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and Duke University sponsorship, affords a
method of collecting orientation data. Similar
to previously designed HBOI systems,
surfaces of interest are rapidly scanned to
produce high-resolution digital maps. The 3-D
map coordinates combined with the measured
roll and pitch angles of the instrument are used
to accurately determine orientation of the
scanned geologically relevant planes and lines
on seafloor outcrops. Unlike other techniques
currently in use, this instrument does not need
to be carefully positioned or placed on the rock
surface and is not affected by magnetic fields.
Furthermore, due to the high scan rate, the
instrument need not be held stationary while
scanning. During a single seafloor traverse of
several hours, thousands of measurements can
potentially be made.

A discussion of the application, method of
operation, and initial design parameters of the
new 3-D laser line scanner is provided in this
paper, as well as comparative design
parameters and an example image from similar
systems developed previously for different
applications. Preliminary Finite Element
Analysis results are presented for the laser and
detector housings suited for deep-ocean
operation. Initial deployment is expected on

ABSTRACT

Manned submersibles and remotely
operated vehicles make it possible to use many
of the techniques of land geology on the
seafloor. For example, making geological
maps of seafloor exposures along mid-ocean
spreading centers as well as other settings is
now feasible. A fundamental aspect of
geological maps is the documentation of the
orientation of various planes and lines in
space. Strike and dip typically characterize
planes, and trend and plunge characterize
lines. Sedimentary bedding, lava flow tops,
dike margins, igneous layering, metamorphic
foliations, joints and faults are just a few
examples of planar structures observed along
spreading centers. Land geologists determine
the orientation of outcrop-scale features with
various types of hand-held compasses and
inclinometers, like the Brunton Compass used
widely in North America. However, this type
of instrument is not appropriate for use on the
seafloor and different approaches are required
to obtain orientation data.

A 3-D laser scanning system currently
being developed by the Harbor Branch
Oceanographic Institution Engineering
Division, under National Science Foundation
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Data are recorded to an internal computer and
are routed to the submersible's data logging
system as the device is held against an outcrop
surface. This simple approach has provided
the first direct measurements of strike and dip
on the seafloor and has made it possible to
collect fully oriented samples for
paleomagnetic and microstructural studies.
Measurements from the Geocompass have
been compared to estimates of orientation
provided by divers, and results demonstrate
that there is a wide range of accuracy and
reliability among divers. Using the instrument
insures consistent, objective results.

Additional testing by repeated
measurements .showed that the precision of the
instrument was very good, but greatly
influenced by the roughness of the outcrops
measured. Despite its advantages of being
simple, inexpensive (about $Ilk) and having
little maintenance costs, the Geocompass has
some distinct disadvantages. Its magnetic
compass requires calibration for the magnetic
field of the submersible and is affected by
strongly magnetized rocks in seafloor outcrops

thetorelative

Fig. 1. Typical seafloor rock outcrop.

poles and inclination
gravitational field.

I. Introduction

Woods Hole Oceanographic Institution's Alvin
submersible next year.

The underwater 3-D mapping system
currently under development will be capable
of making quantitative measurements relevant
to studies of slope morphology,
sedimentology, hydrothermal vents, biology,
structural geology, and rock magnetism.
When mounted on a manned submersible or
remotely operated vehicle (ROV), image
coordinate maps of seafloor exposures can be
produced. Information inherent in the images
can be derived to aid geologists in producing
geological maps that can be analyzed for
gaining insight into the geological formation
process. . Particularly important is the
documentation of strike, dip, trend and plunge
on features such as sedimentary bedding, lava
flow tops, dike margins, igneous layering,
metamorphic foliations, joints and faults. Fig.
1· shows a typical seafloor rock outcrop. The
image shown is a digital mosaic of a cliff face
approximately 50 meters high and 30 meters
wide. The slope facing the viewer is
approximately 50°. The rocks contain slab
like basaltic formations called "dikes" that
were formed as molten rock was injected into
cracks [1]. Measurement of the orientations of
the edges of the dikes is one objective of the
geological study. Some edges can be vertical,
but in this image they are inclined to angles of
approximately 40°. Using various methods,
geologists are interested in determining if the
dikes were once vertical and later tilted or if
they were injected into inclined cracks.
Obtaining accurate estimates of the
orientations of the flat planar surfaces are also
objectives ofthe geological study.

