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1 SIFT Matching

Sift was used to recognize interest points in image pairs. The descriptors was
then compared with the Euclidean distance between the descriptor vectors. A
threshold, TSIFT and the minimum distance dmin was used to supress matches,
by choosing only matching points that above TSIFT · dmin.

2 RANSAC

We need an algorithm that is specialized to removing outliers that were not
removed by thresholding the SIFT matches. As the linear least squares esti-
mation, that we use to estimate a homography H, does not tolerate outliers,
estimating it while outliers are present will produce an incorrect estimate of H.

1. Parameters needed for RANSAC

• the decision theshold δ usually set as 3σ

• the number of trials N

• the minimum size of the inlier set for it to be acceptable M

• The percentage of outliers ε, roughly estimated to be 0.1

• The probability that one of the N trials is free of outliers p, chosen
to be 0.99

• The number of matches chosen at random for a trial n, in this case
chosen to be 6

N can be calculated to be N =
ln(1− p)

ln[1− (1− ε)n]
.

M can be calculated to be M = (1 − ε) · ntotal, where ntotal is the
total number of matches. This places an additional constraint on the
minimum number of required matches.

2. For each trial in RANSAC, we randomly pick n number of correspon-
dences, and forming a linear least squares matrix to solve for H. The
homogeneous equation was formed for n correspondence pairs (X ′, X ′i) as
follows:
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
0 0 0 −w′1x1 −w′1y1 −w′1w1 y′1x1 y′1y1 y′1w1

w′1x1 w′1y1 w′1w 0 0 0 −x′1x1 −x′1y1 −x′1w1

...
...

0 0 0 −w′nxn −w′nyn −w′nwn y′nxn y′nyn y′nwn

w′nxn w′nyn w′nwn 0 0 0 −x′nxn −x′nyn −x′nwn





h11
h12
h13
h21
h22
h23
h31
h32
h33


In this case wi = w′i = 1. We solve this by SVD. The last column of V
in the decomposition that corresponds to the smallest eigenvalue is the
solution to this equation.

3. After solving for H, we then check the rest of the points for outliers, based
on the δ threshold chosen above. Those where the calculated point and
the actual points norm is greater than δ is considered an outlier. This way
we form an inlier set.

4. After N trials, we choose the solution that resulted in the largest inlier set
that is greater than M . Then, based on this whole set of inliers, we again
refine the estimate of H.

3 DogLeg

Since the homography operation is a non-linear combination of points, the linear
least-squares will not give the best solution. The solution given by linear least-
squares can be further refined using a non-linear least squares method such as
DogLeg.

DogLeg is based on a clever combination of the Gradient Descent and Gauss-
Newton methods.

δp,GD =
||JT

f ε(pk)||
||JfJT

f ε(pk)||
JT
f ε(pk), δp,GN =

1

JfJT
f + µkI

JT
f ε(pk)

ε(pk) = ||X ′actual−F (Pk)|| is the overall geometric error. P (k) becomes our ho-
mography estimation,

[
h11 h12 h13 h21 h22 h23 h31 h32 h33

]
. F (pk)

is the vector of all i points, where F (i) =

[
X ′(i)
Y ′(i)]

]
=


h11xi + h12yi + h13

h31xi + h32yi + h33
h21xi + h22yi + h23

h31xi + h32yi + h33

.

Then, we are able to calculate the Jacobian ∂F (pk)
∂p(k) .

Based on a defined trust region rk, every iteration pk is updated as follows:

~pk+1 = ~pk +


δp,GN if ||δp,GN || < Rk

δp,GD + β(δp,GN − δp,GD) if ||δp,GD|| < Rk < δp,GN

rk

||δp,GD||
otherwise
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To obtain β, we solve ||δp,GD + B(δp,GD − δp,GD||2. To obtain rk+1, we first
calculate:

ρDL =
C(pk)− C(pk+1)

2δTp J
T
f ε(pk)− δpJT

f Jfδp

Here, C(p) = εT (p)ε(p). Then,

rk+1 =


rk/4 if ρDL < 1/4

rk if 1/4 < ρDL ≤ 3/4

2rk otherwise

To obtain µk + 1, we calculate ρLM

ρDM =
C(pk)− C(pk+1)

δTp J
T
f ε(pk)− δpµkIδp

Then,

µk+1 = µk ·max
1

3
, 1− (2ρLM − 1)3

Initial values for pk is from the estimate obtained from RANSAC¿. Initial value
for µ0 = τ ·maxdiag(JT

f Jf ), and r0 ≈ 0.5. Here 0 < τ ≤ 1.

4 Image Mosaicing

4 Homographies are calculated between 5 Image Pairs using the method above
described from 1-4. Let the Homography between image i and image j be Hij .
Then, we have homographies, H12, H23, H34, H45. Now, to get all images
respective to the center image (which is image 3 in this case), we calculate,

H13 = H12H23, H43 = H−134 , H53 = H−145 H
−1
34

Then, by applying Hi3 to image i, where i 6= 3, we get all the points in the
coordinates of the center frame.

5 Bundle Adjusting

For bundle adjust, the SIFT correspondence was taken from every ith image
to every jth image. Let us continue assuming the number of images is 5. The
homographies H12, H23, H34, H45 were used as the parameters to minimize, i.e.
9 × 5 = 45 parameters. The residual error was calculated for each ith image
to every jth image. This makes 10 unique cases for 5 images. So, the total
number of error components will be the total number of matches (M) across all
10 unique cases. Then, this error was minimized using the Levenberg-Marquardt
algorithm (through a downloaded package).

6 Parameters

The parameters defined in the above sections were set to the values shown in
the table:
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Parameter Value

TSIFT 10
nKeyPointsSIFT 300

ε 0.1
p 0.99
n 6
δ 3
M 0.9ntotal
N 6 (calculated)
τ 0.001
rk 0.5

Here, nKeyPointsSIFT is the maximum keypoints SIFT returns per image.

7 Results

7.1 Image Mosaics

It can be seen specially at the left hand side bottle, the edges of the desk, and the
edges of the whiteboard, that they line up better at when DogLeg is used. Since
these images taken from a short distance, and apparent rotation between each
image is high, the homographies are not able to make matches at the corners.
The clock at the upper left corner shows this well.

In the bundle adjusted case some of the edges that seemed broken even with
DogLeg, seem completely fixed. Still some of the edges are broken, showing the
difficulty of the images chosen.

The 2nd image set of the night scene gave similar results for all 3 cases. This
seems to be because of the low correspondence points due to low light and the
dynamic scene and lights.

Note: Difficult images were chosen to see the effect of bundle adjusting.

7.1.1 Without DogLeg

Figure 1: Image Mosaic - Without DogLeg
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7.1.2 with DogLeg

Figure 2: Image Mosaic - With DogLeg

7.1.3 Bundle Adjusted

Figure 3: Image Mosaic - Bundle Adjusted
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7.1.4 Without DogLeg

Figure 4: Image Mosaic - Without DogLeg

7.1.5 with DogLeg

Figure 5: Image Mosaic - With DogLeg
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7.1.6 Bundle Adjusted

Figure 6: Image Mosaic - Bundle Adjusted

7.2 SIFT Correspondences

The SIFT correspondences after threhsolding are shown with lines. The uncho-
sen keypoints are present without any lines.

Figure 7: SIFT correspondence - image 1 and 2
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Figure 8: SIFT correspondence - image 2 and 3

Figure 9: SIFT correspondence - image 3 and 4

Figure 10: SIFT correspondence - image 4 and 5

7.3 Inliers and Outliers

Inliers from RANSAC are shown with blue lines and points. Red points are
outliers.
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Figure 11: Inliers/Outliers from RANSAC - image 1 and 2

Figure 12: Inliers/Outliers from RANSAC - image 2 and 3

Figure 13: Inliers/Outliers from RANSAC - image 3 and 4
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Figure 14: Inliers/Outliers from RANSAC - image 3 and 4
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8 Source Code

Panorama Stitching

# i n c l u d e " o p e n c v 2 / c o r e / c o r e . h p p "

# i n c l u d e " o p e n c v 2 / f e a t u r e s 2 d / f e a t u r e s 2 d . h p p "

s t r u c t MatchingFeaturePt {
d o u b l e s co r e ;
i n t index 1 ;
i n t index 2 ;

} ;

c l a s s Eucl ideanDistance {
p u b l i c :

s t a t i c v o i d match by euc l idean d i s tance ( c o n s t std : : vector<cv : : KeyPoint>&
keypoints 1 , c o n s t cv : : Mat& de s c r i p t o r 1 ,

c o n s t std : : vector<cv : : KeyPoint>& keypoints 2 , c o n s t cv : : Mat&
de s c r i p t o r 2 , d o u b l e thresho ld , std : : vector<cv : : DMatch>&
matches ) ;

} ;

c l a s s LinearLeastSquares {
p u b l i c :

s t a t i c v o i d l i n e a r l e a s t s qua r e s f o r homog raphy ( c o n s t cv : : Mat& A, cv : : Mat& H
) ;

} ;

c l a s s Ransac {
p u b l i c :

s t a t i c v o i d ransac for homography ( c o n s t d o u b l e

e p s i l o n p e r c e n t a g e o f o u t l i e r s , c o n s t i n t to ta l co r r e spondence s ,
c o n s t std : : vector<cv : : KeyPoint>& key po int s 1 , c o n s t std : : vector<cv

: : KeyPoint>& key po int s 2 ,
c o n s t std : : vector<cv : : DMatch >& matches , cv : : Mat& f ina l H , std : : vector<cv : :

Vec3d>& f ina l img1 pt s ve c3d , std : : vector<cv : : Vec3d>&
f ina l img2 pt s ve c3d ,

std : : vector<cv : : KeyPoint>& max in l ine r keypo ins 1 ,
std : : vector<cv : : KeyPoint>& max in l ine r keypo ins 2 ,
std : : vector<cv : : DMatch>& max in l iner matches

) ;

} ;

c l a s s Homography {
p r i v a t e :

cv : : Mat H;
v o i d c o n s t r u c t f i r s t r ow ( c o n s t cv : : Vec3d& img1 pt , c o n s t cv : : Vec3d& img2 pt ,

i n t pt s i , cv : : Mat& A) ;
v o i d const ruct second row ( c o n s t cv : : Vec3d& img1 pt , c o n s t cv : : Vec3d& img2 pt

, i n t pt s i , cv : : Mat& A) ;

p u b l i c :
Homography ( c o n s t std : : vector<cv : : Vec3d>& img vec array 1 , c o n s t std : : vector<

cv : : Vec3d>& img vec ar ray 2 ) ;
Homography ( c o n s t std : : vector<cv : : KeyPoint>& key po int s 1 , c o n s t std : : vector<

cv : : KeyPoint>& key po int s 2 , c o n s t std : : vector<cv : : DMatch>&
se l e c t ed matches ) ;

v o i d construct H ( c o n s t std : : vector<cv : : Vec3d>& img vec array 1 , c o n s t std : :
vector<cv : : Vec3d>& img vec ar ray 2 ) ;

cv : : Mat get homography ( ) c o n s t ;

