ECE66100 Homework #9

Ziyue “Alan” Xiang
November 28, 2022

Contents
. Image Rectification . . . . . . . . L e e e e e e e e e e e e e e e e 3
O S 6
O o G 6
Vo Task 3 . o o e e e e e e e e e e e e e e 7
Vo FIQUIEsS . . . o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e 8
Ao Source Code . . o . n i e e e e e e e e e e e e e e e e 19
A.l. Source Listing Of code/common.py . « v v v v v vt e e e e e e e e e e e e e e e e 19
A.2. Source Listing Of code/point_selector.Py « « v v v v v v v v v e e e e e e e e e e e 20
A.3. Source Listing Of data/LoopAndZhang/src/main.cpp « « « « = « o ¢ 4 e 4 e e 0 00 0 . 20
A.4. Source Listing Of data/LoopAndZhang/src/util.CPP o « v « v o o ¢ 4 o 4 0 e 0 e 0 . . 22
A.5. Source Listing Of code/09.ipynb . + v v v vt v vt e e e e e e e e e e e e e e e e . 29
List of Figures
1. The keypoints selected inimage. . . ... .. ... ... ... ... ... .. 8
2. The keypoint correspondence in left and right images. . . ... .. ... ... 8
3. The keypoint correspondences after image rectification. . . . . . ... ... .. 9
4. The Canny edge detection result of the rectified images. . ... .. ... ... 9
5.  The histogram of SSD in interest point matching. . . . ... ... ... .. .. 10
6.  The interest point matchingresult. . . . ... ... ... ... .. ... ... 10
7.  The projective reconstruction result (angle 1). . . . .. ... .. ... ... .. 11
8.  The projective reconstruction result (angle 2). . . . ... ... ... ... ... 12



9.  The projective reconstruction result with less visual elements (angle 1). . ... 13
10. The projective reconstruction result with less visual elements (angle 2). . ... 14
11.  img_1 and img_2 output by the LoopAndZhang program. . . . . .. ... .. .. 15
12.  img_1_dst and img_2_dst output by the LoopAndZhang program. . . . . . . . .. 15
13. The left and right imagesused in Task 3. . . . . .. ... ... ... ...... 15
14. The ground truth disparity map for Task 3. . . .. ... ... ... ...... 16
15. The output disparitymapforM=7. . . . . ... ... .. ... .. ... ... 16
16. The output disparitymapforM =9. . . . .. ... ... ... ... .. ... 17
17. TheerrormapforM=7. . .. ... .. .. .. . 17
18. TheerrormapforM=9. . .. .. ... .. .. .. 18
List of Tables



I. Image Rectification

In image rectification, we are given two images . ] (the left image) and .7 (the right image),
both of which are of size (W, H). Suppose we have established pixel location correspondences
{x1,%, ..., xxy} and {x],x}, ..., x)} such that x; in the left image matches x/ in the right image.
Given the relationship

x;Fx, = 0, (1)
where
fu fi2 fis
F=\fn fo fa| (2)
fa1 fa2 f3s
if we write x; = (x;,1;,1) and x] = (x/,y/,1), then Eq. (1) is equivalent to
/ / / / / / T
[xixi XiVi Xi XY YiYi Yi Xi Vi 1] )

[fn fiz fi3 fa1 fo2 fs fa fax f33]=0-

Eq. (3) allows us to estimate F given at least 8 pairs of correspondences using linear least squares.
That is, N > 8.

After the estimation of F, we need to estimate the camera projection matrices for the left
(denoted by P) and right camera (denoted by P’). For this step, we assume the canonical
configuration. That is, we set

0100
0010

P= )

1000‘

and then compute P’ based on P. It is worth noticing that Eq. (4) implies the left epipole is
at (0,0,0). However, the default left correspondences x; are in image coordinates, which are
centered at (W2, Hf2). Therefore, to make sure the correspondences are compatible with the
canonical configuration, an important preprocessing step is to translate x; and x; by (=W, —Hp).
From F, we can extract the right epipole e’, which satisfies

e’F = 0. (5)
More concretely, the right epipole €’ is a left null vector of F. Denote matrix representation

T
of cross product for vector v = [7)1 vy 03] by [v], it is known that

0 —03 0y
[U]X:|:U3 0 —Ul}- (6)
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Now the right projection matrix P’ can be written as
P’ =[[e'] F | ¢].

This estimation of P’ can be refined with nonlinear least squares methods. Given P and P”,
as well as a pair of correspondences (x;,x;), we can use triangulation to acquire the original
world point X; that leads to the image pair (x;, ;). More specifically, the following equation
is satisfied,

x;Pl - P
y;P; - P;
x/Pi — Pt
yiPy ~ Py

Xi = 0/ (7)

where P; and P]f indicate the j-th row of P and P’, respectively. The solution for X; can be
computed using linear least squares. For the N correspondence pairs, we can determine N

world points X7, ... Xjy. For a world point X, we can back-project it back to the left and right
image planes to form &; and &/, which are given by

% = PX;

% =P'X.
The “goodness” of the camera projection matrices can be evaluated using the difference be-
tween (x;, %;) and (x7, %7). That is, we can define the loss function as

N
€= (Il = %P + llx, - &]112) 8)
i=1

and then use it with nonlinear least squares methods to refine the estimation of P’.
Once we acquire the refined version of P’, the epipole €’ of the refined right camera is given
by the forth column. Then, a refined version of F can be computed by

F =[¢'].P'P", )

where P is the pseudo-inverse of P.
With more precise estimation of F and P’, we can start computing the left homography H

and right homography H’ for image rectification. Write the right epipole as e’ = [ei ey eé].
We need to compute the angle 0 such that

0 = arctan2 (eé, eﬁ) . (10)

The rotation matrix

sin@ cos6 O
0 0 1

Ry = (11)

cos@ —sinf 0]



can rotate €’ to the xy-plane. That is, if we write Re’ = [El 2, '53], then &, = 0. We know

that the focal length of the camera f is given by

_a
f_ ES'
Now, the right homography H’ is given by
H' = GR,T,
where
1 00
G=|0 179,
Lo
7 0
10 %
T=]0 1 =15
00 1

To compute the left homography, we first define

M = PPt
H0=H/M
a b c
H,=[0 1 0.
0 01

Then, we compute z; = (;,1;,1) and z] = (C}, nj, 1), where

z; = Hyx;
z; = H'x;.
C/
1

ool

to solve for a, b, ¢ using linear least squares. The left homography H is given by

We can build the linear system

H = H,H,.

