Metadata, citation and similar papers at core.ac.uk

Provided by DSpace@MIT

nfrastructure for 3D Model Reconstruction of Marine Structures

Hanna Kurniawati, James C. Schulmeistér Tirthankar Bandyopadhyay
Georgios PapadopoufgsFranz S. Hover?, Nicholas M. Patrikalakis?

! Singapore-MIT Alliance for Research and Technology
2 Department of Mechanical Engineering, Massachusettstutestof Technology

{hannakur @mart.,jschul @tirtha@nart., gpapado@ hover @ nnp@ni t . edu

Abstract— 3D model reconstruction of marine structures, (Fig 1 illustrates this difficulty). This difficulty is worsed
such as dams, oil-rigs, and sea caves, is both important by the lack of commercial positioning sensors that are
and challenging. An important application includes structural accurate enough for the purpose of model reconstruction.
inspection. Manual inspection of marine structures is tedious .
and even a small oversight can have severe consequences forFor example, a good commercial GPS tOday_ would have a
the structure and the people around it. A robotic system that standard error of a few meters. This is insufficient for model
can construct 3D models of marine structures would hopefully reconstruction considering the size of the structures weat wa
reduce the chances of oversight, and hence improve the safety to inspect may be less than a few meters, e.g., the pillars of
of marine environment. Due to the water currents and wakes, a pier may have a diameter of less than one meter. Although
developing a robotic system to construct 3D models of marine L
structures is a challenge, as it is difficult for a robot to DGPS can have less tha.n one meter accuracy, this hlgh level
reach the desired scan configurations and take a scan of the Of accuracy can be achieved only when the DGPS is near
environment while remaining stationary. This paper presents to the ground base station, which is not always feasible
our preliminary work in developing a robotic and software  when the robot operates in the sea environment. As a result,
system for construction of 3D models of marine structures. We due to the robot's motion uncertainty and lack of accurate
have successfully tested our system in a sea water environment . o
in the Singapore Straits. commercial posmonmg.s.ensor, the scanned data may have

been taken from a position far from the intended scanning
. INTRODUCTION position and even significantly far from the position logged

We are interested in 3D model reconstruction of marinl§1y ﬂ;iap:fgéoglarlg ?r?tgsgr’s\i’r\:g'lzhggu;ggg'CuIt'es n megg!

structures, i.e., structures where some part is submerge(?
under water, such as dams, oil-rigs, ships, and sea caves.
Model reconstruction of marine structures is both impdrtan
and challenging. An important application includes stz ;
inspection. For safety reasons, man-made structures need =
be inspected regularly for cracks and other deformations
For repair purposes, technicians need to inspect shig-hull
to ensure no damage is left unattended. Manual inspectiois
is tedious and even a small oversight can have sever@ s
consequences for the structure and the people inside or
around it. This process is vulnerable to mistakes because
msPeCtors. must work in uncon.]fortable positions abo.argig. 1. (a) An Autonomous Surface Craft (ASC) operating inaS&auh,
boats or with SCUBA (Self-Contained Underwater Breathingycated at the west of the Singapore Strait. (b) The blactanege is the
Apparatus). A robotic system that can construct 3D modelsath that the ASC should follow, while the blue arrows show #etual

of marine structures would enable inspectors 10 inspect URELETENL O M6 ASC a6 antied iy e ASCE CF8 i oead, o
structures from a more comfortable position in their offices,y the starting position of the arrow. Due to water currems wakes, the
and hopefully reduce the chances of oversight, which woulliSC could not follow the intended path, it drifted more thanrb6f its
then improve the safety of marine environment. intended positions. Courtesy of Lynn Sarcione [14].

Developing a robotic system to construct 3D models of This paper presents our preliminary work in developind a
marine structures is challenging due to the nature of water paper p P Y ping

: - ... robotic and software system for 3D model reconstruction
environment. Water currents and wakes make it difficult . . .

