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(57) ABSTRACT

Embodiments of a metrology device and a computer-imple-
mented method generate survey data without touching the
subsea objects being surveyed. The metrology device can
include an inertial navigation system (INS) outputting posi-
tion and orientation data of the metrology device; an aiding
device positioned at a known distance and orientation with
respect to the INS for collecting image data of the subsea
objects; and a computer having one or more computer pro-
grams that use the image data to calculate measured velocity
of the metrology device at first and second subsea objects to
perform virtual zero velocity updates, and uses an apparent
difference in the position of the first subsea object measured
prior and subsequent to measuring the second subsea object
to perform virtual position update.

504 T 1 o
~ i sterr
H H
. SN
‘ o N o . - 75
| Navigate to First Subwsa Objeet (Point A) e
{ v | 708
- &
i ! ! /
¥

At Firs: Subssa Ohjest Collsct Positlon Ravgs and
Orisntation fnformation and Store in Memory

At First Sobsea Objest Colloet Immgs Defa of First

Bubsea Chject and Stive t Memory

i

I T
/

ot Clollect Position Renge |
ation and Stove In Memory |

i
J

and Orisptation Tnform

At Second Subsen Ohjsct Coilest Imags Dat of
Second Subsea Ohject and Store In Memarg

T
i

Mavigate to Firet Su

o 118
~

hasa Ubjest =

715 |
/'/ . v

L o
"

i
i

sen Object Colleot Position Rangs and
o Tufermarion and Stors m Memiry

A Pirst Subsea Diject Cilect Bnage Data of Fhst
" Subsea Cbject and Store in Memory as &

¢

!

i Imagss, v
ce in the

seiated Positions, by Measuring e
of the Secoud hmage of the First Point [~
{A"y with the First mage of the same Point {A)

- T2

!

724

-




Patent Application Publication Jun. 2,2016 Sheet1 0of 10 US 2016/0153786 A1

o~ /‘/
// ’
2
e
101
HOUSING
102
/
&
P &i 0’6
//
. e AL Y
CONTROLLER L Ry
108 /
’ OPTICAL b
SCANNER T
110

100

FiG. 1



Patent Application Publication Jun. 2,2016 Sheet 2 of 10 US 2016/0153786 A1

CONTROLLER
202 , / 204
e (’_,._ﬂ-« -------- L.
POWE P~ e
L MEMORY |
T
i
104 & W
MICROPROCELSOR
206
-3 N
210
.
4 ¥
jiel TRANSCEIVER
o
208
2 '3 A
200
A-"/
4, k ;’/
NS CONTROL CBNTER
10 7 PrOGessOr
1000
ki
LASER OPTICAL |
SCANNER
A e 10
/7 i
108 i
4
/
e

106 FIG. 2



Patent Application Publication Jun. 2,2016 Sheet3 of 10 US 2016/0153786 A1

. 302
START |
Calibrate INS with initial Position Resding s 304
4 | / 306
Take NS Reading !
J 308
Btore TNS Reading in Memory /
Time Stamp NS reading / 310
%
Take Laser Reading / - ¥z
3
s 31
Time Stamp Laser Reading ‘ e S14
5 : / 318
Stere INS Reading as Position Reading '




Patent Application Publication Jun. 2,2016 Sheet4 of 10 US 2016/0153786 A1

104
s
,-’j
CONTROLLER o
oz :
/ e
E POWER M- /"3
MEMORY
| |
| —
&
Y . ¥
-
208 4
AN Vo
%
i k ) ¥
NS p CONTROL CENTER
200 .
E Processor
102 v © 1000
LASER OPTICAL 1o
SCANNER
108
,/ /.«w
7

we  FIG.4



Patent Application Publication Jun. 2,2016 Sheet5o0f10 US 2016/0153786 A1

PROCESSOR

»MEMQR“{' : 500

PROGRAM FRODUCT 50z

Callbratlon Moduie

- 604

Drift Caloulation Module

Post-Processing Module

FIG. 5

START 502

:

Measore exact Hnear and angule fixed offsets of INS and "
Laser Cmnera mounted together

804

",

4

ooz Store Linesr and Angular Pixad Offsets of INS and Laser Carnera 808
in Memory -

!

. - 808
Power on Complete System yd

'

Start Drift Caloulafion Module ™ 610

¥IG. 6



Patent Application Publication

504

Jun. 2,2016 Sheet 6 of 10

START

702

e

S

Novigate to First Subsea Object (Point A)

e

!

US 2016/0153786 Al

Orientation ieformation and Store inn Memory

At First Subssa Ohject Collzect Position Rangs and

At First Spbsea O
Subsea Chject and Store i Memory

biect Collect Image Data of First

!

.

. B o o Tt TY R 710
i Mavigate to Sscond Subses Object (Pojnt B) 710
PR : ;74
s * 4
At Sgoond Subsea Qbjeot Collect Position Range At Second Subsea Uhject Collest Image Data of
and Orisntation Iaformation and Store n Memeory Second Subsea Ohject and Siore In Memary
4 &
k'
. - 118
Mavigate 1o First Subsea Objost |~
'7.‘ .
e 72D
o . V s . P

At First Subsea Qtiect Collect Position Rangs snd

Crientation fnformation and Store I Memory

AL First Subses Objeot Collect Tmage Data of First
" Subaga Object snd Store In Memory as A

!

!

Process all Dmages, with Associared Positlons, by Measuring the
Difference In the Position of the Second Iaga of the First Point
{A7ywith the First Image of the same Point (A)

|

. 724
Compute the Drift from the Measured Differsnce w Generate the -
Drift Cotxegtion and Stors the Drift Corvection in Memaory

FIG. 7




Patent Application Publication Jun. 2,2016 Sheet7 of 10 US 2016/0153786 A1

‘ 802
START /

vg' : : 504

Re~compute Wavigation to First Object
prte g }

800

¥

Re-compuse Position and Orientation Associated With L,
Coliected Image on First Object

g

A / 808
Re-compute Navigation to Second Object

w

Re-compute Position and Orlentation Associated with / 810
Collected Image on Second Object

/8'12‘

%

Compute Exact Distance and Difference in Depih Bettveen
' the Two Objects and Their Crientations

Fit:. 8



Patent Application Publication Jun. 2,2016 Sheet 8 of 10 US 2016/0153786 A1

=t . Rl TV

e . ~.

- Sea

.- , I

e AN /
o ey o A
i ;

e ]

i

e j“”J

2004 i J 100

s
. Ld
- -~
e, o
e e



Patent Application Publication Jun. 2,2016 Sheet 9 of 10 US 2016/0153786 A1

—— 2000 2002
" T

First Second

Subsea Subsed

Object Object
’ fitial {"Position\‘;m {’rPasiﬁon\‘lv____“ng‘/%sitian\\i‘._#""Positiari\}m
| Position ) Ay )L Ay UBi-t )L Boty
lposition’) (Position’,

VA -k "\\\Pn 5 /
100
FiG. 10
3000
A«'/

Use alding device to determine relative positions of subses L/ 2002
ohjects from distinct points at distinct times ‘

.
Compute a measured velodity V of metrology device based on
- - F Yy . . . - 3004
easurements from aiding device and a corresponding INS / _
Velocity Viys based on an output of INS sensors

A4

input measured velocity ¥ and INS velocity Viys into Drift : / 3006
Calculation Module ~

k4

Use input velocity to adjust INS solutions generated by using /, 3008
readings from INS sensors

e

/,»—-» 3012

Output INS Solutions with Linear Error Growth

FIG. 11



Patent Application Publication Jun. 2,2016 Sheet 10 of 10 US 2016/0153786 A1

- 4000
M/

e 4002
Determine a position of the first measurement point A, from
i the first visit to first subsea object

i : - 4004

Determine a position of measurement point A, from the
second visit to first subsea object

4006

¥

Calculate a total drift between times t; and t, by caleulating a
difference between the positions determined for
measurement points A" and A; (A - A4)

