Contrasting a ship-based acoustic patch test
with an automated calibration routine for a
Circular—scanning airborne lidar system.

Michael O. Gonsalves, LT/NOAA (NOS/NGS/RSD)
Canadian Hydrographic Conference

22 June 2010 o dni@s




Presentation Overview

» Purpose of study & motivation

» Present calibration practices (sonar & lidar)

» Least-sguares approach to lidar
»Geometric argument
»Advantages to the least-sguares

» Potential application to acoustic multibeam



Purpose of study

To develop a more robust, semi-automated, objective
technique for system calibration with reported uncertainties.




The motivation: Why alignment matters
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If operator assumes laser Is downward-looking,
they will miscalculate the location of the ground.



LIDAR — Why alignment matters
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Now suppose there is a target on the ground.

The downward-looking laser correctly identifies the
targets location...



Motivation: why alignment matters
A poorly aligned system leads to:
e |ncorrect elevations.

o Miscalculated target
posItions.

e A general fuzziness.




Present calibration practices: Sonar
Two methods — Using general bathymetric trends
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Use a precise time protocol
(Calder 2007)

Image adapted from NOAA (2010a)



Present calibration practices: Sonar
Two methods — Using general bathymetric trends

Goal: to minimize
deviations in
adjacent swaths




Present calibration practices: Sonar
Two methods — Using general bathymetric trends

Disadvantages...
e Requires tightly controlled line plan

e Only a limited portion of swath can be used
(without risking cross-talk)

e Subject to surveyor’s “eye ball”



Present calibration practices: Sonar
Two methods — Using prominent features

Disadvantages...
e Requires locating a suitable feature.

e A small number of pings contribute to solution.
e Assumes co-location of pings on opposing swaths.



Present calibration practices: Lidar

Advantages...
e Can be performed on land

e No tide or sound velocity concerns
e Simple to ground-truth

Images courtesy of Optech, Inc. and Google Earth



Present calibration practices: Lidar

Disdvantages...

e Non-conjugate lidar points (requires adjustment
to extracted features)

e Typically requires cultural features
Right image reproduced from Freiss (2006)



A new calibration approach

What If all the data was acquired over and
adjusted to a single planar surface, like an
airport runway (or the ocean surface)?

000

-500

Y-axis (+sthd)



A welghted least-squares adjustment
Fitting the point cloud to a planar surface.




A welghted least-squares adjustment
The gory details...

A generic function...
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A geometric argument
Sensor reference frame to INS reference frame

e Lidar = boresight misalignments

e Sonar = patch test values




A geometric argument
Fitting the data to a planar surface

e Data Is initially acquired over a flat surface

e Adjustment procedure Is then designed to fit data to a
planar surface.
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A geometric argument

e A single, straight flight line will not yield enough
Information to extract the roll boresight misalignment.

e The popular approach is to fly opposing flight lines, although...
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A geometric argument

o Even heading boresight misalignments can be determined
from a flat featureless surface — provided the vessel
surveys with —attitude— (not altitudes)
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The Geometric Calibrator

r
<} |Circular scanning lidar calibrator
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Calibration Parameters

Adjusted value_&_S!E)_ei
Tolerance [10™)

Boresight pitch-axis (deg)
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Addjusted value & Std. Dev.

Tolerance (10

Boresight vaw-axis (deg)
Imitial guess & Std. Dew.

Initial guess & Std. Dey.
Begse |1 |
Adjusted value & Std. Dev.
36 0437239
Tolerance (10%):: -3

"
Intial guess & Std. Dev.
Adjusted value & Std. Dew.
] 10
Tolerance [10°:): -3

[ MU time: delay (msec)
Intial guess & Std. Dev.
] 01 |
Adjusted value & Std. Dew.
a | BT
Tolerance [10%<): -3

/] Laser range kias (m)
Initial guess & Std. Dev.
o | oo
Adjusted value & Std. Dev.
B 5 44474
Tolerance (10%): -3
Lazer range scale factor
Initial guess & Std. Dev.
1 110
Adjusted value & Std. Dev,
12 nooisa7oa
Tolerance (10%): -3 I
IMU-to-Laser x-off. (m)
Initial guess & Std. Dew.
] 10
Adjusted value & Std. Dev.
B nassios
Tolerance (10%) -3

IMU-to-Laser y-off. (m)
Initial guess & Std. Dev.
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Adjusted value & Std. Dev.
B 0441436
Tolerance (104 -3
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Initial guess & Std. Dev.
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El Laser-to-Scanner phi (deg)

Initial guess & Std. Dev.
Adjusted value & Std. Dev.
B o 200944
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Initial guess & Std. Dev.