. . . of marine structures. In particular, this paper focuses on
for a robot to reach the desired scan configurations an

take a scan of the environment while remainin stationarconStrUCting 3D models of parts of the marine structures
9 Mcated above the water surface. We use off-the-shelf hard-

*Most of the work was done while the author was with the Sirgap ~ Ware components to deveI(_)p an ASC_fOI’ Scanning marine
MIT Alliance for Research and Technology structures and develop a simple algorithm to construct 3D
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models from the scanned data, without GPS information. W@, and computes a new transformation matrix that minimizes
have successfully tested our system in sea environmeng at the error metric assuming the computed correspondence is
Singapore Straits. correct. This process is repeated, transforming A using the
In the next section, we present related work and bacliewly computed transformation matrix to compute a new
ground information on 3D model reconstruction fromcorrespondence relation and a new transformation matrix,
scanned data. The robotic platform and scanning sensamtil the correspondence error is less than the user-defined
are discussed in Section Il and Section IV, respectivelyhreshold.
Section V presents a simple algorithm for constructing 3D
models from the scanned data. Section VI and Section VII
present our experimental results and conclude the paper,To scan the marine structures of interest well, the robotic
respectively. platform should have high maneuverability for accessing
confined places that may be critical to scan the entire
Il. RELATED WORK structure. For this purpose, we use a SCOUT Autonomous
A. 3D Model Reconstruction Surface Craft (ASC) [5] (Fig 1(a)), a kayak with length and

For more than two decades, robotic systems for 3D mod@ieight of about 3m and 90kg. The ASC is equipped with a
reconstruction have attracted much attention [15]. Howeve245N thruster produced by Minn Kota and a steering servo
most work have focused on constructing 3D models ddy Vantec for its propulsion and steering. For positioniag,
structures on land. Some recent papers on this topic inclu§grmin GPS-18 and an Ocean Server OS5000 compass are
[4], [8], [11], [12]. Due to the difficulty in operating robst installed in the ASC. The ASC can be controlled remotely
in water environments, few work have tried to constructsing a remote control or autonomously from a software.
3D models using marine robots. Among these few work, To facilitate data capturing and autonomous control capa-
most, if not all, tried to construct 3D models of underwatepility, a Main Vehicle Computer (MVC) is placed inside the
structure using Autonomous Underwater Vehicles (AUV) [7]main compartment of the ASC. The MVC consists of a pair
Recently, [9] constructs 3D model of marine structureof single board computers connected through an Ethernet
However, they rely on accurate positioning from GPS mogtable. Each single board computer is equipped with 1GB
of the time. This is difficult to attain when we operateRAM. In addition, one of the single-board computers is
in harbour environment, where most of the time, we onlgquipped with a 120GB hard drive to facilitate large data
receive signal from a small number of GPS satellite, causirggpturing capability.
large GPS error. In this work, we construct the 3D model
without information from any positioning sensor.

In this paper, we present our preliminary work in develop- Due to the water currents and wakes that may move the
ing a robotic and software system for 3D model reconstru/ASC adversely, we would like to use a scanning sensor
tion of marine structures, where some parts of the strusturghat can finish each scanning cycle quickly and has a
lie above the water surface and the other parts lie under thelatively wide field of view. The high scanning frequency

IIl. RoBOTIC PLATFORM

IV. SCANNING SENSOR

water surface. allows each scanning cycle to be completed before the ASC
) ) drifts significantly far from the position where the scargin
B. Iterative Closest Point cycle was started. This would reduce the need to adjust

A main component in constructing 3D model fromdifferent points within a single scan according to the ASC
scanned data is a registration algorithm. Given two poirmhovement, and hence simplify 3D model reconstruction.
clouds in different coordinate systems, a registratioro-alg The wide field of view makes significant overlaps between
rithm finds a coordinate transformation that minimizes thsubsequent scans of the environment possible, despite the
pose difference between the two point clouds. A scanningnintended movement of the ASC due to water currents
sensor generates point clouds represented in the coardinahd wakes. Significant overlaps between subsequent scans
system defined with respect to the sensor’'s pose when tabows us to merge subsequent scans into one coordinate
scan was taken. To construct a 3D model from multiple scasystem without knowing the scanner pose when the scans
of the environment, we need to transform all of the scannasdere taken, which is an important capability for 3D model
data into a common coordinate system. reconstruction when the accuracy of the robot’s positignin

