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Underwater 3D Reconstruction

approximate refraction with  no systematic modeling

pinhole model error

established methods for require special methods for
pose estimation pose estimation
established methods for minimizing the reprojection
bundle adjustment (fast) error is infeasible, require

virtual camera error and
non-standard BA

established methods for no established method can
dense depth estimation and be directly applied to 3D
3D model computation model computation
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Refractive Relative Pose Estimation

* perspective relative pose estimation
not applicable

« epipolar lines become curves under
refraction

refractive two-view geometry

water

* linear method with Generalized
Epipolar Constraint (GEC)

* [terative method

epipolar curve

air
camera l camera 2
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Generalized Epipolar Constraint (GEC)

Pless 2003 developed generalized epipolar constraint (GEC) for nSVP cameras:

~

Plicker M = Xy X X4 L = ()ZW’ M)
i ( <
ines M — X X L’ = (RX'y, RM' — €l RX'w)

Plucker line intersection iff;

0 =XI(RM’ —[C], RX',) + MT(RX'y,)

(%) [ -[C.R R X,
-\ M R 03,3 M/ Generalized Epipolar Constraint (GEC)

-~

Ecec

Pless 2003 ﬁHELMHOLTz
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Refractive Relative Pose from GEC

« 17 GEC equations can be stacked to linear system of equations (Pless 2003)

with 18 entries for E and R: ,_ >~(W T, [C]x R R i’w
N M R 03><3 M,

-~

Ecrc

« Lietal. 2008: no unique solution in case of axial cameras
« problem: R is already contained in E

» solution: solve for E in:
€11

(ARAL —DAg | .. | =0
es3

Pless 2003, Li et al. 2008 - f—
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lterative Refractive Relative Pose Estimation

- new method based on 3 geometric constraints:
1. Triangulation constraint
2. FRC constraint (Agrawal 2012)
3. POR constraint (Agrawal 2012)

Jordt-Sedlazeck 2013 - f—
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1. Triangulation Constraint

Xs +@Xyw =@®X + O+ @Ry, kK €R

triangulation constraint

O non-linear in the
unknowns!

\
V. re X

© GEOMAR, Anne Jordt, Kevin Kdser, 2015
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2. FRC/Constraint
(®X's + Q+ERX",, — Xo)x Xy, =

FRC Constraint
(Flat Refractive Constraint)

non-linear in the
un-kowns!

R Co &
\ )

0

FRC: Agrawal 2012 € weLmnovrz
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3. POR Conxstraint

B +O-+RR. )" (7 x Xu) = 0

3D point POR
A
7\ O non-linear in the
/ un-kowns!

i POR (Plane of Refraction) @

POR: Agrawal 2012 10 # neLmnorz
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Relative Poses Estimation — lterative Method
<% = 3000, x"® = 3000 Vk € {1,..., K}

ﬁ rni

Triang. Constraint(x”, ™)1 ] | 2

- v _
FRC Constre?mt(z-z , K" )1 : b-l L e 1K)
: rn3| — : AN
Triang. Constraint(k”, k" )k | | Cx bo i
| FRC-Constraint(s”, ")k | |G, -
_CZ_
ﬁ POR-Constraint(RV+1, Cv+1),

RV+1, Cl/-l—l |

> POR-Constraint(R¥ ™1, Cv 1)

Jordt-Sedlazeck 2013 - f—
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Relative Poses Estimation - Results

10 frans ——. 04 10 trans = ——— 04
* non-linear optimization with £ gt - . R | I .
virtual camera error 5 6l 5 6 I E
RANSAC Algorithm for £ 4l R R JESBRE% Rl
outliers in correspondences % | e Ll T g
0 ’ (e 0
« scene size: ca. 3000 mm o be as 0 ] :
12 = : : : } 12 ==
 error comparable to Z o0y =
. = g 8
perspective results on 8 5
. = 6 g
perspective data Ll 5 4
Z 52
- 0 I I 0 I ) I )
0 02 04 06 08 I 002 04 06 08 1
o ] S
iterative method linear method (GEC)
f
12 7 M hssocition
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Metric Scaling

Note that refractive relative pose estimation is based on
3D rays and their starting points, those are metric!

