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Context

+ The BA problem refers to the joint estimation of 7

camera parameters and 3D landmark positions. . &S Lo e
R AN

* [t Is the core component in many 3D reconstruction R

and Structure from Motion applications. @) Ladybug-1197

- Building accurate city-scale maps for applications
such as augmented reality or autonomous driving
brings current BA approaches to their limits.

(b) Venice-1102

Weber et al., Power Bundle Adjustment for Large-Scale 3D Reconstruction, CVPR23



Highlights

*We propose to solve large-scale bundle R
adjustment problem with a power series el
expansion of the Schur complement. N

* We theoretically prove the convergence of our T
approach. (2) Ladybug-1197

* We experimentally show that POBA significantly
accelerates the solution of the normal equation
compared to state-of-the-art iterative methods,
even for very high accuracy.

(b) Venice-1102
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Power Series

Proposition 1
Let M be a n X n matrix.
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Power Series

Proposition 1
Let M be a n X n matrix.
If [|M]| < 1, then
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Power Series

Proposition 1
Let M be a n X n matrix.
If [|M]| < 1, then

(I—=M)"! = iMl#R. R = i M
=0 iI=m-+1

| M|

where |[R|| < ———.
I —[[M]]
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Bundle Adjustment
F@)=lr@l*>= ) lIr®l?

-

residual
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Bundle Adjustment
F@)=lr@l?= ) lIn@l?

r(x) ~ r’ + JAx

. Ax Az
Az, Aa ("TO +(Jp i) (Axf) I+ Al(Dp Di) (Aa:f) ”2)

! l

pose/landmark Jacobians pose/landmark damping matrices
pose/landmark delta regularization
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Bundle Adjustment

] Az Ax
Ay, s (HTO (5 0) (AJ) I+ All(Dp D) (Aaff) ”2>
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Bundle Adjustment

. Ax Az
Ay, As, (”’"O +(Jp i) (A:E?) I+l (Dp D) (Amf) ”2>

‘ Lagrangian

U,=J,J,+AD,D,  b,=Jr

U)\ W A.Tp o bp o T T T 0
(B9 (A5 o= (B) et 0

W=1J,J
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Bundle Adjustment

. Azx Az
Jmin (1704 (4, 20) (50 )12 431D, 21) (527 ) 17)

‘ Lagrangian

U,=J,J,+AD,D,  b,=1Ir

V,=J'J,+ AD, D, b=J'r
W=1J,J
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Bundle Adjustment

. Az Ax
iy (1r+ (5, ) (82 )i+ a0, 20) (522)17)

‘ Lagrangian
U,=J,J,+AD,D,  b,=Jr
x b
() (2)=-(2)  weriwn e
W=1J,J
‘ Schur complement trick
S=U,—-WV'W!

b=b,—WV;'b,
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Bundle Adjustment

i, (1 G0 (G2 )+ 000,00 (521

‘ Lagrangian

U, = ]pTJp + /1DpTDp b, = JpTrO

Uy W\ [ Az b
(W)—\r V)\) (szlv) - ((5) V, = JZTJZ -+ ADZTDZ b, = JzT”O

W=1J7J

S = []/1 — WV;le
b = 1
b = bp o WVx b,
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Bundle Adjustment

. Az Ax
iy (1r+ (5, ) (82 )i+ a0, 20) (522)17)

‘ Lagrangian

U,=J,J,+AD,D,  b,=1r°
b
(WﬂW&)<: ) (;) V,=J'J,+ AD,'D, b=J'r

W=1J,J

‘ Schur complement trick
S=U,—- WV, W'

—b

b=b,— WV;'h
back-substitution

Ax, = + WTAx )
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Power Bundle Adjustment (PoBA)

How to link power series theory to the bundle adjustment problem?
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Power Bundle Adjustment (PoBA)

How to link power series theory to the bundle adjustment problem?

A
po®
Expand the inverse Schur complement into a power series.
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Power Schur Complement

S=U,-wv,'w'
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Power Schur Complement

S=U,-wv,'w'

l

S=U,I-U;'wv'wh
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Power Schur Complement

S=U,-wv,'w'

l

S=U,I-U;'wv'wh

l

-1 _ —1 —1 —1r7—1
St =-U'wv'wh-ly,

Weber et al., Power Bundle Adjustment for Large-Scale 3D Reconstruction, CVPR23



Power Schur Complement

S=U,-wv,'w'

l

S=U,I-U;'wv'wh

l

-1 _ —1 —1 —1r7—1
St =-U'wv'wh-ly,
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Power Schur Complement

Let u be an eigenvalue of UIIWVIIWT.

Then u € [0,1].
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Power Schur Complement

Lo
Let u be an eigenvalue of UIIWVIIWT.

Then u € [0,1].

Consequence:

Proposition 1 can be applied to the matrix U, 1WV/1_ wT.
-1 _ —1wv—-1lwwTy=177-1

S_y(m)y= ) (U7'WV'WhiU; !,

=0
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Power Schur Complement

SAx, = — h —————» x(m)=-38_,(m)b.
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Power Schur Complement

SAx, = — h —————» x(m)=-38_,(m)b.

Proposition 2: Convergence result

|x(m) — Ax,[l, — 0.

m-—-+oo

Weber et al., Power Bundle Adjustment for Large-Scale 3D Reconstruction, CVPR23



Power Schur Complement
SAx, = — h —————» x(m)=-S8_,(m)b.

Proposition 2: Convergence result

|x(m) — Ax,[l, — 0.

m-—-+oo

Consequences:

. an approximation of AxB is directly obtained by applying g_l(m) to the right
hand side of SAxp = — b;

 the accuracy of this approximation only depends on the order m and can be
as good as possible.
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Power Schur Complement

How to chose the order m?
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Power Schur Complement

How to chose the order m?

We set a stop criterion:
[x(2) — x(i — DI,
—— <

4 1
T

€ .
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Experiments

- BAL [1] dataset.

» Two kinds of experiments:

1. Comparison with competitive iterative solvers 1/ BA [2] and Ceres.

2. Extension of the distributed stochastic framework STBA [3].

[1] Agarwal et al., Bundle Adjustment in the Large, ECCV10.
[2] Demmel et al., Square Root Bundle Adjustment for Large-Scale Reconstruction, CVPR21.

[3] Zhou et al., Stochastic Bundle Adjustment for Efficient and Scalable 3D Reconstruction, ECCV20.
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stochastic framework.
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Conclusion

* Introduce a new class of large-scale BA solvers built on a power
expansion of the inverse Schur complement.

* Prove the theoretical validity and the convergence of PoBA.

- Experimentally show that POBA outperforms competitive iterative
solvers in terms of speed, accuracy, and memory-consumption.

(=] EI Open-source implementation:
F,.-; _:!'_ https://github.com/simonwebertum/poba
Adlie ot Contact:

EFI".E:..-:J:" sim.weber@tum.de
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