(12)

(13)

(14)

(15)

(16)
(17)

(18)

(19)
(20)

(21)

(22)



I. Task 1

We perform the steps described in Section I

We manually selected 16 keypoints in two views, as shown in Fig. 1

The keypoint correspondences in the two views are shown in Fig. 2

After image rectification, the keypoint correspondences are shown in Fig. 3

We apply Canny edge detection to the images after rectification; the results are shown in
Fig. 4

For a positive pixel (known as an interest point) in the Canny edge detection result in one
rectified view, we can find its corresponding interest point in the same row of another
rectified view by using the Sum of Squared Difference (SSD) criterion

In Fig. 5, we show the histogram of the SSD of all matched interest points; In Fig. 6, we
show the interest point matching result; Since there are a large number of interest point
matches, we only show 1200 of those with SSD less than 0.02 in Fig. 6

We show the projective reconstruction result in Figs. 7 and 8, where each figure includes
the 3D view of the reconstruction from a distinct camera location; note that only a small
subset of the reconstructed points are shown

In Figs. 9 and 10, we show the projective reconstruction from the same angles as Figs. 7
and 8, but with less visual elements

Task 2

The LoopAndZhang algorithm decomposes the rectifying homographies into three com-
ponents:

H = HshHsime/ (23)

where Hy, is a shearing homography, H;, is a similarity homography, and H,, is a pro-
jective homography. This decomposition of H allows us to estimate each component
individually, which results in a better overall estimation of H.

We experimented the automatic correspondence detection method in the LoopAndZhang
program, and it led to bad results; therefore, we pass our manually selected keypoint cor-
respondences in Task 1 to the LoopAndZhang program

The ing_1 and ing_2 images output by the program are shown in Fig. 11; the ing_1_dst and
img_2_dst images output by the program are shown in Fig. 12

It can be seen that given manually selected correspondences, the result of LoopAndZhang
is similar to that of Task 1; the method fails to automatically determine correspondences
for the two input images in Task 1



IV. Task 3

* In dense stereo matching with Census Transform, for a pixel location in left image (x, y)
and a pixel location in right image (x’, v), we first take M XM windows centered at the two
pixel locations in two respective images. Then, for each pixel value in each window, we
change the value to one if the pixel value is greater than the center pixel value, and zero
otherwise. The two windows will now be binary-valued. We can apply XOR operation
between the two windows and count the number of ones in the result. The result can
be used as the “distance” between the two windows. The x’ that results in the smallest
distance can be used for disparity computation.

* The two images for this task are shown in Fig. 13; the ground truth disparity map is
shown in Fig. 14

* The max disparity used in our experiments is 52

» We experimented with two window sizes: 7 X 7 and 9 X 9, the accuracy of M = 7 is
0.5869; the accuracy of M = 9 is 0.6522

* The disparity map of M = 7 is shown in Fig. 15; the error map is shown in Fig. 17
* The disparity map of M = 9 is shown in Fig. 16; the error map is shown in Fig. 18
* It can be seen that bigger window size resulted in higher accuracy

* From the error maps, it can be seen that the edge areas are more challenging to match



V. Figures
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Figure 2: The keypoint correspondence in left and right images.
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Figure 3: The keypoint correspondences after image rectification.
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Figure 4: The Canny edge detection result of the rectified images.
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Figure 5: The histogram of SSD in interest point matching.
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Figure 6: The interest point matching result.
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Figure 7: The projective reconstruction result (angle 1).
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Figure 8: The projective reconstruction result (angle 2).
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Figure 9: The projective reconstruction result with less visual elements (angle 1).
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Figure 10: The projective reconstruction result with less visual elements (angle 2).
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Figure 13: The left and right images used in Task 3.
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Figure 14: The ground truth disparity map for Task 3.
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Figure 15: The output disparity map for M = 7.
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Figure 16: The output disparity map for M = 9.
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Figure 17: The error map for M = 7.
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Figure 18: The error map for M = 9.
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A. Source Code

A.1. Source Listing of code/common.py

1 import matplotlib.pyplot as plt
2 plt.rcParams['svg.fonttype'] = 'none’

from IPython.display import set_matplotlib_formats
set_matplotlib_formats('svg')

7 import os

8 import 1xml.html

9 import 1xml.etree
from PIL import Image

1 import io

12 import base64

notebook_path = os.path.abspath(os.getcwd())
tex_src_path = os.path.split(notebook_path)[0]

17 print(f'notebook path is {notebook_path}"')
il print(f'TeX source path is {tex_src_path}"')

; # use jpeg compression
21 def save_jpeg_svg(out_fn, =xsavefig_kwargs):
02 bio = io.BytesIO()
23 plt.savefig(bio, format='svg', =#*savefig_kwargs)
bio.seek(0)
g svg = 1lxml.html.parse(bio)
26 for ele in svg.findall('//image'):
27 image_str = ele.get('xlink:href')
2 if image_str.startswith('data:image/'):
29 image_format, _, image_b64 = image_str.partition(',')
3 image_bytes = base64.b64decode(image_b64.encode())
31 imgbio = io.BytesIO()
32 imgbio.write(image_bytes)
33 imgbio.seek(0)
34 image_data = Image.open(imgbio)
3 if image_data.mode == 'RGBA':
36 image_data = image_data.convert('RGB"')
37 # save the image as jpeg
3 imgbio = io.BytesIO()
39 image_data.save(imgbio, format='jpeg', quality=100)
40 # encode as b64
41 image_jpeg_b64 = 'data:image/jpeg;base64,' + base64.b64encode(imgbio.getvalue()).decode()
A2 ele.set('xlink:href', image_jpeg_b64)
13 print('successfully encoded one image element using jpeg')

44 svg_root = svg.find('//svg')
45 new_svg = lxml.etree.tostring(svg_root, pretty_print=True)
A6 with open(out_fn, 'wb') as outfile:

A outfile.write(new_svg)
49 import numpy as np

51 def table_to_latex(table, table_style='booktabs'):
52 nrows = len(table)

53 ncols = len(table[0])

54 for row in table:

55 assert len(row) == ncols
57 if table_style == 'booktabs':
58 tabular_spec = 'c' % ncols
59 else:
tabular_spec = '|c|' + 'c|' » (ncols-1)

# find length

63 str_array = np.asarray(table,dtype=np.object)
54 str_array_len = np.vectorize(len)(str_array)
65 col_len = np.max(str_array_len, axis=0)

66 def row_formatter(*cols):
res = []
68 for i, col_data in enumerate(cols):
59 string_fmt = '{:"%ds}' % col_len[il]
70 res.append(string_fmt.format(col_data))
71 return res

latex_rows = [' & '.join(row_formatter(srow)) for row in table]

74 if table_style == 'booktabs':
75 latex_content = latex_rows[0] + '\\\\ \\midrule \n'
76 end_of_line = "\\\\ \n'

latex_content += end_of_line.join(latex_rows[1:]1) + '\\\\ \\bottomrule \n'
else:

end_of_line = "\\\\ \\hline\n'

latex_content = end_of_line.join(latex_rows) + end_of_line

if table_style == 'booktabs':
latex_string = '\\begin{tabular}{%s}\n\\toprule\n%s\end{tabular}' % (tabular_spec, latex_content)
else:

85 latex_string = '\\begin{tabular}{%s}\n\\hline\n%s\end{tabular}' % (tabular_spec, latex_content)
return latex_string

def latex_e_notation(s):
if 'e' in s:
front, e, exp = s.partition('e")
exp = int(exp)

if exp != 0:
s = r'{}\times 10"{{{}}}'.format(front, exp)
sk else:
96 s = front
return s

99 def latex_2d_array(arr, fmt=':06f"'):
) arr = np.asarray(arr)
)1 assert arr.ndim == 2

fmt_str = '{%s}' % fmt

row_strs = []

6 for row in arr.tolist():

col_str = [fmt_str.format(col) for col in row]
for i in range(len(col_str)):

09 col_str[i] = latex_e_notation(col_str[i])

1 row_strs.append(
12 ''& '.join(col_str)

13 )

return "\\\\\n'.join(row_strs)
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A.2. Source Listing of code/point_selector.py

# use matplotlib to manually select correspondences

import matplotlib.pyplot as plt
import skimage.io

import json

import os

from matplotlib.widgets import Button

this_dir = os.path.dirname(__file__)
input_img = os.path.join(this_dir, '..', 'figures', 'my_img2.jpg')
output_json = os.path.join(this_dir, '..', 'data', 'my_img2.json')

selections = []

# def button_onclick(event):

# global selections

# if len(selections) > 0:

# selections.pop()

# print('popped the last point')
# print(selections)

img = skimage.io.imread(input_img)
plt.imshow(img)

fig = plt.gcf()

def canvas_onclick(event):
global selections
# print('%s click: button=%d, x=%d, y=%d, xdata=%f, ydata=%f' %
# ('double' if event.dblclick else 'single', event.button,
# event.x, event.y, event.xdata, event.ydata))
selections.append((event.xdata, event.ydata))
print(selections)
plt.plot(event.xdata, event.ydata, 'o', color='red')
fig.canvas.draw()

cid = fig.canvas.mpl_connect('button_press_event', canvas_onclick)
# ax_remove = fig.add_axes([0.81, 0.05, 0.1, 0.075])

# button_remove = Button(ax_remove, 'Remove')

# button_remove.on_clicked(button_onclick)

plt.show()

with open(output_json, 'w') as outfile:
json.dump(selections, outfile)

A.3. Source Listing of data/LoopAndZhang/src/main.cpp

1

#include <opencv2/core/core.hpp>
//#include <opencv2/highgui/highgui.hpp>

#include "util.hpp"

#include <iostream>
#include <cctype>

using namespace cv;
using namespace std;

template<typename T>
typename T::value_type vmax(const T Sarr){
return =max_element(arr.begin(), arr.end());

}

template<typename T>
typename T::value_type vmin(const T &arr){
return *min_element(arr.begin(), arr.end());

}

int main(){
Jxn ks nkxgk ks gk khrtrx EPTPOLAR GEOMETRY ##% %%k % %4 k ko kh ek kh kA Ak %%/
printf("OpenCV: %s", getBuildInformation().c_str());

// FIXME:
Mat img_1 = imread("../img/my_img3.jpg");
Mat img_2 = imread("../img/my_imgs4.jpg");

// Mat img_1 = imread("img/perra_7.3jpg");
// Mat img_2 = imread("img/perra_8.jpg");

// Mat img_1 = imread("../img/madera_1.3jpg");
// Mat img_2 = imread("../img/madera_2.jpg");

Mat fund_mat = Mat::zeros(3,3,CV_64F);
Vec3d epipole;

vector<Vec3d> lines_1, lines_2;
vector<Point2d> good_matches_1, good_matches_2;

// Get epipolar geometry

computeEpilLines(img_1, img_2,
epipole, fund_mat,
lines_1, lines_2,
good_matches_1, good_matches_2);

Mat A, B, Ap, Bp;

Mat e_x = crossProductMatrix(epipole);

/****************** PROJECTIVE **************************/
// Get A,B matrix for minimizing z

obtainAB(img_1, e_x, A, B);

obtainAB(img_2, fund_mat, Ap, Bp);

// Get initial guess for z
Vec3d z = getInitialGuess(A, B, Ap, Bp);
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141

146

// Optimizes the z solution
optimizeRoot(A, B, Ap, Bp, 2);

// Get w
Mat w = e_x * Mat(z)

’

Mat wp = fund_mat * Mat(z);

w /= w.at<double>(2,0);
wp /= wp.at<double>(2,0);

// Get final H_p and Hp_p matrix for projection
Mat H_p = Mat::eye(3, 3, CV_64F);

H_p.at<double>(2,0)
H_p.at<double>(2,1)

w.at<double>(0,0);
w.at<double>(1,0);

Mat Hp_p = Mat::eye(3, 3, CV_64F);
Hp_p.at<double>(2,0) = wp.at<double>(0,0);
Hp_p.at<double>(2,1) = wp.at<double>(1,0);

Jxrkxnwxgkrkkrgrkxgrk SIMILARITY %%k kkdhkkhhkhhdkgbhsnbns/

// Get the translation term
double vp_c = getTranslationTerm(img_1, img_2, H_p, Hp_p);

