking operations. For example, a single detector
(quadrant photodiode) has been used to operate as a 2 x 2 de-
tector array [20]. In addition, researchers have mounted an op-
tical detector on an AUV to detect translational motion of the
AUV with respect to a light source. Optical communication
for distance sensing between a swarm of UUVs was conducted
using a LED transceiver with an IrDA encoder/decoder chip
[21]. In addition to navigation purposes, the use of optical com-
munication has been investigated for transmitting remote con-
trol commands [22], [23] and data transfer rates [24]-[27]. Re-
sults based on laboratory and field work showed that an optical
modem system consisting of an omnidirectional light source and
photomultiplier tube can achieve a data streaming rate of up to
10 Mbit/s, with a reported 1.2 Mbit/s data transfer rate up to 30
m underwater in clear water conditions [26]. Other studies uti-
lized underwater sensor network consisting of static and mobile
nodes for high-speed optical communication system, where a
point-to-point node communication is proposed for data muling
[27].

The underwater optical communication methods mentioned
above are shown to be able to measure only up to three degrees
of freedom (DOF), as opposed to the UUV's full maneuvering
capabilities in all six DOF. Multiple DOF motion is necessary to
determine the relative orientation between two or more UUVs
or between a UUV and a docking platform. Therefore, the de-
sign of an optical detector array for such an application becomes
crucial. This paper compares planar and curved array designs
for underwater optical detection between UUVs or between a
UUYV and a docking station. The comparison between the two
types of arrays is conducted using a simulator that models a
single-beam light field pattern for a variety of motion types (i.e.,
3-DOF translation and 2-DOF rotation). In addition, the number
of elements in the array and the possible noise sources from ex-
perimental hardware and the environment are also taken into ac-
count. The results from the simulator are validated using in situ
measurements conducted in underwater facilities at the Univer-
sity of New Hampshire. The results of this study are to be used
for the design of an optical detector unit for UUVs and the de-
velopment of translational and rotational detection and control
algorithms.

The performance criteria for an optical detector array design
suitable for underwater communication between UUVs can be
judged by two characteristics. The first is the ability of the de-
tector array to provide a unique signature, that is, a sampled
image that represents a given location and orientation of a UUV
with respect to a transmitter (i.e., light source). The second char-
acteristic is the minimum number of required optical detector
components. This characteristic is derived from the fact that
a UUV should have a timely response to fast changes of the
UUV's dynamics. (A smaller number of detectors would sim-
plify the hardware design and reduce processing time. A unique
signature, an image footprint from the optical detectors, would
enable a UUV to receive the necessary feedback to help the

Fig. 1. Schematic illustration of array designs used in the simulator: (a) Planar
array and (b) Curved array.

on-board control system to determine appropriate control com-
mands to maintain a specified/desired orientation with respect
to and distance from a beacon (or any other object of interest).

II. OPTICAL DESIGN CONSIDERATIONS

The idea behind an optical detector array is such that as
the array, which is mounted on a UUV, comes in contact with
(without loss of generality) a guiding beam, the light field is
sampled and a signature of the light beam can be obtained.
Here, the light source represents a guide that is mounted on a
leader UUV or on a docking station. In this study, a single light
source is used as the guiding beam for the detector array. The
light field generated from the light source is approximated as
a Gaussian beam at a given solid angle. For large arrays (i.e.,
arrays with several individual detectors), the light signature can
be further represented as an image.

The design considerations for an optical detector array can be
categorized as environmental and hardware-related. In this re-
search, the primary hardware for such a module consists of op-
toelectronic array components (e.g., photodiodes). These com-
ponents are framed in a specific configuration and are mounted
to an appropriate area on a UUV.

A planar array is an array of optical detectors that are
mounted on a flat, 2-dimensional frame. Although the optical
detectors can be placed in any configuration, a traditional
equidistant design is assumed (without loss of generality) for
the sake of simplicity. The detector, furthermore, is assumed to
be square, having an equal number of vertical and horizontal
elements [see Fig. 1(a)]. The planar array simplifies the design
and the resulting light signature, which is a cross-sectional (and
possibly rotated) view of and within the light field. A curved
array is an array of optical detectors that are mounted on either
a spherical or parabolic frame. The geometry of the frame
(curvature and oblateness) provides a larger range of incidence
angles between the detectors and the light field. In this study,
all elements of the curved array are equidistant in a plane
projection and located at a fixed distance from the geometric
center of the frame [see Fig. 1(b)].

