~ Bundle Adjustment




Announcement

* HW #6 Is out
* Two deadlines: May 3 (Problem 2,3,4,5) and May 10 (Problem 6 with full reconstruction)
« 5980 students: < 5 image reconstruction
8980 students: <10 image reconstruction



Triangulation Refinement



Algebraic vs. Geometric error

Least squares solution (algebraic error):

o X Eie=| A X -b H2

Reprojection error (geometric error):
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Algorithm 3 Nonlinear Point Refinement

1:b:[u1T ug]T

2: for j = 1 : nlters do
3: Build point Jacobian, =5+

4: Compute f(X).

s AX = (X Torx

X
6: X =X+AX
7: end for
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Algorithm 3 Nonlinear Point Refinement

1: b= [ ulT
2: for j = 1 : nlters do

U,

T]T

If(X

)j.

3: Build point Jacobian, =5«
4: Compute f(X).
—1
s AX = (U700 L) 7T 4 - f(x))
6 X =X+ AX
7. end for

Damping factor (Levenberg-Marquardt algorithm)
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Black: given variables
Red: unknowns

Example: 1D Camera Triangulation

@ Egeom

A X

0
—Cé:ﬁera function df _dx =JacobianX_1D(K, R, C, X)

x =K * R * (X-C);

u=x(1); W@ B Uﬁﬂ
w=x(2); oX —oX

of(X) W

del =K *R; D —

du_dc = del(1,); ox | ou_ ow
dw_dc=del(2,:); oX oX

oWt

df dx=[(w*du_dc-u*dw_dc)/w"2];




Black: given variables
Red: unknowns

Example: 1D Camera Triangulation

@ Egeom

A X

A X
—Camera

, NonlinearTriangulation1D.m
forj=1:10

df dX=1];

delta_ b =1];

fori=1:size(c,2)
df dX = [df _dX; JacobianX(eye(2), R{i}, c(:,i), X)];
u = R{} * (x-c(:i));
delta_b = [delta_b; -u(1)/u(2)];

end

jacobian = df _dX;
norm(delta_b)

delta_x =
inv(jacobian'*jacobian+lambda*eye(size(jacobian’*jacobian,1)))*jacobia
n'*delta_b;

X =x+delta_x;

X(:,j+1) =x;
end
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Damping Factor
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Black: given variables
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Camera Jacobian

3+4 parameters

Black: given variables
Red: unknowns
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Quaternion Jacobian

 1-20°-20°  29,9,-29,0, 24,q,+24,0, |
R=|29,g,+29,q9, 1-29,-25; 2q,9,-29,G,
20,0,-20,q, 20,q,+29,q, 1-2¢)-2°
where

a=[a, 9. 9, a]
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Algorithm 2 Nonlinear Camera Pose Refinement

1: p=[C'q']"
2: for j = 1 : nlters do

3. C = P13, R:Quaternion2Rotation(q), q = Pa.7

| _ . : ofe; _ | 9f(p); 9f(p);
4: Build camera pose Jacobian for all points, oo iTe g
5: Compute f(p).

T _1 T . .
Ap = (8{;&?) aj(;(pp) — )\I) 9IL) " (h — f(p)) using Equation (2).

6: p

7: p=p+Ap

8: Normalize the quaternion scale, ps.7 = pa.7/||Pa7||-
9: end for

A £8f<pf of(p) M] of(p)’

P = (b—7(p))