// Get the H_r and Hp_r matrix directly
Mat H_r = Mat::zeros(3, 3, CV_64F);

H_r.at<double>(0,0)
H_r.at<double>(1,0)

.at<double>(0,1)
.at<double>(1,1)

:\:II
=R

.at<double>(1,2)
at<double>(2,2)

III
R R

fund_mat.at<double>(2,1) - w.at<double>(1,0) * fund_mat.at<double>(2,2);
fund_mat.at<double>(2,0) - w.at<double>(0,0) * fund_mat.at<double>(2,2);

w.at<double>(0,0) * fund_mat.at<double>(2,2) - fund_mat.at<double>(2,0);
H_r.at<double>(0,0);

fund_mat.at<double>(2,2) + vp_c;
1.0;

Mat Hp_r = Mat::zeros(3, 3, CV_64F);

Hp_r.at<double>(0,0)
Hp_r.at<double>(1,0)

Hp_r.at<double>(0,1)
Hp_r.at<double>(1,1)

Hp_r.at<double>(1,2)
Hp_r.at<double>(2,2)

kA

Mat H_1 = H_r+H_p;
Mat H_2 = Hp_r*Hp_p;

Mat H_s, Hp_s;

wp.at<double>(1,0) * fund_mat.at<double>(2,2) - fund_mat.at<double>(1,2);
wp.at<double>(0,0) * fund_mat.at<double>(2,2) - fund_mat.at<double>(0,2);

fund_mat.at<double>(0,2) - wp.at<double>(0,0) * fund_mat.at<double>(2,2);
= Hp_r.at<double>(0,0);

= Vp_¢;
=1.0;

SHEARING % b s koo %ok ke k)

// Get shearing transforms with the method described on the paper
getShearingTransforms(img_1, img_2, H_1, H_2, H_s, Hp_s);

Jxrkxnwxxrkkxgrrxtkskx RECTIFY IMAGES ##%#*%%#khhkxsshsnhrns/

Mat H = H_s = H_r = H_p;
Mat Hp = Hp_s * Hp_r * Hp_p;

vector<double> all_max_x, all_min_x;
vector<double> all_max_y, all_min_y;

// Get homography image of the corner coordinates from all the images
vector<Point2d> corners_all(4), corners_all_t(4);

double min_x, min_y, max_x, max_y;

min_x = min_y = +INF;

max_x = max_

y

= -INF;

corners_all[0] = Point2d(0,0);

corners_all[1] = Point2d(img_1.cols,0);
corners_all[2] = Point2d(img_1.cols,img_1.rows);
corners_all[3] = Point2d(0,img_1.rows);

perspectiveTransform(corners_all, corners_all_t, H);

for (int j =
min_x =
max_x =
min_y =
max_y =
}

m
m.

m
m.

0; J < 45 3++) {
in(corners_all_t[j].x, min_x);
ax(corners_all_t[j].x, max_x);

in(corners_all_t[jl.y, min_y);
ax(corners_all_t[j].y, max_y);

int img_1_cols = max_x - min_x;
int img_1_rows = max_y - min_y;
all_max_x.push_back(max_x);
all_min_x.push_back(min_x);
all_max_y.push_back(max_y);
all_min_y.push_back(min_y);

// Get homography image of the corner coordinates from all the images

min_x = min_

y

= +INF;

max_x = max_y = -INF;

corners_all[0] = Point2d(6,0);

corners_all[1] = Point2d(img_2.cols,0);
corners_all[2] = Point2d(img_2.cols,img_2.rows);
corners_all[3] = Point2d(0,img_2.rows);

perspectiveTransform(corners_all, corners_all_t, Hp);

for (int j = 0; j < 4; j++) {

min_x =
max_x =

m
m

in(corners_all_t[j].x, min_x);
ax(corners_all_t[jl.x, max_x);

min_y = min(corners_all_t[jl.y, min_y);
max_y = max(corners_all_t[j]l.y, max_y);

}

int img_2_cols = max_x - min_x;
int img_2_rows = max_y - min_y;
all_max_x.push_back(max_x);
all_min_x.push_back(min_x);
all_max_y.push_back(max_y);
all_min_y.push_back(min_y);

img_1_rows = img_2_rows = vmax(all_max_y) - vmin(all_min_y);
img_1_cols = img_2_cols = vmax(all_max_x) - vmin(all_min_x);

21




// Apply homographies
Mat img_1_dst(img_1_rows, img_1_cols, CV_64F);
Mat img_2_dst(img_2_rows, img_2_cols, CV_64F);

warpPerspective( img_1, img_1_dst, H, img_1_dst.size() );
warpPerspective( img_2, img_2_dst, Hp, img_2_dst.size() );

Vec3d epipole_dst;

vector<Vec3d> lines_1_dst, lines_2_dst;
vector<Point2d> good_matches_1_dst, good_matches_2_dst;

99 perspectiveTransform(good_matches_1, good_matches_1_dst, H);
200 perspectiveTransform(good_matches_2, good_matches_2_dst, Hp);

// Get epipolar geometry and draw epilines
computeEpilLines(img_1_dst, img_2_dst, epipole_dst, fund_mat, lines_1_dst, lines_2_dst, good_matches_1_dst, good_matches_2_dst);

206 drawEpilines(img_1, img_2, lines_1, lines_2, good_matches_1, good_matches_2, 16);
2 drawEpilines(img_1_dst, img_2_dst, lines_1_dst, lines_2_dst, good_matches_1_dst, good_matches_2_dst, 16);

209 cout << "\nH = " << H << "\nHp = " << Hp << endl;

211 cout << "\nEpipolo antes: << epipole/epipole[2] << "\nEpipolo después: << epipole_dst << endl;

3 // draw(img_1, "1");
214 // draw(img_1_dst, "1 rectificada");

216 // char ¢ = 'a’;

// draw(img_2, "2");
// draw(img_2_dst, "2 rectificada");

// c="a';

223 // while (tolower(c) != 'q')
224 // ¢ = waitKey();

226 // destroyAllWindows();
Mat image_8U;

img_1.convertTo(image_8U, CV_8U);
imwrite("lnz_img_1.jpg", image_8U);

img_1_dst.convertTo(image_8U, CV_8U);
233 imwrite("lnz_img_1_dst.png", image_8U);