} ;

c l a s s DogLeg {

s t a t i c v o i d c o n s t r u c t f i r s t r ow o f j a c o b i a n ( c o n s t cv : : Vec3d& img1 pt , c o n s t

cv : : Vec3d& ca l cu l a t ed pt , i n t pt s i , cv : : Mat& J ) ;
s t a t i c v o i d con s t ru c t s e c ond row o f j a c ob i an ( c o n s t cv : : Vec3d& img1 pt , c o n s t

cv : : Vec3d& ca l cu l a t ed pt , i n t pt s i , cv : : Mat& J ) ;
s t a t i c v o i d compute jacobian ( std : : vector<cv : : Vec3d>& img1 pts , std : : vector<

cv : : Vec3d>& ca l cu l a t ed p t s , cv : : Mat& jacob ian ) ;
s t a t i c v o i d compute e r ro r vec to r ( std : : vector<cv : : Vec3d>& ground truth , std : :

vector<cv : : Vec3d>& ca l cu l a t ed p t s , cv : : Mat& e r r o r v e c t o r ) ;
s t a t i c v o i d compute grad ient descent increment ( c o n s t cv : : Mat& J , c o n s t cv : :

Mat& e r r o r v e c t o r , cv : : Mat& grad i en t de s c ent inc r ement ) ;
s t a t i c v o i d compute gauss newton increment ( c o n s t cv : : Mat& J , c o n s t cv : : Mat&

e r r o r v e c t o r , c o n s t cv : : Mat& ident i ty , d o u b l e mu k , cv : : Mat&
gauss newton increment ) ;

s t a t i c d o u b l e compute beta ( c o n s t cv : : Mat& gauss newton increment , c o n s t cv : :
Mat& grad i ent descent inc rement , d o u b l e r k ) ;

s t a t i c v o i d conver t to H k ( c o n s t cv : : Mat& P k , cv : : Mat& H k ) ;
s t a t i c v o i d conver t to P k ( c o n s t cv : : Mat& H k , cv : : Mat& P k ) ;
s t a t i c d o u b l e i n i t i a l i z e mu ( c o n s t cv : : Mat& J , d o u b l e tau ) ;
s t a t i c v o i d c a l c u l a t e r e s u l t p t s ( c o n s t std : : vector<cv : : Vec3d>& img1 pts ,

c o n s t cv : : Mat& H k , std : : vector<cv : : Vec3d>& ca l c u l a t e d p t s ) ;
p u b l i c :

s t a t i c v o i d do g l e g f o r n o n l i n e a r l e a s t s q u a r e s o p t im i z a t i o n ( c o n s t cv : : Mat&
H, std : : vector<cv : : Vec3d>& img1 pts , std : : vector<cv : : Vec3d>& img2 pts ,
cv : : Mat& output H ) ;

} ;

c l a s s ImgUti l s {
p u b l i c :

11



s t a t i c cv : : Point2d apply custom homography ( c o n s t cv : : Mat matrix , c o n s t cv : :
Point2d& s r c p t ) ;

s t a t i c v o i d f ind bounding box ( c o n s t std : : vector<cv : : Point2d>& points , d o u b l e

& min x , d o u b l e& max x , d o u b l e& min y , d o u b l e& max y ) ;
s t a t i c v o i d app l y d i s t o r t i o n c o r r e c t i o n ( cv : : Mat& homography matrix , c o n s t cv

: : Mat& img , cv : : Mat& world img , c o n s t std : : s t r i n g& f ina l image name ) ;
s t a t i c v o i d combine transformed imgs ( c o n s t cv : : Mat& img 1 , c o n s t cv : : Mat&

img 2 , cv : : Mat& H, cv : : Mat& transformed img ) ;
s t a t i c v o i d get bounding box ( c o n s t std : : vector<cv : : Mat>& imgs , c o n s t std : :

vector<cv : : Mat>& Hs , d o u b l e& minx , d o u b l e& maxx , d o u b l e& miny , d o u b l e&
maxy) ;

s t a t i c v o i d combine imgs to middle img ( c o n s t std : : vector<cv : : Mat>& imgs ,
c o n s t std : : vector<cv : : Mat>& Hs , cv : : Mat& transformed img ) ;

} ;

# i n c l u d e " p a n o r a m a . h "

# i n c l u d e " o p e n c v 2 / i m g p r o c / i m g p r o c . h p p "

# i n c l u d e " o p e n c v 2 / h i g h g u i / h i g h g u i . h p p "

# i n c l u d e " o p e n c v 2 / f e a t u r e s 2 d / f e a t u r e s 2 d . h p p "

# i n c l u d e " o p e n c v 2 / n o n f r e e / f e a t u r e s 2 d . h p p "

# i n c l u d e <iostream>
# i n c l u d e <chrono>
# i n c l u d e <cmath>
# i n c l u d e <random>
# i n c l u d e <set>

v o i d Eucl ideanDistance : : match by euc l idean d i s tance ( c o n s t std : : vector<cv : : KeyPoint>&
keypoints 1 , c o n s t cv : : Mat& de s c r i p t o r 1 ,

c o n s t std : : vector<cv : : KeyPoint>& keypoints 2 , c o n s t cv : : Mat& de s c r i p t o r 2 ,
d o u b l e thresho ld , std : : vector<cv : : DMatch>& matches ) {

std : : vector<MatchingFeaturePt> matching pts ;
d o u b l e max ssd = −DBL MAX;
d o u b l e min ssd = DBL MAX;

/ / s t d : : c o u t < < d e s c r i p t o r _ 1 . r o w ( 0 ) < < " " < < d e s c r i p t o r _ 1 . r o w s < < " " < <

d e s c r i p t o r _ 1 . c o l s < < " \ n " ;

f o r ( a u t o i 1 = 0 ; i 1 < keypo int s 1 . s i z e ( ) ; ++i1 ) {

cv : : Mat k eyp t 1 de s c r i p t o r = de s c r i p t o r 1 . row ( i 1 ) ;

f o r ( a u t o i 2 = 0 ; i 2 < keypo int s 2 . s i z e ( ) ; ++i2 ) {

d o u b l e ssd = 0 . 0 ;

cv : : Mat k eyp t 2 de s c r i p t o r = de s c r i p t o r 2 . row ( i 2 ) ;

f o r ( i n t k = 0 ; k < keyp t 1 de s c r i p t o r . c o l s ; ++k) {
a u t o des 1 = keyp t 1 de s c r i p t o r . at<f l o a t >(0 , k ) ;
a u t o des 2 = keyp t 2 de s c r i p t o r . at<f l o a t >(0 , k ) ;
ssd += std : : pow( ( des 1 − des 2 ) , 2) ;

}

ssd = std : : s q r t ( ssd ) ;

max ssd = std : : max(max ssd , ssd ) ;
min ssd = std : : min ( min ssd , ssd ) ;

MatchingFeaturePt matching pt ;
matching pt . s co r e = ssd ;
matching pt . index 1 = i1 ;
matching pt . index 2 = i2 ;

matching pts . push back ( matching pt ) ;
}

}

/ / s o r t v a l u e s a c c o r d i n g t o S S D f o r e a c h p o i n t

std : : s o r t ( matching pts . begin ( ) , matching pts . end ( ) , [&] ( c o n s t

MatchingFeaturePt& lhs , c o n s t MatchingFeaturePt& rhs )
{

i f ( l h s . index 1 == rhs . index 1 ) {
r e t u r n l h s . s co r e < rhs . s co r e ;

}
r e t u r n l h s . index 1 < rhs . index 1 ;

}) ;

std : : vector<MatchingFeaturePt> f i l t e r e d ma t ch i n g p t s ;

i n t prev index = −1;

std : : cout << " m a x  s s d  :  " << max ssd << "  m i n  s s d :  " << min ssd << "  

t h r e s h o l d  :  " << thre sho ld << " \ n " ;

/ / k e e p o n l y p o i n t s t h a t a r e T * S S D _ ( m a x )

f o r ( a u t o i = 0 ; i < matching pts . s i z e ( ) ; ++i ) {
a u t o matching pt = matching pts [ i ] ;
i f ( prev index == matching pt . index 1 ) {
} e l s e {

i f ( matching pt . s co r e < thre sho ld ∗ ( min ssd ) ) {
cv : : DMatch match ;
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match . queryIdx = matching pt . index 1 ;
match . t r a in Idx = matching pt . index 2 ;
matches . push back (match ) ;

}
}
prev index = matching pt . index 1 ;

}
}

v o i d LinearLeastSquares : : l i n e a r l e a s t s qua r e s f o r homog raphy ( c o n s t cv : : Mat& A, cv : :
Mat& H) {

cv : : Mat U, D, Vt ;
cv : : SVD : : compute (A, D, U, Vt , cv : : SVD : : FULL UV) ;

/ / s t d : : c o u t < < V t < < " \ n " ;

cv : : Mat l a s t c o l V = Vt . t ( ) . c o l (Vt . c o l s − 1) ;

H = l a s t c o l V ;

/ / s t d : : c o u t < < H < < " \ n " ;

}

d o u b l e round ( d o u b l e number )
{

r e t u r n number < 0 .0 ? c e i l ( number − 0 . 5 ) : f l o o r (number + 0 . 5 ) ;
}

v o i d Ransac : : ransac for homography ( c o n s t d o u b l e e p s i l o n p e r c e n t a g e o f o u t l i e r s ,
c o n s t i n t n to ta l co r r e spondence s ,

c o n s t std : : vector<cv : : KeyPoint>& key po int s 1 , c o n s t std : : vector<cv : :
KeyPoint>& key po int s 2 ,

c o n s t std : : vector<cv : : DMatch >& matches , cv : : Mat& f ina l H , std : : vector<cv : :
Vec3d>& f ina l img1 pt s ve c3d , std : : vector<cv : : Vec3d>&
f ina l img2 pt s ve c3d ,

std : : vector<cv : : KeyPoint>& max in l ine r keypo ins 1 ,
std : : vector<cv : : KeyPoint>& max in l ine r keypo ins 2 ,
std : : vector<cv : : DMatch>& max in l iner matches

) {

/ / c o n s t d o u b l e s i g m a = 5 ;

/ / t h r e s h o l d f o r d e c i d i n g w h e t h e r a n i n l i e r

c o n s t d o u b l e de l ta = 3 ;

/ / N = n o o f t r i a l s

c o n s t d o u b l e p = 0 . 9 9 ;
c o n s t i n t n = 6 ;
c o n s t i n t N = std : : l og (1 − p) / std : : l og (1 − std : : pow((1 −

e p s i l o n p e r c e n t a g e o f o u t l i e r s ) , n) ) ;