- 4008

k4

Caleulate a proportional amount of the total linear drift
attributable to the time belween measurements of positions of
first and second subsea objects, e.g, times ty and i,

-~ 4010

¥ e

Remaove the calculated proportional amount from the recorded
position of the second subsea cbiject

! o2

Re-Initialize the INS solution with the position of the metrology
' device at the first measurement point A,

FI1G. 12



US 2016/0153786 Al

DEVICES, PROGRAM PRODUCTS AND
COMPUTER IMPLEMENTED METHODS
FOR TOUCHLESS METROLOGY HAVING
VIRTUAL ZERO-VELOCITY AND POSITION
UPDATE

RELATED APPLICATIONS

[0001] The present application is a non-provisional appli-
cation, which claims priority to and the benefit of U.S. Pro-
visional Patent Application No. 62/044,494 filed on Sep. 2,
2014, titled “Devices, Program Products and Computer
Implemented Methods for Touchless Metrology Having Vir-
tual Zero-Velocity and Position Update” and U.S. Provisional
Patent Application No. 61/877,504 filed on Sep. 13, 2013,
titled “Devices, Program Products and Computer Imple-
mented Methods for Touchless Metrology Having Virtual
Zero-Velocity and Position Update.” The present application
is also a continuation of U.S. patent application Ser. No.
14/482,150, filed on Sep. 10, 2014, which is now U.S. Pat.
No. 9,255,803, titled “Devices, Program Products and Com-
puter Implemented Methods for Touchless Metrology Having
Virtual Zero-Velocity and Position Update,” which is a con-
tinuation-in-part of U.S. patent application Ser. No. 13/752,
806, filed on Jan. 29, 2013, which is now U.S. Pat. No.
8,903,576, titled “A Device, Program Product and Computer
Implemented Method for Touchless Metrology Using an
Inertial Navigation System and Laser,” which is a continua-
tionof U.S. patent application Ser. No. 12/856,404, filed Aug.
13, 2010, which is now U.S. Pat. No. 8,380,375, titled “A
Device, Computer Storage Medium, and Computer Imple-
mented Method for Metrology Using an Inertial Navigation
System and Aiding,” which claims priority to U.S. Provi-
sional Patent Application Ser. No. 61/234,062, filed on Aug.
14, 2009, titled “A Device and Method for Touchless Inertial
Metrology Using an Inertial Navigation System and Laser,”
each of which is incorporated herein by reference in its
entirety.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The invention relates to a method of making mea-
surements on and between existing objects located underwa-
ter. More particularly, the invention relates to controlling the
drift of an inertial navigation system using a range and bear-
ing image capture system such as a laser camera or other
sensors to make measurements without the system being in
contact with an underwater object or the seabed. The spatial
relationship between the inertial navigation system and the
underwater object is achieved by range and bearing measure-
ments.

[0004] 2. Description of the Related Art

[0005] Any motion of an object in space is composed at the
microscopic level of two basic motions: micro-rotations and
micro-linear motions. An inertial navigation system (herein-
after “INS”) measures these motions using gyroscopes (to
sense angular motions) and accelerometers (to sense linear
motions). The INS may measure rotations using the gyro-
scope and linear motions using the accelerometers at a high
frequency (typically 500 times per second). Even given this
high sample rate, the INS is subject to error. Because of the
imperfection of the accelerometers and gyroscopes, INS
navigation, when not controlled, is subject to a continuous
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drift of about 0.8 miles per hour in a more accurate INS, and
several miles per hour in one that is less accurate.

[0006] This drift is especially problematic when the INS is
used in underwater metrology i.e., the science of measuring
accurately the position and orientation of objects and physical
structures underwater (typically on the seabed). The most
common metrology consists in measuring the distance
between the two flanges of a pipeline system that will receive
the ends of a jumper or spool, i.e. the hard, prefabricated
connecting pipes that join a pipeline system (typically ending
at a manifold) and a wellhead. The accurate measurement of
distance between receptacles of the pipeline and the well-
head, to which each end of the jumper is to be attached, is
crucial to ensure accurate manufacturing of the jumper. To
that end, the exact distance between the pipeline receptacle
and the wellhead receptacle, the difference in depth between
them and the exact 3D orientation (heading, pitch and roll) of
each receptacle must be accurately measured.

[0007] To correct for drift in underwater metrology, the INS
navigation is sometimes corrected using an “aiding by zero
velocity update”, or ZUPT method. The ZUPT is a period
without motion where the INS is parked on some structure on
the seabed: usually either one of the two receptacles that need
to be measured. When the INS is parked for at least 15
seconds, the INS recalibrates and corrects any navigation
drift from the knowledge that, when there is no motion the
readings of the accelerometers and gyroscopes must be
caused by noise (pure erroneous measurements). The draw-
back of such methods is that these require that the INS be
carried by a robot (such as a Remotely Operated Vehicle or
“ROV”), other vehicles, or a diver, to touch the flange or
receptacle (actually: the ROV rests on the receptacle for at
least 15 seconds), potentially causing damage. Even more, in
order to measure accurately the position and orientation of
those flanges, a mating system (stabbing guide) is often spe-
cially made and installed on or near the two flanges according
to these traditional metrologies which can be extremely cum-
bersome.

SUMMARY OF THE INVENTION

[0008] Accordingly, Applicant has recognized the need for
methods and devices that control the drift of an INS used in
underwater inertial metrology without touching any seabed
structure and, therefore, without the requirement for stabbing
guides, thereby allowing for “touchless” metrologies.

[0009] Various embodiments of a metrology device for use
with an underwater vehicle or diving personnel are described
herein. An embodiment of a metrology device, for example,
can include an INS having one or more gyroscopes to detect
angular velocity and one or more accelerometers for the
detection of linear velocity. The INS can be transported by an
underwater robotic apparatus or diver and output INS solu-
tions, e.g., position and orientation data. The embodiment of
the INS can also include an aiding device having a laser, or
other source, positioned in a relationship with an optical
scanner so that when a light is emitted from the laser, or other
source, the scanner is in a position to determine a character-
istic of a reflective light from the laser, or other source, for the
purpose of measuring distance and orientation to points of
reflection. The aiding device can be positioned so that the
distance and orientation between the optical scanner and the
INS is known. The aiding device can output laser data, or
other ranging data, or orientation data for storage. The
embodiment can also include a controller having a micropro-
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cessor, a timing device, and memory, with the controller
receiving and storing the position and orientation data from
the INS and the ranging and orientation data from the laser, or
other aiding device, together with time tag data indicating
when the data was output from the INS, and when the data
was output from the aiding device, before storage. The INS
can also include an interface for connecting to a remote con-
trol center, with the interface outputting the INS data and the
aiding device data from the memory when such output is
requested by the remote control center either in near real time,
or after the survey. The remote control center, for example,
can process all data to determine a measured velocity of the
metrology device and a drift of the INS, and thereby allow for
precise and accurate navigation measurements.

[0010] Moreover, these devices, for example, can allow the
INS to precisely locate the objects or structures located on the
seabed, and, therefore, precisely measure their position and
orientation. These devices, for example, can allow more pre-
cise measurement of distances and depth differences between
the objects and structures without the need to park the INS on
any underwater structure.

[0011] Another embodiment of the metrology device
includes an INS in a fixed relationship to a laser camera, or
other image-capture device, that will remotely measure range
and bearing to fixed objects located away from the INS, in
order to compute the exact position of these objects first with
an error caused by the drift of the INS navigation in real-time,
and then the exact position of these objects without error after
the navigation drift has been corrected. The laser camera, or
other image-capture device, may capture three-dimensional
pictures of particular objects on the seabed, while the IN'S will
compute positions associated with these images. All data may
be time stamped and recorded. The recorded data may be
downloaded at the end of the survey and processed so that the
positions of the images captured will be computed. The dif-
ference of position between two images of the same object
can be used to compute a measured velocity of the metrology
device and the drift of the INS navigation. The measured
velocity of the metrology device can be determined from two
images of the same object measured from two distinct mea-
surement points at two distinct times as the metrology device
is moved past the object. The drift of the INS can be deter-
mined from two images of the same object measured from
two distinct measurement points where the INS indicates that
the two distinct measurement points are equivalent. The dif-
ference in apparent position of the fixed object is caused by
the drift of the INS causing the two distinct measurement
points to be non-equivalent. The difference in apparent posi-
tion may be used to re-compute the remaining position infor-
mation of the data objects in the survey with great accuracy,
and therefore compute precisely, the distance between objects
which images have been captured as well as other measure-
ments of use in the offshore oil industry.