One most popular registration algorithm is Iterative Clossensors is low (see Section V for more details on the merging
est Point (ICP) [3]. Given two point clouds, called A and B,process). To satisfy the above requirements, we use Vedodyn
in different coordinate systems and an initial transfoiorat HDL-64E S2 (Fig 2(a)), a 3D LiDAR (Light Detection and
that transforms A to the coordinate system of B, ICP uses d&anging) that finishes each scanning cycle in 0.1 seconds.
iterative method to find a better transformation accordimg tin each scanning cycle, the LiDAR captures the eriize”
an error metric based on distance. In this paper, we use therizontal anc26.8° vertical field of view with0.09° x 0.4°
mean-squared error metric and Euclidean distance. ICE staresolution.
by transforming A to the coordinate system of B based on Unfortunately the Velodyne LIDAR cannot be mounted
the initial transformation matrix, uses the nearest neighbin its standard configuration on the ASC. When the LiDAR
criteria to find correspondence between points in A and iis mounted in its standard configuration, it sits low on the



Fig. 2. (a) The Velodyne HDL-64E S2 LiDAR in its standard cgofiation. (b) The Velodyne LIiDAR and the mounting platform fdacing the LiDAR
in an inverted configuration on the ASC. (c) The ASC with Vgioel LIDAR mounted on top of it. An additional pontoon is attadhto the ASC to
improve stability.

water relative to the structures we would like to scan. Sinckeld of view. Additionally, to protect the ASC from rolling,
the LIDAR’s vertical field of view spans from24.8° to +2° its most vulnerable direction, we attach port and starboard
and its range limit is 50m, in its standard configuration, thetabilizers. These stabilizers consist of buoyant porgoon
LiDAR can only scan parts of the marine structures from thenounted on an aluminum square extrusion assembly that
water surface up to around 2 meters above the water surface fixed directly to the LiDAR’s mount. The pontoons are
This is highly insufficient for our purpose. To overcome thisstreamlined to minimize the added drag to the ASC.
difficulty, we mount the LIDAR in its inverted configuration,

thereby generating a vertical field of view that spans from V. PROCESSING THESCANNED DATA

—29 to +24.8" and enabling the LiDAR to scan parts of the )
marine structures from the water surface up to around 20 10 Scan marine structures, we move the ASC around the

meters above the water surface. structures with the LiDAR mounted on top of the ASC and
continuously scanning the environment as the ASC moves.

However, mounting the LiDAR in an inverted configura- : : , :
. _ : . . The scanned data is logged in the ASC’s main computer and
tion makes the ASC less stable. Since the LIDAR is quitg . 55 1 odel is constr%%ted during post—processing

heavy (around 13 kilograms) and its center of gravity lies To construct a 3D model from the scanned data, we first

near the bottom of the LIDAR, which would sit high up in break the scanned data into a sequence of 3D point clouds.

::n(;lsf?eudrai%r:'giur;tf'igg’ntrln O;?;Qg tLheecLelr?té?olfn ?:V;tn V;tdeach point cloud is generated by a scan cycle of the LIDAR,
9 g Y gravity %nd hence corresponds to3&0° horizontal and a26.8°

entlre_syst_em. As a result, the ASC t_)e_comes 'ES$ S'{fibvertical scan of the environment. We assume that the ASC is
especially in roll, and vulnerable to capsizing when opecat

in rough water environments st'ationary_ within one scan cycle of }he LiDAR: Due to the
' LiDAR’s high scanning frequency, this assumption genarate