235 img_2.convertTo(image_8U, CV_8U);
236 imwrite("lnz_img_2.jpg", image_8U);

238 img_2_dst.convertTo(image_8U, CV_8U);
imwrite("lnz_img_2_dst.png", image_8U);

- )

A.4. source Listing of data/LoopAndZhang/src/util.cpp

i #include "util.hpp"

string type2str(int type) {
string r;

6 uchar depth = type & CV_MAT_DEPTH_MASK;
uchar chans = 1 + (type >> CV_CN_SHIFT);

9 switch ( depth ) {
0 case CV_8U: r = "8U"; break;
1 case CV_8S: r = "8S"; break;
2 case CV_16U: r = "16U"; break;
13 case CV_16S: r = "16S"; break;
14 case CV_32S: r = "32S"; break;
£ case CV_32F: r = "32F"; break;
6 case CV_64F: r "64F"; break;
17 default: r = "User"; break;
18 }

r = "C";

21 r += (chans+'0"');

23 return r;

27 double computeEpilLines(Mat Sone, Mat Sother, Vec3d Sepipole, Mat &fund_mat, vector<Vec3d> &lines_1, vector<Vec3d> &lines_2, vector<Point2d> &good_matches_1,vector<Point2d>
- &good_matches_2){

29 //fund_mat = fundamentalMat(one, other, good_matches_1, good_matches_2);
C fund_mat = manualFundMat(good_matches_1, good_matches_2);

32 computeCorrespondEpilines(good_matches_1, 1, fund_mat, lines_2);
computeCorrespondEpilines(good_matches_2, 2, fund_mat, lines_1);

35 // Computes the distances between

36 // the lines and their corresponding points.

37 double distance_1 = 0.0, distance_2 = 0.0;
for (size_t i = 0; i < lines_1.size(); i++) {

39 Vec2d point_1 = good_matches_1[i];

40 Vec2d point_2 = good_matches_2[i];

12 Vec3d line_1 = lines_1[i];
13 Vec3d line_2 = lines_2[il;

45 // Error computation with distance point-to-line

46 distance_1 += abs(line_1[0]+point_2[0] +

A7 line_1[1]#point_2[1] +

48 line_1[2]) /

49 sqrt(line_1[0]+line_1[0] + line_1[1]*line_1[11);
51 distance_2 += abs(line_2[0]+point_1[0] +

52 line_2[1]#*point_1[1] +
53 line_2[21) /
54 sqrt(line_2[0]«line_2[0] + line_2[1]+line_2[11);

57 // The epipole is the left-null vector of F
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58 Mat epi_mat;
59 SVD: :solvezZ(fund_mat, epi_mat);

61 // It seems that this assignment is outdated
62 // Thanks @Judalucifer from Github
63 //
// epipole[0] = epi_mat.at<double>(0,0);
: // epipole[1] = epi_mat.at<double>(0,1);
66 // epipole[2] = epi_mat.at<double>(0,2);

epipole[0] = epi_mat.at<double>(0,0);
59 epipole[1] = epi_mat.at<double>(1,0);
epipole[2] = epi_mat.at<double>(2,0);

72 return (distance_l+distance_2)/(2+lines_1.size());

76 void drawEpilines(Mat &one, Mat Sother, vector<Vec3d> &lines_1, vector<Vec3d> &lines_2, vector<Point2d> &good_matches_1, vector<Point2d> &good_matches_2, int num_lines){
77 RNG rng;
7 theRNG().state = clock();

for (size_t i = 0; i < lines_1.size(); i++) {
81 Vec2d point_1 = good_matches_1[i];
82 Vec2d point_2 = good_matches_2[i];

Vec3d line_1 = lines_1[i];
Vec3d line_2 = lines_2[il;
8¢ // Draws only num_lines lines
87 if(i % (lines_1.size()/num_lines) == 0 ){
Scalar color(rng.uniform(0, 255),
89 rng.uniform(0, 255),
0 rng.uniform(0, 255));

92 line(one,
93 Point(0, -line_1[2]/line_1[1]),
94 Point(one.cols, -(line_1[2] + line_1[0]*one.cols)/line_1[1]),

) color
D8
97 circle(one,
98 Point2d(point_1[0], point_1[1]),
40,
color,
o1 // CV_FILLED);
)2 FILLED);
)4 line(other,
)5 Point(0,
06 -line_2[2]/line_2[1]),
Point(other.cols,
-(line_2[2] + line_2[0]*other.cols)/line_2[1]),
)9 color
D8
11 circle(other,
Point2d(point_2[0], point_2[11),
40,
4 color,
15 // CV_FILLED);
16 FILLED);
3 }
9 }

2}

Mat fundamentalMat(Mat &one, Mat &other,
3 vector<Point2d> &good_matches_1,
24 vector<Point2d> &good_matches_2){

26 pair<vector<Point2d>, vector<Point2d> > matches;
Mat F;
vector<unsigned char> mask;

vector<Point2d> first, second;
31 int flag = FM_8POINT;

if (good_matches_1.empty() && good_matches_2.empty()){

34 matches = match(one, other, descriptor_id::BRUTE_FORCE, detector_id::BRISK);
35 first = matches.first;

36 second = matches.second;

flag |= FM_RANSAC;

}
139 else{
14( first = good_matches_1;
141 second = good_matches_2;
142 }

145 F = findFundamentalMat(first, second,

14¢ flag,

14 1., 0.99, mask );
14

149 vector<Point2d> final_1, final_2;

150
151 for (size_t i = 0; i < mask.size(); i++) {
152 if(mask[i] == 1){

153 final_1.push_back(first[i]);
154 final_2.push_back(second[i]);
1 }
15¢ }
T
158 good_matches_1 = vector<Point2d>(final_1);
159 good_matches_2 = vector<Point2d>(final_2);
160
61 return F;
}

pair< vector<Point2d>, vector<Point2d> > match(Mat &one, Mat &other, enum descriptor_id descriptor , enum detector_id detector){
€ // 1 - Get keypoints and its descriptors in both images

57 vector<KeyPoint> keypoints[2];

Mat descriptors[2];

descriptors[0] = detectFeatures(one, detector, keypoints[0]);
71 descriptors[1] = detectFeatures(other, detector, keypoints[1]);