] o
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Adjusted value & Std. Dev.
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Tolerance (10%) -3
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Initial guess & Std. Dey.
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Planar Parameters

Ground normal - phi (deg)
Initial guess & Std. Dey.
o T
Adjusted value & Std. Dew.
5 0 00388178

Tolerance (10%<). -3

Ground nortmal - theta (deg)

Initial guess & Std. Dey.
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Tolerance (10%). -3
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The calibrator In action

o Misalignments: 10° roll, 20° pitch, 30° yaw biases

e Flight plan: Two lines — opposite heading (0° & 180°) and
opposite attitude (£ 20° pitch)

Boresight roll-axis (deg)
Intial guess & Std. Dey.
0 1
Adjusted value & Std. Dev.
10 0.003516

Tolerance (10™) -3

Boresight pitch-axiz (deg)
Initial gquess & Std. Dew.
n 1
Adjusted value & Std. Dev.
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Also works with noisy data

e Anticipated sensor noise added to all observations

Boresight roll-axiz (deo)
Initial guess & Std. Dey.
0 1

Measurement noise (1-sigma)
for various system components

Laser range (m)
Laser azimuth (deg)
GPS x-position (m)

Adjusted value & Std. Dew.

Tolerance (10 -3
Boresight pitch-axis (deq)
Initial guess & Std. Deyw.

0 1
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0 100
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Calibration of a single wiggly flight line

e Rather than flying multiple directions, the roll bias can be
determined provided the aircraft just changes heading.

Actual laser
strikes

-400

-200

Calibrated point
I cloud, matching
%: | original simulated
‘ dataset.

1]

L-axis (+down)

-200

b

9 4
DT L T T a4, 4 0

20 F-axis [+Hwd)

Biased
point cloud

g T Vgl S5 ‘... A el Y
000y s i3:ie,

oo

Y-axis (+sthd)

e The greater the change, the better the results and more
confident the reported uncertainty.




There’s more than just boresfgh
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There’s more than just boresight...

e 4 flight lines
(36K points)

e Rolling,
Yawing,
Pitching,
Heaving

e 12 calibration
parameters

Replay at 20x normal speed



There’s more than just boresight...

e 4 flight lines
(36K points)

e Rolling,
Yawing,
Pitching,
Heaving

e 12 calibration
parameters

Boresight roll-sxis (dedg)

Initial guess & S, Dey,
0 1

Adiuated value & Std, Dey.,

10 00514355
Tolerance (10, |-3

Boresight pitch-axis (deg)

Initizl guess & Std, Dewy,
0 1

Adjusted value & Sid, Dew.

10 0o0¥210582
Tolerance (101 |-3

Boresight yan-axis [ded)

Initial guess & Std, Dey,
0 10

Adjusted value & Std. Deyw .

10 0 036066
Tolerance (101 |-3

Freznel prizm =lope (deg)

Initial guess & Std. Dew.
33 1806 i

Adjusted value & Std. Dey.

40 0.09092145
Tolerance (10*x) -3

Imitizl quess & Std. Dew.
] 10

Acdiusted value & Stad. Deyw .

0 10
Tolerance (10*x). -3

Calibration Parameters

[[] La=er range biss (m)

nitial guess & Std, Dey,
] 1000

Ldivsted valle & Std. Dew.

] 1000
Tolerance (1071 -3

Laser rangs scale factor

nitial guess & Std, Dew,
1 10

Adusted value & Std. Dew.

145 000027 365
Tolerance (10 -3

Iil-to-Laser x-off. (m)

Initigl guess & Std, Dew,
0 10

Adiusted value & Std. Deyv.

5 0025583339
Tolerance (10T -3

Ihil-to-Laser yw-oif. (m)

[mitial guess & Std. Dew .
0 10

Adiusted value & Std. Deyv.
3 00317515

Tolersnce 1 0% -3

Inl-to-Laser z-off. (m)

[mitial guess & St Dew

] 100
Adiusted valus & Std. Dev.
3 0152429

Tolerance (10 -3

Lazer-to-=canner phi (ded)

Initial guess & S, Dey,

] 10
Adfiusted value & Std, Deyw,
5 0083797

Tolerance (10%xz), -3

Initial guess & Std, Dey,

0 10
Adjusted value & Std, Dew,
&) G743

Tolerance (10%=) -3

PrismyScanner roll-axis (deg)

Initial guess & Std. Dey,

a 10
Adjusted value & Std. Devw .
5 0.320453

Tolerance (10™z) -3

PrismiScanner pit-axiz (deg)

Initial guess & Std. Dey.

a 10
Adjusted value & Std. Devw .
] 0.336044

Tolerance (10%=): -3

Inttial guess & Std. Deyv.

a 10
Aodjusted value & St Devw .
a 10

Tolerance (10°x). -3

Planar Parameters

Ground normal - phi [deg)

Initial guess & Stod, Devw,

1] 1

Acfustedd value & Std, Dew,
1.37E18e-00 000031445

Tolerance (10%x), -3

Laser-to-Scannet theta (e Ground normal - theta (dedg)

Initial guess & Std, Dey,

1] 10
Adjusted value & Std, Dew,
-12.5882 1 36365e+0

Tolerance (10%x) -3

Planar x-coordinste (m)

Inttial guess & Std. Dey,

0 01
Adjusted value & Std. Deyw.
-TO06G04G8e-C 0

Tolerance (10™:) -5

Planar y-coordinste (m)

Initial guess & Std. Dew.