© IEEE in Jordt-Sedlazeck and Reinhard Koch 2013

1
5 0.01 5 L
- scene scale can be E uoool | E o leos
retrieved theoretically £ 1o} pgmt T | 2 et o
- only works for zero & *%/ Zigmigé . £ s
noise on oL Hamos R T TR
correspondences Y e " cling ftor
- plots show two-view Vist Camets Euror
. . Reprojection Error ’
reprojection error and -
virtual camera error
1 1.2 160
depending on oo 120
: 0.6 80 S
baseline scale "y /7] 5 ol z
04 07 0 06 s 0015 L %9 02704 06 o8 7 P
noise sigma noise sigma
Jordt-Sedlazeck 2013 - f—
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Triangulation

Result:
» second camera pose relative to first
— » 3D points for all 2D-2D

\ — correspondences

Hartley and Sturm: Triangulation 1997
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Refractive Absolute Pose Estimation

oL

D

xk :®XSk +©+ka

O non-linear in the
un-knowns!

similar, iterative method as in
case of relative pose estimation

© GEOMAR, Anne Jordt, Kevin Kdser, 2015
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Bundle Adjustment

__________|Perspective __|Refractive ___

error function reprojection error ?7?
constraint type f(p)=I (explicit) ?7?
optimization Gauss Markov ?7?
scheme

derivatives analytic ?7?

» reprojection error in refractive case infeasible

ﬁ HELMHOLTZ
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3D-2D Projection:

« optimization (Kunz et al. 2008)

« determine roots of 12th degree
polynomial (Agrawal et al.
2012)!

« glass thickness = 0, then the
polynomial only has degree 4
(Glaeser/Schrocker 2001)

3D-2D Projection
X X

perspective: refractive:

x=P-X (f(p)zl) gf(‘x’ X, n, dg’ d, Ny ng’ nw) 580 (g(|,p):0) ﬁHELMHOLTz
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Virtual Camera Error and non-linear Optimization

Non-Linear Error Function

« Definition of a virtual camera for each
2D pixel allows perspective projection
of 3D points into virtual camera

« More efficient than 3D-2D projection

« Analytic derivatives can be
computed

Jordt-Sedlazeck und Koch 2013
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Bundle Adjustment

__________|Perspective __|Refractive ___

error function reprojection error  virtual camera error

constraint type f(p)=I (explicit) a(p,))=0 (implicit!)

optimization Gauss Markov Gauss Helmert

scheme z
derivatives analytic analytic

» reprojection error in refractive case infeasible
» run-time reduction of factor 1000 compared to
using reprojection error

virtual camera error
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Structure from Motion - Overview

Calibration % N input images
(camera and housing) '
1 M Relative POSeﬁﬁ

Comparable pipelines for refractive
and perspective StM

L Triangulation = =

A

Bundle Adjustment -‘ 3D Point cloud and f;:&?
camera poses /
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Results on Synthetic Images

classic perspective proposed refractive
3D error

100
100 51480 100 80
80 a8 80 %0
60 20 60 30
40 0 40
20 53 23

06 55 0730
o 080 100%™ Oin® din4m11160 8010

d in mm

trans error

trans error
: i
“:; gg 30 E
i ; :
0 0 406 T
. . | d in mm 80 1000™ Oin®
camera-object distance: i mm
4-lem No systematic modeling error!
23 € oz
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Real Data
) By
>
DC) A e) g)
50 mm 100 mm 150 mm
' R T “Sedlazeck and Reinhard
Model entrance to the Abu Simbel temple (Egypt)
ﬁHELMHOLTZ
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Real Data