Example

02,

02,
04
06 |

08

u = K*R*[eye(3) -C]*[X"; ones(1,nPoints)];
u=1[u(1,:)./u(3,:); u(2,:)./u(3,:)];

x=1[G; al;
forj=1:40
R1 = Quaternion2Rotation(x(4:7)); _ _
C1 = x(1:3) w o
u op op
ofp) o |w w?
af_de =} o op|v| | ou ow
di_dR =1J; — Pl
for k =1 :nPoints v %
df_dc = [df_dc; JacobianC(K, R1, C1, X(k,:)")]; } }
df_dR = [df_dR; JacobianR(K, R1, C1, X(k,:)")*JacobianQ(x(4:7))];
end
ul = K*R1*[eye(3) -C1]*[X"; ones(1,nPoints)|;
ul = [ul(1,:)./ul(3,:); ul(2,:)./u1(3,:)l;
jacobian = [df_dc df_dR]; ofp) of(p) ..\ of(p)
delta_b = u()-u1() Ap Z( o a—p”“J o (b—1(p))

delta_x = inv(jacobian'*jacobian+lambda*eye(size(jacobian’*jacobian, 1))*jacobian'*delta_b
X=X+ delta_x;
X(4:7) = x(4:7)/norm(x(4:7));

end
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—»<— Reprojection
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u = K*R*[eye(3) -C]*[X"; ones(1,nPoints)];
u=1[u(1,:)./u(3,:); u(2,:)./u(3,:)];

x=1[G; al;
forj=1:40
R1 = Quaternion2Rotation(x(4:7)); _ _
C1 = x(1:3) w o
u op op
ofp) o |w w?
af_de =} o op|v| | ou ow
di_dR =1J; — Pl
for k =1 :nPoints v %
df_dc = [df_dc; JacobianC(K, R1, C1, X(k,:)")]; } }
df_dR = [df_dR; JacobianR(K, R1, C1, X(k,:)")*JacobianQ(x(4:7))];
end
ul = K*R1*[eye(3) -C1]*[X"; ones(1,nPoints)|;
ul = [ul(1,:)./ul(3,:); ul(2,:)./u1(3,:)l;
jacobian = [df_dc df_dR]; o) of(p) .. of(p)
delta_b = u()-u1() Ap Z( o a—p”“J o (b—1(p))

delta_x = inv(jacobian'*jacobian+lambda*eye(size(jacobian’*jacobian, 1))*jacobian'*delta_b
X=X+ delta_x;
X(4:7) = x(4:7)/norm(x(4:7));

end
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—»<— Reprojection

u = K*R*[eye(3) -C]*[X"; ones(1,nPoints)];

u=[u(L,:)./u(3,:); u(2,:)./u(3,1;

x=1[C; ql;

forj=1:40
R1 = Quaternion2Rotation(x(4:7));
C1 =x(1:3);

df_dc =J;
df_dR =];
for k =1 : nPoints

u
ofp) _ 2| w
op  oplv
w

df_dc = [df_dc; JacobianC(K, R1, C1, X(k,:))];
df_dR = [df_dR; JacobianR(K, R1, C1, X(k:)")*JacobianQ(x(4:7))];

end

ul = K*R1*[eye(3) -C1]*[X"; ones(1,nPoints)|;

]
ul = [ul(1,:)./ul(3,:); ul(2,:)./u1(3,:)l;

jacobian = [df_dc df_dR]; ofp) of(p) ..\ of(p)
delta_b = u()-ul(): Ap= ( — /“J o (b—7(m)

op op
delta_x = inv(jacobian'*jacobian+lambda*eye(size(jacobian’*jacobian, 1))*jacobian'*delta_b

X=X+ delta_x;
X(4:7) = x(@:7)/norm(x(4:7));
end
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0.6 0.8

u = K*R*[eye(3) -C]*[X"; ones(1,nPoints)];
u=1[u(1,:)./u(3,:); u(2,:)./u(3,:)];

x=1[G; al;
forj=1:40
R1 = Quaternion2Rotation(x(4:7));
C1 = x(1:3) o
u op op
ofp) o |w w?
ar_de =i o oplv]| | eu ow
di_dR =1J; ” aﬁp_,,aip
for k =1 :nPoints — 7
df_dc = [df_dc; JacobianC(K, R1, C1, X(k,:)")]; } }
df_dR = [df_dR; JacobianR(K, R1, C1, X(k,:)")*JacobianQ(x(4:7))];
end
ul = K*R1*[eye(3) -C1]*[X"; ones(1,nPoints)|;
ul = [ul(1,:)./ul(3,:); ul(2,:)./u1(3,:)l;
jacobian = [df_dc df_dR]; ofp) of(p) ..\ of(p)
delta_b = u()-u1() Ap:( o a—p”“J o (b—1(p))