[0012] Another embodiment of the invention provides a
computer-implemented method in which a laser camera, or
other image-capture device captures images and an INS
stores these images and positions associated with these
images. According to an embodiment of the method, these are
stored for later processing. An embodiment of the method
employs a measured velocity determined from multiple
images of a stationary object captured by the laser camera, or
other image-capture device, as the INS is moved past the
stationary object. In many instances, this will be more accu-
rate than a corresponding velocity calculated from INS accel-
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erometer and gyroscope data. The measured velocity can be
used to more accurately correct INS data to maintain an
apparent drift of the INS both low and linear. The method also
can employ an INS that calculates distances based on the fact
that the different positions for a same object arise due to the
drift ofthe INS. The method can include matching the images
to transform two images into one image of a single object that
includes the information of the distance between the two
original images which would have been zero if there was no
drift. The method can also include applying the computation
of'the difference between the two images to correct the navi-
gation drift of the INS. Once reprocessed, the position of the
two images will be equal, and the two images will superim-
pose into one single image. The drift of the INS will have an
apparent linear growth with respect to time. The method can
include post-processing all position and orientation informa-
tion for the whole survey to obtain a very accurate result in
navigation. The method can also include using this new and
accurate navigation to compute the exact distance between
objects on the seabed, which has value in the industry for the
measurement of jumpers or pieces of pipeline that will be
placed between objects on the seabed, this computation
referred to as metrology.

[0013] The computer programs or computer process that is
involved in embodiments of the present invention, for
example, can include: the process of associating an INS with
a laser camera, or other image-capture device, in a fixed
position in space by recording and storing the position of their
lever arms in each dimension (X, Y, Z) as well as the measure
of their angular difference in the three dimensions (heading,
pitch and roll), so that the positions and orientations com-
puted by an INS are mathematically associated with the posi-
tions and orientations of the laser camera, or other image-
capture device, so that a plurality of pixels or cloud points has
aposition in three dimensions. This can allow the rebuilding,
by computer program or computer process, the object in three
dimensions. The computer programs or computer process can
further include the routine of starting and navigating the INS
and the laser camera, or other image-capture device within
the rules of the art of navigation, and time stamping and
recording all necessary data which includes INS and laser
camera, or other image-capture device, data; the routine of
collecting, time stamping and recording a 3-dimensional
image or point cloud of each object of interest on the seabed,
as well as the INS navigation information simultaneously in
some embodiments; the routine of outputting all the time-
stamped data to an external computer or memory device at the
end of the survey for further processing while checking the
integrity of communications. All data can be processed to 1)
identify single objects, out of point clouds; 2) associate posi-
tions with each object; 3) recognize a given object in different
images, when the given object has been captured several
times; 4) compute the difference in position associated with
that single object on different occasions; 5) compute a veloc-
ity of the INS and the drift of the INS navigation between
capture of different images of a same object; 6) apply that
drift to correct the INS navigation and make it more accurate;
and 7) use this more accurate INS navigation solution to
output all the deliverables requested by the client of a metrol-
ogy survey, which includes the distance between several
objects, and thus, for example, the necessary length of a
pipeline jumper that will join these objects as well as differ-
ences in depth and orientations of each objects.
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[0014] In embodiments of methods, the survey is to be
conducted without touching any of the underwater structures
being measured. The underwater structures are therefore
measurable while the metrology device is in motion with
respect to the underwater structures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Some of the features and benefits of the present
invention having been stated, others will become apparent as
the description proceeds when taken in conjunction with the
accompanying drawings, in which

[0016] FIG.1isablock diagram of a device and system for
providing touchless metrology with an INS according to an
embodiment of the present invention;

[0017] FIG. 2 is a block diagram of a controller used in a
device or system to provide touchless metrology with an INS
according to an embodiment of the present invention;
[0018] FIG. 3 is a flow diagram of the operation of instruc-
tions executable on a microprocessor of FIG. 2 according to
an embodiment of the invention;

[0019] FIG. 4 is a block diagram of a controller used in a
device or system to provide touchless metrology with an INS
according to an embodiment of the present invention;
[0020] FIG. 5. is a block diagram of a processor having a
memory and a program product disposed therein for provid-
ing control signals to a touchless metrology INS device and
system according to an embodiment of the invention;

[0021] FIG. 6 is a flow diagram for a calibration module
shown in FIG. 5 according to an embodiment of the invention;
[0022] FIG.7 is a flow diagram for a drift calculation mod-
ule shown in FIG. 5 according to an embodiment of the
invention;

[0023] FIG. 8 is a flow diagram for a post-processing mod-
ule shown in FIG. 5 according to an embodiment of the
invention;

[0024] FIG.9isadiagram ofthe metrology device in opera-
tion surveying a plurality of subsea structures according to an
embodiment of the invention;

[0025] FIG. 10 is a schematic diagram of the metrology
device in operation surveying subsea structures according to
an embodiment of the invention;

[0026] FIG. 11 is a flow diagram illustrating a Virtual Zero
Velocity Updating process according to an embodiment of the
invention; and

[0027] FIG.12is a flow diagram illustrating a Virtual Posi-
tion Updating Process according to an embodiment of the
invention.

[0028] While the invention will be described in connection
with certain embodiments, it will be understood that it is not
intended to limit the invention to those embodiments. On the
contrary, it is intended to cover all alternatives, modifications,
and equivalents, as may be included within the spirit and
scope of the invention as defined by the appended claims.

DETAILED DESCRIPTION

[0029] The present invention will now be described more
fully hereinafter with reference to the accompanying draw-
ings in which embodiments of the invention are shown. This
invention may, however, be embodied in many different
forms and should not be construed as limited to the illustrated
embodiments set forth herein; rather, these embodiments are
provided so that this disclosure will be thorough and com-

Jun. 2, 2016

plete, and will fully convey the scope of the invention to those
skilled in the art. Like numbers refer to like elements through-
out.

[0030] AnINSisused in underwater metrology to measure
the distance between two underwater objects, such as jumper
receptacles. An INS uses gyroscopes and accelerometers to
measure, respectively, micro-rotational and micro-linear
movements to orient the body of a device and track device
location. These readings can then be used to measure the
distance between the two objects. Because this reading is
disposed to error in the form of drift, embodiments of the
present invention use a laser scanner, or other types of laser
cameras or other distance-measuring sensors, to correct the
error. Such a device and method of operation of same has the
benefit of being “touchless,” i.e., the INS does not have to be
parked on a structure and therefore does not need mating
guides on the structures to correct any of its own navigation
drifts.

[0031] A metrology device 100 used for measuring the
position and orientation of underwater objects according to
an embodiment of the invention is shown in reference to FIG.
1. Typically, metrology device 100 is an independent tool,
transported and operated by an underwater robotic vehicle or
a diver to aid in data collection, though the metrology device
may also be connected to buoys or other flotation devices,
underwater submarines, and like vehicles or tools. Metrology
device 100 includes a housing 101, an INS 102, a controller
104, an aiding device 106, using, for example, a laser 108 and
an optical scanner 110, and communications network inter-
face 112. Laser 108 and optical scanner 110 might also be a
laser camera such as “flash laser cameras” or any other dis-
tance-measuring sensor. The metrology device 100 may be
connected to an ROV or control center using the communi-
cations network interface 112, e.g. a transceiver (not shown),
modem, or the like.