/ / M = m i n i m u m s i z e o f t h e i n l i e r s e t f o r i t t o b e c o n s i d e r e d a c c e p t a b l e

c o n s t i n t M = round ((1 − e p s i l o n p e r c e n t a g e o f o u t l i e r s ) ∗
n to ta l c o r r e spondenc e s ) ;

cv : : Mat max h ;

std : : random device rd ;
std : : mt19937 eng ( rd ( ) ) ;
std : : un i f o rm in t d i s t r i bu t i on <i n t> d i s t (0 , n t o t a l c o r r e spondenc e s − 1) ;

std : : vector<cv : : DMatch> s e l e c t ed matches (n) ;

/ / m a x

i n t max in l i e r s = 0 ;
std : : vector<cv : : Vec3d> max img1 pts vec3d ;
std : : vector<cv : : Vec3d> max img2 pts vec3d ;

f o r ( i n t i = 0 ; i < N; ++i ) {
/ / r a n d o m l y s e l e c t n p o i n t s

std : : set<i n t> s e l e c t ed matche s index ;
f o r ( i n t j = 0 ; j < n | | s e l e c t ed matche s index . s i z e ( ) < n ; ++j ) {

s e l e c t ed matche s index . i n s e r t ( d i s t ( eng ) ) ;
}

std : : vector<cv : : Vec3d> i n l i e r img1 p t s v e c 3d ;
std : : vector<cv : : Vec3d> i n l i e r img2 p t s v e c 3d ;

/ / c o n s t r u c t H o m o g r a p h y

i n t j = 0 ;
f o r ( a u t o i t r = se l e c t ed matche s index . begin ( ) ; i t r !=

se l e c t ed matche s index . end ( ) ; ++i t r , ++j ) {
s e l e c t ed matches [ j ] = matches [∗ i t r ] ;
cv : : KeyPoint img pt1 = key po in t s 1 [ matches [∗ i t r ] . queryIdx ] ;
cv : : KeyPoint img pt2 = key po in t s 2 [ matches [∗ i t r ] . t r a in Idx ] ;
cv : : Vec3d img pt1 vec ( img pt1 . pt . x , img pt1 . pt . y , 1 . 0 ) ;
cv : : Vec3d img pt2 vec ( img pt2 . pt . x , img pt2 . pt . y , 1 . 0 ) ;
i n l i e r img1 p t s v e c 3d . push back ( img pt1 vec ) ;
i n l i e r img2 p t s v e c 3d . push back ( img pt2 vec ) ;

}

Homography homography ( key po int s 1 , key po int s 2 , s e l e c t ed matches ) ;
cv : : Mat H = homography . get homography ( ) ;
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/ / c a l c u l a t e o u t l i e r s a n d i n l i n e r s

std : : vector<cv : : KeyPoint> tmp max in l ine r keypo ins 1 ;
std : : vector<cv : : KeyPoint> tmp max in l ine r keypo ins 2 ;
std : : vector<cv : : DMatch> tmp max inl iner matches ;

f o r ( j = 0 ; j < matches . s i z e ( ) ; ++j ) {

cv : : KeyPoint img pt1 = key po in t s 1 [ matches [ j ] . queryIdx ] ;
cv : : KeyPoint img pt2 = key po in t s 2 [ matches [ j ] . t r a in Idx ] ;

tmp max in l ine r keypo ins 1 . push back ( img pt1 ) ;
tmp max in l ine r keypo ins 2 . push back ( img pt2 ) ;

/ / m a k e s u r e i t ’ s n o t a r a n d o m l y s e l e c t e d p o i n t

i f ( s e l e c t ed matche s index . f i nd ( j ) != se l e c t ed matche s index
. end ( ) ) {

cv : : DMatch match ;
match . queryIdx = tmp max in l ine r keypo ins 1 . s i z e ( ) −

1 ;
match . t r a in Idx = tmp max in l ine r keypo ins 2 . s i z e ( ) −

1 ;
tmp max inl iner matches . push back (match ) ;
c o n t i n u e ;

}

cv : : Vec3d img pt1 vec ( img pt1 . pt . x , img pt1 . pt . y , 1 . 0 ) ;
cv : : Vec3d img pt2 vec ( img pt2 . pt . x , img pt2 . pt . y , 1 . 0 ) ;

cv : : Mat ca l cu la t ed pt mat = H ∗ cv : : Mat( img pt1 vec ) ;
cv : : Vec3d ca l c u l a t ed p t ( ca l cu la t ed pt mat ) ;

cv : : Vec2d img pt2 vec2d ( img pt2 vec [ 0 ] , img pt2 vec [ 1 ] ) ;
i f ( std : : abs ( c a l c u l a t ed p t [ 2 ] ) < 1e−6) {

c o n t i n u e ;
}
cv : : Vec2d ca l cu l a t ed p t ve c2d ( c a l c u l a t ed p t [ 0 ] /

c a l c u l a t ed p t [ 2 ] , c a l c u l a t ed p t [ 1 ] / c a l c u l a t ed p t [ 2 ] ) ;
d o u b l e d i s tance = cv : : norm( ca l cu l a t ed p t ve c2d −

img pt2 vec2d ) ;
i f ( d i s tance < de l ta ) {

i n l i e r img1 p t s v e c 3d . push back ( img pt1 vec ) ;
i n l i e r img2 p t s v e c 3d . push back ( img pt2 vec ) ;
cv : : DMatch match ;
match . queryIdx = tmp max in l ine r keypo ins 1 . s i z e ( ) −

1 ;
match . t r a in Idx = tmp max in l ine r keypo ins 2 . s i z e ( ) −

1 ;
tmp max inl iner matches . push back (match ) ;

}

}

i f ( max in l i e r s < i n l i e r img1 p t s v e c 3d . s i z e ( ) ) {
/ / n e w m a x i n l i e r s

max in l i e r s = i n l i e r img1 p t s v e c 3d . s i z e ( ) ;
max img1 pts vec3d = in l i e r img1 p t s v e c 3d ;
max img2 pts vec3d = in l i e r img2 p t s v e c 3d ;

max in l i n e r keypo in s 1 = tmp max in l ine r keypo ins 1 ;
max in l i n e r keypo in s 2 = tmp max in l ine r keypo ins 2 ;
max in l iner matches = tmp max inl iner matches ;

}
}
/ / r e f i n e h o m o g r a p h y w i t h m a x i n l i e r s e t

Homography max homography ( max img1 pts vec3d , max img2 pts vec3d ) ;
f i n a l H = max homography . get homography ( ) ;
f i n a l img1 p t s v e c 3d = max img1 pts vec3d ;
f i n a l img2 p t s v e c 3d = max img2 pts vec3d ;

i f ( max img1 pts vec3d . s i z e ( ) <= M) {
std : : cout << " #  o f  i n l i n e r s  n o t  r e a c h e d  :  n e e d e d  =  " << M << "  

a c t u a l  =  " << max img1 pts vec3d . s i z e ( ) << " \ n " ;
}
std : : cout << " #  o f  i n l i n e r s  :  " << max img1 pts vec3d . s i z e ( ) << "  M :  " << M

<< " \ n " ;

}

v o i d Homography : : c o n s t r u c t f i r s t r ow ( c o n s t cv : : Vec3d& img1 pt , c o n s t cv : : Vec3d&
img2 pt , i n t pt s i , cv : : Mat& A) {

f o r ( i n t i = 0 ; i < 3 ; ++i ) {
A. at<d o u b l e >(2 ∗ pt s i , i ) = 0 . 0 ;

}

f o r ( i n t i = 3 ; i < 6 ; ++i ) {
A. at<d o u b l e >(2 ∗ pt s i , i ) = −1.0 ∗ img2 pt [ 2 ] ∗ img1 pt ( i − 3) ;

}

f o r ( i n t i = 6 ; i < 9 ; ++i ) {
A. at<d o u b l e >(2 ∗ pt s i , i ) = img2 pt [ 1 ] ∗ img1 pt ( i − 6) ;

}
}

v o i d Homography : : cons t ruct second row ( c o n s t cv : : Vec3d& img1 pt , c o n s t cv : : Vec3d&
img2 pt , i n t pt s i , cv : : Mat& A) {

f o r ( i n t i = 0 ; i < 3 ; ++i ) {
A. at<d o u b l e >(2 ∗ p t s i + 1 , i ) = img2 pt [ 2 ] ∗ img1 pt ( i ) ;

}
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f o r ( i n t i = 3 ; i < 6 ; ++i ) {
A. at<d o u b l e >(2 ∗ p t s i + 1 , i ) = 0 . 0 ;

}

f o r ( i n t i = 6 ; i < 9 ; ++i ) {
A. at<d o u b l e >(2 ∗ p t s i + 1 , i ) = −1.0 ∗ img2 pt [ 0 ] ∗ img1 pt ( i − 6) ;

}
}

Homography : : Homography ( c o n s t std : : vector<cv : : KeyPoint>& key po int s 1 , c o n s t std : :
vector<cv : : KeyPoint>& key po int s 2 , c o n s t std : : vector<cv : : DMatch>&
se l e c t ed matches ) {

cv : : Mat A( se l e c t ed matches . s i z e ( ) ∗ 2 , 9 , CV 64F) ;
std : : vector<cv : : Vec3d> img vec ar ray 1 ;
std : : vector<cv : : Vec3d> img vec ar ray 2 ;

f o r ( i n t i = 0 ; i < s e l e c t ed matches . s i z e ( ) ; ++i ) {
cv : : KeyPoint img pt1 = key po in t s 1 [ s e l e c t ed matches [ i ] . queryIdx ] ;
cv : : KeyPoint img pt2 = key po in t s 2 [ s e l e c t ed matches [ i ] . t r a in Idx ] ;

cv : : Vec3d img vec 1 ( img pt1 . pt . x , img pt1 . pt . y , 1 . 0 ) ;
cv : : Vec3d img vec 2 ( img pt2 . pt . x , img pt2 . pt . y , 1 . 0 ) ;

img vec ar ray 1 . push back ( img vec 1 ) ;
img vec ar ray 2 . push back ( img vec 2 ) ;

/ / c o n s t r u c t _ f i r s t _ r o w ( i m g _ v e c _ 1 , i m g _ v e c _ 2 , i , A ) ;

/ / c o n s t r u c t _ s e c o n d _ r o w ( i m g _ v e c _ 1 , i m g _ v e c _ 2 , i , A ) ;

}

construct H ( img vec array 1 , img vec ar ray 2 ) ;

/ / c v : : M a t H _ v e c t o r ;

/ / L i n e a r L e a s t S q u a r e s : : l i n e a r _ l e a s t _ s q u a r e s _ f o r _ h o m o g r a p h y ( A , H _ v e c t o r ) ;

/ / H = c v : : M a t ( 3 , 3 , C V _ 6 4 F ) ;

/ / f o r ( i n t i = 0 ; i < 3 ; + + i ) {

/ / f o r ( i n t j = 0 ; j < 3 ; + + j ) {

/ / H . at < d o u b l e > ( i , j ) = H _ v e c t o r . at < d o u b l e > ( 3 * i + j , 0 ) ;