delta_x = inv(jacobian'*jacobian+lambda*eye(size(jacobian’*jacobian, 1))*jacobian'*delta_b
X=X+ delta_x;
X(4:7) = x(4:7)/norm(x(4:7));

end
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u = K*R*[eye(3) -C]*[X"; ones(1,nPoints)];
u=1[u(1,:)./u(3,:); u(2,:)./u(3,:)];

x=1[G; al;
forj=1:40
R1 = Quaternion2Rotation(x(4:7));
C1 = x(1:3) o
u op op
ofp) o |w w?
ar_de =i o oplv]| | eu ow
di_dR =1J; ” aﬁp_,,aip
for k =1 :nPoints — 7
df_dc = [df_dc; JacobianC(K, R1, C1, X(k,:)")]; } }
df_dR = [df_dR; JacobianR(K, R1, C1, X(k,:)")*JacobianQ(x(4:7))];
end
ul = K*R1*[eye(3) -C1]*[X"; ones(1,nPoints)|;
ul = [ul(1,:)./ul(3,:); ul(2,:)./u1(3,:)l;
jacobian = [df_dc df_dR]; ofp) of(p) ..\ of(p)
delta_b = u()-u1() Ap:( o a—p”“J o (b—1(p))

delta_x = inv(jacobian'*jacobian+lambda*eye(size(jacobian’*jacobian, 1))*jacobian'*delta_b
X=X+ delta_x;
X(4:7) = x(4:7)/norm(x(4:7));

end
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Black: given variables
Red: unknowns
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# of unknowns: 3x7+4x3
# of projections: 3x4
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# of unknowns: 3x7+4x3
# of projections: 9 (not all points are visible from cameras)
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# of unknowns: 3x7+4x3 o
Ax=(JJ) J (b—Tf(x
# of projections: 9 (not all points are visible from cameras) ( ) (b—1(x)

size of J'J: 24x24




Cam1 Cam?2 Cam3 Pt1 Pt2 Pt3 Pt4

Pt 2
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Pt1 Pt 4
°

Pt3
: - : [ ]
Camera 1 /<

Camera 2 Camera 3

# of unknowns: 3x7+4x3 o
Ax=(JJ) J (b—Tf(x
# of projections: 9 (not all points are visible from cameras) ( ) (b—1(x)

Main computational bottle neck

size of J'J: 24x24
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# of cameras; 3009
# of 3D points: 1,298,317

3D point ' # of unknowns: 7x3009+3x1,298,317
o size of J'J: 6,167,690x6,167,690
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Camera trajectory
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Normal equation:
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Normal equation:

T Ap 1T (h_
J JLX}_J (b-(X))

_d 7 ! ] — > | PP o |: p:|: P (b'f(X))
% 1 T . X -
. TN JJ JJd, LA J
JJd=f  p_ R N » XY YxYx X
f ] d, | ] dy | N S+ I, [Ap _
| Inversion of block diagonal matrix can be efficiently computed. J)T(Jp Jod, + 4 || AX

JJ, Ju| [B° D
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J=|

| Inversion of block diagonal matrix\één* be efficiently computed.
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J=|

| Inversion of block diagonal matrix can be efficiently computed.
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J=|

. p=| .| —>D'= .
| d,| dy_

| Inversion of block diagonal matrix“é'an-‘ be efficiently computed.
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Normal equation:

| AP 1T (h_
J JLX}_J (b-£(X))

e A B Ap €,
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d d; )
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E i d,, S L dy | 0 | B D| AX 0 | e,
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| N _ |1 >
B D}{AX} e,
JJ JJ A B -
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Note: A-BD™B' is Schur complement of D



Normal equation:
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Algorithm 4 Bundle Adjustment

- T =
1. p=|p/ p; | and X =[ X[
2: for iter = 1 : nlters do
3: Empty Jp, Jx, b, £, Djp,.