[0032] The INS 102 provides measurements of the location
and orientation of various objects and includes, for example,
three gyroscopes and three accelerometers located on three
perpendicular axes (not shown). Examples of an INS that may
be used in the system include the T24 manufactured by Kear-
fott, the PHINS manufactured by Ixsea, or another INS. The
INS 102 provides full 3-dimensional position and orientation
data by measuring rotational and linear motions, at a very
high frequency, for example, 500 HZ, and then integrates the
data to generate the position. The INS 102 is connected to and
controlled by controller 104.

[0033] Aiding device 106 is also connected to controller
104. Aiding device 106 includes an image-capture device,
including, for example, laser 108 and optical scanner 110.
Laser 106 can be any laser suitable for use in gathering of
image data, for example, a semi-conductor based laser, and
optical scanner 110 may be a camera, lens, optical deflector,
or other device. As one skilled in the art will appreciate,
aiding device 106 may also be a flash laser camera or other
device having the functions of a laser and optical scanner. If
aiding device 106 is embodied as a laser 108 and optical
scanner 110, aiding device 106 may use either a “time of
flight” technique or a “triangulation” method to extrapolate
3-D “pictures” of an object. As one skilled in the art will
appreciate, if the aiding device 106 uses a triangulation tech-
nique, aiding device 106 will employ a laser 108 and an
optical scanner 110 having, for example, a camera and lens. In
such a device, a light emitted from laser 108 in either a dot or
stripe is reflected back through a lens to a camera. The posi-
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tion of the reflected light in the camera is used to obtain data
about the object. If aiding device 106 uses a time of flight
technique, aiding device 106 uses laser 108 and an optical
scanner 110 in the form of a sensor to capture the reflection of
light from laser 108. The time it takes for light to make a round
trip from the laser to the object and back to the deflector is
used to calculate the distance between metrology device 100
and the object. If aiding device 106 is a flash laser camera, all
orientations and ranges are collected simultaneously (in one
flash). For either technique, a plurality of data points is col-
lected, and these points are used to form the 3D “picture” of
the object referred to hereafter.

[0034] Though shown having an antenna, metrology device
100 and various computer components associated with a con-
trol center may be connected together using a variety of
communications network interfaces 112. As one skilled in the
art will appreciate, the communications network interface
112 can connect the metrology device 110 to external com-
ponents using a transceiver, modem, I/O device interface,
etc., and the communications network may be a wireless
network, local area network (“LAN”) or wide area network
(“WAN”), or a combination thereof. For example, the metrol-
ogy device 100 may be connected to a control center using a
transceiver, modem, or other data connection port via optical
fiber or a wireless network, and the control center may be a
privately networked (LAN) set of computer components to
allow for faster data processing, or metrology device 100 may
be in direct communication with a remote operated vehicle
(“ROV”) controller using, e.g., I/O ports, with the ROV con-
nected to a surface control station using optical fiber or a
wireless communication network. In another configuration,
metrology device 100 may store all collected data, and con-
nect via a surface- or rig-located /O device interface to a
computer network thatuses e.g.,a WAN or LAN to connectto
a control station for data processing. Accordingly, though not
all such configurations are depicted, all are within the scope
of the disclosure.

[0035] Controller 104 is connected to both the INS 102 and
aiding device 106 to enable the time tagging, calculation and
processing of measurement readings, as well as to control
functionality of same. Controller 104 is depicted in FIG. 2. In
general, controller 104 includes a power supply 202, a
memory (or data storage) 204, a microprocessor 206, an
input/output (“I/0”) device interface 208 and a transceiver
210. Alternatively, as shown in FIG. 4, a transceiver may not
be employed for remotely connecting the metrology device
100 to a control center. Instead, in the embodiment of FIG. 4,
a control center 200 is directly connected to an [/O device
interface 208. The control center 200, for example, maybe
part of the control electronics of the ROV. In alternative
embodiments, control center 200 might be the remote control
station or other intermediary data collection point (such as
computers located on an offshore rig), and as such, data
would be stored in memory 204 and uploaded to the control
center once the ROV surfaces or transmitted using the ROV
communication connection to the remote control station.
Accordingly, all of these embodiments are within the scope of
this disclosure.

[0036] Returning to FIG. 2, power supply 202 supplies and
regulates power to the various components of microprocessor
206, and includes power electronics with voltage transforma-
tion and regulation, plus typically a battery, and one of its
connectors would typically be connected by cable to a robot
or other vehicle carrying metrology device 100. The battery
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would maintain functionality of the whole system if the
power is interrupted or corrupted, or not connected to the
vehicle. Power supply 202 is connected to microprocessor
206, which will be described in detail below. Memory 204 is
also connected to microprocessor 206 and stores measure-
ment and program data for use by microprocessor 206. As
such, memory 204 may include both non-volatile memory,
e.g., hard disks, flash memory, optical disks, and the like, and
volatile memory, e.g., SRAM, DRAM, SDRAM, etc., as
required to process embodiments of the instant invention. As
one skilled in the art will appreciate, though memory 204 is
depicted on, e.g., the motherboard, of the controller 104,
memory 204 may also be a separate component or device,
e.g., FLASH memory, connected to the controller 104.

[0037] 1/O deviceinterface 208 and optionally, e.g., a trans-
ceiver 210, may provide the communications network inter-
faces 112 for controller 104 (not including any external power
source for power supply 202). I/O device interface 208 is a
standard computing interface and may be any /O device
interface including, but not limited to a network card/control-
ler connected by a PCI bus to the motherboard, or hardware
built into the motherboard to connect microprocessor 206 and
memory 204. Optional transceiver 210 if used is connected to
the microprocessor and allows metrology device 100 to com-
municate with a remote control center 200 for the purposes of
data collection and determining measurement locations, in
case this data collection is done remotely. As one skilled in the
art will appreciate, transceiver 210 is any device capable of
sending and receiving data signals at a particular frequency,
and includes all filters, modulators, demodulators and other
devices required to achieve this end

[0038] Microprocessor 206 performs the basic computer
operations of controller 104. This includes, but is not limited
to, all of the program functions, control of all periphery
devices including INS 102 and aiding device 106, read/write
operations, clock functions, etc. As one skilled in the art will
appreciate, microprocessor 206 may be any processor
capable of handling the data collection requirements of the
metrology device 100. For example, a 64 bit processor like
AMD 64, INTEL 64, or e.g., Intel® Xeon® multicore pro-
cessors, Intel® micro-architecture Nehalem, AMD Opteron”
multicore processors, etc., depending upon the number and
complexity of measurements and number of laser points
scanned by aiding device 108 could be used.

[0039] Microprocessor 206 executes instructions stored in
memory 204 to perform the inventive data collection func-
tions. In an embodiment of the invention, these instructions
may include measuring data from the first subsea object 2000,
the second subsea object 2002, and the navigated subsea
object, these data including data from the INS 102 and aiding
device 106, such as position, range, orientation, and image
data. The instructions may include deriving a measured
velocity of the metrology device from data procured by the
aiding device from at least one of the first subsea object 2000,
the second subsea object 2002, or the navigated first subsea
object. The instructions may further include correcting data
from the INS 102 with the measured velocity such that the
drift of the INS 102 grows linearly with time, calculating a
drift correction for the INS responsive to a difference between
the first subsea object 2000 position and the navigated subsea
object position, measuring a target 2004 position responsive
to collecting target object data from the controller, determin-
ing a proportion of drift correction attributable to the mea-
surement of the target position by determining a proportion of
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time elapsed between measuring the first subsea object 2000
data and the target object 2004 data, and correcting the mea-
sured position of the target 2004 responsive to the determined
proportion of the drift correction.