A. Environmental Considerations

The light source in this study is assumed to be a point source
with peak radiance Lo(r = 0,p = 0, A\) [W/m?-sr-nm] for
a given detector with a fixed aperture area and a spectral range
of AX. Using a cylindrical coordinate system, the axial distance
from the light source to the optical element along the beam axis
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is defined as r and the radial distance from the beam axis is de-
fined as p. Assuming that light is not absorbed or scattered by
the water medium, radiance collected by a detector is inversely
proportional to the square of the distance to the source. The lo-
cation for half the peak intensity from the light source, Aryais,
along the beam axis is assumed to be relatively small. The radi-
ance from the light source according to the inverse-square law
can be defined as

Ar 2
Lops(r,0, AX) = Lo(0,0, AX) - (ﬂ> .

r

(1)

Alternatively, the radiance change from one location, r1, to a
second location, 2, along the beam axis can be expressed using

2
L2080 = Lnras 0,80 (2) )
1

The beam pattern produced from the intersection of a
Gaussian beam light field with a plane that is perpendicular to
the transmission direction can be described using a Gaussian
function. Traditionally, the beam pattern is described using
length terms with the peak intensity value at the intersection
point of the beam axis with the plane (p = 0) [28]

2
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where, W(r) is the radial distance of the beam width on the
plane at a beam intensity of 1/e? of the peak value at a distance
r from the light source.

For this study, a description of the beam pattern angular terms
was applied with a relationship: p = » - tan(n), where 7 is
the angle between the beam axis and the light ray reaching the
detector. In addition, the RMS width of intensity distribution,
which is half of the beam width, o, = 0.5 W (r), was also con-
verted to an angular relationship: o,, = tan~'((c,)/(r)). Using
a small-angle approximation, the exponent term can be defined

as
(_L) <_M) (4;2)
e w2(r) —e 272 tan? oy o, 25% ) (4)

Light in water is also attenuated by absorption and scattering.
Environmental background noise, denoted by L;, from scat-
tering of light in the water column may occur. This attenuation
can be described using Beer's law [29], which states that radi-
ance decreases exponentially through the medium as a function
of distance, r, from the source and the diffuse attenuation coef-
ficient, K (AX). The attenuated radiance at each detector is

—2. K(AN)r
2 n2

) + Ly.
(5)

Latt (Ty 7, A/\) = (Lobs(r7 , A)‘) - Lb) : 6(

The environmental background noise caused by interaction
between the light beam and the water medium has been previ-
ously modeled. These studies that have investigated the interac-
tion of light beams through turbulent medium (e.g., [30]-[32])
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approximate the background noise using a blurring function ap-
plied to the light beam. In this study, the background noise is
modeled using a Hanning window
27n
6
Nw - 1>> ( )

where, N, denotes the size of the Hanning window and n is
the sample number in the window, i.e., 0 < n < N, — 1. The
Hanning window is convolved with the output image generated
by the optical elements.

h(n) = 0.5 (1 ~ cos <

B. Hardware Considerations

As light interacts with a detector element (e.g., photodiode)
in the array, photons from the light are absorbed by the detector
and current is generated. The current is then manipulated by
the signal conditioning circuitry into a digital signal using an
analog-to-digital convertor (ADC) [33]. The electrical signal
measured by the detector is dependent on the intensity (i.e., the
optical power) of the light beam and on the detector's respon-
sivity (i.e., the electrical output of a detector for a given op-
tical input). Also, noise sources produced in the hardware can
make it difficult to extract useful information from the signal.
The quality of the detector is characterized by the sensitivity
that specifies the minimum intensity value that can be detected.
The key hardware noise sources are: signal shot noise, o, back-
ground shot noise, oy, dark-current shot noise, o4., Johnson
noise, ¢;, amplifier noise, o;, and ADC-generated quantiza-
tion noise, o,. All sources of hardware noise are assumed to
be mutually independent. Furthermore, the authors assume that
all noise can be approximated as Gaussian with corresponding
values of standard deviation. Accordingly, these noise sources
may be combined as a root sum of squares and represented with
a net noise current

Jn:\/angangafchra?Jrag @)

In addition to the electro-optical characteristics of the array
component, the geometrical design of the array also affects the
received intensity of the light signal. The incidence angle, 8,
of the light ray reduces the level of radiance measured by the
detector according to Lambert's cosine law

Le("”, n, A)\) =L, (’I“, s A/\) : COS(9> (8)

where L,, is the radiance at the surface normal.