0 01
Addjusted value & Std. Deyw.
-5 3848008 3 S6E55e+0

Tolerance (10*:): -5

Planar z-coordingte (m}

Initial guess A Std. Dew.

1] 100
Acdjusted value & Sk Deyw
-342721e-L 0O

Tolerance (10%2). -3




There’s more than just boresight...

Calibration Parameters

= 4 flight lines
(36K points)

e Rolling,
Yawing,
Pitching,
Heaving

e 12 calibration
parameters
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Advantages to a weighted
least-squares adjustment model

Simultaneous adjustment off several parameters from a
single dynamic flight line (yet flexible in number of
parameters pursued)

Produces uncertainty estimates for calibration parameters
(used to Iinitialize a TPU model)

Automated, objective method
Covariance matrix shows correlation among parameters

Examination of residuals can identify fliers

Potential real-time calibration (no longer separating
calibration lines and acquisition lines).

Potential background calibration (system warns operator
when a misalignment is detected)



Bonus Content!!!
Potential applications to multibeam?...

.
<) Lidar point cloud (with biases)

Dedas k| Q@ad s 08 =0

Altitucle (m) Start posttion (x & v inm) Lazerto-Scanner vector
400 b | (sphetical coardinates)
Vessel speed (kis) MU to Laser affset (m) e

{100 (in veszels ref, frame) Theta (from +x1 |0
Lager color K [+l 1 Total swwath angle (deg)
Red (1064nm) w | ¥ (+sth) [1 {120

Laser start azimuth (deg) £ Crefvirir 1 Beam separation (deg)
i 13

Sonar pulse rep. rate (Hz) Scan pattern Prizsm-to-Scanner angular
m— B P et ()
Prism anguar vel. (rpm) Gl 300
(1600 pot- (+howe upl: 0

Ruoll horesight (deg) I-sensed rall (deg) EEL S D | 240
] a Time delay (msec)
F"rt!_:h b_c:r_g:s_ig_f‘rt (_d_eg_j I_MU-;en_se_d p'rt!:_h (de_gj f':'

o o Salt: |Ocean (35ppt) Vi@ 40
Vaw boresioht (dey) ML-head (0= +x, 90 = +y)  WavefSwell parameters
15 o Htcmy: |0 1 s

=200

(+down)

Z-axis

IMUARF head misalign (deg)  Ground normmsl vector Lth gm): |7 |50
0 [=pherical coordinates) Dir (deg)/30 I
Mo. of pings to plot Phi (ground fitt): |0

[0 Theta (from +x). |0 Water depth (m) |30

T I: |': = 1000
Beams? [ |Wessel? [ |Water? [ |Refract? : _ i ; E
l il ] l et Ground? [ | Bias? [Jwvaves? [ | Append? i SEH R 500 1000




Eoresight roll-axis (deg)
Initisl GUess & St Dy,
0 1

Adjusted value 2 St Den

10 00170173
Tolerance (10"x): -3
Baresight pitch-a=is (deg)
Initial guess & Std. Dew,

1] 1

Adusted value & Std, Dew,

0 0.0574E7E
Tolerance (10%x); -3
Boresight yarm-aixis (Heg)
Initial guess & St Dew.

o 10

Adusted value & St Dewv.

30 0.02349736
Tolerance (10 -3

Initiz| guess & St Dew,

1] 10
Adusted value & St Dev.
1] 10

Tolerance (103 -3

Bonus Content!!!
Potential applications to multibeam?...

MU-to-zonar x%-off. (i)
Initial guess & Stod. Deyv.
] 10
Adjusted value & Std. Dev.
g 0.054767
Tolerance (10%: -3
IU-ta-sonar y-off. (m)
Initial gques= & Std. Dew.
] 10
Adjusted value & Std. Dew.
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Taolerance (10%) -3
IMU-to-sonar z-off. (]
Initial guess & Stod, Dey.
1] 100
Adjusted value & Std. Dev,
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Tolerance (104 -3
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Cool painting shamelessly photographed from Optech offices, 2010
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