[0040] A general flow chart depicting instructions executed
by microprocessor 206 for recording data at each of the sub-
sea objects is shown in FIG. 3. As shown, the metrology
device 100 is mounted and initially calibrated, and the data
collection process starts, and all of the sensors are powered on
(step 302). When INS 102 is powered on, microprocessor 206
uses information about the position of metrology device 100
to align INS 102 (step 304). To align, the INS 102 automati-
cally measures all forces using its gyroscopes and accelerom-
eters e.g., the earth’s rotation and gravity, to precisely locate
the North direction and the vertical vector. This orientation is
called alignment (or calibration). After a short period of align-
ment (20 minutes or so), the INS begins navigating, meaning
it continuously computes and outputs its position and orien-
tation, even when it is being moved (step 306). The INS
reading is stored in memory (step 308), and time stamped
(step 310). Microprocessor 206 takes a measurement reading
using image data from aiding device 106 (step 312), time
stamps the measurement reading, and stores it in memory
(step 314). The INS reading is stored as a position reading and
a new INS reading is taken (step 316). At this point, the
position reading and image data may be continuously trans-
mitted to a control center using e.g., the transceiver, modem,
etc.; but may also be stored in memory as a backup or to be
uploaded to the control center 200 at a later time. Moreover,
it is possible that the INS readings are time stamped and
recorded virtually simultaneously with the measurement
readings from the aiding device. In this way, data processing
requirements including data rates of microprocessor 206 can
be controlled.

[0041] Returningto FIG. 2 and FIG. 4, the data collected by
the metrology device 100 is collected and transmitted to the
control center 200 for processing using the methods
described herein. As one skilled in the art will appreciate, the
control center 200 may also control the metrology device and
ROV. As such, the control center may be located at the surface
and connected to the metrology device and ROV via trans-
ceiver, modem, or the like over e.g., optical fiber; or alterna-
tively may be devices located on the ROV. To perform the
functions thereof, the control center 200 includes a computer
having a processor 1000 and a processor memory 1002 (FIG.
5). Though depicted as separate from the metrology device
controller 104, as one skilled in the art will appreciate, there
are some configurations where the metrology device control-
ler 104 and control center 200 are the same device or com-
puter.

[0042] Though not depicted, an I/O device interface, trans-
ceiver, modem, etc., may provide a communications interface
between the control center 200 and metrology device 100. In
some configurations, an I/O device interface would be a stan-
dard computing interface and may be any 1/O device interface
including, but not limited to a network card/controller con-
nected by a PCI bus to the motherboard, or hardware built into
the motherboard to connect processor 1000 and processor
memory 1002 to the metrology device 100. Optionally, a
modem or transceiver can be used to connect the processor to
the metrology device 100 and allows metrology device to
communicate with a remote control center 200 for the pur-
poses of data collection and determining measurement loca-
tions, in embodiments where data collection is done remotely.

Jun. 2, 2016

As one skilled in the art will appreciate, such a transceiver or
modem may be any device capable of sending and receiving
data signals at a particular frequency, and includes all filters,
modulators, demodulators and other devices required to
achieve this end.

[0043] Processor 1000 performs the basic computer opera-
tions of control center 200. This includes, but is not limited to,
all of the program functions, including high-level control of
the ROV, metrology device, or other components of the sys-
tem. As one skilled in the art will appreciate, processor 1000
may be any processor capable of handling the data processing
requirements for the metrology device 100. For example, an
Intel® Xeon® multicore processors, Intel® micro-architec-
ture Nehalem, AMD Opteron” multicore processors, etc., or
simpler processor could be used depending upon the number
and complexity of measurements and number of laser points
scanned by aiding device 108.

[0044] As one skilled in the art will appreciate, memory
1002 (FIG. 5) may include both non-volatile memory, e.g.,
hard disks, flash memory, optical disks, and the like, and
volatile memory, e.g., SRAM, DRAM, SDRAM, etc. As one
skilled in the art will appreciate, though memory 1002 is
depicted on, e.g., the motherboard, of the control center 200,
memory 1002 may also be a separate component or device,
e.g., FLASH memory, connected to the control center 200.
Importantly, memory 1002 stores program product 500
thereon to perform several of the control functions of the
instant invention.

[0045] As shown in FIG. 5, memory 1002 includes pro-
gram product 500 having several program modules disposed
thereon including a calibration module 502, a drift calculation
module 504 and a post-processing module 506, to perform
many of the control functions of the instant invention. As one
skilled in the art will appreciate, each of these programming
modules includes sets of instructions that enable the metrol-
ogy device to produce accurate measurement data of the field
using image data and INS data. As one skilled in the art will
appreciate, each of the calibration module 502, drift calcula-
tion module 504 and post-processing module 506 may
include various other modules and sub-modules to perform
the operation thereof, and accordingly the description of these
modules are by way of example and are not intended to limit
the disclosure to the three modules described herein. More-
over, though some of the modules may be described as initi-
ating other modules, this is not necessary and each module
may operate as independent processes. For example, the drift
calculation module may be executed on one date and the
post-processing module executed at another date. In addition,
the various modules may be initiated at any time to check
data, e.g., drift calculations, etc.

[0046] Calibration module 502 is run upon the initial cali-
bration of the metrology device and power-on operations, and
as such includes instructions to perform these functions as
shown in FIG. 6. The calibration module 502 is initiated at the
time of powering of the INS but does not need the rest of the
metrology device 100 to be powered on. In such instances, the
INS 102 and aiding device 106 are mounted in the device in a
known configuration so that the linear and angular offsets
may be calculated (step 604). To do this, complete 3D lever
arms and boresight angles between the INS and the aiding
device 106 are fixed by measuring and storing the position of
the lever arms in each dimension (X, Y, Z) as well as the
measure of each angular difference in the three dimensions
(heading, pitch and roll), so that the positions and orientations
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computed by an INS are mathematically associated with the
positions and orientations of the camera or similar device.
The calculated linear and angular offsets are stored in the
control center 200 memory 1002 to be used by the other
modules (step 606). Finally, the complete metrology device
100 may be powered on (step 608), and the drift calculation
module 504 called.

[0047] Drift calculation module 504 is run to calculate the
drift of the metrology device 100 for a particular data field of
objects, and is run upon the initiation of the metrology device
100 for such field as shown in FIGS. 7 and 9. The drift
calculation module is initiated (step 702) and the vehicle
carrying the metrology device 100 is instructed to navigate to
the first subsea object 2000, point A (step 704). Point A is a
point at which first subsea object 2000 is measurable with
aiding device 106, and may include points directly above
subsea object 2000 or offset from subsea object 2000 in any
direction. It is not necessary for metrology device 100 or the
vehicle carrying metrology device 100 to touch subsea object
2000 from point A. In some embodiments, simultaneously,
the first subsea object data is collected from the aiding device,
the data including position, range and orientation data, and
stored in memory (step 706); and image data is captured of the
first subsea object 2000 and stored in memory (step 708).
Then, the metrology device 100 is navigated to a second
subsea object 2002, point B (step 710). Point B is a point at
which second subsea object 2002 is measurable with aiding
device 106, and it is not necessary for metrology device 100
or the vehicle carrying metrology device 100 to touch second
subsea object 2002 from point B. In some embodiments,
simultaneously, the second subsea object data is collected
from the aiding device, the data including position, range and
orientation data, and stored in memory (step 712); and image
data is captured of the second subsea object and stored in
memory (step 714). The metrology device 100 is then navi-
gated back to the first subsea object 2000 (step 716), but its
navigated position is displaced from point A due to the drift of
the metrology device, so the displaced position of the metrol-
ogy device is defined as point A'. In embodiments, simulta-
neously, the first subsea object data for point A' is collected
from the aiding device, the data including position, range and
orientation data, and stored in memory (step 718); and image
data of point A' is captured of the first subsea object and stored
in memory (step 720). After data is collected for points A, A
and B, the images are processed along with associated posi-
tions of the metrology device at each of the points, and the
difference in position between points A and A' are measured
(step 722). Finally, the drift is computed from the measured
difference (step 724), and the drift is stored in memory.