X7, ]
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Algorithm 4 Bundle Adjustment

. p=|pf - p}]Tandfi:[XlT e X

2: for iter = 1 : nlters do

3. Empty Jp, Jx, b, £, Din. J==[Jp
4 fori=1:M do <— #of points

ot d = 03,3

6: for j=1:1do <— #of images

7: if the ™ point is visible from the j** image then — <——— f visible

5

(b—7(p))

D—1




Algorithm 4 Bundle Adjustment

. p=|p{ - P| ]T and X = [ XT - X, ]

2: for iter = 1 : nlters do

3. Empty Jp, Jx, b, £, Din. J==[Jp
4 fori=1:M do <— #of points

ot d = 03,3

6: for j=1:1do <— #of images

7: if the ™ point is visible from the j** image then — <——— f visible

8: J1 = 0gx7r and Jp = Ozx31

9: 3,76 = 1) +1:7j) = LX) < Jp

8pj

5

(b—7(p))

D—1




Algorithm 4 Bundle Adjustment

:p=[pl - p; | andX=[XI --- XJ, ]

2: for iter = 1 : nlters do

3: Empty Jpa ']Xa b7 fa Dipy. . J — |:Jp JX]
40 fori=1:M do <— # of points

ot d = 03,3

6: for j=1:1do <— #of images

7: if the ™ point is visible from the j** image then — <——— f visible

8: J1 = 03,77 and Jo = szgé\«;f_ . J

9: Jl(;,7(j—1)+1:7j):“g—;;” < p

—_
<

Jo(,3(i— 1) +1: 3i) = 2L@eX0 < J,

(b—7(p))

D—1




Algorithm 4 Bundle Adjustment

—_
_ o

. p=[p] - p}]Tandfiz[XlT e X
. for iter = 1 : nlters do
Empty Jp, Jx, b, £, Djp,.
for:=1: M do

d = 0353

for j=1:1do

J1 = 09477 and Jy = Oay3ns

176~ 1) +1: 7)) = LX)

Jo(:,3(i— 1) + 12 3i) = LX)

Jo=[J37 J7 ] and Jx = [ I JIT ]

T

J=[J, J]

<— # of points

<— #of images
if the ¢*® point is visible from the j* image then

< ifvisble
Jp

JX

A

(b—7(p))

D—1




Algorithm 4 Bundle Adjustment

S
D

JQ(:,S(?; — 1) +

=[X]

X7, ]

- T =
:p:[plT p}] and X
. for iter = 1 : nlters do
Empty Jpa ']Xa b7 fa Dinv-
for:=1: M do
d = 03,3
for j=1:1do
J1 = 09477 and Jy = Oay3ns
Jl(:77(j o 1) +

J=[J, J]

<— # of points

<— #of images

if the ¢*® point is visible from the j* image then

1 - 73) — 9f(p;,Xi)

8pj

1 . 32) — af(Pj=X£)

) Taf(p;X,)

d=d+ 22X

X

aX;

Jo=[J37 J7 ] and Jx = [ I JIT ]

T

< ifvisble
Jp

JX

4
N

<— d

(b—7(p))

D—1




Algorithm 4 Bundle Adjustment

. T S
2: for iter = 1 : nlters do
3. Empty J,, Jx, b, f, Dy, | J::[Jp JX]
40 fori=1:M do <— # of points
ot d = 03,3
6: for j=1:1do <— #of images
7: if the ™ point is visible from the j** image then — <——— f visible
8: J1 = 03,77 and Jo = szgé\«;f_ . J
9: L@?@—U+1:m)zl%%ﬂ < 4
10: Jo(:,3(i— 1) + 12 3i) = LX) < J,