With current approaches, geologists are
using Woods Hole Oceanographic Institution's
"Geocompass" to make orientation
measurements. The Geocompass measures
orientation relative to the earth's magnetic
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(e.g., Fe-Ti basalts, ferrogabbros, serpentinites,
etc.) , The device must be physically placed
against the rock surface requiring good
piloting skills but often consuming valuable
bottom time. This latter requirement makes it
difficult to use from an ROV. The instrument
is also cumbersome, taking up space in the
sample basket and requiring an attached cable.
Perhaps one of the worst problems is that it is
difficult for observers in the submersible to
observe the test surface. The observer is often
forced to describe a particular type of surface
to the pilot without observation. Video
cameras aid the process and, assuming the
submersible is in stable location, it is also
possible for observers to view the surface from
the pilot's window. Generally, guess work is
involved in locating the measurements. It is
commonly found upon reviewing video or
hull-mounted cameras that the Geocompass
could have been better positioned.

Although, this first-generation tool has
demonstrated the feasibility and applications
of collecting structural data from seafloor
outcrops at spreading centers, transform faults,
and subduction zones, the new laser
technology approach described in the
following sections offers the possibility of
greatly improved efficiency and accuracy in
collection.

II. RELATED WORK

Over the past decade, HBOI has developed
three high-speed laser line scanners capable of
providing 3-D surface maps and operating at
near video frame rates. The first laser
triangulation system was developed for the
U.S. Navy as an experimental ROV-based test
bed for robotic inspection [2-4]. The system
was designed to map surface features at close
range, approximately 0.5-2 m, with a
positional accuracy of 1 mm at image
acquisition rates of several seconds per

complete scan. The next generation of laser
line scanners utilized patented image
intensifier technology to produce a lower
power implementation. This approach resulted
in an increase of the image acquisition rate to
20 scans per second and a reduction of laser
power from 150 to 10mW. One of the two
systems built was developed for the University
of Southern Mississippi Department of Marine
Science to view amorphous aggregates
referred to as "marine snow" [5]. Resolution
of the images is approximately 1 mm in (x, y,
z) dimensions at distances less than 10 em.
The image acquisition rate was chosen to
eliminate blurring of the moving particles and
to capture sequential frames for motion
studies . A similar HBOI system has been
developed and is capable of operating at 1-2 m
range with identical frame scan rates and laser
power. Design specifications for each of these
laser line scanners, as well as the Duke
University system, are shown in Table 1. Fig.
2 illustrates an example test scan of a dome
and step wedge object recorded in clear water
at a nominal range of 1 m (NCEL, 400x400
pixel resolution).

Fig. 2. Laser line scanned image of dome and
step wedge test objects.



NCEL USM HBOI Duke
Application ROV inspection Biological mapping Biological mapping Geological mapping
Range 0.5-2.0 m 10 em 0.5 m 2.Q-3.0m
Angular Field 40° x 40° (air) 28° x 28° (air) 28° x 28° (air) 30° x 30° (air)

30° x 30° (water) 21° x 21° (water) 21°x21°(water) 22° x 22° (water)
Accuracy 1 in 1000 I in 200 1 in 200 I in 100
Pixel Resolution 134',200" 400',800' 200' 200' 100'
Scan Rate <4s 0.05 s 0.05 s 0.20 s
Laser Power 150mW 10mW 10mW 75mW
Laser Wavelength 532nm 670nm 670nm 532nm
Power Source 115 VAC 150±50 or 28 VDC 150±50 or 28 VDC 120VDC
Depth Rating 914 m (3,000 ft) 914 m (3,000 ft) 914 m (3,000 ft) 4,500 m (14,764 ft)
Viewports Acrylic, dome Acrylic, flat Acrylic, flat Acrylic, flat
Housing Size 57"Lx9" OD 28"Lx8" OD 29"Lx 8" OD 12"&20"L x 9" OD
Housing Material AnodizedAL AnodizedAL AnodizedAL Titanium

Table 1. Design specifications for laser line scanners developed by HBOI

&,,·tn\...
A' 10' 'tllc.

Fig.3. 3-D laser line scanner shown on Alvin submersible.