III. THE SIMULATOR

Based on the hardware and environmental considerations, a
simulator (an analytical test bed) is developed. The goal of the
simulator is to analyze varying array designs for UUV optical
detection of relative translation and rotation with respect to a
reference coordinate frame. The criteria in evaluating the ef-
fectiveness of a detector array design includes: 1) determining
the minimum number of detector elements required for robust
UUYV position and attitude determination; and 2) verifying that
the detector is able to acquire a unique signature for each UUV



EREN et al.: OPTICAL DETECTOR ARRAY DESIGN FOR NAVIGATIONAL FEEDBACK BETWEEN UNMANNED UNDERWATER VEHICLES (UUVS) 21

position/orientation combination with respect to the given light
source.

The simulator calculates light intensities at the individual op-
tical elements based on the relative geometry between the light
source and the detector. The simulator also takes into account
the environmental and hardware effects described in the previous
section. The effective operational distance for underwater com-
munication is dependent on water clarity. Although a broad spec-
tral range of light (400 to 700 nm) can be used for optical commu-
nication, theradiation calculation in the simulatoruses anarrower
spectral range (between 500 and 550 nm), providing maximum
transmittance in clear to moderately clear waters. Based on em-
pirical measurements using a 400 W metal halide lamp [34] and
a commercial grade Mounted Silicon Photodiode photodetector,
a maximum operational distance of up to 20 m is assumed for
extremely clear waters, which represents open ocean conditions
(K = 0.05m 1), and up to 8 m formoderately clearwaters, which
represents tropical coastal waters (K = 0.1 m1). Although the
simulator can provide results for larger angles, pitch and roll an-
gles are limited to within 20°. This constraint is based on the as-
sumption that most UUVs are built to be stable about their pitch
androll axes of rotation, e.g., [36]-[38].

A. Reference Frame

In the simulator, an Earth-fixed reference frame is assumed,
where a light source is centered at the origin (0, 0, 0). Several
coordinates are identified in the x—y—z coordinate frame with
respect to the UUV center of mass (COM). Several attitude ori-
entations are also identified with respect to the Earth-fixed ref-
erence frame and defined by angles ¢, 8, and % for roll, pitch,
and yaw, respectively. To ensure appropriate sensor feedback
for adequate control performance [ 18], the detector array should
be able to detect a unique light signal (pattern) for each combi-
nation of coordinate position and attitude orientation. Further-
more, this detection should be accurate to within 0.2 m of the
true COM coordinate position and within 10° of the true atti-
tude orientation within 4-8 m range in x-axis.

The array geometry is chosen based upon the dimensions of
the UUV. The UUV in this study is assumed to be a rigid body
of box-type shape with a width (starboard to port) and height
(top to bottom) of 0.4 m and a length (from bow to stern) of 0.8
m, the size of a generic observation-class ROV used as a test
platform at the University of New Hampshire underwater fa-
cilities. Accordingly, the width and height of the detector array
are 0.4 x 0.4 m for both planar and curved array designs. The
adapted coordinate axes convention is that of the Tait-Bryan an-
gles [39]. Here, the x-axis points toward the bow and the y-axis
towards starboard. The body-fixed z-axis points downward and
completes the orthogonal triad. In this study, the follower is as-
sumed to undergo rotation about all three-axes, i.e., pitch, roll
and yaw. The coordinates associated with the array detectors are
multiplied with the rotation matrices to be in the same reference
system as the leader UUV.

B. Array Geometry

As previously mentioned, two array shapes are compared in
this study: 1) a planar array; and 2) a curved array. The geometry
of both arrays is defined in this section.

In the planar detector array, the detectors are defined relative
to the UUV COM with respect to the local (body) coordinate
frame. The center and the four corners of the planar array frame
are defined as follows:

Arrenter = (COMw 4 % COM,, COMZ> 9.1)

w

A'I“Tmin(y),max(y) = COl\/Iy + 5 (9.2)
h

A'rrlnin(z);max(z) = COI\/-[Z + 5 (93)

where COM,,, COM,, and COM.,, respectively, define the z, y
and z coordinates of the follower COM, [ is the length of the
UUYV, and w and h denote the width and the height of the ve-
hicle, respectively. The lateral and vertical spacing (denoted as
py and p,) between the individual detectors on the array can be
expressed as

o w
=N
h

PENT

(10.1)
(10.2)

It is assumed that the detector array is an N X NN square where
N is the number of optical elements. That is, the number of
detectors in the rows and columns of the array are the same.
Accordingly, the detector spacing is also the same (i.e., p, =
p.). It is important to note that for a curved array, p, and p are
projected detector spacing.