T T
11: Jo=[J) J | andJx=[Jx J]] <
. ) AT ¢ ) )
192: d — d + df(g;{f(z) df(g)j{f(?) d
13: b = [ bT uiTj }
iy < (h_

14: f=[f" x[ | where [ Xi” ] =R;[I -C, ] (b f(p))

(b—7(p))

D—1




Algorithm 4 Bundle Adjustment

I T S
Lp=[p{ - p; ] adX=[X] -+ Xj ]
2: for iter = 1 : nlters do
3 Empty Jp, Jx, b, £, Dy | J::[Jp JX]
4 fori=1:M do <— # of points
5; d = O3><3
6: for j=1:1do <— #of images
7 if the ™ point is visible from the j* image then ~— <——— f visible
8 J1 = 02x7; and Jo = Ozxséw . J
9 Ji(:,7(j = 1) +1: 7j) = 2HEe=) < D
10: Jo(:,3(i — 1) + 1 : 3i) = e < J,
11; Jo=[J37 7] and Ix = [JIL I " <
XA T 9f(p: X,

13: b=[b" u ]

" < (h_
14: f=| I xz-Tj]where,u[XfJ]:Rj[I —C; | (b f(p))
15; end if 'd-1
16: end for 1 1
17: d=d+ A <—d=d+4l D =
18: D;,, = blkdiag(D;,,, d ')

(b—7(p))

D—1




Algorithm 4 Bundle Adjustment

I T S
Lp=[p{ - p; ] adX=[X] -+ Xj ]
2: for iter = 1 : nlters do
3: Empty Jp, Jx, b, f, Diy,. . J — |:Jp Jx] (b_f(p))
4 fori=1:M do <— # of points
5; d = 03><3
6: for j=1:1do <— #of images
T if the ™ point is visible from the j* image then ~— <——— f visible
8 J1 = 02x7; and Jo = Ozxséw . J
9 Ji(:,7(j = 1) +1: 7j) = 2HEe=) < D
10: Jo(:,3(i — 1) + 1 : 3i) = e < J,
11; Jo=[J37 7] and Ix = [JIL I " <
13: b=[b" u ]
- <— A
14: f:[fT XiTj]Where,u[Xl”]:Rj[I —Cj} (b f(p))
15; end if 'd-1 7
16: end for 1 1
17: d=d+ Al <—d=d+Al D = :
18: D;,, = blkdiag(D;,,, d ') ; d-
19: end for J e _ M
< p _ 5P
20: e, =J(b—1f) LT}(b'f(X))_L }
21: ex :Ji(b—f) X X




Algorithm 4 Bundle Adjustment

1. p=|pf

p}]TandX:[XI X ]

2: for iter = 1 : nlters do

10:
11:

12
13:

14:

15;
16:
17:
18:
19:
20:
21:
22:

3
4
5:
6:
7
8
9

Empty Jp, Jx, b, f, Diy,.
fori=1: M do
d= 03><3
for j=1:1do
if the i*® point is visible from the j*" image then
J1 = 02477 and Jo = Ogx31s

Ji(7G—1)+1:7j) = _3f<gg;xz:>
Jo(:,3(i — 1) + 1 : 3i) = e
Jo=[J37 37 ] andIx=[JI% I7]"
_ af(p;.X:) T 9f (s, Xs)
d=d y T
b=[b" u ]
f=| I xiTj]Whereu[ij]:Rj[I —C; |
end if
end for
d=d+ M\
D;,, = blkdiag(D;,,, d ')
end for J;
ey — JT(b — 1) < s (b-7(X))
ex = JL(b—f) X

J=[J, &] (b-fm)

<— # of points

<— #of images

< ifvisble
Jp

JX

4
N

<— d

‘ (b—f(p))

A= J-II;JP + AIJ B = J;JX: D' = Dinv <

{A B} {J;Jﬁul I, }
B' D] | JJ, S+l

D—1




Algorithm 4 Bundle Adjustment

1 p=[p{
2: for iter = 1 : nlters do
Empty Jp, Jx, b, f, Diy,.
fori=1: M do

d = 03><3

10:
11:

12
13:

14:

15;
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:

3
4
5:
6:
7
8
9

for j =

p; ]T and X

1:7 do

=[X]

X7, |

<— # of points

<— #of images

if the i*® point is visible from the j*" image then
J1 = 02477 and Jp = O2x31
Ji(,7(G = 1)+ 1:75) = i)

Jo(,3(i—1)+1:3i) =2

o=[J37 7] and Jx = [ 3% JT ]

op;

f(pj 7X'i)

0X;

J
4 d Lgx g
b=/[Db' u;, ]
f=1[f" ij]whereu[ i
end if
end for
d=d+ Al
D;,, = blkdiag(Di,, d )
end for
ep =J (b —f) <—
ex — JL(b—f)

T

Xij]ZRj[I —C; ]

[ %]

<— ifvisible

Jp

JX

4
N

%

d

‘ (b—f(p))

<—d=d+ Al

AngJp—l—/\I, B=JIT)JX, D! =D, <
Ap=(A-BD 'B") (e, —- BD 'ex)
Normalize quaternions.

AX = D !(ex — BTAD)

2% end for

ap=(A-BD'B') (&;-BDe, )
AX=D"(e,-B"Ap)

|

A B} _ {J;Jp +

D' =

|| 4y,

(b—7(p))

JoJy
Jid, +

D—1




1D Camera Bundle Adjustment

25 -

05 -

C

05

X °

7

Camera pose

2D points

25

[ ]

BundleAdjustment1D.m

nPoints = 5;
nCameras = 3; Data generation
X =rand(nPoints, 2) + 2;
¢ =rand(nCameras,2);
fori=1:nCameras
m = X-ones(nPoints,1)*c(i,:);
theta = atan2(m(:,2), m(:,1));
theta = mean(theta);

C(i).c=cli,?)"
theta = theta;
C(i).R = [sin(theta) -cos(theta); cos(theta) sin(theta)];

C(i).c =c(i,:)'+0.3*randn(2,1);

theta = theta + 0.3*randn(1,1);

C(i).R = [sin(theta) -cos(theta); cos(theta) sin(theta)];
end
X=X+ 0.3*randn(size(X));

35

[C X] = BA(C, X);



1D Camera Bundle Adjustment

25 -

05 -

X ®

o

05

Camera pose

2D points

25

[ ]

35

BundleAdjustment1D.m

nPoints = 5;

nCameras = 3;

X =rand(nPoints, 2) + 2;

¢ =rand(nCameras,2);

fori=1:nCameras
m = X-ones(nPoints,1)*c(i,:);
theta = atan2(m(:,2), m(:,1));
theta = mean(theta);

Data generation

C(i).c=cli,?)"
theta = theta;
C(i).R = [sin(theta) -cos(theta); cos(theta) sin(theta)];

u = C(i).R*[eye(2) -C(i).c] * [X'; ones(1,nPoints)]; T
Clihm = U(L:) /(2. ); Ground truth projection
C(i).c =c(i,:)'+0.3*randn(2,1);
theta = theta + 0.3*randn(1,1);
C(i).R = [sin(theta) -cos(theta); cos(theta) sin(theta)];
end
X=X+ 0.3*randn(size(X));

[C X] = BA(C, X);



1D Camera Bundle Adjustment

25 -

05 -

X ®

o

05

Camera pose

2D points

25

[ ]

BundleAdjustment1D.m

nPoints = 5;
nCameras = 3; Data generation
X =rand(nPoints, 2) + 2;
¢ =rand(nCameras,2);
fori=1:nCameras
m = X-ones(nPoints,1)*c(i,:);
theta = atan2(m(:,2), m(:,1));
theta = mean(theta);