I Based on preliminary design prior to final FEA modeling and analysis.
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BL
Z(t)= xft\ 1 '::::.l:.l+ __

f tanB(t) (1)

X(t) = Z(t).1!) =Z(t)tan rp
f ,

where f is the equivalent focal length of the
lens forming an image at the detector, BL is
the baseline length, and B is the horizontal
projection angle. Capital and lower case
symbols refer to the object and image plane
coordinate systems, respectively.

For this geological application, a baseline
of 1.11 m is chosen to scan at a nominal
distance of 2 m from the instrument housing.
The projection angle of the laser is
approximately ±11° in water. In order to
determine the magnitude of the z-coordinate,
accurate estimates for x and e should be
obtained. Although B(t) may be easily
derived from the scanner, estimates of x(t) are

A. Capturing Range Coordinates

A triangulation method is used to
determine 3-D range coordinates. The
geometric configuration of the instrument is
shown in Fig. 4. The horizontal scan angles of
the laser (e) are pre-calibrated, and the
separation of the laser scan center and PSD
detector axis center is fixed at k1+k2 = BL.
During operation, the laser is scanned through
angles Bx and By in a raster fashion to create
a continuous reflection map at the detector
surface. The detector produces a measure of
the reflected light position along the x-axis in
the image plane. For each point in the scan,
the z-axis position can be estimated by:

Used in this manner, the scanner does not need
to be carefully positioned or placed on the rock
surface and the orientation output is not
influenced by magnetic field anomalies. The
following sections describe how the range
coordinates and rock outcrop orientations are
computed.

The laser line scanner currently under
development will be mounted on WHOI's
Alvin submersible, possibly as shown in Fig. 3.
The vehicle will be maneuvered to position the
scanner approximately 2 m from the surface of
interest' (ST). Once in position, as visually
confirmed by the observers (via viewport or
video camera), the observer can command the
instrument to acquire an image using a laptop
computer. On command the instrument
performs a scan, storing the data locally on the
hard disk and transmitting the data to the
laptop computer display allowing the
observers to react to the measurements. A
high scan rate of 0.2 seconds per image allows
vehicle drift or movement up to approximately
0.5 knots with acceptable degradation or
"blurring" of the data. Additional scans can be
acquired in less than a second delay, and the
maximum number of scans per dive is limited
only by the size of the storage device. The
current configuration contains a 4 GB hard
drive capable of storing over 20,000 range
maps ~- more than 66 minutes of data.
Incorporated in the instrument housing is a roll
and pitch sensor, fiber optic gyro (FOG) and
magnetic compass. Each of the stored image
files contains the date, time, roll, pitch,
heading, and 3-D image coordinates. Rock
outcrop orientation is determined accurately
by combining the 3-D coordinates with the
measured roll (1jI) and pitch (8) angles of the
instrument during the scan. Heading (\jI or
yaw) information provided by the FOG can be
used to reference the data to a known datum
(north heading, fault line location, etc.). Drift
in the FOG, common over hours of use, can be
automatically corrected using the magnetic
compass reading, provided that the compass is
away from rock induced magnetic fields.

III. THEORY OF OPERATION

2 Positioning may be simplified by mounting a low
powered laser (HeNe) on the scanner and detector
housing such that the two beams converge at a distance
of2 meters.
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The total information required for referencing
the location of the rock outcrop surface (ST)
can be described by the angle coordinate pair
(0., \jJ), where \jJ is referenced to the vehicle
heading (rotational angle).

matrices can be applied to get the normal
vector relative to the current Alvin position:

IV. FEA ANALYSIS OF DEEP-OCEAN
HOUSING

coso. =

Having both the normal vectors, the
orientation of the target surface can be defined
as the angle (0.) between N'Aand NT computed
by:

Unlike previous laser scanner housings
designed for operation at a maximum depth of
3,000 ft (914 m), the current design must
withstand operation at 14,764 ft (4,500 m) for
use on the Alvin submersible. The maximum
pressure expected during operation in the mid
Pacific is about 6,800 psi (46.88 MPa) and the
design pressure (or test pressure) is 10,200 psi

The second step is to compute the vector
normal to the target plane (ST). Utilizing
various post-processing methods (histogram
localization, averaging, etc.), three points (Po,
P\, and P2) can be derived from the coordinate
data and used to determine the normal vector
STby:

(2)

Now, taking into account the measured ~ and
e, the Rz(~) and Rx(8) transformation

z
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Scanning the laser and applying the
triangulation method described above for each
pixel location produces a IOOxlOO (x, y, z)
coordinate map of the imaged surface. The
orientation of the rock outcrop surface is
determined accurately by computing the angle
between the normal vector to the instrument
plane and the normal vector to the outcrop
(target) plane (refer to Fig. 3).

