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Abstract—One use of ROvs (and potentially Auvs) is the
generation of visual mosaics of areas of the ocean oor. A visl
mosaic is formed by joining together multiple images taken g
the vehicle as it surveys the sea oor to form a larger, compate
view. In order to cover an area completely while guaranteeig
overlap between images, precise measurement and control tife
vehicle is required. External arrays such as.BL s can provide the
precise navigation information required, at considerableexpense
in deployment and with limited operational range. Self-cotained
systems usingpvL s andiMU s, do not suffer from these limitations
but are subject to dead-reckoning drift. However, the imagng
system itself can provide a means to eliminate drift. As longs
the vision system can see a previously-visited area, the piisn
measurement error relative to that part of the environment
is bounded, and does not depend on vehicle path length or
integration time. Additionally, the position information can be
used to display a real-time mosaic to the user, which grows as
the vehicle moves. Vision is subject to outages which do not
affect a dead-reckoning sensor, such as dust clouds obsaugi the
view, and it is limited in its range from bottom. However, fusing
the measurements of these two self-contained, complementa
sensors—dead-reckoning and vision—provides a robust senrs
which can provide the precision to guarantee complete area
coverage and suf cient overlap in large-scale mosaics withut
the need to deploy an external positioning array.

This paper presents an online sea oor mosaicking and nav-
igation system which exploits the complementarity of dead-
reckoning with a pvL and direct environment-relative sensing
using vision. The mosaicking and navigation system operagein
real time, and the calculated position provides a measurenm
which can be fed back to control the vehicle position relatie
to the environment and to display a navigation-grade mosaid¢o
the user in real time. The results of eld trials conducted in
Monterey Bay using the MBARI ROV s Ventana and Tiburon are
presented.

I. INTRODUCTION

The Stanford Aerospace Robotics Lar(), in cooperation
with the Monterey Bay Aquarium Research InstitutsARI),

Fig. 1. Navigation-grade mosaic of a whalefall at the bottafrivionterey bay
taken fromrov Tiburon Using the real-time visual mosaicking and navigation
system for control, thekov performed a lawnmower pattern at an altitude
between 2.1 m and 3.4 m. The maximum height of the skeletoneatie®
sea oor was about 0.9 m. The mosaic covers an area of about 7t m
and contains 120 tiles.

being explored by the vehicle along with the capability to
control the vehicle relative to the environment. The goabis
provide a self-contained real-time navigation system Bngb

has developed and demonstrated a real-time visual mosgicklirect interaction with objects in the local environmenbthgh

and navigation system for use as a pilot aid movs. The
system provides high-precision, environment-relativhicie
positioning and control without the use of external posiing

an intuitive, information-laden interface.

Visual mosaicking—stitching together snapshots to preduc
larger composite images—is a powerful tool for benthic expl

arrays and provides the user with an evolving view of the areation [1]. The limited propagation of light in water coratrs