/ / }

/ / }

}

v o i d Homography : : construct H ( c o n s t std : : vector<cv : : Vec3d>& img vec array 1 , c o n s t

std : : vector<cv : : Vec3d>& img vec ar ray 2 ) {
cv : : Mat A( img vec ar ray 1 . s i z e ( ) ∗ 2 , 9 , CV 64F) ;
f o r ( i n t i = 0 ; i < img vec ar ray 1 . s i z e ( ) ; ++i ) {

c o n s t r u c t f i r s t r ow ( img vec ar ray 1 [ i ] , img vec ar ray 2 [ i ] , i , A) ;
const ruct second row ( img vec ar ray 1 [ i ] , img vec ar ray 2 [ i ] , i , A) ;

}
cv : : Mat H vector ;
L inearLeastSquares : : l i n e a r l e a s t s qua r e s f o r homog raphy (A, H vector ) ;

H = cv : : Mat(3 , 3 , CV 64F) ;
f o r ( i n t i = 0 ; i < 3 ; ++i ) {

f o r ( i n t j = 0 ; j < 3 ; ++j ) {
H. at<d o u b l e >(i , j ) = H vector . at<d o u b l e >(3 ∗ i + j , 0) ;

}
}

}

Homography : : Homography ( c o n s t std : : vector<cv : : Vec3d>& img vec array 1 , c o n s t std : :
vector<cv : : Vec3d>& img vec ar ray 2 ) {

construct H ( img vec array 1 , img vec ar ray 2 ) ;

}

cv : : Mat Homography : : get homography ( ) c o n s t {
r e t u r n H;

}

v o i d DogLeg : : c o n s t r u c t f i r s t r ow o f j a c o b i a n ( c o n s t cv : : Vec3d& img1 pt , c o n s t cv : :
Vec3d& ca l cu l a t ed pt , i n t pt s i , cv : : Mat& J ) {

f o r ( i n t i = 0 ; i < 3 ; ++i ) {
J . at<d o u b l e >(2 ∗ pt s i , i ) = img1 pt [ i ] / c a l c u l a t ed p t [ 2 ] ;

}

f o r ( i n t i = 3 ; i < 6 ; ++i ) {
J . at<d o u b l e >(2 ∗ pt s i , i ) = 0 . 0 ;

}

f o r ( i n t i = 6 ; i < 9 ; ++i ) {
J . at<d o u b l e >(2 ∗ pt s i , i ) = −1.0 ∗ img1 pt [ i − 6 ] ∗ c a l c u l a t ed p t

[ 0 ] / std : : pow( c a l c u l a t ed p t [ 2 ] , 2) ;
}

}

v o i d DogLeg : : c on s t ru c t s e c ond row o f j a c ob i an ( c o n s t cv : : Vec3d& img1 pt , c o n s t cv : :
Vec3d& ca l cu l a t ed pt , i n t pt s i , cv : : Mat& J ) {

f o r ( i n t i = 0 ; i < 3 ; ++i ) {
J . at<d o u b l e >(2 ∗ p t s i + 1 , i ) = 0 . 0 ;

}

f o r ( i n t i = 3 ; i < 6 ; ++i ) {
J . at<d o u b l e >(2 ∗ p t s i + 1 , i ) = img1 pt [ i − 3 ] / c a l c u l a t ed p t [ 2 ] ;
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}

f o r ( i n t i = 6 ; i < 9 ; ++i ) {
J . at<d o u b l e >(2 ∗ p t s i + 1 , i ) = −1.0 ∗ img1 pt [ i − 6 ] ∗

c a l c u l a t ed p t [ 1 ] / std : : pow( c a l c u l a t ed p t [ 2 ] , 2) ;
}

}

v o i d DogLeg : : compute jacobian ( std : : vector<cv : : Vec3d>& img1 pts , std : : vector<cv : :
Vec3d>& ca l cu l a t ed p t s , cv : : Mat& jacob ian ) {

f o r ( i n t i = 0 ; i < img1 pts . s i z e ( ) ; ++i ) {
c o n s t r u c t f i r s t r ow o f j a c o b i a n ( img1 pts [ i ] , c a l c u l a t e d p t s [ i ] , i ,

j acob ian ) ;
c on s t ru c t s e c ond row o f j a c ob i an ( img1 pts [ i ] , c a l c u l a t e d p t s [ i ] , i ,

j acob ian ) ;
}

}

v o i d DogLeg : : compute e r ro r vec to r ( std : : vector<cv : : Vec3d>& ground truth , std : : vector<
cv : : Vec3d>& ca l cu l a t ed p t s , cv : : Mat& e r r o r v e c t o r ) {

f o r ( i n t i = 0 ; i < ground truth . s i z e ( ) ; ++i ) {
e r r o r v e c t o r . at<d o u b l e >(2 ∗ i , 0) = ground truth [ i ] [ 0 ] − (

c a l c u l a t e d p t s [ i ] [ 0 ] / c a l c u l a t e d p t s [ i ] [ 2 ] ) ;
e r r o r v e c t o r . at<d o u b l e >(2 ∗ i + 1 , 0) = ground truth [ i ] [ 1 ] − (

c a l c u l a t e d p t s [ i ] [ 1 ] / c a l c u l a t e d p t s [ i ] [ 2 ] ) ;
}

}

v o i d DogLeg : : compute grad ient descent increment ( c o n s t cv : : Mat& J , c o n s t cv : : Mat&
e r r o r v e c t o r , cv : : Mat& grad i en t de s c ent inc r ement ) {

cv : : Mat increment = J . t ( ) ∗ e r r o r v e c t o r ;
d o u b l e numerator = cv : : norm( increment ) ;
d o u b l e denominator = cv : : norm(J ∗ increment ) ;

g rad i en t de s c ent inc r ement = ( numerator / denominator ) ∗ increment ;
}

v o i d DogLeg : : compute gauss newton increment ( c o n s t cv : : Mat& J , c o n s t cv : : Mat&
e r r o r v e c t o r , c o n s t cv : : Mat& ident i ty , d o u b l e mu k , cv : : Mat&
gauss newton increment ) {

cv : : Mat mu l t i p l i e r = J . t ( ) ∗ J + mu k ∗ i d e n t i t y ;
gauss newton increment = mu l t i p l i e r . inv ( ) ∗ J . t ( ) ∗ e r r o r v e c t o r ;

}

d o u b l e DogLeg : : compute beta ( c o n s t cv : : Mat& gauss newton increment , c o n s t cv : : Mat&
grad i ent descent inc rement , d o u b l e r k ) {

cv : : Mat d i f f e r en c e i n c r emen t = gauss newton increment −
grad i en t de s c ent inc r ement ;

d o u b l e a = std : : pow( cv : : norm( d i f f e r en c e i n c r emen t ) , 2) ;
cv : : Mat r e s u l t b c o e f f = grad i en t de s c ent inc r ement . t ( ) ∗

d i f f e r e n c e i n c r emen t ;
d o u b l e b = 2.0 ∗ r e s u l t b c o e f f . at<d o u b l e >(0 , 0) ;
d o u b l e c = std : : pow( cv : : norm( grad i en t de s c ent inc r ement ) , 2) − std : : pow( r k ,

2) ;

d o u b l e determinant = std : : pow(b , 2) − 4 ∗ a ∗ c ;
i f ( determinant < 0) {

std : : cout << " U n d e f i n e d  c o n d i t i o n  o c c u r r e d . \ n " ;
}

d o u b l e beta = −b + std : : sq r t ( determinant ) / (2 ∗ a ) ;

r e t u r n beta ;
}

v o i d DogLeg : : conver t to H k ( c o n s t cv : : Mat& P k , cv : : Mat& H k) {
f o r ( i n t i = 0 ; i < 3 ; ++i ) {

f o r ( i n t j = 0 ; j < 3 ; ++j ) {
H k . at<d o u b l e >(i , j ) = P k . at<d o u b l e >(3 ∗ i + j , 0) ;

}
}

}

v o i d DogLeg : : conver t to P k ( c o n s t cv : : Mat& H k , cv : : Mat& P k ) {
f o r ( i n t i = 0 ; i < 3 ; ++i ) {

f o r ( i n t j = 0 ; j < 3 ; ++j ) {
P k . at<d o u b l e >(3 ∗ i + j , 0) = H k . at<d o u b l e >(i , j ) ;

}
}

}

d o u b l e DogLeg : : i n i t i a l i z e mu ( c o n s t cv : : Mat& J , d o u b l e tau ) {
cv : : Mat J squared = J . t ( ) ∗ J ;
d o u b l e max = −DBL MAX;
f o r ( i n t i = 0 ; i < J squared . rows ; ++i ) {

max = std : : max(max , J squared . at<d o u b l e >(i , i ) ) ;
}
r e t u r n max ∗ tau ;

}

v o i d DogLeg : : c a l c u l a t e r e s u l t p t s ( c o n s t std : : vector<cv : : Vec3d>& img1 pts , c o n s t cv : :
Mat& H k , std : : vector<cv : : Vec3d>& ca l c u l a t e d p t s ) {

f o r ( i n t i = 0 ; i < img1 pts . s i z e ( ) ; ++i ) {
cv : : Mat img 1 pts mat = cv : : Mat( img1 pts [ i ] ) ;
cv : : Mat ca l cu l a t ed pt s mat = H k ∗ img 1 pts mat ;
c a l c u l a t e d p t s [ i ] = ca l cu l a t ed pt s mat ;