The first step is to find the vector normal
to the instrument reference plane on Alvin
(SA). Assuming that no transformations are
applied (~= 0 and e=0), we can select VI = [1
00 1] and V2 = [0 1 0 1] as unit vectors along
the x- and y- axis in SA, respectively. (Note
that a homogeneous coordinate representation
is being used). The normal vector NA can be
computed as:

kl

laser ensor
Fig. 4. Geometric configuration of the laser

scanning system.

B. Computing Orientation

z

subject to errors from noise from the detector
and scan geometry.
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(70.33 MPa). Thus, whereas the previous
designs incorporated a single housing with a
viewport (window) for the scanner and
detector mounted on the side of an aluminum
cylinder, the new depth requirement has led to
a two-housing (scanner and detector) approach
with viewports mounted on an endplate (plug)
of each titanium cylinder. Fig. 5 shows the
Solidworks" 3-D view of the laser scanner
housing preliminary design and Fig. 6 shows a
sectional view highlighting the disparate
materials and dimensions. An aluminum
endplate is used as opposed to titanium since
the stiffness properties of the aluminum are
more "friendly" to the acrylic port and the
aluminum is easier to machine. The
disadvantage of using aluminum is the added
thickness and lesser strength.

At present, modifications to the initial
design of the housing using Finite Element
Analysis (FEA) are underway at HBOL Out
of three major components, the initial
dimensions of the acrylic viewport are
determined from the design guidelines for
acrylic plastic conical frustum windows, as
given by Stachiw [6]. The variables that
determine the resultant principal stresses are
(1) thickness to minor diameter ration (t/Di),
(2) seat overhang ratio (D/D,), and (3) angle
of conical seat (a) (Fig. 6). The variables are
chosen as t/D, == 1, D/D, == 1.17 and a == 90, as
recommended for an operational pressure of
11,000 psi (75.84 MPa) [6]. The minimum
outer and inner diameter of the titanium
cylinder are determined as DI =0 7.55 in.
(0.1918 m) and DO ==,9.0 in. (0.2286.m!,
respectively, from Lame s theory [7]. ThIS IS
required to keep the stress within the yield
limit of 80,000 psi (551.58 MPa) of titanium
under an external pressure of 10,200psi (70.33
MPa). The aluminum endplate bridges the gap
between the acrylic window and titanium
cylinder, as shown in the figures.

Fig. 5. Initial design of laser scanner housing
showing laser field-of-view.

t
J

Fig. 6. Sectional view of initial laser scanner
housing design (dimensions shown in inches).

A. Development of FEA Model

A full-scale nonlinear 2-D axisymmetric
FEA model, similar to the proposed housing
shown in Fig. 5, was developed using the
ANSYS FEA software [8]. The arbitrary
quadrilateral 8-noded 2-D structural solid
element, PLANE82 [9], has been adopted in
the solid body, whereas, at each interface, a
lower version of this element, PLANE42 [9]
has been used. Both the elements have large
deformation and large strain capabilities as
well as compatible displacement shapes. A
specia13-noded 2-D element, CONTAC48 [9],
has been used to model the contact and sliding
between the acrylic window and aluminum
(AI) endplate, as well as between the

1111
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aluminum endplate and titanium (Ti) cylinder.
The elements PLANE42 are used at the
interfaces instead of elements PLANE82, since
the elements with mid-side nodes do not
generate valid contact elements to capture the
true behavior of the contact/sliding mechanism
[10].

A typical discretized FEA model with
external loading and boundary conditions is
shown in Fig. 7, whereas material properties of
the different components of the laser scanner
housing are shown in Table 2. For the present
analysis, only the top half of the housing is
considered because of its close symmetry
about the Z-axis.