C(i).c=cli,?)"
theta = theta;
C(i).R = [sin(theta) -cos(theta); cos(theta) sin(theta)];

u = C(i).R*[eye(2) -C(i).c] * [X'; ones(1,nPoints)]; T
Cl)m = (L) Ju(2.1); Ground truth projection
C(i).c =c(i,:)'+0.3*randn(2,1);
theta = theta + 0.3*randn(1,1);
i C(i).R = [sin(theta) -cos(theta); cos(theta) sin(theta)]; Add noise
end

X=X+ 0.3*randn(size(X));

[C X] = BA(C, X);



1D Camera Bundle Adjustment

25 -

05 -

X ®

o

05

Camera pose

2D points

25

[ ]

BundleAdjustment1D.m

nPoints = 5;
nCameras = 3; Data generation
X =rand(nPoints, 2) + 2;
¢ =rand(nCameras,2);
fori=1:nCameras
m = X-ones(nPoints,1)*c(i,:);
theta = atan2(m(:,2), m(:,1));
theta = mean(theta);

C(i).c=cli,?)"
theta = theta;
C(i).R = [sin(theta) -cos(theta); cos(theta) sin(theta)];

u = C(i).R*[eye(2) -C(i).c] * [X'; ones(1,nPoints)]; T
Cl)m = (L) Ju(2.1); Ground truth projection
C(i).c =c(i,:)'+0.3*randn(2,1);
theta = theta + 0.3*randn(1,1);
i C(i).R = [sin(theta) -cos(theta); cos(theta) sin(theta)]; Add noise
end

X=X+ 0.3*randn(size(X));

[C X] = BA(C, X); <—— 1D bundle adjustment



BundleAdjustment1D.m

1D Camera Bundle Adjustment

function [C X] = BA(C, X)

. lambda = 0.5;
L e ' niters = 100;
X L]
25 - ' 7 xp = [];
2D pOIﬂtS fori=1:length(C)
theta=atan2(C(i).R(2,2), C(i).R(2,1)); xp = [xp; C(i).c; theta];
2 hd end
xx = [];
15 - 1 fori=1:size(X,1)
C e/{ xx = [xx; X(i,:)'];
end
1
0.5 7
Camera pose
0r- _




Algorithm 4 Bundle Adjustment

~ T -
Lp=[pl - pj] andX=[X] -+ XJ, |
2. for iter = 1 : nlters do

3 Empty Jy, Jx, b, f, Diy,.

4 fori=1:M do

5: d = 033

6: for j=1:1do

7 if the i*" point is visible from the j*" image then
8 J1 = 0257 and Jy = Oax3ps

9 Jl(;,7(j—1)+1:7j):%];f‘—’)

10: To(:,3(i — 1) +1: 3i) = LX)

1 Jo=[J30 37 anddx=[J3% 3"
19: d=d+ af(gi?(g)Tﬁftgiin)

13: b=[b" u ]

14: f=[f" x;}where;z[xfj]—Rj[I -C; |
15: end if

16: end for

17: d=d+ Al

18: Dinv = blkdiag(Dimv, dil)

19: end for

20 ep=Ji(b—f)

21: ex =Jx(b—f)

222 A=J1J,+ A, B=J]Jx, D' =Dy,

23: Ap = (A-BD 'B7) (e, — BD 'ex)

24: Normalize quaternions.

25 AX =D"!(ex — BTAp)

26: end for

forj=1: niters , BundleAdjustment1D.m
Jp=[I; =1, D_inv=[]; err=[];

for iPoint = 1 : size(X,1)
X1 = xx(2*(iPoint-1)+1:2*iPoint); d = zeros(2,2);
foriC=1:length(C)
c=xp(3*(iC-1)+1:3*(iC-1)+2);
theta = xp(3*(iC-1)+3);
R = [sin(theta) -cos(theta); cos(theta) sin(theta)];

df dc =JacobianC1D(R, c, X1);
df dR =JacobianR1D(R, ¢, X1)*JacobianQ1D(theta);
df _dx =JacobianX1D(R, c, X1);

j1 = zeros(1,3*length(C)); j1(:,3*(iC-1)+1:3*iC) = [df dc df_dR];
j2 = zeros(1,2*size(X,1)); j2(:,2*(iPoint-1)+1:2*iPoint) = df_dx;