[0048] Post-processing module 506 is run to correct mea-
surements of distances between objects by correcting for any
drift in the metrology device 100. This module is run after the
drift calculation module to complete object measurements as
shown in FIG. 8 and FIG. 9. The post-processing module 506
is initiated in step 802. Once the post-processing module is
initiated, the distance of the metrology device 100 from the
start of navigation to the first subsea object 2000 (step 804) is
re-computed. Position, range, and orientation collected for
point A 2000 are re-computed (step 806) and stored in
memory. Using the drift calculation generated by the drift
calculation module 504, the precise measurement of the posi-
tion, range, orientation collected for the second subsea object
2002 is calculated (step 808) and stored in memory (step
810). Finally, the distance and difference in depths between
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the two objects and their orientations are computed (step
812). As one skilled in the art will appreciate, a particular
section of survey is calculated with the same drift, but drift is
recomputed for different sections of survey. Accordingly,
metrology device 100 may gather additional data for drift
calculation between the first subsea object 2000 and target
2004. In such instances, the post-processing module would
proceed to calculate the drift and then correct the drive
between the first object 2000 and target 2004 immediately
after computing the drift and correcting the measurements
between the first subsea object 2000 and second subsea object
2002.

[0049] It will be understood by those skilled in the art that
INS navigation accuracy may degrade over time if not aided.
Such degradations in accuracy are called drifts. One contrib-
uting factor to INS drifts are sensor imperfections. For
example, actual sensors such as gyroscopes and accelerom-
eters may be constructed with a bias that causes readings from
these sensors that deviate from those of an ideal sensor. Over
time, these deviations will contribute to a cumulative error in
INS solutions generated by using these biased readings.
Although over a short period of time, the INS drifts grow
relatively linearly and allow for an accurate estimation that
can be removed from INS solutions, the INS drifts grow
non-linearly over longer periods when not aided, causing
difficulties in their estimation and removal from the INS
solutions. To minimize the INS error growth, especially to
keep the error growth linear, external aiding information such
as velocity and position measurements are often used. When
the INS can be docked on the seabed or subsea objects 2000,
2002, the external velocity is zero and precisely known. Any
detected velocity is caused by “noise,” or sensor imperfec-
tion, and is removed to determine actual velocity. Hence, a
Zero-Velocity Update (ZUPT) can be performed to effec-
tively keep the INS error growth linear.

[0050] In the touchless metrology case, external aiding
information can be applied to embodiments of the present
invention via the following processes: VZUPT (Virtual Zero-
Velocity Update) and VPUPT (Virtual Position Update). Spe-
cifically, the VZUPT process allows for INS solutions to be
generated with linear error growth. Second, the VPUPT pro-
cess allows for a position of a subsea object to be determined
accurately and to reinitialize INS solutions. These two pro-
cesses are described as follows.

[0051] First, the VZUPT process derives its name from the
ZUPT method described above in which an INS is recali-
brated at a known velocity of zero. The VZUPT process
allows for calibration of an INS system at a non-zero velocity,
hence the name “virtual” zero velocity update. According to
embodiments of the present invention, the velocities of INS
102 aboard metrology device 100 are non-zero. The velocities
calculated by INS 102 include both dynamic movements of
the metrology device 100 and INS navigation drifts associ-
ated with INS 102. To aid the INS navigation, the velocities of
metrology device 100 should be derived without the influence
of INS navigation drifts. This can be achieved using the
apparent change in position of first and second subsea objects
2000, 2002 determined from a plurality of measurements of
the first and second subsea objects 2000, 2002 from different
points at different times as illustrated with reference to FIG.
10 described below.

[0052] Inan embodiment of the present invention, as illus-
trated in FIG. 10, metrology device 100 begins navigation at
an initial position and makes a first measurement of first
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subsea object 2000 at point A . This first measurement is used
throughout the survey as the known position of first subsea
object 2000. At first measurement point A, the aiding device
106 (FIG. 1) of metrology device 100 is employed to deter-
mine a relative position P, of first subsea object 2000 with
respect to the metrology device 100 at a time t,. Metrology
device 100 is then moved to a second measurement point A,
with respect to first subsea object 2000, and a relative position
P, of the first subsea object 2000 is determined at a time t,. In
some embodiments, metrology device 100 moves between
measurement points A, and A, ata constant velocity or veloc-
ity estimated to be constant. First and second measurement
points A, and A, are sufficiently proximate to first subsea
object 2000 to permit the imaging sensors in aiding device
106, e.g., optical scanner 110 (FIG. 1) to “see” or detect first
subsea object 2000. Because the relative position measure-
ments of the imaging sensors in the aiding device 106 do not
drift over time, a velocity V of metrology device 100, there-
fore, can be derived by dividing the position differences over
the time differences according to equation (1) below.

P -P (1)

n-n

[0053] Metrology device 100 is then moved to first and
second measurement points B, and B, with respect to second
subsea object 2002 at respective times t; and t,. First and
second measurement points B, and B, are sufficiently proxi-
mate to second subsea object 2002 to permit the optical imag-
ing sensors in aiding device 106 to detect second subsea
object 2002, and in some embodiments, first and second
measurement points B, and B, are sufficiently remote from
first subsea object 2000 such that the imaging sensors in
aiding device 106 cannot fully detect first subsea object 2000.
In some embodiments, first and second subsea objects 2000,
2002 are separated by 100 meters or more making simulta-
neous detection of first and second subsea objects 2000, 2002
unachievable using conventional imaging sensors in some
subsea environments. In other embodiments, first and second
subsea objects 2000, 2002 are separated by any distance
including those distances in which simultaneous detection of
both subsea objects 2000 and 2002 is achievable with aiding
device 106.

[0054] At first and second measurement points B, and B,
aiding device 106 is again employed to measure respective
relative positions of the metrology device 100 and the second
subsea object 2002, and velocity calculations similar to those
made at first and second measurement points A, and A, canbe
made for metrology device 100. Metrology device 100 is then
navigated to a measurement point A, ' at which the metrology
device 100 has navigated sufficiently close to the first subsea
object 2000 such that imaging sensors in aiding device 106
can again detect first subsea object 2000 after traveling to
measurement points B, and B,. A relative position between
first subsea object 2000 and metrology device 100 is mea-
sured at measurement point A" with aiding device 106.
Although not required in each embodiment, as will be under-
stood by those skilled in the art, in some embodiments, for
example, measurement point A,'is the location which the INS
solutions would indicate was first measurement point A;. As
described above, in these embodiments, measurement point
A /' is displaced from first measurement point A, due to the
drift of INS 102. A relative position between first subsea
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object 2000 and metrology device 100 at measurement point
A,'is determined at time t5 and stored. Additional velocity
calculations can be made by moving the metrology device
100 to measurement point A,' at time t, and again determin-
ing a relative position of the first subsea object 2000.

[0055] As indicated above, in other embodiments, mea-
surement point A;' is not necessarily exactly the location
which the INS solutions would indicate was first measure-
ment point A, . In these embodiments, measurement point A’
is any location at which both INS data and data from the
aiding device 106 can be obtained for the first subsea object
2000 subsequent to measuring a relative position between the
metrology device 100 and second subsea object 2002. For
example navigated measurement point A,' could be the same
location as measurement point B, as long as first subsea
object 2000 is detectable by the imaging sensors of aiding
device 106 from measurement point B,. In other embodi-
ments metrology device 100 is navigated from measurement
point B, toward first subsea object 2000 to arrive at navigated
measurement point A,' as illustrated in FIG. 10. The drift of
the INS can be determined by comparing the INS data and
aiding device data between the two encounters with the first
subsea object 2000, e.g. the data generated by measurements
of the first subsea object 2000 made prior and subsequent to
measurement of second subsea object 2002.

[0056] Although the velocity V of metrology device 100 is
described as being calculated only once per encounter with
each of subsea objects 2000 and 2002, one skilled in the art
will recognize that a greater number of velocity calculations
can yield more accurate INS solutions. In some embodi-
ments, hundreds, thousands or millions of relative position
measurements are taken at known times with aiding device
106 while each of subsea objects 2000 and 2002 are within
range of the optical scanner 110 of aiding device 106. In some
embodiments, position measurements are taken with aiding
device 106 at a rate of 10 times per second while a subsea
object 2000, 2002 is in range. Additionally, other stationary
subsea structures (not shown) between first and second sub-
sea objects 2000, 2002 can be measured with aiding device
106 to calculate a measured velocity V. A plurality of veloci-
ties are calculated by differentiating any combination of these
optical scanner measurements, and the plurality of calculated
velocities are input into INS 102 to keep the error growth of
INS 102 minimized and linear.