A hemispherical shape is used for the curved array. The
number of detectors in the curved array is initially defined
based on the N x N planar array design. Then, if the detectors
are projected onto the hemispheric surface, as in Fig. 1(b), with
a fixed radius r

(11)

where x;; is the position of the detector element on the z-axis
and y;; and z;; are the coordinates of the array that is projected
onto the bow of the follower UUV. ¢ and j are the indices that
represent the row and column number of the array,. In this study,
the radius, 7, of the hemisphere (of the curved array) is 0.32 m
and is defined from its focal point, F', which is the center of the
hemisphere

l
F, = COM, + 3 (12.1)
F, = COM, (12.2)
F, = COM,. (12.3)

The main difference between the planar and curved array de-
signs is that all of the optical elements in the planar array are
oriented in the same direction, while the detectors in the curved
array are normal to the surface of the array frame and thus allow
a larger range of incidence angles.

C. Radiometry

The construction of a realistic light field (as measured by the
array detectors) is based on the radiometric and hardware con-
siderations for each detector (Section II). The radiometric cal-
culations are based on the distance (i.e., inverse square law and



22

Beer's law) and orientation (Lambert's cosine law) of each de-
tector with respect to the light source. Using the detector's char-
acteristics and the associated electronics, the artificially created
incident light is numerically converted into a digital signal. For
the array simulator in this study, the specifications of two types
of photodiodes are used as reference (Thorlabs SMOSPDI1A,
Thorlabs SMO5PD2A). The resulting electronic signal is rep-
resented as a 10-bit (0—1023) sensor output value (thus, intro-
ducing quantization error). Environmental background noise is
artificially added to the signal using a Hanning window of size
N,, = 11. Also, a random net noise current of &,, = 1079 is
added to the electronic signal. The final digital signal is used to
generate an image pattern which, in turn, is to be used by the
array detectors to identify the position and the orientation of the
UuUV.

IV. RESULTS

A. Simulator Results

The success of the simulator described in this study relies
on the ability of the array to provide a unique image for every
UUYV position/orientation combination. To process the simu-
lator output images more efficiently, the output data is reduced
to a few key image parameters, allowing for a multiparameter
comparison. These chosen few parameters describe the beam
pattern and allow the use of simple algorithms that do not
require significant computational effort. One such algorithm
is the Spectral Angle Mapper (SAM) [40], which is the dot
product between sets of key parameters extracted from two
images that are represented as vectors, U{uy, uz, . . . unp) and
V{v1,v2,... Unp)

— —

N AR 77

Vi

Uy

o = COS

(13)

The calculated angle between the two vectors, i.e., SAM angle
«, is the numerical resemblance between the images. Two very
similar images result in an angle value close to 0°, whereas two
very different images result in an angle close to 90°. The SAM
angle provides a good performance evaluation indicator to the
different types of array detector geometries tested using a single-
value parameter.

Although the UUV is a six DOF system, it is assumed that it is
not possible to achieve relative roll angle detection (because of
axial symmetry about the body x-axis). Thus, only five param-
eters are provided to the simulator as input: translation along all
three coordinate axes, rotation of the pitch angle, 8, and rotation
of the yaw angle, 7. Accordingly, the image output of the sim-
ulator is analyzed using five parameters that can be related to
input parameters (see Fig. 2): the peak light intensity value, I,
the corresponding location of the horizontal detector, 7, and ver-
tical detector, k, at peak intensity, the location of the skewness
of the horizontal intensity profile gradient, Sk, and skewness
of the vertical intensity profile gradient, Sk,. The peak value is
normalized with respect to a given maximum detectable inten-
sity (0.0 < I < 1.0). The locations of the horizontal and ver-
tical detectors are defined with respect to the central detector (j
= (N+1)/2,k = (N+1)/2). Based on the location of the peak
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Image on the Planar Array with Noise y-axis cross section
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Fig. 2. Key image parameters and intensity profiles for a planar array detector
unit with hardware and environmental background noise: (top left) Output
image from the simulator, (top right) Horizontal profile, (bottom left) Vertical
profile, (bottom right) Input values used to generate output image and key
parameters describing output image.