B. FEA Results

The main emphasis of the FEA analysis is
two-fold: (1) develop a housing for underwater
application with the goal of withstanding
10,200 psi (70.33 MPa) test pressure without
developing stress beyond yield limits within
separate components, and (2) keep the
deflection of the acrylic viewport within a
reasonable limit to avoid any distortion of the
laser beam. As an initial validation of the FEA
model, the radial (SR) and circumferential (Sa)
stress distribution through the titanium
cylinder at Y(Z)=O (away from any interface)
is compared to the Lame's theory for thick
cylinder, and are found to be very close, as
expected. Moreover, the stress distribution
(axial, radial and circumferential stresses, i.e,
Sz, SR and Sa) through the acrylic window
matches closely with the results, as presented
by Stachiw [6].

Studies of different stress components
indicate that the design of interface area will
be dominated by the stress component 83
(third principal stress) since this component
has the maximum value; whereas, the
equivalent stress (Seqv) will guide the design
criteria for other parts away from the interface.
On that basis, the overall maximum stress
distributions throughout the different

components of the housing were found as
shown in Table 3. Fig. 7 shows the FEA
model with 10,200 psi external loading, as
indicated by the arrows along the outer edges.

The results in Table 3 show that the
stresses within the acrylic window (S3) and Al
endplate (Seqv) are higher than their
corresponding material yield limit shown in
Table 2. Following these initial findings for
induced stress distribution various new FEA
models are being developed to reduce the
overall stresses -- mainly in the acrylic
window and Al endplate. A detailed
discussion on the variation of different
parameters and their effect on the overall
stress distribution are not presented here. Only
the major modifications presently being
incorporated into the initial design are listed.
These modifications include:

a) Potentially increase Ti cylinder outer
diameter (DO),

b) Add gasket of 0.5 in. (0.0127 m) thick
Ti between Al endplate and Ti
cylinder,

c) Modify acrylic window as follows:
L Increase thickness-to-minor

diameter ratio (t/Di) from 1.0
to1.587,

ii. Reduce seat overhang ratio (DiIDr)
from 1.17 to 1.0746,

iii.Keep a; as 90°, and
iv.Modify Al endplate accordingly.

As a result, the overall stresses within the
acrylic window, Al endplate, and Ti cylinder
of laser scanner housing fall below their
respective yield limits. Additional
modifications are still under review and will
be followed by a full 3-D analysis for
verification. However, the proposed modified
design clearly indicates its ability withstand
the maximum test pressure without permanent
damage.
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Y(Z)

LX(R)
Fig. 7: Discretized FEA model of initial housing design with extemalloading and boundary

conditions.

Material Compressive Modulus of Poisson's Compressive Yield Strength
Elasticity in psi (MPa) Ratio in psi (MPa)

Aluminum 9,550E+3 (65.845+3) 0.3 35,000 (241.317)
Titanium 16,500E+3 (113.763E+3) 0.3 80,000 (551.581)
Acrylic 420E+3 (28.96E+3) 0.3 16,530 (113.970) Short Term

7,000 (48.263) Long Term
Table 2. Material properties of different components.

Component
Acrylic Viewport

Aluminum Endplate

Titanium Cylinder

Maximum Stress in psi (MPa)
S3= -22,029 (151.88)
Seqv = 13,068 (90.10)
S3 = -32,000 (220.63) at interface
Seqv = 45,033 (310.49)
S3 = -72,000 (496.44)
Seqv =64,698 (446.08)

Table 3. Maximum stress distributions throughout components of initial housing design.
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The 3-D laser line scanner technology
described herein has the potential to improve
current techniques by affording quick,
accurate, and unambiguous data for
determining orientation of geologically
relevant planes and lines on seafloor outcrops.
It also offers quantitative measurement
capability relevant to studies of slope
morphology, sedimentology, hydrothermal
vents, biology, volcanology, structural
geology, and rock magnetism. Repeated
measurements of active features (e.g., sessile
organisms or hydrothermal vent structures) is
expected to provide growth and decay
estimates for these features. The rapid surface
mapping capability of 5 images per second
will allow thousands of measurements to be
made during a single seafloor traverse
compared to 10 or so with current techniques.
The modular design, deep-ocean rating, and
low power consumption of the system ensure
compatibility with almost any underwater
platform.
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