[0057] Referring now to FIG. 11, VZUPT process 3000
employs the measured velocities to generate INS solutions
with linear drift. This linearity in the drift is an important
feature that can determine, or be an indicator of, the success of
the whole metrology survey effort. First, the aiding device
106 (FIG. 1) is used to determine a plurality of relative posi-
tions of subsea objects from distinct points at distinct times
(step 3002). As described above, this permits computation of
a measured velocity V (step 3004). For each measured veloc-
ity V obtained from measurements made by aiding device
106, a corresponding INS velocity V ;< is determined from an
output of the accelerometers and gyroscopes of INS 102 from
the corresponding times (step 3004). Measured velocity V
and the INS velocity Vs are input into drift calculation
module 504 (FIG. 5) (step 3006) to adjust INS solutions
generated by INS 102 (step 3008). Various mathematical
methods can be employed in step 3008 to adjust the INS
solutions, including Kalman Filtering as discussed below,
and other methods known in the art. The adjusted or corrected
INS solutions are output from the drift calculation module
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504 with linear error growth (step 3012). In some embodi-
ments, the INS solutions with linear drift may be employed to
navigate metrology device 100 along the path described
above with reference to FIG. 10. One skilled in the art will
recognize that in some embodiments, post-processing mod-
ule 506 (FIG. 5) is employed to perform at least some of the
calculations described below once a metrology survey is
complete to adjust the INS solutions. Whether the INS solu-
tions are adjusted in real time, or subsequent to a metrology
survey, the adjusted INS solutions are described herein as
having linear error growth or an apparent linear error growth
with respect to time. One skilled in the art will recognize that
the metrology device 100 may travel on a loop past first
subsea object 2000 and second subsea object 2002 on the way
to atarget 2004, as illustrated in FIG. 9. The metrology device
may also travel along a back-and-forth path between first
subsea object 2000 and second subsea object 2002, as illus-
trated in FIG. 10. One skilled in the art will understand that
the paths depicted, for example, in FIG. 9 and FIG. 10 are
illustrative, and the precise path of the metrology device 100
is not restricted to one of the embodiments depicted herein.
[0058] As illustrated in FIG. 12, for example, VPUPT pro-
cess 4000 employs the fact that the drift is linear to determine
a more accurate position of second subsea object 2002 and to
achieve other objectives. As is shown in FIG. 10, the metrol-
ogy device 100 has a position A, for the first visit to the first
subsea object 2000 at the beginning of the metrology loop.
This positionis determined and stored (step 4002). Metrology
device 100 travels to second subsea object 2002, determines
and records position B, at time t;, and then returns to first
subsea object 2000 and determines and stores position A" at
time t5 (step 4004). As described above, the total drift AP can
be represented by calculating a difference in the positions
determined for the relevant measurement points according to
equation (2) below (step 4006).

AP=(4,"-4,) @

[0059] Because the drift increases linearly with respect to
time, a proportional amount of the linear drift D ;, which is
attributable to the time taken to travel to position B, at timet;
can be calculated according to equation (3) below (step
4008).

-1 3)

Dy = AP-
3 -1

[0060] This proportional amount of the drift D, is removed
from the recorded position of second subsea object 2002 to
yield a more accurate position of second subsea object 2002
(step 4010). Furthermore, in the VPUPT process 4000, the
INS solution at the first subsea object will be updated with the
position A, effectively reinitializing the INS navigation solu-
tions (step 4012).

[0061] Insome embodiments, the above steps are repeated
until a satisfactory number of estimates for the position of
second subsea object 2002 are generated. Each metrology
loop, e.g., moving metrology device 100 from first subsea
object 2000 to second subsea object 2002 and returning to
first subsea object 2000 to make optical measurements at
measurement points A, B, and A,', will provide an indepen-
dent reasonable estimate of the position of second subsea
object 2002. As those skilled in the art will recognize, a
greater number of metrology loops will provide users with
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greater redundancy and accuracy. In some embodiments, ten
metrology loops are performed to provide ten independent
estimates of the second subsea object, although more or fewer
may be performed in some instances.

[0062] Embodiments of the method include collecting a
first subsea object 2000 data from a metrology device con-
troller 104. The data may include data from an aiding device
106 of the metrology device, such as position, range, orien-
tation and image data of the first subsea object 2000 collected
from a first measurement point relative to the first subsea
object 2000 at a first time and a second measurement point at
asecond time. The data may further include data from an INS
102 of the metrology device 100, the data from the INS 102
including a first INS velocity of the metrology device 100 for
a period between the first time and the second time. Embodi-
ments of the method may further include collecting a second
subsea object 2002 data from the metrology device controller
104, the second subsea object 2002 data including data from
the INS 102 and aiding device 106 including position, range,
orientation and image data of the second subsea object 2002
collected from a third measurement point relative to the sec-
ond subsea object 2002 at a third time. In embodiments of the
method, the second subsea object 2002 data further includes
data from the aiding device 106 including position, range,
orientation and image data of the second subsea object col-
lected from a fourth measurement point relative to the second
subsea object 2002 at a fourth time. The second subsea object
2002 data may further include data from the INS 102, includ-
ing a second INS velocity of the metrology device 100 for a
period between the third time and a fourth time.

[0063] Embodiments of the method may further include
deriving a first measured velocity of the metrology device 100
from the first subsea object 2000 data collected from the
aiding device 106 for the period between the first time and the
second time; determining an estimate of a drift of the INS 102
at the third time from the first measured velocity and the first
INS velocity; and removing the estimate of the drift from the
second subsea object data collected from the INS to define a
corrected second subsea object 2002 data and thereby per-
form a first virtual zero velocity update. Embodiments of the
method may further include determining a relative position of
the first subsea object with respect to the second subsea object
by comparing the first subsea object data and the corrected
second subsea object data to thereby perform a virtual posi-
tion update. The measured velocities may be derived from
multiple measurements of the relative positions of subsea
objects.

[0064] Embodiments of the method may include deriving a
second measured velocity of the metrology device 100 from
the second subsea object 2002 data collected from the aiding
device 106 for the period between the third time and the
fourth time. The first subsea object 2000 data and second
subsea object 2002 data may include multiple measurements
of a relative position of the first and second objects with
respect to the metrology device 100 taken from distinct mea-
surement points at distinct times.

[0065] Embodiments may further include deriving a sec-
ond measured velocity of the metrology device 100 from the
second subsea object 2002 data, including data from the INS
102 and aiding device 106, such as position, range, orienta-
tion, and image data collected from a navigated measurement
point A ' relative to the first subsea object 2000 at a fifth time.
The navigated measurement point A" is a point at which data
from the INS 102 and aiding device 106 can be obtained for
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the first subsea object 2000 subsequent to collecting data
from the second subsea object 2002.

[0066] Embodiments ofthe method include determining an
estimate of the drift of the INS 102 at a fifth time from the
second measured velocity and second INS velocity and
removing the estimate of the drift at a fifth time from the
navigated subsea object data and thereby performing a second
zero velocity update, and calculating a total drift correction
for the INS 102 using the difference between the first subsea
object 2000 position and the corrected navigated first subsea
object position.

[0067] As indicated above, Kalman filtering may be
employed by the VZUPT process 3000 to remove the estimate
of'the drift and adjust the INS solutions in step 3008 described
above with reference to FIG. 11. With Kalman filtering, the
position of the metrology device 100 can be optimally esti-
mated in real-time using a series of velocity or position mea-
surements. An example Kalman filter model is expressed in
matrix form by equations (4) and (5) below.