) > d) )
l>a) @ @) @

0 mm 50 mm 100 mm 150 mm

#images |dinmm avg. distance between perspective and
refractive pose in mm

b 10.60 0.25 24.79

c 67 51.95 0.29 26.44

e 76 76.96  29.29 115.60
T g 79  149.39 0.12 7951 ~
25 v ']ZZE"JETALTTJN
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Real Data

trial #images |[din mm avg. distance between perspective and
refractive pose in mm

7.88 0.34 350.88

d 65 61.47 7.36 186.57
f 87 9545  0.12 609.38
26 ¥ e

© GEOMAR, Anne Jordt, Kevin Kdser, 2015



| N
Structure from Motion GEOMAR

References

R. Hartley and A. Zisserman. Multiple View Geometry in Computer Vision (Second
Edition). Cambridge University Press, second edition, 2004.

D. Nistér. An efficient solution to the five-point relative pose problem. TPAMI,
26:756-777, 2004.

R. I. Hartley and P. F. Sturm. Triangulation. Computer Vision
and Image Understanding, 68(2):146-157, 1997.

ﬁ HELMHOLTZ

_ 27 | ASSOCIATION
© GEOMAR, Anne Jordt, Kevin Koser, 2015



N
r re from Motion \
Structure fro otlo GEOMAR

References

B. M. Haralick, C.-N. Lee, K. Ottenberg, and M. Ndlle. Review and analysis
of solutions of the three point perspective pose estimation problem.
International Journal of Computer Vision, 13(3):331-356, 12 1994.

R. Pless. Using many cameras as one. In Computer Vision and Pattern
Recognition, 2003. Proceedings. 2003 IEEE Computer Society Conference
on, volume 2, pages 587-93, June 2003.

H. Li, R. Hartley, and J.-H. Kim. A linear approach to motion estimation
using generalized camera models. In Computer Vision and Pattern
Recognition, 2008. CVPR 2008. IEEE Conference on, pages 1 -8, 7 2008.

A. Jordt-Sedlazeck and R. Koch. Refractive structure-from motion
on underwater images. In Computer Vision (ICCV),
2011 IEEE International Conference on, pages 5764, 2013.

ﬁ HELMHOLTZ

_ 28 | ASSOCIATION
© GEOMAR, Anne Jordt, Kevin Koser, 2015



N
Telg N
Structure from Motio GEOMAR

Further Reading

R. Szeliski. Computer Vision: Algorithms and Applications.
Springer-Verlag, 2011.

Y.-J. Chang and T. Chen. Multi-view 3D reconstruction for scenes under the refractive
plane with known vertical direction. In IEEE International Conference on Computer
Vision (ICCV), 2011.

L. Kang, L. Wu, and Y.-H. Yang. Two-view underwater structure and motion for
cameras under flat refractive interfaces. In Computer Vision - ECCV 2012, volume
7575 of Lecture Notes in Computer Science, pages 303-316. Springer Berlin /
Heidelberg, 2012.

V. Chari and P. Sturm. Multiple-view geometry of the refractive plane. In Proceedings
of the 20th British Machine Vision Conference, London, UK, 9 20009.

ﬁ HELMHOLTZ

_ 29 | ASSOCIATION
© GEOMAR, Anne Jordt, Kevin Koser, 2015



Q

r re from Motion
Structure fro otlo GEOMAR

Further Reading

B. Triggs, P. McLauchlan, R. Hartley, and A. Fitzgibbon. Bundle adjustment — a
modern synthesis. In Vision Algorithms: Theory and Practice, volume 1883 of
Lecture Notes in Computer Science, pages 298-372. Springer-Verlag, 2000.

J. C. McGlone, editor. Manual of Photogrammetry. ASPRS, 5th edition, 2004.

ﬁ HELMHOLTZ

_ 30 | ASSOCIATION
© GEOMAR, Anne Jordt, Kevin Koser, 2015



. "
Structure from Motion \

GEOMAR

Wrap Up

 refraction causes systematic modeling error, when ignored in SfM approaches
* by modeling refraction explicitly, this error can be eliminated

* requires SfM approach that does not rely on 3D-2D projections (which are
infeasible, especially during non-linear optimization)
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