the possible size of single-frame images that can be aajuire A vision system has other limitations not suffered by a
In order to “remove the water” and gain a large-scale ovarviedead-reckoning sensor, namely a restricted range from the
of the sea oor, a composite mosaic image must be constructeda oor and potential dropouts due to obscuring dust or
Historically, these mosaics have been assembled mantally marine life. Thus a dead-reckoning sensor—with continuous
vehicle capturing the images has returned to the surfacee Momeasurements subject to drift—and a vision system—with
recently, the process has taken advantage of the advancepatential dropouts but a bounded-error, environmentivela
digital computing and has become much more automated. measurement—provide complimentary position sensorstwhic
In order to provide a complete overview of the area, thean be fused in a self-contained system which is able to
entire surface must be photographed. That is, all imagses (afjuarantee coverage of an area of interest without needing to
referred to as tiles) in the mosaic must overlap with thefesort to expensive external positioning systems.
neighbors, both along the vehicle track and side-to-sidiés T The system described in this paper takes advantage of the
places constraints on both the frequency with which imagesmplementarity of these two sensors to create a robust, rea
must be taken along-track, and the distance between sigecesime estimate of the vehicle position along with a visual
vehicle tracks. This in turn places additional burdens an tlmosaic of the area visited by the vehicle. TineL provides a
vehicle system by requiring accurate measurement andatontrontinuous position estimate, even through periods obnisi
of the vehicle position to know both where images were take@mtage. The vision subsystem knocks eliminates drift in the
and to ensure full coverage. dead-reckoned measurements by taking advantage of cross
To provide navigation information of suf cient precision t over points in the vehicle trajectory, bounding the absolut
an ROV or AUV, an external transducer array, such as.an position error. Instead of producing a fully-optimized raws
system, can be employed. While they provide accurate ndkie focus in the system is on providing real-time feedback
igation information, transducer arrays incur additionakts on the position of the vehicle and on the evolving view of
in deploying and calibrating, and once deployed, providethe environment, sacri cing some of the accuracy of a batch-
limited operational area in which the vehicle can navigafrocessed mosaic.
with accuracy. In addition, an external array does not glevi Several components of this system enable this real-time ca-
a direct measurement of position relative to the envirortmepability. First, displacements between mosaic tiles aieldy
but only to the array transducers, so that array motion ald ditomputed by a fast correlation method @& + xor) which
ferencing measurements to obtain relative positions dhice takes advantage of orientation sensors (pitch, roll, casipa
additional errors. and an altimeter to reduce the dimension of the space over
In contrast, self-contained navigation systems—reqgirirwhich it searches. Second, in order to overcome periods
no systems external to the vehicle—have the advantagesobfvision outage, the system fuses information from dead-
substantial operational cost savings, as well as the ingaroweckoned navigation, eliminating the need for a large $earc
vehicle autonomy which comes from removing any constraifdar matching tiles when vision is restored. Third, the riekat
on the area of operation. However, current self-containedror between new tiles and their neighbors is kept low by
navigation solutions, such asmus or bvLs, are based on taking advantage of vehicle trajectories, such as a lawrsnow
integration of sensed time-derivatives of vehicle positiand pattern, which maintain large amounts of overlap between
thus suffer from dead-reckoning drift in the measurement sficcessive passes. High con dence in the relative position
vehicle position. The 1-2% of distance travelled drift tgli of tiles reduces the number of neighboring tiles which must
of DVL navigation solutions severely limits the size of visudbe tested for matches, generally to just a single tile. Kinal
mosaics for which complete coverage can be guaranted#ite positions of tiles in the mosaic are computed by a fast,
Lower drift can be achieved by fusingnu measurements, exible information Iter which provides real-time estintas
though any signi cant reduction requires high-cogts, and of tile locations for mosaics with thousands of tiles.
this can only reduce the rate of drift, not bound it. These tiles can be displayed in real time at the computed
However, the imaging system can be used not only fmsitions to provide live updates of the mosaic progress
gather data for a post-processed mosaic, but also to provédel the vehicle position. Due to the constraints of reaktim
a real-time position measurement. If there are no crossowamputation, lighting variations and distortion of the mea
points in the vehicle trajectory, vision acts as an odometaye not compensated for and no edge blending is performed,
sensor, which drifts at approximately the same rate as tbe that the real-time mosaic presents a rough compositesimag
DVL. However, if portions of the trajectory are close enougHowever, the tiles and measurements provide an excellent
together that the vision system is able register currentaiosinitial estimate to feed ofine batch processes optimizing
tiles to ones visited previously, the relative error betwéfee over many more parameters and performing blending and
two tiles can be bounded, regardless of the time or vehidemoothing operations to obtain a more visually correctypet
trajectory separating them. Thus, vision is able to elir@naThe real-time position feedback and real-time mosaic displ
the drift in relative tile positions. These updated measgnets allows this system to guarantee visual coverage of a survey
can additionally be used to display to the user an on-lirgea without the need to resort to expensive external atesolu
mosaic, giving immediate feedback as to the larger vehigh®sition measurements. Figure 1 shows an example of a real-
environment. time mosaic produced by this system.