Image on the Curved Array with Noise
21x21 Array Pos. x=-4 y=02z=0 1
roll=0 pitch=0 yaw=7
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Fig. 3. Key image parameters and intensity profiles for a curved array de-
tector unit with hardware and environmental background noise: (top left) Output
image from the simulator, (top right) Horizontal profile, (bottom left) Vertical
profile, (bottom right) Input values used to generate output image and key pa-
rameters describing output image.

intensity, the slopes of the horizontal and vertical intensity are
calculated. The slope of the profile is used rather than the pro-
file itself as the slope also provides the directionality of the beam
profile (i.e., negative or positive) in addition to the asymmetry
of the profile. The images and the corresponding parameters for
the planar and the curved array of size 21 x 21 for a given co-
ordinate location and yaw rotation are shown in Figs. 2 and 3,
respectively.

B. Detector Array Comparison

As afirst step for the selection of the array design, the geom-
etry of the detector array is evaluated. A performance evaluation
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Spectral Angle Mapper Results
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Fig. 4. Comparative resemblance results (SAM angles) for 21 x 21 element
curved and planar array (at x = 4 m) as a function of: (a) lateral translation, (b)
yaw rotation.

between planar and curved arrays is conducted, where each de-
tector array contains a 21 x 21 grid of detector elements with a
detector spacing of 0.02 m. Both detector arrays are evaluated
for their ability to detect changes in position and orientation, i.e.,
changes in SAM angle, «v. Changes in position are evaluated as
the UUV translates along the y-axis from a given origin (0 m)
to an offset 0f 0.9 m in 0.03 m increments. Similarly, changes in
orientation are evaluated by rotating the UUV about the z-axis,
yaw rotation, from its initial reference (0°) to 30° in increments
of 1°. Fig. 4 represents the resemblance results to identify UUV
positional and attitude changes based on measured signals (im-
ages) collected by the detector array at 4 m. The comparative
results for changes in position using the SAM algorithm show
similar performance between the two array geometries, where
the curved array performs slightly better (2°) at shifts greater
than 0.6 m. However, an investigation of the results for changes
in orientation reveals that the curved array is more sensitive to
changes in orientation than the planar array. The SAM angle
results for the curved array show changes of 12° at 5° yaw ro-
tations and changes of 22° at 10° rotations, whereas the results
for the planar array show changes in SAM angle of 5° at 5° yaw
rotations and 11° at 10° rotations. Based on these results, it is
deduced that the curved array geometry is more suitable for dis-
tinguishing changes in position and, especially, orientation of a
UUYV platform with respect to a reference light beacon.

After the geometry of the detector array is defined, relation-
ships between the ability to distinguish changes in position and
orientation from the output images and the number of elements
in the curved detector array are evaluated. The comparisons in-
clude different array sizes, ranging from a 3 x 3 size array up
toa 101 x 101 size array at distances ranging from 4 m to § m
to the light source. The comparative results at 4 m (see Fig. 5)
show that changes in positional and rotational shifts can be de-
tected by an array with the size of at least 5 x 5 optical elements
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Fig. 5. Comparative resemblance results (i.e., SAM angle) with respect to
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with detector spacing of 0.1 m. Based on a threshold of a 15°
SAM angle, a smaller array would fail to detect translational
shifts smaller than 0.2 m or rotational changes smaller than 10°.
It should also be noted that no significant changes in detection
capability are observed for array sizes greater than 7 x 7 with a
detector spacing of 0.067 m. The effect of operational distances
greater than 4 m is shown in Fig. 6. Although the ability of the
curved array to distinguish between the images decreases as the
operational distance increases, the SAM algorithm results for 5
x 5 array at 8 m are still above 10° for a 10° yaw rotation and
above 6° for 0.2 m translation.

C. Experimental Confirmation

In addition to the analytical study presented in this paper, ex-
perimental validations are conducted at the University of New
Hampshire's underwater facilities. The underwater experiments
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Fig. 7. Comparison of experimental and simulation results: (a) 4 m; (b) 5 m;
(c) 6 m; (d) 7 m; and (e) 8 m.

compare the simulator outputs to that of empirical measure-
ments. This comparison validates the optical model used in the
simulator (i.e., Gaussian beam profile) and confirms the envi-
ronmental physical properties that contribute to the light field
as received by the detector array. The light source in this study
is 2400 W underwater halogen lamp (contained in a waterproof
fixture). Profiles of light intensity data (radiance measurements)
were collected via a spectrometer such that the measurements
are perpendicular to that of the illumination axis. The profiles
are collected at distances ranging from 4 m to 8 m at 1 m incre-
ments and with lateral shifts from the illumination axis up to 1
m away from the axis at 0.1 m increments.