X=FX+w (©)]
Y=HX+v (5)
[0068] Here, X is the state vector and it includes INS data

with errors in INS position, velocity and altitude, and X is the
derivative of X with respect to time. F is the transfer matrix,
and o is the driving noise. The variable Y is an observation
vector that can include velocities or positions observed with
aiding device 106 corresponding in time to INS data in the
state vector, H is the observation matrix that correlates the
state vector to the observations and v is the observation noise.
A best estimate of the INS error vector is given in equation (6)
below.

#(2)=K(Y-H £(1;.1)) Q)

[0069] Here, K is a variable known to those skilled in the art
as the Kalman gain and X(t,) is the estimated state vector at
time t;. Those best estimates of the INS error can then be
removed from the INS solutions such that the INS solutions
errors are low and grow or appear to grow linearly.

[0070] In use, the metrology device of embodiments of the
current invention can be attached or transported by an under-
water robotic vessel commonly used in offshore oil drilling,
e.g.an AUV or ROV, but also may be transported by divers or
other vehicle. The ROV may be equipped with Sonar, TV
cameras, lights, manipulators, etc., and the metrology device
of the embodiments of this invention. The ROV optionally
provides electrical and communications interfacing for
metrology device 100. As one skilled in the art will appreci-
ate, the ROV has horizontal thrusters, vertical thrusters and
lateral thrusters to allow for ROV maneuverability in all axes.
The ROV also has robotic arms that can be used if needed to
extend the device 100 over the receptacles or other objects to
be scanned by the laser.

[0071] Metrology device 100 is mounted so that INS 102 is
“fixed” to aiding device 106, i.e., complete 3D lever arms and
boresight angles between the INS and the aiding device 106
are fixed, perfectly measured, and known. The submarine
ROV or other vehicle or diver carries the metrology device
100 from one receptacle to the other, and aiding device 106
scans all surfaces located under the receptacle, while the INS
102 continuously records the 3D position and orientation of
the laser source. All data is precisely time tagged. When
“flying” over each receptacle the INS 102 and aiding device
106 collect a cloud of laser points corresponding to the image
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of the receptacle, each point having a 3D position computed
by the system. Other objects, structures, and areas of the
seafloor can be scanned in the process, as extra information to
be collected for the client. The system will continuously fly
back and forth between the two receptacles, collecting data
for each receptacle, e.g., several iterations might be desired.
At the end, the recorded data of all types is transmitted to a
control center using, e.g., transceiver 210 and/or a communi-
cations link on ROV.

[0072] Once the data has been recorded it can be processed
atthe control center on the surface vessel or onshore (depend-
ing how close to real time the results are needed), so that an
image of each receptacle will be reconstituted. Successive
images of each receptacle will be joined (superimposed—i.e.
“collocated”) either manually or electronically so that the
known relatively fixed locations of the receptacles or other
reference points can be computed to anchor the position of the
INS. Once these fixed relative locations are determined, drift
can be calculated using the time-stamped INS data, because
the drift is the difference in location between two images of
the same object. Once the drift is precisely computed (the
distance between the two images of the same object is known)
it can be removed from the INS navigation solution, resulting
in an accurate navigation solution, and an accurately located
survey and laser images of all the structures surveyed. In this
way the inertial navigation drift has been corrected by the use
of a scanning laser or other device to update its position
regularly, without touching any hard structure at the bottom:
hence the name of “touchless” inertial metrology. As one
skilled in the art will also appreciate, after the initial calcula-
tion of the drift, survey data from the data field can be gath-
ered, and any error in the position readings caused by the drift
can be removed by making use of the apparent differences in
the position of the initial structure observed by returning
and/or re-measuring the initial structure. Accordingly, the
invention may save time and survey expense.

[0073] As one skilled in the art will appreciate, the func-
tions of all components of certain embodiments of the inven-
tion may execute within the same hardware as the other com-
ponents, or each component may operate in a separate
hardware element. For example, the data processing, data
acquisition/logging, and data control functions of embodi-
ments of the present invention can be achieved via separate
components or all combined within the same component.
[0074] In embodiments of methods, the survey is to be
conducted without touching any of the underwater structures
being measured. The underwater structures are therefore
measurable while the metrology device is in motion with
respect to the underwater structures.

[0075] The present application is a non-provisional appli-
cation which claims priority to and the benefit of U.S. Provi-
sional Patent Application No. 62/044,494 filed on Sep. 2,
2014, titled “Devices, Program Products and Computer
Implemented Methods for Touchless Metrology Having Vir-
tual Zero-Velocity and Position Update” and U.S. Provisional
Patent Application No. 61/877,504 filed on Sep. 13, 2013,
titled “Devices, Program Products and Computer Imple-
mented Methods for Touchless Metrology Having Virtual
Zero-Velocity and Position Update.” The present application
is also a continuation of U.S. patent application Ser. No.
14/482,150, filed on Sep. 10, 2014, which is now U.S. Pat.
No. 9,255,803, titled “Devices, Program Products and Com-
puter Implemented Methods for Touchless Metrology Having
Virtual Zero-Velocity and Position Update,” which is a con-
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tinuation-in-part of U.S. patent application Ser. No. 13/752,
806, filed on Jan. 29, 2013, titled “A Device, Program Product
and Computer Implemented Method for Touchless Metrol-
ogy Using an Inertial Navigation System and Laser,” which is
acontinuation of U.S. patent application Ser. No. 12/856,404,
filed Aug. 13, 2010, which is now U.S. Pat. No. 8,380,375,
titled “A Device, Computer Storage Medium, and Computer
Implemented Method for Metrology Using an Inertial Navi-
gation System and Aiding” which claims priority to U.S.
Provisional Patent Application Ser. No. 61/234,062, filed on
Aug. 14, 2009, titled “A Device and Method for Touchless
Inertial Metrology Using an Inertial Navigation System and
Laser,” each of which is incorporated herein by reference in
its entirety.

[0076] Moreover, the drawings and specification have dis-
closed certain embodiments of the invention, and although
some specific terms are employed, the terms are used in a
descriptive sense only and not for the purposes of limitation.
The invention has been described in considerable detail with
specific reference to these illustrated embodiments. It will be
apparent, however, that various modifications and changes
can be made within the spirit and scope of the invention as
described in the foregoing specification and as defined in the
attached claims.

That claimed is:

1. A computer-implemented method of surveying a plural-
ity of subsea objects with a metrology device including an
inertial navigation system (INS) operable to output INS data
including accelerometer and gyroscope data associated with a
position and orientation of the metrology device and an aiding
device operable to output distance and orientation data of the
plurality of subsea objects with respect to the metrology
device, the computer-implemented method comprising:

navigating the metrology device to a first measurement

point, and collecting, at a first time, first subsea object
data from the first measurement point including a rela-
tive position of the first subsea object with respect to the
first measurement point;

navigating the metrology device to a second measurement

point, and collecting, ata second time, first subsea object
data from the second measurement point including a
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relative position of the first subsea object with respect to
the second measurement point;

navigating the metrology device to a third measurement
point and collecting, at a third time, second subsea
object data from the third measurement point including
arelative position of a second subsea object with respect
to the third measurement point;

navigating the metrology device to a fourth measurement
point and collecting, at a fourth time, second subsea
object data from the fourth measurement point including
arelative position of a second subsea object with respect
to the fourth measurement point;

calculating a measured velocity of the metrology device
between at least one of the first and second measurement
points and the third and fourth measurement points
using the collected relative positions of the first and
second subsea objects with respect to respective mea-
surement points and a difference between respective
times;

correcting the INS data with the measured velocity such
that a drift of the INS data grows generally linearly with
time;

subsequent to the fourth time, navigating the metrology
device to a navigated measurement point in which data
output from the INS and data from the aiding device can
be collected from the first subsea object, and collecting,
at a fifth time, first subsea object data including arelative
position of the first subsea object with respect to the
navigated measurement point;

calculating a drift correction for the INS data using the
difference between the collected relative positions of the
first subsea object position with respect to the first and
navigated measurement points;

determining a proportion of the drift correction corre-
sponding to a proportion of time elapsed between the
first and third times and time elapsed between the first
and fifth times; and

correcting the collected relative position of the second
subsea object using the determined proportion of the
drift correction.