To mount the LIDAR in an inverted configuration andreasonable results, as we will see in Section VI. Using this
maintain stability, we designed a mounting platform to moungssumption, the coordinate system of each 3D point cloud in
the LIDAR in an inverted configuration on the ASC withthe sequence is the coordinate system attached to the LiDAR
two primary considerations, i.e., craft stability and @msly gt the beginning of the scanning cycle.
sensor visib_ility. Fig 2(b) s_hows the mounting platform. T_o Next, we merge the sequence of 3D point clouds, each in
balance weight and bending strength, the entire mountingejr respective coordinate systems, into a single coatein
structure is made with lightweight aluminum extrusionseThSystem. We merge the point clouds sequentially. The first
four posts bearing the weight of the sensor are tied togethgint cloud in the sequence is transformed into the cootelina
with triangulating pieces in the hull of the kayak to create &ystem of the second point cloud. The union of the first two
rigid platform to mount the LiDAR that is robust to motion in point clouds in the coordinate system of the second point
all directions. Further, the four posts are narrow so they th ¢joyq is then transformed to the coordinate system of the
have a minimal effect on the data collected by the LiDARhjrd point cloud, and so on. This process continues until we
Experiments with the LIDAR in this mount show that thesgransform all the point clouds to the coordinate system of
posts cast insignificant shadows on the LIDAR returns.  the |ast point cloud in the sequence. Once the point clouds

In order to ensure the stability of the ASC, we keep théave been merged in to a single coordinate system, we can
centroid of the craft low by mounting the LIiDAR as low asuse the merged point cloud directly as our 3D model, as
possible in the kayak without encroaching on the sensoria [10], or we can use methods such as Alpha Shapes [6],
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Fig. 3. Reconstruction of a jetty in Pandan Reservoir, Sioga. (a) The target jetty. (b) Side view of the jetty model stamcted by our algorithm. (c)
Top view of multiple frames of the 3D LiDAR data before processi(d) Top view of the constructed 3D model based on GPS and assripformation.
(e) Top view of the constructed 3D model generated by our dfgor

Power Crust [1], etc., to construct a triangular mesh frortogether, and represents each cluster with only a singla poi
the merged point cloud. cloud. When less spatial resolution is sufficient, we also

Finding the right transformation between two coordinatéJerform spatial sub-sampling to each point cloud. Spatial

systems is key to the success of the above process. Due to -sampling s performed by discre_tizin_g the bounding_ pox
lack of accurate positioning sensor, we use lterative Glose’ thletpmhthcloud_stln_to %retgrj]ular grid V\.'('jth a“user-spe(_(;;ﬂed
Point (ICP) algorithm to compute each required transformz{ﬁso ution, ; poINts st et debsamel grid ce _a:e:lcms_the 1
tion. It is widely known that the performance of ICP highly e sarPetan are r;leprlese?he y only oné point. Algorithm
depends on the initial transformation, which is given asitnp presents the overall algonthm.

to the algorithm. To determine the initial transformation;

notice that we always transform two subsequent coordina gorithm 1 Cpnstruct a 3D model from a sequence (_)f point
udsP. The inputs andt are the user-specified spatial and

systems. Furthermore, since each scanning cycle is falts X i
in general, the ASC’'s movement between two subsequeti"POral resolution, respectively.

scanning cycles is small, despite of the water currents arfePNSTRUCT3DMODEL(P, s, 1)

wakes. Therefore, the identity transformation is in gehara 1: MergedData = P[1].

suitable initial guess for each ICP process, as we will see irg: for i =t to |P| stept do

Section VI. 3. MergedData = SpatialSubSampling(ergedData,
P’ = SpatialSubSamplind{[i], s).

Let T0 be the identity transformation matrix.