The profiles from empirical measurements are compared to
profiles produced from simulator output images calculated for
the same distance and orientation conditions (see Fig. 7). The
measured profiles confirm that the light field calculations for
the simulations are valid. Although the background noise in the
simulated models is overestimated, the correlation, R?, between
the two profiles is between 0.95-0.99 for distances from 4-8 m.

V. DISCUSSION

The results of this study show that the detector array simulator
is a useful and reliable tool for array design in optical communi-
cation between UUVs or between a UUV and a docking station.
The simulator has a modular design to allow for the addition and
changing of hardware and environmental parameters. Although
the simulator can evaluate other array geometries with a variety
of sizes, only two traditional shapes are considered. The sim-
ulator results show that a curved array with a minimum array
size of 5 X 5 elements is sufficient for distinguishing positional
changes of 0.2 m and rotational changes of 10°. For the distinc-
tion of smaller changes, a larger array size is required.

A follower UUV is assumed to have five DOF maneuver-
ability with respect to a given light source: three DOF trans-
lations (i.e., translations along the 2, y, and z axes) and two
DOF rotations (yaw and pitch). Because the transmitter unit
in the presented configuration has only one light source with
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a Gaussian spatial intensity distribution, it is not possible to de-
couple roll changes (rotation about the body-fixed x-axis) from
either pitch or yaw. This is due to the axial symmetry of the light
beam. The use of multiple light sources or a light source with a
unique intensity distribution may enable roll rotation sensing.

It is important to note that the simulator assumes that the
water column is uniform with systematic background noise. As
a result, the output images of the light field intersecting with the
detector array resemblance a Gaussian beam pattern. However,
disturbances in the medium (e.g., sediment plume) may cause
the beam pattern to be distorted. This point should be taken
into account in the development of control algorithms for UUV
navigation. Otherwise, the control algorithms may misinterpret
the acquired image and direct the follower UUV away from the
guiding beam. The simulator results show that detector noise
does not contribute significantly to the image output. Other de-
tectors with a larger noise level may contribute more to output
images.

An alternative hardware component that was considered in-
stead of photodetectors was a camera array. The potential ben-
efits using COTS cameras (CCD or CMOS) is to provide addi-
tional spatial information that can potentially enhance the per-
formance of pose detection algorithms. However, one of the re-
quirements for an autonomous system is the ability to process
the sensor's input and execute the pose detection algorithms fast
enough to respond to changes in the UUV's dynamics (i.e., de-
tection of the leader UUV and a response by the follower UUV).
It seems that a camera array that performs image extraction and
processing procedures may not be sufficiently fast for the UUV
interaction. With that said, the camera array option will be con-
sidered for future work that allows slower update rates of pose
detection algorithms.

VI. CONCLUSION

In this paper, a detector array simulator was developed to
evaluate different geometrical structures of optical arrays of
varying sizes for underwater position/orientation detection be-
tween UUVs or between a UUV and a docking station. Criteria
for an array design suitable in underwater communication be-
tween UUVs were based on: 1) the ability of the array to distin-
guish changes in position and orientation of a UUV with respect
to a given light source; and 2) the minimum number of optical
detector components that would simplify the hardware design
and reduce processing time. The simulator calculated a light
field generated from a single light source passing through the
water column, taking into account attenuation and scattering.
Based on the optoelectronic characteristics of the detectors (in-
cluding noise) and the array design, an output image of the light
field intersecting the detector array was produced.

Two array designs, i.e., planar and curved, were evaluated
based on their ability to distinguish changes in position and ori-
entation between the UUV and a guiding light source. Because
of the beam pattern symmetry (generated from a single light
source), it is possible to detect 5-DOF UUV motion, i.e., trans-
lations along x, y and z-axes, as well as pitch and yaw rotations,
and not full 6-DOF motion. The input data in the simulator eval-
uation included the relative geometry between the light source
and the optical array. The SAM algorithm evaluated the detector
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array design and was able to distinguish translational changes
within an operational range between 4 m to 8 m with accuracy
of 0.2 m and rotational shifts within 10° using key output image
parameter values. Using a 21 x 21 array with detector spacing
of 0.02 m, it was determined that a curved array design is more
sensitive to rotational changes than a planar array, whereas both
array geometries performed similarly for translational shifts.
After the geometry of the detector array was defined, the min-
imum number of element in the detector array was determined.
The simulator results showed that an array of at least 5 x 5 de-
tector elements with 0.1 m detector spacing was needed to dis-
tinguish changes in five DOF. The results were also validated
using in situ experimental measurements.
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