173 // 2 - Match both descriptors using required detector
174 // Declare the matcher
17¢ Ptr<DescriptorMatcher> matcher;

177 // Define the matcher

178 if (descriptor == descriptor_id::BRUTE_FORCE) {
179 // For ORB and BRISK descriptors, NORM_HAMMING should be used.
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180 // See http://sl.ugr.es/norm_ORB_BRISK
181 matcher = new BFMatcher(NORM_HAMMING, true);
182 }
83 else{

matcher = new FlannBasedMatcher();

// FlannBased Matcher needs CV_32F descriptors

// See http://sl.ugr.es/FlannBase_32F

for (size_t i = 0; i < 2; i++) {

if (descriptors[i].type() != CV_32F) {
descriptors[i].convertTo(descriptors[i],CV_32F);

}
}
// Match!
vector<DMatch> matches;

matcher->match( descriptors[0], descriptors[1], matches );

// 3 - Create lists of ordered keypoints following obtained matches
vector<Point2d> ordered_keypoints[2];

for( unsigned int i = 0; i < matches.size(); i++ )

{

// Get the keypoints from the matches
ordered_keypoints[0].push_back( keypoints[0][matches[i].queryIdx].pt );
ordered_keypoints[1].push_back( keypoints[1][matches[i].trainIdx].pt );

}

208 return pair< vector<Point2d>, vector<Point2d> >(ordered_keypoints[0], ordered_keypoints[1]);

212 Mat detectFeatures(Mat image, enum detector_id det_id, vector<KeyPoint> &keypoints){
213 // Declare detector
214 Ptr<Feature2D> detector;

216 // Define detector

217 if (det_id == detector_id::0RB) {
8 // Declare ORB detector
detector = ORB::create(

500, //nfeatures = 500
221 1.2f, //scaleFactor = 1.2f
22 4, //nlevels = 8
21, //edgeThreshold = 31
0, //firstLevel = 0@
28 2, J/WTA_K = 2
226 ORB: :HARRIS_SCORE, //scoreType = ORB::HARRIS_SCORE
227 21, //patchSize = 31
228 20 //fastThreshold = 20
)H
}
else{
// Declare BRISK and BRISK detectors
detector = BRISK::create(
23 30, // thresh = 30
235 3, // octaves = 3
236 1.0f // patternScale = 1.0f
237 )8
238 }
240 // Declare array for storing the descriptors
241 Mat descriptors;
242
243 // Detect and compute!
24 detector->detect(image, keypoints);
245 detector->compute(image, keypoints, descriptors);
246
247 return descriptors;

251 void draw(Mat img, string name){
namedWindow( name, WINDOW_AUTOSIZE );

// Converts to 8-bits unsigned int to avoid problems
// in OpenCV implementations in Microsoft Windows.
Mat image_8U;

img.convertTo(image_8U, CV_8U);

imshow( name, image_8U );

void obtainAB(const Mat &img, const Mat &mult_mat, Mat &A, Mat &B){
int width = img.cols;
int height = img.rows;

int size = 3;

Mat PPt = Mat::zeros(size, size, CV_64F);

PPt.at<double>(0,0) = width+width - 1;
PPt.at<double>(1,1) = height+height - 1;

+

274 PPt += (widthsheight) / 12.0;

double w_1 = width - 1;
double h_1 = height - 1;

double values[3]1[3] = {

{w_1+w_1, w_1+h_1, 2+w_1},
81 {w_1xh_1, h_1+h_1, 2+h_1},
282 {2%w_1, 2+h_1, 4}

5

_—

285 Mat pcpct(size, size, CV_64F, values);
pcpet /= 4;

A = mult_mat.t() * PPt * mult_mat;
B = mult_mat.t() = pcpct * mult_mat;

Ma

=)

crossProductMatrix(Vec3d elem){
double values[3]1[3] = {
{0, -elem[2], elem[1]},
{elem[2], 0, -elem[0]},
{-elem[1], elem[0], 0}

¥

Mat sol(3, 3, CV_64F, values);
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return sol.clone();

Vec3d maximize(Mat &A, Mat &B){
Mat D; // Output of cholesky decomposition: upper triangular matrix.
if( choleskyCustomDecomp(A, D) ){
Mat D_inv = D.inv();
Mat DBD = D_inv.t() * B * D_inv;

// Solve the equations system using eigenvalue decomposition

Mat eigenvalues, eigenvectors;
eigen(DBD, eigenvalues, eigenvectors);

// Take largest eigenvector
Mat y = eigenvectors.row(0);

Mat sol = D_invxy.t();
Vec3d res(sol.at<double>(0,0), sol.at<double>(1,0), sol.at<double>(2,0));

return res;

}

// At this point, there is an error!
Mat eigenvalues;
eigen(A, eigenvalues);

cout << "\nm\n\n-------------ooooo FIOR =====s=sscccszsssscs=== " << endl;

cout << "A = " << A << endl;
cout << "A eigenvalues: " << eigenvalues << endl << endl;

return Vec3d(0, 0, 0);

Vec3d getInitialGuess(Mat &A, Mat &B, Mat &Ap, Mat &Bp){

Vec3d z_1 = maximize(A, B);
Vec3d z_2 = maximize(Ap, Bp);

return (normalize(z_1) + normalize(z_2))/2;

Ma

+

manualFundMat( vector<Point2d> &good_matches_1,
vector<Point2d> &good_matches_2){

// Taking points by hand

vector<Point> origin, destination;

// origin.push_back(Point(63, 31));

// origin.push_back(Point(69, 39));

// origin.push_back(Point(220, 13));
// origin.push_back(Point (444, 23));
// origin.push_back(Point(355, 45));
// origin.push_back(Point(347, 55));
// origin.push_back(Point(80, 319));
// origin.push_back(Point(85, 313));
// origin.push_back(Point(334, 371));
// origin.push_back(Point(342, 381));

// origin.push_back(Point(213, 126));
// origin.push_back(Point(298, 158));
// origin.push_back(Point(219, 266));

// destination.push_back(Point(159, 51));
// destination.push_back(Point(167, 59));
// destination.push_back(Point(81, 28));

// destination.push_back(Point(293, 20));
// destination.push_back(Point(440, 38));
// destination.push_back(Point(435, 45));
// destination.push_back(Point(171, 372));
// destination.push_back(Point(178, 363));
// destination.push_back(Point(420, 305));
// destination.push_back(Point(424, 311));