}

16



}

v o i d DogLeg : : d o g l e g f o r n o n l i n e a r l e a s t s q u a r e s o p t im i z a t i o n ( c o n s t cv : : Mat& H, std
: : vector<cv : : Vec3d>& img1 pts , std : : vector<cv : : Vec3d>& img2 pts , cv : : Mat&
output H ) {

cv : : Mat P k (9 , 1 , CV 64F) ;

cv : : Mat H k = H;
cv : : Mat H k plus 1 = H;

conver t to P k (H k , P k ) ;

i n t s ome i t e r a t i on s = 10000;
d o u b l e e r r o r t h r e s h o l d = 1e−10;

std : : vector<cv : : Vec3d> c a l c u l a t e d p t s ( img1 pts . s i z e ( ) ) ;
std : : vector<cv : : Vec3d> c a l c u l a t e d k p l u s 1 p t s ( img1 pts . s i z e ( ) ) ;
cv : : Mat J ( img1 pts . s i z e ( ) ∗ 2 , 9 , CV 64F) ;
cv : : Mat e r r o r v e c t o r ( img1 pts . s i z e ( ) ∗ 2 , 1 , CV 64F) ;
cv : : Mat e r r o r v e c t o r k p l u s 1 ( img1 pts . s i z e ( ) ∗ 2 , 1 , CV 64F) ;

cv : : Mat g rad i en t de s c ent inc r ement (9 , 1 , CV 64F) ;
cv : : Mat gauss newton increment (9 , 1 , CV 64F) ;

c a l c u l a t e r e s u l t p t s ( img1 pts , H k , c a l c u l a t e d p t s ) ;
compute jacobian ( img1 pts , c a l cu l a t ed p t s , J ) ;
compute e r ro r vec to r ( img2 pts , c a l cu l a t ed p t s , e r r o r v e c t o r ) ;

d o u b l e c a l c u l a t e d e r r o r = cv : : norm( e r r o r v e c t o r ) ;

d o u b l e tau = 0 . 001 ;
d o u b l e mu k = i n i t i a l i z e mu (J , tau ) ;
d o u b l e r k = 0 . 5 ;

cv : : Mat i d en t i t y (9 , 9 , CV 64F) ;
cv : : s e t I d en t i t y ( i d en t i t y ) ;

cv : : Mat l a s t i n c r ement ;

i n t n = 0 ;
f o r ( ; n < s ome i t e r a t i on s && ca l c u l a t e d e r r o r > e r r o r t h r e s h o l d ; ++n) {

conver t to H k (P k , H k ) ;
c a l c u l a t e r e s u l t p t s ( img1 pts , H k , c a l c u l a t e d p t s ) ;

compute jacobian ( img1 pts , c a l cu l a t ed p t s , J ) ;
compute e r ro r vec tor ( img2 pts , c a l cu l a t ed p t s , e r r o r v e c t o r ) ;

compute grad ient descent increment (J , e r r o r v e c t o r ,
g rad i en t de s c ent inc r ement ) ;

compute gauss newton increment (J , e r r o r v e c t o r , i d ent i ty , mu k ,
gauss newton increment ) ;

d o u b l e gauss newton norm = cv : : norm( gauss newton increment ) ;
d o u b l e grad ient descent norm = cv : : norm( grad ient descent norm ) ;

cv : : Mat increment ;
i f ( gauss newton norm < r k ) {

increment = gauss newton increment ;
} e l s e i f ( grad ient descent norm < r k && r k < gauss newton norm ) {

d o u b l e beta = compute beta ( gauss newton increment ,
g rad i ent descent inc rement , r k ) ;

increment = grad i en t de s c ent inc r ement + beta ∗ (
gauss newton increment − g rad i en t de s c ent inc r ement ) ;

} e l s e {
increment = ( r k / grad ient descent norm ) ∗

g rad i en t de s c ent inc r ement ;
}

cv : : Mat temp P k plus 1 = P k + increment ;

/ / c a l c u l a t e o f C _ p ( k ) a n d C _ p ( k + 1 )

conver t to H k ( temp P k plus 1 , H k plus 1 ) ;
c a l c u l a t e r e s u l t p t s ( img1 pts , H k plus 1 , c a l c u l a t e d k p l u s 1 p t s ) ;
compute e r ro r vec tor ( img2 pts , c a l c u l a t e d k p l u s 1 p t s ,

e r r o r v e c t o r k p l u s 1 ) ;

cv : : Mat C p mat = e r r o r v e c t o r . t ( ) ∗ e r r o r v e c t o r ;
cv : : Mat C p plus 1 mat = e r r o r v e c t o r k p l u s 1 . t ( ) ∗

e r r o r v e c t o r k p l u s 1 ;

/ / c a l c u l a t e r o w _ L M

d o u b l e row lm numerator = C p mat . at<d o u b l e >(0 , 0) − C p plus 1 mat .
at<d o u b l e >(0 , 0) ;

cv : : Mat row lm denominator mat = increment . t ( ) ∗ J . t ( ) ∗
e r r o r v e c t o r + increment . t ( ) ∗ mu k ∗ i d e n t i t y ∗ increment ;

d o u b l e row LM = row lm numerator / row lm denominator mat . at<d o u b l e

>(0 , 0) ;

/ / c a l c u l a t e r o w _ D L

d o u b l e row DL numerator = row lm numerator ;
cv : : Mat row DL denominator mat = 2.0 ∗ increment . t ( ) ∗ J . t ( ) ∗

e r r o r v e c t o r − increment . t ( ) ∗ J . t ( ) ∗ J ∗ increment ;
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d o u b l e row DL = row DL numerator / row DL denominator mat . at<d o u b l e

>(0 , 0) ;

i f ( row DL <= 0 .0 ) {
/ / w e ’ v e j u m p e d t o o f a r , r e v e r t

r k = r k / 2 . 0 ;
mu k = 2 ∗ mu k ;

} e l s e {
c a l c u l a t e d e r r o r = row lm numerator ;
mu k = mu k ∗ std : : max( 1 . 0 / 3 . 0 , 1 − std : : pow(2 ∗ row LM −

1 , 3) ) ;
i f ( row DL < 0 .25 ) {

r k = r k / 4 . 0 ;
} e l s e i f (0 . 25 <= row DL && row DL <= 0.75 ) {

/ / j u s t f o r t h e i f

r k = r k ;
} e l s e {

r k = r k ∗ 2 . 0 ;
}
P k = temp P k plus 1 ;

}
}
output H = cv : : Mat(3 , 3 , CV 64F) ;
conver t to H k (P k , output H ) ;

std : : cout << " #  o f  i t e r a t i o n s  :  " << n << "  ,  e r r o r  :  " << c a l c u l a t e d e r r o r
<< " \ n " ;

}

v o i d ImgUti l s : : combine transformed imgs ( c o n s t cv : : Mat& img 1 , c o n s t cv : : Mat& img 2 ,
cv : : Mat& H, cv : : Mat& transformed img ) {

std : : vector<cv : : Point2d> co rne r p t s ;
c o rne r p t s . push back ( cv : : Point2d (0 , 0) ) ;
c o rne r p t s . push back ( cv : : Point2d ( img 1 . co l s , 0) ) ;
c o rne r p t s . push back ( cv : : Point2d (0 , img 1 . rows ) ) ;
c o rne r p t s . push back ( cv : : Point2d ( img 1 . co l s , img 1 . rows ) ) ;

std : : vector<cv : : Point2d> p ro j e c t ed p t s ;
f o r ( a u t o& corne r p t : c o rne r p t s ) {

cv : : Point2d p ro j e c t ed p t = ImgUti ls : : apply custom homography (H,
co rne r p t ) ;

p r o j e c t ed p t s . push back ( p ro j e c t ed p t ) ;
}

p ro j e c t ed p t s . push back ( cv : : Point2d (0 , 0) ) ;
p r o j e c t ed p t s . push back ( cv : : Point2d ( img 2 . co l s , 0) ) ;
p r o j e c t ed p t s . push back ( cv : : Point2d (0 , img 2 . rows ) ) ;
p r o j e c t ed p t s . push back ( cv : : Point2d ( img 2 . co l s , img 2 . rows ) ) ;

d o u b l e minx , maxx , miny , maxy ;
ImgUti l s : : f ind bounding box ( pro j e c t ed pt s , minx , maxx , miny , maxy) ;

c o n s t i n t width = std : : c e i l (maxx − minx ) ;
f l o a t width ra t i o = width / ( f l o a t ) (maxx−minx ) ;
f l o a t a s p e c t r a t i o = ( f l o a t ) (maxx−minx ) / ( f l o a t ) (maxy−miny ) ;

/ / i n t h e i g h t = w i d t h / a s p e c t _ r a t i o ;

i n t he ight = std : : c e i l (maxy − miny ) ;

i n t o f f s e t x = minx ;
i n t o f f s e t y = miny ;

transformed img = cv : : Mat( height , width , CV 8UC3) ;

/ / c v : : M a t i n v e r s e _ h o m o g r a p h y = H . i n v ( ) ;

cv : : Point2d o f f s e t ( o f f s e t x , o f f s e t y ) ;

/ / i n i t i a l l y p u t i m g 2 o n t o t h e f i n a l _ i m g

/ / f o r ( i n t y = 0 ; y < i m g _ 2 . r o w s ; + + y ) {

/ / f o r ( i n t x = 0 ; x < i m g _ 2 . c o l s ; + + x ) {

/ / / / i n t t r a n s f o r m e d _ x = x + w i d t h - i m g _ 2 . c o l s ;

/ / / / i n t t r a n s f o r m e d _ y = y + h e i g h t - i m g _ 2 . r o w s ;

/ / c v : : P o i n t 2 d t r a n s f o r m e d _ p t ( x , y ) ;

/ / t r a n s f o r m e d _ p t -= o f f s e t ;

/ / i f ( t r a n s f o r m e d _ p t . y >= 0 & & t r a n s f o r m e d _ p t . y <

t r a n s f o r m e d _ i m g . r o w s

/ / & & t r a n s f o r m e d _ p t . x >= 0 & & t r a n s f o r m e d _ p t . x <

t r a n s f o r m e d _ i m g . c o l s ) {

/ / t r a n s f o r m e d _ i m g . at < c v : : V e c 3 b > ( t r a n s f o r m e d _ p t

. y , t r a n s f o r m e d _ p t . x ) = i m g _ 2 . at < c v : : V e c 3 b > ( y , x ) ;

/ / } e l s e {

/ / s t d : : c o u t < < t r a n s f o r m e d _ p t . x < < " , " < <

t r a n s f o r m e d _ p t . y < < " \ n " ;

/ / }

/ / }

/ / }

/ / f o r ( i n t y = 0 ; y < i m g _ 1 . r o w s ; + + y ) {

/ / f o r ( i n t x = 0 ; x < i m g _ 1 . c o l s ; + + x ) {

/ / c v : : P o i n t 2 d i m g _ p t ( x , y ) ;

/ / c v : : P o i n t 2 d c o r r e s p o n d i n g _ i m a g e _ p o i n t = I m g U t i l s : :

a p p l y _ c u s t o m _ h o m o g r a p h y ( H , i m g _ p t ) ;
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/ / c o r r e s p o n d i n g _ i m a g e _ p o i n t -= o f f s e t ;

/ / i f ( c o r r e s p o n d i n g _ i m a g e _ p o i n t . y >= 0 & &

c o r r e s p o n d i n g _ i m a g e _ p o i n t . y < t r a n s f o r m e d _ i m g . r o w s

/ / & & c o r r e s p o n d i n g _ i m a g e _ p o i n t . x >= 0 & &

c o r r e s p o n d i n g _ i m a g e _ p o i n t . x < t r a n s f o r m e d _ i m g . c o l s ) {

/ / t r a n s f o r m e d _ i m g . at < c v : : V e c 3 b > (

c o r r e s p o n d i n g _ i m a g e _ p o i n t . y , c o r r e s p o n d i n g _ i m a g e _ p o i n t . x ) = i m g _ 1 . at < c v

: : V e c 3 b > ( y , x ) ;