Il. BACKGROUND

The use of vision as a position sensor on the sea oor was
pursued early on by Marks and Fleischer [2], [3]. The high-
speed algorithms they developed form the core of the system
described in this paper. Their work has also been extended by
Garcia, et. al. into a Kalman Iter framework demonstrated
in a test tank [4]. Eustice, et. al. [5] have developed method
using image feature point matching to update dead-reckoned

navigation information. Additional work in using vision #te ok i
sole sensor to measure the complete vehicle state has been ¢
pursued by Gracias, et. al. [6] and Negahdaripour, et. @l. [7 “ L i

At the core of the real-time mosaicking and navigation
system is an image registration subsystem which quickly 3
provides a measurement of the relative displacement of two
images taken by the vehicle camera. The two images are rst 2
Itered using the signum of Laplacian of Gaussian (8E)
operation [8], which extracts textures in the images. Tlseaii ir
offset is then calculated via a fast sum-of-xor correlationly
two components of the motion are calculated, namely the or
translation in the plane parallel to the bottom. The renmajni
components of the motion are taken from other sensors. R— > 3 o 1 2 3 .
Constraining the potential motion to two dimensions gseatl e
increases the speed of the correlation computation. Fig. 2. Graph of links between tiles in mosaic of Figure 1. Thigal tile

The location of the B8 correlation peak gives the trans-was placed_ a(O;IO), after which the vehicle ew_the traje(_:tory in_blue. Side-
Jtional offset, and its magnitude is a direct function of th>-3e Fegsalon, as performed by he agorthne efsad, i shown
variance in the offset measurement. This maximum correld-match mosaic tiles was sometimes required.
tion value is referred to as the correlation con dence. It is
thresholded at an empirically-determined value to deteemi
whether the system has visual lock [9]. igation information from apvL was fused in, providing

With this system, image registration can be performed eontinuous coverage during periods of vision loss-of-IddX.
frame rate (30 Hz), and provides the basis for a visual odom-
etry system which calculates displacement along the wehicl
track, and determines when new images from the live videowhile visual odometry provides positioning information
stream should be stored and added to the real-time mosaigd a real-time visualization of the environment the vehicl
To do this, live images from the camera are continuoushas visited, it still suffers from errors unbounded in time.
compared to a previously-obtained reference image. When #rrors in registration between along-track tiles add ug jus
live image moves far enough from the center of the referengg dead-reckoning errors build up as position derivatives a
image, it is automatically added to the mosaic and beconges thtegrated. In practice, the drift rate of the visual odamyet
new reference image. The rst image seen when the systeystem described here is2% of distance traveled (DT) [10],
is initialized is the initial reference and is taken as thiglior comparable t@vL navigation drift [11], [12].
of the mosaic coordinate system. To perform detailed surveys of any reasonable size, such

One limitation of vision-based underwater navigation syskift rates are prohibitive. For example, consider a mdsaig
tems is that they suffer from drop-outs. During practicaurvey where the vehicle follows a lawnmower-type pattern,
operations, it is not always possible to maintain visuakloanaintaining an altitude such that images it captures cover
on the sea oor. Visual occlusions, such as dust clouds, can area of 2 m 2 m. If the minimum image overlap to
come into the eld of view, or there may be muddy or sandgllow for registration is a (liberally small) 25%, while the
areas without suf cient visual variation. In addition, inder to maximum desired overlap to allow the survey to cover the
see the bottom consistently, the vehicle is required toaiperarea of interest in a timely manner is 75%, then the vehicle
at a limited altitude (2 m for Ventand. However, mission trajectory error must be con ned to within 0.5 m between
parameters may require periods of time out of this visusliccessive passes. Allowing m/L navigation error of 1%
range of the sea oor, necessitating a vision outage. SuCiT, to guarantee suf cient overlap while making suf cient
outages render the vision component useless for theiridarat progress, this would restrict the width of the survey area
However, they do not happen silently but rather are inditaté.e. the length of successive lawnmower swaths) to only 25 m
by low correlation and vision loss-of-lock. Thus, in order to take advantage of vision as a sensor,

To overcome possible outages in the vision system, nat-must be possible to register images not only to the most

Odometry links
Side-to-side links
Manual links

IIl. SIDE-TO-SIDE REGISTRATION



TABLE |

recently snapped reference tile, but also to previouslifeds
MOSAIC LINK TYPES.