// destination.push_back(Point(188, 140));
// destination.push_back(Point(235, 156));
// destination.push_back(Point(202, 278));

origin.push_back(Point(306,1474));
origin.push_back(Point(405,1734));
origin.push_back(Point(2311,2956));
origin.push_back(Point(2295,2752));
origin.push_back(Point(3662,947));
origin.push_back(Point(1820,112));
origin.push_back(Point(2000,271));
origin.push_back(Point(917,1326));
origin.push_back(Point(957,1538));
origin.push_back(Point(2043,2161));
origin.push_back(Point(2039,1945));
origin.push_back(Point(3018,963));
origin.push_back(Point(3030,755));
origin.push_back(Point(1680,1230));
origin.push_back(Point(1760,771));
origin.push_back(Point(2459,986));
destination.push_back(Point(174,923));
destination.push_back(Point(250,1174));
destination.push_back(Point(1220,2776));
destination.push_back(Point(1161,2481));
destination.push_back(Point(3618,1354));
destination.push_back(Point(2223,215));
destination.push_back(Point(2183,283));
destination.push_back(Point(621,815));
destination.push_back(Point(653,1082));
destination.push_back(Point(1252,1877));
destination.push_back(Point(1224,1590));
destination.push_back(Point(2902,1182));
destination.push_back(Point(2926,899));
destination.push_back(Point(1320,919));
destination.push_back(Point(1668,599));
destination.push_back(Point(2199,939));

vector<unsigned char> mask;

Mat fund_mat = findFundamentalMat(origin, destination,
FM_8POINT | FM_RANSAC,
20, 0.99, mask );

for (size_t i = 0; i < mask.size(); i++) {
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if(/*mask[i] == 1+/true){
good_matches_1.push_back(origin[il]);
good_matches_2.push_back(destination[i]);

return fund_mat;

double getTranslationTerm(const Mat &img_1, const Mat &img_2, const Mat &H_p, const Mat &Hp_p){
double min_1 = getMinYCoord(img_1, H_p);
double min_2 = getMinYCoord(img_2, Hp_p);

double offset = min_1 < min_2 ? min_1 : min_2;

return -offset;

double getMinYCoord(const Mat &img, const Mat Ghomography){
vector<Point2d> corners(4), corners_trans(4);

corners[0] = Point2d(0,0);

corners[1] = Point2d(img.cols,0);
corners[2] = Point2d(img.cols,img.rows);
corners[3] = Point2d(0,img.rows);

perspectiveTransform(corners, corners_trans, homography);

double min_y;
min_y = +INF;

for (int j = 0; j < 4; j++) {
min_y = min(corners_trans[jl.y, min_y);

}

return min_y;

Ma

=)

getS(const Mat &img, const Mat &homography){
int w = img.cols;
int h = img.rows;

Point2d a((w-1)/2, 0);
Point2d b(w-1, (h-1)/2);
Point2d c((w-1)/2, h-1);
Point2d d(0, (h-1)/2);

vector<Point2d> midpoints, midpoints_hat;
midpoints.push_back(a);
midpoints.push_back(b);
midpoints.push_back(c);
midpoints.push_back(d);

perspectiveTransform(midpoints, midpoints_hat, homography);

Point2d x = midpoints_hat[1] - midpoints_hat[3];
Point2d y = midpoints_hat[2] - midpoints_hat[0];

double coeff_a = (hxhxx.y*x.y + wswsy.ysy.y) / (h*w * (X.y*y.X - X.X*y.y));
double coeff_b = (hxh#x.x*x.y + wrwry.x*y.y) / (h*w * (X.X*y.y - X.y*y.x));

Mat S = Mat::eye(3, 3, CV_64F);
S.at<double>(0,0) = coeff_a;
S.at<double>(0,1) = coeff_b;

Vec3d x_hom(x.x, x.y, 0.0);
Vec3d y_hom(y.x, y.y, 0.0);

if( coeff_a < 0 ){
coeff_a *= -1;
coeff_b *= -1;

S.at<double>(0,0) = coeff_a;
S.at<double>(0,1) = coeff_b;

Mat EQ18 = (S * Mat(x_hom)).t() * (S = Mat(y_hom));
cout << "EQ18 " << EQ18 << endl;

Mat EQ19 = ((S * Mat(x_hom)).t() = (S * Mat(x_hom))) / ((S * Mat(y_hom)).t() * (S * Mat(y_hom))) - (1.*w+w)/(1.%h*h);
cout << "EQ19 " << EQ19 << endl;

return S;

void getShearingTransforms(const Mat &img_1, const Mat &img_2,
const Mat &H_1, const Mat &H_2,
Mat &H_s, Mat &Hp_s){

Mat S = getS(img_1, H_1);
Mat Sp = getS(img_2, H_2);

double A = img_1.cols*img_l.rows + img_2.cols*img_2.rows;
double Ap = 0;

vector<Point2f> corners(4), corners_trans(4);

corners[0] = Point2f(0,0);

corners[1] = Point2f(img_1.cols,0);
corners[2] = Point2f(img_1.cols,img_1.rows);
corners[3] = Point2f(0,img_1.rows);

perspectiveTransform(corners, corners_trans, S*H_1);
Ap += contourArea(corners_trans);

float min_x_1, min_y_1;

min_x_1 = min_y_1 = +INF;

for (int j = 0; j < 4; j++) {
min_x_1 = min(corners_trans[j].x, min_x_1);
min_y_1 = min(corners_trans[jl.y, min_y_1);

}

corners[0] = Point2f(0,0);

corners[1] = Point2f(img_2.cols,0);
corners[2] = Point2f(img_2.cols,img_2.rows);
corners[3] = Point2f(0,img_2.rows);
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perspectiveTransform(corners, corners_trans, Sp*H_2);
Ap += contourArea(corners_trans);

float min_x_2, min_y_2;

min_x_2 = min_y_2 = +INF;

for (int j = 0; j < 4; j++) {
min_x_2 = min(corners_trans[j]l.x, min_x_2);
min_y_2 = min(corners_trans[jl.y, min_y_2);

}
double scale = sqrt(A/Ap);
double min_y = min_y_1 < min_y_2 ? min_y_ 1 : min_y_2;

// We define W2 as the scale transformation and W1 as the translation
// transformation. Then, W = W1xW2.