Jp=Up; j1]; Ix =[x j2];
d=d+df dx"™*df dx;

u=R*[eye(2)-c] *[X1;1]; u=u/u(2);
ul =C(iC).m;

e = [ul(iPoint) - u(1)];
err = [err; e];
end
d =d + lambda*eye(2); D_inv = blkdiag(D_inv, inv(d));
end
ep=Jp' *err; ex=Jx"*err
A =Jp'*Jp + lambda*eye(3*length(C)); B=Jp'*Jx;
delta_p = inv(A-B*D_inv*B') * (ep-B*D_inv*ex); delta_x=D_inv * (ex-B"*delta_p);

xp = xp + delta_p;
XX = xx + delta_x;
end



BundleAdjustment1D.m

Algorithm 4 Bundle Adjustment foriC =1 : length(C)
N A— T P T T e —_— T P T . N ' . .
L p=[pl p; | and X =[X] Xl ] C(iC).c = xp(3*(iC-1)+1:3*(iC-1)+2);
2: for iter = 1 : nlters do theta = xp(3*(iC-1)+3);
3 Empty J,, Jx, b, f, Dj,.. e ; ! )
4 for[; 1 1,, deo C(iC).R = [sin(theta) -cos(theta); cos(theta) sin(theta)]; M d | d t
5 d = 03,: end ode Up ale
3x3
6: for j=1:1do
7 if the i*" point is visible from the ;™" image then foriX =1:size(X,1)
s T1= Oa,c7r and Jy = Oz X(iX,:) = xx(2* (iX-1)+1:2%iX);
9 TG -0 +1:7)) = _;af(gp-;x,) end
10: To(:,3(i — 1) +1: 3i) = LX)
1 Jo=[J30 37 anddx=[J3% 3"
19: d—d+ af(ggctﬂaf%?(;)
13: b=[b" u ]
Xii
14: f=[f" x]; | where lj]—Rj[I -C; ]
15: end if
16: end for
17: d=d+ Al
18: Dinv = blkdiag(Dimv, dil)
19: end for

20 e, =J(b—1)

21: ex =Jx(b—f1)

222 A=J1J,+ A, B=J]Jx, D' =Dy,
23: Ap = (A-BD 'B7) (e, — BD 'ex)
24: ngmalize quaternions.

25: AX =D !(ex — BTAp)

26: end for




Reprojection error

251

1.5

05T

20
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60

80

100

BundleAdjustment1D.m

foriC=1:length(C)

C(iC).c = xp(3*(iC-1)+1:3*(iC-1)+2);

theta = xp(3*(iC-1)+3);

C(iC).R = [sin(theta) - theta); theta) sin(theta)];
end(l ) [sin(theta) -cos(theta); cos(theta) sin(theta)] Model Update
foriX=1:size(X,1)

X(iX,:) = xx(2*(iX-1)+1:2%iX);
end

mean_delta_ X = 0.0265

mean_delta_p = 0.2648

Why camera and point error do not converge to zero while
reprojection error converges?



Reprojection error

251

1.5

05T

20

40

[terations

60

80

100

BundleAdjustment1D.m

foriC=1:length(C)

C(iC).c = xp(3*(iC-1)+1:3*(iC-1)+2);

theta = xp(3*(iC-1)+3);

C(iC).R = [sin(theta) - theta); theta) sin(theta)];
end(l ) [sin(theta) -cos(theta); cos(theta) sin(theta)] Model Update
foriX=1:size(X,1)

X(iX,:) = xx(2*(iX-1)+1:2%iX);
end

mean_delta_ X = 0.0265

mean_delta_p = 0.2648

Why camera and point error do not converge to zero while
reprojection error converges?

Because the bundle adjustment is still up to scale and orietation.
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x Reprojection
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x Reprojection
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