tiles. By using the relative displacement between images
taken at points distant in time, it is then possible to knock [ Tink Type] Link Variance |

out the drift in odometry measurements, whether from dead- [ Vision From correlation con dence, altimeter variande
reckoning or vision. The image registration system desdrib DvL Based on distance traveled (2= 2% DT)
Manual 2- =2 pixels

above is able to nd such links quickly. Figure 2 shows the
vehicle trajectory and side-to-side links produced by tiséon

system for aon online mosaic. The ,V'S‘%a' side-to-side l',”‘\?alues from the absolute (drift-free) measurements giwen b
combined with the fast position optimization system dédwexti the altimeter, inclinometers, and compass. This greatiyces

in Section 1V, allow the online mosaic and the vehicle positi the size of the state vector and speeds up computation. In
measurement to be corrected and updated on the y. Thugition, removing the orientations from the state vectakes

the real-time mosaicking and navigation system can prodygg, system linear, obviating the need for linearizationd/@mn
large mosaics, guaranteeing overlap without resorting sy iterative methods to estimate the state

external positioning systems. The information Iter formulation brings additional compu
IV. SYSTEM OVERVIEW tational bene ts and exibility. The information lter is lie

dual of the Kalman lter. Where the Kalman Iter estimates

The visual mosaicking and navigation system is divided int[ﬂe state and covariance;P) of a system directly, the
two major subsystems: (1) a high-update-rate state measUi®ormation Iter works with their dualy ; ) where
ment and control subsystem, and (2) a loop closure, global

error-bounding subsystem which runs asynchronously at a = P 1 = X

Iower,_ vana_bl_e rate. The high-update rate _system uses ?ﬂ?r the Kalman lter, the state update is fast, whereas a mea-
_comblned V'S'Orw.VL odometry syste_m described above angurement update involves inverting the estimated covegian

n [10]_to determine the _current vehicle state for controd AMmatrix B, which makes it impractical for systems with frequent
to deng when the vehicle has moved far enough that Nf{basurements and large state vectors. On the other hand, for
mosaic tiles should be snapped. The low-update rate IOQR.é information lIter, the state update involves invertifg

closure system takgs the new .tlles, adds.them to the MOSRHle the measurement update is fast. Thus the information
and attempts to register them with nearby tiles seen preljiou Iter is particularly suited to the mosaic loop closure plein,
Thus it provides side-to-side registration to eliminat#tdrs

described in Section IlI.

as the locations of the image tiles are assumed to be cosstant
q . ion b . K so that there is no state update, while measurements, in
_In order to ensure registration between images taken gh trm of new links between image tiles, can be quickly
yv|dely separ_ated points in time, it was foun(_j that all tIIeﬁ1corporated. The measurement update involves increnggnti
in the mosaic Sh.OU|d be scaled gnd potentlal_ly rotated #% elements of* and " corresponding to the two tiles being
the same viewpoint rgference. This _reference IS de_ned lm‘lked, thus adding information about those states to the
the altitude and heading of the rst tile of the mosaic. Th%stimate As a consequencd,is sparse: the only non-zero

image registration component requires that the viewpoint o ents are along the diagonal and at locations correappnd
the images be within 10% in altitude ar®l in rotation. to linked tiles

To maintain these limits for the visual odometry System, tpe jnformation Iter does not give an immediate estimate
the vehicle is controlled to maintain constant heading arbql the tile positions. However, the tile positiors can be

only slowly varying altitude. While this ensures regismat iy recovered by solving the sparse symmetric positive
is possible image-to-image along track, the limits may nite system

violated for images separated widely in time if altitude has Ao Ing

changed or heading-hold is unsteady. Pitching and rolling

produce second-order effects and are not compensated foffor ®. Solving this system at any point in time returns an
The loop closure system uses a variant of the constrainégtimal estimate of the positions of all tiles given all tin¢eir-

pose information Iter formulation rst proposed by Lu andtile links accumulated up until that point.

Milios [13]. The position of each tile is taken as a variable When the visual odometry system snaps a new tile, with

to be estimated. The concatenationf these positions forms indexKk, it is added to the mosaic and an attempt is made to

the state vector of the mosaic. Measurements of displacemé a side-to-side link. This procedure is shown in Figure)3(

between tiles from the vision registration or from thet. form and proceeds as follows :

constraints, referred to as links, between the individilal t 1) Using altimeter and compass measurements, the tile is

positions, with the strength of each link given by the vatci&an scaled and rotated to the reference viewpoint.
of the measurement (see Table V). The loop closure systen?) The displacement informatiatkx 1 and measurement
continues the assumptions made by the vision registratiain t inverse covarianceyx 1 between tilek and its pre-

only two components of the vehicle motion—the translation  decessor are added as a measurement update to the
t parallel to the bottom plane—need to be computed. The information lter, and the scaled and rotated image is
remaining components of the 6-DOF vehicle state take their added to the list of mosaic tiles.