Whenever coarser data resolution is sufficient to generate
a good 3D model for the particular application of model re- _
constructlon, we perform temporal anq spgtlal sub-sargplin . T = ICP(MergedData, P', T0).
of the data in order to reduce processing time. The Velodyn a

. 7. MergedData = Transform (MergedData, T).
LiDAR generates around 8 MB of data per second, which _ ,

. : . . MergedData = MergedData | ) P'.
consists of around 250,000 points per scanning cycle and 1
. . . ReturnMergedData.

scanning cycles per second. When the water environmen
is calm such that the error in the ASC’s movement is
less, many nearby scanning cycles generate redundant data.
In this case, we perform temporal sub-sampling. Temporal
sub-sampling is performed by clustering point clouds that We have conducted experiments in both calm water and
have been generated within a user-specified time resolutioough sea water environments to test the effectivenessrof ou

VI. EXPERIMENTAL SETUP AND RESULTS
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Fig. 4. Reconstruction of a slowly moving boat in rough seaewanvironment, in Selat Pauh, Singapore. (a) Our operatiee &) The target boat. (c)
Side view of multiple frames of the 3D LiDAR data before prodegs(d) Side view of the constructed 3D model based on GPS amgass information.
(e) Side view of the constructed 3D model generated by our rdeiffipTop view of multiple frames of the 3D LIiDAR data before pessing. (g) Top
view of the constructed 3D model based on GPS and compass inform¢h) Top view of the constructed 3D model generated byrathod.

system in constructing 3D models of marine structures. laf merging the scanned data based on the GPS and compass
particular, the goal of the experiment is two folds. Firstds information alone.

test the capability of our robotic system, i.e., the ASC with The first experiment was performed in calm water environ-

a LIDAR mounted in an inverted configuration on top of thement, in Pandan Reservoir, Singapore. In this experimeet, t
ASC, in scanning the environment. Second is to understapgarine structure of interest is a jetty, illustrated in Fig)3

the performance of our simple reconstruction method iffg give an illustration of the difficulty in merging the
constructing 3D model of marine structures from the scanneganned data, Fig 3(c) shows the resulting 3D point clouds
data. scanned by the LiDAR over 10 seconds period, plotted in one

During the two experiments, we control the ASC with thecoordinate system. Fig 3(d) shows the 3D model generated
LIDAR mounted on top of it using a remote control. Theby transforming the point clouds to the coordinate system of
ASC is controlled to move around the marine structure dfe first point cloud based on GPS and compass information
interest with the LIDAR continuously scanning the perimete@lone. Fig 3(b) and Fig 3(e) show the results of our 3D model
of the structure as the ASC moves. The data was logged fiiconstruction algorithm on the above data set.
the ASC’s main computer, while the 3D model reconstruction The second experiment was performed in rough sea water
from the scanned data was performed off-line in a 64bit Intenvironment in Selat Pauh at the Singapore Straits (Fig.4(a)
Xeon E5405 PC with 4GB RAM. The reconstruction algo-The water currents in Selat Pauh is around 1m/s to 2m/s [13].
rithm is implemented in C++ and the ICP implementatiorin addition, Selat Pauh is a busy strait with a significant
is adapted from [2]. For comparison, we show the resulmount of ship traffic, causing high frequency water wakes



that significantly disturb the motion of small marine vebi&l from the scanned data. The system has been tested in both a
In this experiment, the marine structure of interest is avslocalm water environment and a rough sea water environment.
moving boat, illustrated in Fig 4(b). Although the boat is A number of avenues are possible for future work. One
moving slowly, the water currents and wakes cause the boatenue of interest is to extend the capability of our sysem t
and the ASC to drift and move up and down significantly. Agonstruct 3D models of an entire marine structure, inclgdin
an illustration of the effect of water currents and wakeshen t parts of the structure that lie above and below the water
scanned data, Fig 4(c) and Fig 4(f) show the 3D point cloudsurface. The main question here would be what kind of
scanned by the LIDAR over only 2 seconds period, plottedensor should we use to scan parts of the structure that lie
in one coordinate system. Fig 4(d) and Fig 4(g) show thkelow the water surface? How should we mount these sensors
3D model generated by transforming the point clouds to then the ASC? How should we construct a 3D model of the
coordinate system of the first point cloud based on GPS amdhtire structure when parts of the structure that lie abbee t
compass information alone. Fig 4(e) and Fig 4(h) show theater surface and under the water surface are captured using
results of applying our 3D model reconstruction algorithndifferent sensors? Another avenue is in improving the level
to the above data set. of accuracy of the 3D model we can reconstruct.
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