/ / }

/ / }

/ / }

/ / i n v e r s e r o u t e

cv : : Mat inv H = H. inv ( ) ;

f o r ( i n t y = 0 ; y < transformed img . rows ; ++y) {
f o r ( i n t x = 0 ; x < transformed img . c o l s ; ++x) {

cv : : Point2d img pt (x , y ) ;
cv : : Point2d o f f s e t p t = img pt + o f f s e t ;
cv : : Point2d cor re spond ing image po int = ImgUti ls : :

apply custom homography ( inv H , o f f s e t p t ) ;

i f ( cor re spond ing image po int . y >= 0 &&
corre spond ing image po int . y < img 1 . rows

&& corre spond ing image po int . x >= 0 &&
corre spond ing image po int . x < img 1 . c o l s ) {

transformed img . at<cv : : Vec3b>(y , x ) = img 1 .
at<cv : : Vec3b>( cor re spond ing image po int
. y , co r re spond ing image po int . x ) ;

} e l s e {
/ / c v : : P o i n t 2 d t r a n s f o r m e d _ p t ( x , y ) ;

/ / t r a n s f o r m e d _ p t + = o f f s e t ;

/ / i f ( t r a n s f o r m e d _ p t . y >= 0 & & t r a n s f o r m e d _ p t . y <

i m g _ 2 . r o w s

/ / & & t r a n s f o r m e d _ p t . x >= 0 & & t r a n s f o r m e d _ p t . x

< i m g _ 2 . c o l s ) {

/ / t r a n s f o r m e d _ i m g . at < c v : : V e c 3 b > ( y , x )

= i m g _ 2 . at < c v : : V e c 3 b > ( t r a n s f o r m e d _ p t . y ,

t r a n s f o r m e d _ p t . x ) ;

/ / }

}
}

}
}

v o i d ImgUti l s : : get bounding box ( c o n s t std : : vector<cv : : Mat>& imgs , c o n s t std : : vector<
cv : : Mat>& Hs ,

d o u b l e& minx , d o u b l e& maxx , d o u b l e& miny , d o u b l e& maxy) {

std : : vector<cv : : Point2d> p ro j e c t ed p t s ;

f o r ( i n t i = 0 ; i < imgs . s i z e ( ) ; ++i ) {
cv : : Mat img = imgs [ i ] ;
std : : vector<cv : : Point2d> co rne r p t s ;
c o rne r p t s . push back ( cv : : Point2d (0 , 0) ) ;
c o rne r p t s . push back ( cv : : Point2d ( img . co l s , 0) ) ;
c o rne r p t s . push back ( cv : : Point2d (0 , img . rows ) ) ;
c o rne r p t s . push back ( cv : : Point2d ( img . co l s , img . rows ) ) ;

f o r ( a u t o& corne r p t : c o rne r p t s ) {
cv : : Point2d p ro j e c t ed p t = ImgUti ls : : apply custom homography

(Hs [ i ] , c o rne r p t ) ;
p r o j e c t ed p t s . push back ( p ro j e c t ed p t ) ;

}
}

ImgUti l s : : f ind bounding box ( pro j e c t ed pt s , minx , maxx , miny , maxy) ;

}

v o i d ImgUti l s : : combine imgs to middle img ( c o n s t std : : vector<cv : : Mat>& imgs , c o n s t

std : : vector<cv : : Mat>& Hs , cv : : Mat& transformed img ) {
i n t middle index = imgs . s i z e ( ) / 2 ;

/ / s t d : : v e c t o r < c v : : M a t > f i n a l _ h o m o g r a p h i e s ( H s . s i z e ( ) + 1 ) ;

/ / f o r ( i n t i = 0 ; i < i m g s . s i z e ( ) ; + + i ) {

/ / i n t m u l t i p l i c a t i o n s = s t d : : a b s ( m i d d l e _ i n d e x - i ) ;

/ / c v : : M a t f i n a l _ H = c v : : M a t ( 3 , 3 , C V _ 6 4 F ) ;

/ / c v : : s e t I d e n t i t y ( f i n a l _ H ) ;

/ / i f ( ( m i d d l e _ i n d e x - i ) > 0 ) {

/ / f o r ( i n t j = 0 ; j < m u l t i p l i c a t i o n s ; + + j ) {

/ / f i n a l _ H = f i n a l _ H * H s [ j ] ;

/ / }

/ / } e l s e i f ( ( m i d d l e _ i n d e x - i ) < 0 ) {

/ / f o r ( i n t j = i ; j < m u l t i p l i c a t i o n s ; + + j ) {

/ / f i n a l _ H = f i n a l _ H * H s [ H s . s i z e ( ) - 1 - j ] . i n v ( ) ;

/ / }

/ / }

/ / f i n a l _ h o m o g r a p h i e s [ i ] = f i n a l _ H ;

/ / / / m i d d l e i n d e x = = 0

/ / }

/ / f o r 5

std : : vector<cv : : Mat> f i na l homograph i e s (5) ;
cv : : Mat i d en t i t y = cv : : Mat(3 , 3 , CV 64F) ;
cv : : s e t I d en t i t y ( i d en t i t y ) ;
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/ / H _ 1 _ 3

f i na l homograph i e s [ 0 ] = Hs [ 0 ] ∗ Hs [ 1 ] ;
/ / H _ 2 _ 3

f i na l homograph i e s [ 1 ] = Hs [ 1 ] ;
/ / H _ 3 _ 3

f i na l homograph i e s [ middle index ] = i d en t i t y ;
/ / H _ 4 _ 3 = H _ 3 _ 4 . i n v ( )

f i na l homograph i e s [ 3 ] = Hs [ 2 ] . inv ( ) ;
/ / H _ 5 _ 3 = H _ 4 _ 5 . i n v ( ) * H _ 3 _ 4 . i n v ( )

f i na l homograph i e s [ 4 ] = Hs [ 3 ] . inv ( ) ∗ Hs [ 2 ] . inv ( ) ;

d o u b l e minx , maxx , miny , maxy ;
ImgUti l s : : get bounding box ( imgs , f ina l homographies , minx , maxx , miny , maxy)

;

c o n s t i n t width = std : : c e i l (maxx − minx ) ;
f l o a t width ra t i o = width / ( f l o a t ) (maxx−minx ) ;
f l o a t a s p e c t r a t i o = ( f l o a t ) (maxx−minx ) / ( f l o a t ) (maxy−miny ) ;

/ / i n t h e i g h t = w i d t h / a s p e c t _ r a t i o ;

i n t he ight = std : : c e i l (maxy − miny ) ;

i n t o f f s e t x = minx ;
i n t o f f s e t y = miny ;

cv : : Point2d o f f s e t ( o f f s e t x , o f f s e t y ) ;

transformed img = cv : : Mat( height , width , CV 8UC3) ;

/ / i n v e r s e r o u t e

f o r ( i n t i = 0 ; i < imgs . s i z e ( ) ; ++i ) {

cv : : Mat inv H = f ina l homograph i e s [ i ] . inv ( ) ;

cv : : Mat img 1 = imgs [ i ] ;

/ / c o n s t i n t n o _ o f _ r o w s = h e i g h t ;

# p r a g m a loop ( h i n t p a r a l l e l (8 ) )
f o r ( i n t y = 0 , no o f rows = height ; y < no o f rows ; ++y) {

f o r ( i n t x = 0 ; x < transformed img . c o l s ; ++x) {

cv : : Point2d img pt (x , y ) ;
cv : : Point2d o f f s e t p t = img pt + o f f s e t ;
cv : : Point2d cor re spond ing image po int = ImgUti ls : :

apply custom homography ( inv H , o f f s e t p t ) ;

i f ( cor re spond ing image po int . y >= 0 &&
corre spond ing image po int . y < img 1 . rows

&& corre spond ing image po int . x >= 0 &&
corre spond ing image po int . x < img 1 .
c o l s ) {

transformed img . at<cv : : Vec3b>(y , x )
= img 1 . at<cv : : Vec3b>(
cor re spond ing image po int . y ,
cor re spond ing image po int . x ) ;

} e l s e {
/ / c v : : P o i n t 2 d t r a n s f o r m e d _ p t ( x , y ) ;

/ / t r a n s f o r m e d _ p t + = o f f s e t ;

/ / i f ( t r a n s f o r m e d _ p t . y >= 0 & &

t r a n s f o r m e d _ p t . y < i m g _ 2 . r o w s

/ / & & t r a n s f o r m e d _ p t . x >= 0 & &

t r a n s f o r m e d _ p t . x < i m g _ 2 . c o l s ) {

/ / t r a n s f o r m e d _ i m g . at < c v : : V e c 3 b

> ( y , x ) = i m g _ 2 . at < c v : : V e c 3 b > (

t r a n s f o r m e d _ p t . y , t r a n s f o r m e d _ p t . x ) ;

/ / }

}
}

}
}

}

v o i d ImgUti l s : : a p p l y d i s t o r t i o n c o r r e c t i o n ( cv : : Mat& homography matrix , c o n s t cv : : Mat
& img , cv : : Mat& transformed img , c o n s t std : : s t r i n g& f ina l image name ) {

cv : : imwrite ( f inal image name , transformed img ) ;
}

cv : : Point2d ImgUti ls : : apply custom homography ( c o n s t cv : : Mat matrix , c o n s t cv : :
Point2d& s r c p t ) {

cv : : Vec3d homogenous pt ( s r c p t . x , s r c p t . y , 1 . 0 ) ;
cv : : Mat mapped pt = matrix ∗ cv : : Mat( homogenous pt ) ;
cv : : Point2d mapped point2f (mapped pt . at<d o u b l e >(0 ,0) / mapped pt . at<d o u b l e

>(2 , 0) ,
mapped pt . at<d o u b l e >(1 , 0) / mapped pt . at<d o u b l e >(2 , 0) ) ;

r e t u r n mapped point2f ;
}
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v o i d ImgUti l s : : f ind bounding box ( c o n s t std : : vector<cv : : Point2d>& points , d o u b l e&
min x , d o u b l e& max x , d o u b l e& min y , d o u b l e& max y ) {

/ / a s s e r t ( p o i n t s . s i z e ( ) = = 4 ) ;

min x = DBL MAX;
max x = −DBL MAX;
min y = DBL MAX;
max y = −DBL MAX;

f o r ( i n t i = 0 ; i < po int s . s i z e ( ) ; ++i ) {
min x = std : : min ( po int s [ i ] . x , min x ) ;
min y = std : : min ( po int s [ i ] . y , min y ) ;
max x = std : : max( po int s [ i ] . x , max x ) ;
max y = std : : max( po int s [ i ] . y , max y ) ;

}
}

i n t main ( i n t argc , c h a r ∗∗ argv ) {

# i f d e f DEBUG
std : : s t r i n g d i r = " d s e t 2 / " ;

# e l s e

std : : s t r i n g d i r = " d s e t 2 / " ;
# e n d i f

c o n s t i n t no o f images = 5 ;

std : : vector<cv : : Mat> imgs ;
f o r ( i n t i = 0 ; i < no o f images ; ++i ) {

std : : s t r ings t r eam ss ;
s s << d i r ;
s s << ( i +2) << " . j p g " ;
cv : : Mat img = cv : : imread ( s s . s t r ( ) ) ;
imgs . push back ( img ) ;