(a) Side-to-side link- (b) Fallback search.
ing.

Snapped new tile k

thorough fallback search routine runs periodically afteilea
has been added to the mosaic as described above. The variance

to mosaic
2. in the measurement of the position of the current kile

since the last successful side-to-side link at tle-i.e. the
Scale, rotate e k N° estimated drift in the odometry—is tracked. If the maximum

‘ < component of this variance exceeds a thresholtlis assumed

Vi that the quick search is getting lost and the fallback se&ch
Add odomery lnk to Solve for posiions triggered. This algorithm is shown in Figure 3(b) and is as

previous reference and covariances
Y pona

+ dk 1 = .
o follows :

Waitfor 1) Check whether the position variance exceeds

‘ next tile
2) If not, do nothing. If so, solve for the estimated position

Calculate tile Find tiles within

posifons pamas ofk % and its covarianc®. This is an expensive operation

solve "= M T= e A . . . . .
| Mt et as it requires fully inverting the information matrix.
ves 3) Find a listT of tiles which fall within a Mahalanobis

Find neaes Frgresrs | o distance thresholtll of the current tile.
nite minn it taip 4) Step through this list in the order of increasing Maha-

\ A lanobis distance and attempt to register successive tiles.

a , 5) If a successful registration is found, add the resulting
lempt to register Attempt to register . H H
tles k and n tles k and n Remove n from link to the information Iter and stop the search.

via correlation via correlation consideration
T If this search is unable to nd links to knock out the odometry
% drift, a warning is issued to the user, who can ignore it, and
let the fallback search re-run at a later time, or can aid the
system by manually matching tiles.

Registration
successful?

successful?

V. RESULTS

Add link between Add link between
kand n kand n

N N The system described here has been elded onMbeRI
e Rovs Ventanaand Tiburon to provide a real-time view of the

sea oor environment, and to control the vehicle in that en-

vironment. These online navigation-grade mosaics have bee

Wait for Wait for
dekel <A nex e created at various sites.

Figure 1 shows a small-scale mosaic of an area of scienti c
interest. It was found that it is not necessary to perform
the side-to-side link search for every tile, as can be seen in

Fig. 3. Loop closure link- nding procedures, as explainedSection IV.  Figure 2. Though the automatic image registration failed fo

3)

4)
5)

6)

certain portions of the run, this was due to large parallax
. ) ) resulting from the skeleton relief, or to lack of sea oor
The system is solved for an updated estimate of tile POSsibility
tipns, aIsp ingorporating information from any previous Figure 4 shows a much larger eld which was successfully
__ ' . _ . mosaicked with the system. The mosaic covers approximate
side tg S|dehl|nks e el | ked with the syst Th op tely
Based on the current estimate, the tilelosest to tile ;000 17 with 2136 tiles. The only operator input required to

k_|s selected, . . ._form the mosaic was to issue the necessary vehicle position
Tiles k and n are passed to the image registratio; ymands.

routine.

If the images registered successfully, the informatibn VI. CONCLUSION

ter is updated with th resulting measuremédih ;Zkn ), The real-time mosaicking and navigation system described
otherwise, no update is performed, and the system wajtsthis paper can eliminate the need for an extersal system

for the next tile. without suffering from the time-unbounded drift exhibitby

Itis possible that many successive side-to-side link gitem dead-reckoning sensors, and, additionally, gives an inted
fail. This can be due to a lack of side-to-side overlap betwe@avigation-grade mosaic providing a view of areas the \Vehic

tiles,

excessive relief in the area of overlap making the twens visited.

views highly dissimilar, or to occluding fauna, dust or lamk

texture in the overlapping region. In this case, the odoynetr VII. ACKNOWLEDGMENT
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Fig. 5. Inset view of the portion of Figure 4 highlighted inliga.. The view
measures 7 m 7 m.
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