}

/ / S I F T e x t r a c t f e a t u r e s

std : : vector<std : : vector<cv : : KeyPoint>> key po in t s i n imgs ;
cv : : S i f tFea tureDetec to r s i f t f e a t u r e d e t e c t o r (300) ;
s i f t f e a t u r e d e t e c t o r . de tec t ( imgs , k ey po in t s i n imgs ) ;

std : : vector<cv : : Mat> d e s c r i p t o r s ( no o f images ) ;

f o r ( i n t i = 0 ; i < no o f images ; ++i ) {
cv : : S i f tDe s c r i p t o rEx t r a c t o r s i f t d e s c r i p t o r e x t r a c t o r ;
s i f t d e s c r i p t o r e x t r a c t o r . compute ( imgs [ i ] , k ey po in t s i n imgs [ i ] ,

d e s c r i p t o r s [ i ] ) ;
}

/ / c o n s i d e r i m g 1 a n d 2

d o u b l e thre sho ld = 10 ;
std : : vector<std : : vector<cv : : DMatch>> matches in imgs ( no o f images − 1) ;

d o u b l e e p s i l o n p e r c e n t a g e o f o u t l i e r s = 0 . 1 ;
cv : : Mat output img = imgs [ 0 ] ;
std : : vector<cv : : Mat> opt homographies ( no o f images − 1) ;
f o r ( i n t i = 0 ; i < no o f images − 1 ; ++i ) {

Eucl ideanDistance : : match by euc l idean d i s tance ( k ey po in t s i n imgs [ i
] , d e s c r i p t o r s [ i ] , k ey po in t s i n imgs [ i +1] , d e s c r i p t o r s [ i +1] ,
thresho ld , matches in imgs [ i ] ) ;

cv : : Mat match img ;
cv : : drawMatches ( imgs [ i ] , k ey po in t s i n imgs [ i ] , imgs [ i +1] ,

k ey po in t s i n imgs [ i +1] , matches in imgs [ i ] , match img ) ;
cv : : imshow( " m a t c h " , match img ) ;
cv : : imwrite ( " c o r r e s p o n d e n c e _ " + std : : t o s t r i n g ( i +1) + " . j p g " ,

match img ) ;
std : : vector<cv : : Vec3d> im g 1 i n l i e r s ;
std : : vector<cv : : Vec3d> im g 2 i n l i e r s ;
cv : : Mat H;
std : : vector<cv : : KeyPoint> max in l i n e r keypo in s 1 ;
std : : vector<cv : : KeyPoint> max in l i n e r keypo in s 2 ;
std : : vector<cv : : DMatch> max in l iner matches ;
Ransac : : ransac for homography ( e p s i l o n p e r c e n t a g e o f o u t l i e r s ,

matches in imgs [ i ] . s i z e ( ) , k ey po in t s i n imgs [ i ] ,
k ey po in t s i n imgs [ i +1] , matches in imgs [ i ] , H,

img 1 i n l i e r s , img 2 i n l i e r s ,
max in l ine r keypo ins 1 , max in l ine r keypo ins 2 ,

max in l iner matches ) ;

cv : : Mat i n l i n e r img ;
cv : : drawMatches ( imgs [ i ] , max in l ine r keypo ins 1 , imgs [ i +1] ,

max in l ine r keypo ins 2 , max inl iner matches , i n l i n e r img ,
cv : : Sca la r (255 . 0 , 0 . , 0 . ) , cv : : Sca la r ( 0 . 0 , 0 . , 255 . ) ) ;

cv : : imshow( " i n l i e r s " , i n l i n e r img ) ;
cv : : imwrite ( " i n l i e r s _ " + std : : t o s t r i n g ( i +1) + " . j p g " , i n l i n e r img ) ;

opt homographies [ i ] = H;
cv : : Mat opt H ;
DogLeg : : d o g l e g f o r n o n l i n e a r l e a s t s q u a r e s o p t im i z a t i o n (H,

img 1 i n l i e r s , img 2 i n l i e r s , opt H ) ;
/ / o p t _ h o m o g r a p h i e s [ i ] = o p t _ H ;

}

cv : : Mat transformed img ;
ImgUti l s : : combine imgs to middle img ( imgs , opt homographies , transformed img

) ;

output img = transformed img ;
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cv : : imshow( " f i n a l _ i m g " , output img ) ;
cv : : imwrite ( " f i n a l _ i m g . j p g " , output img ) ;

cv : : waitKey (0) ;
}

Bundle Adjusting

# p r a g m a once
# i n c l u d e " o p e n c v 2 / c o r e / c o r e . h p p "

# i n c l u d e " o p e n c v 2 / f e a t u r e s 2 d / f e a t u r e s 2 d . h p p "

e x t e r n

i n t f i t homograph i e s ( std : : vector<cv : : Mat>& homographies , std : : vector<std : : vector<cv
: : KeyPoint>>& key po int s 1 , std : : vector<std : : vector<cv : : KeyPoint>>&
key po int s 2 ,

std : : vector<std : : vector<cv : : DMatch>>& matches ) ;

# i n c l u d e " h f i t . h "

# i n c l u d e <math . h>
# i n c l u d e <malloc . h>
# i n c l u d e " o p e n c v 2 / f e a t u r e s 2 d / f e a t u r e s 2 d . h p p "

e x t e r n " C " i n t mylmdif ( i n t (∗ f cn ) ( i n t ∗ , i n t ∗ , d o u b l e ∗ , d o u b l e ∗ , i n t ∗) , i n t ∗m,
i n t ∗n , d o u b l e ∗x , d o u b l e ∗ fvec , d o u b l e ∗ f t o l , d o u b l e ∗xtol , d o u b l e ∗gto l , i n t

∗maxfev ,
d o u b l e ∗ epsfcn , d o u b l e ∗diag , i n t ∗mode , d o u b l e ∗ f a c to r , i n t ∗nprint , i n t ∗

in fo , i n t ∗nfev , d o u b l e ∗ f j a c , i n t ∗ l d f j a c , i n t ∗ ipvt ,
d o u b l e ∗qtf , d o u b l e ∗wa1 , d o u b l e ∗wa2 , d o u b l e ∗wa3 , d o u b l e ∗wa4) ;

/ /

/ /

/ / / * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

/ / * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * /

std : : vector<std : : vector<cv : : KeyPoint>> key po in t s 1 g ;
std : : vector<std : : vector<cv : : KeyPoint>> key po in t s 2 g ;
std : : vector<std : : vector<cv : : DMatch>> matches g ;
i n t homography size ;

s t a t i c d o u b l e c a l c e r r o r ( i n t match i , cv : : DMatch match , c o n s t cv : : Mat& homography ) {
cv : : KeyPoint img pt1 = key po in t s 1 g [ match i ] [ match . queryIdx ] ;
cv : : KeyPoint img pt2 = key po in t s 2 g [ match i ] [ match . t r a in Idx ] ;

cv : : Vec3d img pt1 vec3d ( img pt1 . pt . x , img pt1 . pt . y , 1 . 0 ) ;

cv : : Vec2d img pt2 vec2d ( img pt2 . pt . x , img pt2 . pt . y ) ;

cv : : Mat c a l c p t = homography ∗ cv : : Mat( img pt1 vec3d ) ;
cv : : Vec3d ca l c p t v e c3d ( c a l c p t ) ;

cv : : Vec2d ca l c p t v e c2d ( ca l c p t v e c3d [ 0 ] / ca l c p t v e c3d [ 2 ] ,
c a l c p t v e c3d [ 1 ] / ca l c p t v e c3d [ 2 ] ) ;

d o u b l e e r r o r = cv : : norm( ca l c p t v e c2d − img pt2 vec2d ) ;
r e t u r n e r r o r ;

}

s t a t i c i n t

lmd i fEr ro r ( i n t ∗m ptr , i n t ∗n ptr , d o u b l e ∗params , d o u b l e ∗ error , i n t ∗)
{

i n t nparms = ∗n ptr ;
i n t ne r ro r s = ∗m ptr ;

std : : vector<cv : : Mat> homographies ( homography size ) ;

f o r ( i n t k = 0 ; k < homographies . s i z e ( ) ; ++k) {
homographies [ k ] = cv : : Mat(3 , 3 , CV 64F) ;
f o r ( i n t i = 0 ; i < 3 ; ++i ) {

f o r ( i n t j = 0 ; j < 3 ; ++j ) {
homographies [ k ] . at<d o u b l e >(i , j ) = params [ k ∗ 9 + i

∗ 3 + j ] ;
}

}
}

/ / H _ { 0 1 } , H _ { 1 2 } , H _ { 2 3 } , H _ { 3 4 }

/ / c a l c e r r o r

/ / e v e r y m a t c h h a s f r o m 0 - >1 , 0 - >2 , 0 - >3 , 0 - > 4

/ / t h e n f r o m 1 - >2 , 1 - >3 , 1 - > 4

/ / t h e n f r o m 2 - >3 , 2 - > 4

/ / t h e n f r o m 3 - > 4

/ / a s s u m e e v e r y t h i n g h a s 1 0 p o i n t s o r l e s s

/ / c o v e r t h e 9 c a s e s

i n t k = 0 ;
/ / 0 - > 1

i n t index = 0 ;
f o r ( i n t i = 0 ; i < matches g [ 0 ] . s i z e ( ) ; ++i ) {

a u t o match = matches g [ 0 ] [ i ] ;
cv : : Mat homography = homographies [ 0 ] ;
e r r o r [ index + i ] = c a l c e r r o r (0 , match , homography ) ;
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}
index += matches g [ 0 ] . s i z e ( ) ;

/ / 0 - > 2

f o r ( i n t i = 0 ; i < matches g [ 1 ] . s i z e ( ) ; ++i ) {
a u t o match = matches g [ 1 ] [ i ] ;
cv : : Mat homography = homographies [ 1 ] ∗ homographies [ 0 ] ;
e r r o r [ index + i ] = c a l c e r r o r (1 , match , homography ) ;

}
index += matches g [ 1 ] . s i z e ( ) ;

/ / 0 - > 3

f o r ( i n t i = 0 ; i < matches g [ 2 ] . s i z e ( ) ; ++i ) {
a u t o match = matches g [ 2 ] [ i ] ;
cv : : Mat homography = homographies [ 2 ] ∗ homographies [ 1 ] ∗

homographies [ 0 ] ;
e r r o r [ index + i ] = c a l c e r r o r (2 , match , homography ) ;

}
index += matches g [ 2 ] . s i z e ( ) ;

/ / 0 - > 4

f o r ( i n t i = 0 ; i < matches g [ 3 ] . s i z e ( ) ; ++i ) {
a u t o match = matches g [ 3 ] [ i ] ;
cv : : Mat homography = homographies [ 3 ] ∗ homographies [ 2 ] ∗

homographies [ 1 ] ∗ homographies [ 0 ] ;
e r r o r [ index + i ] = c a l c e r r o r (3 , match , homography ) ;

}
index += matches g [ 3 ] . s i z e ( ) ;

/ / 1 - > 2

k = 4 ;
f o r ( i n t i = 0 ; i < matches g [ k ] . s i z e ( ) ; ++i ) {

a u t o match = matches g [ k ] [ i ] ;
cv : : Mat homography = homographies [ 1 ] ;
e r r o r [ index + i ] = c a l c e r r o r (k , match , homography ) ;

}
index += matches g [ k ] . s i z e ( ) ;

/ / 1 - > 3

k = 5 ;
f o r ( i n t i = 0 ; i < matches g [ k ] . s i z e ( ) ; ++i ) {

a u t o match = matches g [ k ] [ i ] ;
cv : : Mat homography = homographies [ 2 ] ∗ homographies [ 1 ] ;
e r r o r [ index + i ] = c a l c e r r o r (k , match , homography ) ;

}
index += matches g [ k ] . s i z e ( ) ;

/ / 1 - > 4

k = 6 ;
f o r ( i n t i = 0 ; i < matches g [ k ] . s i z e ( ) ; ++i ) {

a u t o match = matches g [ k ] [ i ] ;
cv : : Mat homography = homographies [ 3 ] ∗ homographies [ 2 ] ∗

homographies [ 1 ] ;
e r r o r [ index + i ] = c a l c e r r o r (k , match , homography ) ;

}
index += matches g [ k ] . s i z e ( ) ;

/ / H _ { 0 1 } , H _ { 1 2 } , H _ { 2 3 } , H _ { 3 4 }

/ / 2 - > 3

k = 7 ;
f o r ( i n t i = 0 ; i < matches g [ k ] . s i z e ( ) ; ++i ) {

a u t o match = matches g [ k ] [ i ] ;
cv : : Mat homography = homographies [ 2 ] ;
e r r o r [ index + i ] = c a l c e r r o r (k , match , homography ) ;

}
index += matches g [ k ] . s i z e ( ) ;

/ / 2 - > 4

k = 8 ;
f o r ( i n t i = 0 ; i < matches g [ k ] . s i z e ( ) ; ++i ) {

a u t o match = matches g [ k ] [ i ] ;
cv : : Mat homography = homographies [ 3 ] ∗ homographies [ 2 ] ;
e r r o r [ index + i ] = c a l c e r r o r (k , match , homography ) ;

}
index += matches g [ k ] . s i z e ( ) ;

/ / 3 - > 4

k = 9 ;
f o r ( i n t i = 0 ; i < matches g [ k ] . s i z e ( ) ; ++i ) {

a u t o match = matches g [ k ] [ i ] ;
cv : : Mat homography = homographies [ 3 ] ;
e r r o r [ index + i ] = c a l c e r r o r (k , match , homography ) ;

}
index += matches g [ k ] . s i z e ( ) ;

r e t u r n 1 ;
}

/ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * /

/ * P a r a m e t e r s c o n t r o l l i n g M I N P A C K ’ s l m d i f ( ) o p t i m i z a t i o n r o u t i n e . * /

/ * S e e t h e f i l e l m d i f . f f o r d e f i n i t i o n s o f e a c h p a r a m e t e r . * /

# d e f i n e REL SENSOR TOLERANCE ftol 1 .0E−6 / * [ p i x ] * /

# d e f i n e REL PARAM TOLERANCE xtol 1 .0E−7
# d e f i n e ORTHO TOLERANCE gtol 0 .0
# d e f i n e MAXFEV (1000∗n)
# d e f i n e EPSFCN 1.0E−10 / * w a s E - 1 6 D o n o t s e t t o 0 ! * /
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# d e f i n e MODE 2 / * v a r i a b l e s s c a l e d i n t e r n a l l y * /

# d e f i n e FACTOR 100.0

i n t f i t homograph i e s ( std : : vector<cv : : Mat>& homographies , std : : vector<std : : vector<cv
: : KeyPoint>>& key po int s 1 , std : : vector<std : : vector<cv : : KeyPoint>>&
key po int s 2 ,

std : : vector<std : : vector<cv : : DMatch>>& matches )
{

/ * P a r a m e t e r s n e e d e d b y M I N P A C K ’ s l m d i f ( ) * /

i n t n = 9 ∗ homographies . s i z e ( ) ;

i n t n o o f e r r o r s = 0 ;
f o r ( i n t i = 0 ; i < matches . s i z e ( ) ; ++i ) {

n o o f e r r o r s += matches [ i ] . s i z e ( ) ;
}

i n t m = no o f e r r o r s ;
d o u b l e ∗x ;
d o u b l e ∗ f v ec ;
d o u b l e f t o l = REL SENSOR TOLERANCE ftol ;
d o u b l e xto l = REL PARAM TOLERANCE xtol ;
d o u b l e g to l = ORTHO TOLERANCE gtol ;
i n t maxfev = MAXFEV;
d o u b l e eps fcn = EPSFCN;
d o u b l e ∗diag ;
i n t mode = MODE;
d o u b l e f a c t o r = FACTOR;
i n t l d f j a c = m;
i n t npr int = 0 ;
i n t i n f o ;
i n t nfev ;
d o u b l e ∗ f j a c ;
i n t ∗ ipvt ;
d o u b l e ∗ q t f ;
d o u b l e ∗wa1 ;
d o u b l e ∗wa2 ;
d o u b l e ∗wa3 ;
d o u b l e ∗wa4 ;

/ * c o p y t o g l o b a l s * /

key po in t s 1 g = key po in t s 1 ;
k ey po in t s 2 g = key po in t s 2 ;
matches g = matches ;
homography size = homographies . s i z e ( ) ;

/ * a l l o c a t e s t u f f d e p e n d e n t o n n * /

x = ( d o u b l e ∗) c a l l o c (n , s i z e o f ( d o u b l e ) ) ;
diag = ( d o u b l e ∗) c a l l o c (n , s i z e o f ( d o u b l e ) ) ;
q t f = ( d o u b l e ∗) c a l l o c (n , s i z e o f ( d o u b l e ) ) ;
wa1 = ( d o u b l e ∗) c a l l o c (n , s i z e o f ( d o u b l e ) ) ;
wa2 = ( d o u b l e ∗) c a l l o c (n , s i z e o f ( d o u b l e ) ) ;
wa3 = ( d o u b l e ∗) c a l l o c (n , s i z e o f ( d o u b l e ) ) ;
ipvt = ( i n t ∗) c a l l o c (n , s i z e o f ( i n t ) ) ;

/ * a l l o c a t e s o m e w o r k s p a c e * /

i f ( ( fvec = ( d o u b l e ∗) c a l l o c ( ( u n s i g n e d i n t ) m,
( u n s i g n e d i n t ) s i z e o f ( d o u b l e ) ) ) == NULL ) {

f p r i n t f ( s tder r , " c a l l o c :  C a n n o t  a l l o c a t e  w o r k s p a c e  f v e c \ n " ) ;
e x i t (−1) ;

}

i f ( ( f j a c = ( d o u b l e ∗) c a l l o c ( ( u n s i g n e d i n t ) m∗n ,
( u n s i g n e d i n t ) s i z e o f ( d o u b l e ) ) ) == NULL ) {

f p r i n t f ( s tder r , " c a l l o c :  C a n n o t  a l l o c a t e  w o r k s p a c e  f j a c \ n " ) ;
e x i t (−1) ;

}

i f ( ( wa4 = ( d o u b l e ∗) c a l l o c ( ( u n s i g n e d i n t ) m,
( u n s i g n e d i n t ) s i z e o f ( d o u b l e ) ) ) == NULL ) {

f p r i n t f ( s tder r , " c a l l o c :  C a n n o t  a l l o c a t e  w o r k s p a c e  w a 4 \ n " ) ;
e x i t (−1) ;

}

/ * c o p y p a r a m e t e r s i n a s i n i t i a l v a l u e s * /

f o r ( i n t k = 0 ; k < homographies . s i z e ( ) ; ++k) {
f o r ( i n t i = 0 ; i < 3 ; ++i ) {

f o r ( i n t j = 0 ; j < 3 ; ++j ) {
x [ k ∗ 9 + i ∗ 3 + j ] = homographies [ k ] . at<d o u b l e >(i ,

j ) ;
}

}
}

/ * d e f i n e o p t i o n a l s c a l e f a c t o r s f o r t h e p a r a m e t e r s * /

i f ( mode == 2 ) {
i n t o f f s e t = 0 ;
f o r ( i n t o f f s e t = 0 ; o f f s e t <n ; o f f s e t++) {

diag [ o f f s e t ] = 1 . 0 ;
}

}

/ * p e r f o r m t h e o p t i m i z a t i o n * /

/ / p r i n t f ( " S t a r t i n g o p t i m i z a t i o n s t e p . . . \ n " ) ;

mylmdif ( lmdi fError ,
&m, &n , x , fvec , &f t o l , &xtol , &gto l , &maxfev , &epsfcn ,
diag , &mode , &fac tor , &nprint , &in fo , &nfev , f j a c , &ld f j a c ,
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ipvt , qtf , wa1 , wa2 , wa3 , wa4) ;
d o u b l e t o t a l e r r o r = 0 ;
f o r ( i n t i =0; i<m; i++) {

t o t a l e r r o r += fvec [ i ] ;
}

/ / p r i n t f ( " \ t n u m f u n c t i o n c a l l s = % i \ n " , n f e v ) ;

/ / p r i n t f ( " \ t r e m a i n i n g t o t a l e r r o r v a l u e = % f \ n " , t o t a l e r r o r ) ;

/ / p r i n t f ( " \ t o r % 1 . 2 f p e r p o i n t \ n " , s t d : : s q r t ( t o t a l e r r o r ) / m ) ;

/ / p r i n t f ( " . . . e n d e d o p t i m i z a t i o n s t e p . \ n " ) ;

/ * c o p y r e s u l t b a c k t o p a r a m e t e r s a r r a y * /

f o r ( i n t k = 0 ; k < homographies . s i z e ( ) ; ++k) {
f o r ( i n t i = 0 ; i < 3 ; ++i ) {

f o r ( i n t j = 0 ; j < 3 ; ++j ) {
homographies [ k ] . at<d o u b l e >(i , j ) = x [ k ∗ 9 + i ∗ 3

+ j ] ;
}

}
}

/ * r e l e a s e a l l o c a t e d w o r k s p a c e * /

f r e e ( fvec ) ;
f r e e ( f j a c ) ;
f r e e (wa4) ;
f r e e ( ipvt ) ;
f r e e (wa1) ;
f r e e (wa2) ;
f r e e (wa3) ;
f r e e ( q t f ) ;
f r e e ( diag ) ;
f r e e (x ) ;

r e t u r n (1) ;
}
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