Mat W;
Mat Wp;

Mat W_1 = Mat::eye(3, 3, CV_64F);
Mat Wp_1 = Mat::eye(3, 3, CV_64F);

Mat W_2 = Mat::eye(3, 3, CV_64F);
Mat Wp_2 = Mat::eye(3, 3, CV_64F);

W_2.at<double>(0,0) = W_2.at<double>(1,1) = scale;

Wp_2.at<double>(0,0) = Wp_2.at<double>(1,1) = scale;

if(isImageInverted(img_1, W_2+H_1)){
W_2.at<double>(0,0) = W_2.at<double>(1,1) -scale;

Wp_2.at<double>(0,0) = Wp_2.at<double>(1,1) = -scale;
}

corners[0] = Point2d(0,0);

corners[1] = Point2d(img_1.cols,0);
corners[2] = Point2d(img_1.cols,img_1.rows);
corners[3] = Point2d(0,img_1.rows);

perspectiveTransform(corners, corners_trans, W_2+S=H_1);

min_x_1 = min_y_1 = +INF;

for (int j = 0; j < 4; j++) {
min_x_1 = min(corners_trans[j].x, min_x_1);
min_y_1 = min(corners_trans[j]l.y, min_y_1);

}

corners[0] = Point2d(0,0);

corners[1] = Point2d(img_2.cols,0);
corners[2] = Point2d(img_2.cols,img_2.rows);
corners[3] = Point2d(0,img_2.rows);

perspectiveTransform(corners, corners_trans, Wp_2+Sp+H_2);

min_x_2 = min_y_2 = +INF;

for (int j = 0; j < 4; j++) {
min_x_2 = min(corners_trans[j]l.x, min_x_2);
min_y_2 = min(corners_trans[jl.y, min_y_2);

}
min_y = min_y_1 < min_y_2 ? min_y_ 1 : min_y_2;

W_1.at<double>(0,2) = -min_x_1;
Wp_1.at<double>(0,2) = -min_x_2;

W_1.at<double>(1,2) = Wp_l.at<double>(1,2) = -min_y;

W= W_1+W_2;
Wp = Wp_1+Wp_2;

H_s = WxS;
Hp_s = Wp=*Sp;

bool choleskyCustomDecomp(const Mat &A, Mat &L){
L = Mat::zeros(3,3,CV_64F);

for (int i = 0; i < 3; i++){
for (int j = 0; j <= i; j++){
double sum = 0;
for (int k = 0; k < j; k++){
sum += L.at<double>(i,k) * L.at<double>(j,k);
}

L.at<double>(i,j) = A.at<double>(i,j) - sum;
if (1 == )1
if (L.at<double>(i,j) < 0.0){
if (L.at<double>(i,j) > -le-5){
L.at<double>(i,j) *= -1;

else{
cout << "ERROR: " << L.at<double>(i,j) << endl;
return false;

}
}
L.at<double>(i,j) = sqrt(L.at<double>(i,j));
}
else{
L.at<double>(i,j) /= L.at<double>(j,j);
}
}
}
L =L.tQ);

return true;

bool isImageInverted(const Mat &img, const Mat &homography){
vector<Point2d> corners(2), corners_trans(2);

corners[0] = Point2d(0,0);
corners[1] = Point2d(0,img.rows);

perspectiveTransform(corners, corners_trans, homography);

return corners_trans[1].y - corners_trans[0].y < 0.0;
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669 vector< vector<double> > MatToVector(const Mat &mat){
5 vector< vector<double> > array;

672 for (size_t i = 0; i < mat.rows; i++) {
673 vector<double> row;

78 for (size_t j = 0; j < mat.cols; j++) {
67¢ row.push_back(mat.at<double>(i,j));
- }

679 array.push_back(row);

682 return array;

68¢ double myfunction(const Mat &A, const Mat &B,

687 const Mat &§Ap, const Mat &Bp,

68 double x){

689 vector< vector<double> > a = MatToVector(A);
vector< vector<double> > b = MatToVector(B);
vector< vector<double> > ap = MatToVector(Ap);
vector< vector<double> > bp = MatToVector(Bp);

double summ_1 =
(2+apl[o][0]+x+ap[1]1[0]+ap[0][1])/(x*(bplo][0]+x+bp[01[1]1)+bp[1][0]*x+bp[1]1[1]);

697 double den_summ_2 = x*(bp[0][0]1+x+bp[01[1])+bp[11[0]*x+bp[1][1]
9 den_summ_2 = den_summ_2x*den_summ_2;

) double summ_2 =
701 ((2+bp[01[0]+x+bp[11[01+bp[0]1[1])*(x*(ap[0]1[0]*x+ap[01[1]1)+ap[1]1[0]+x+ap[1]1[1]))/den_summ_2;

)3 double summ_3 =
4 (2+afo][o]+x+al1][0]+al60][1])/(x*(b[0][0]*x+b[0][1])+b[1][0]+x+b[1][1]);

706 double den_summ_4 = x*(b[0][0]+x+b[0]1[1]1)+b[1]1[0]*x+b[1]1[1];
707 den_summ_4 = den_summ_4 * den_summ_4;

)9 double summ_4 =
71 ((2+b[o][0]+x+b[1][0]+b[O]1[1])*(x*(ale][0]*x+al0][1])+a[1][0]+x+a[1][1]))/den_summ_4;

712 return summ_1 - summ_2 + summ_3 - summ_&;

716 double derivative(const Mat &A, const Mat &B,
const Mat &§Ap, const Mat &Bp,
double x){

] vector< vector<double> > a = MatToVector(A);
72 vector< vector<double> > b = MatToVector(B);
721 vector< vector<double> > ap = MatToVector(Ap);

> vector< vector<double> > bp = MatToVector(Bp);

725 double summ_1 = (2+ap[0][0])/(x*(bp[0][0]*x+bp[0][1])+bp[11[0]*x+bp[11[11);

double den_summ_2 = (x*(bp[0][0]+x+bp[0]1[1])+bp[11[0]*x+bp[1][1]);
den_summ_2 = den_summ_2 * den_summ_2;

73( double summ_2 =
731 (2+bp[01[0]+(x*(ap[o]l[0]+x+ap[0]1[1])+ap[1][0]*x+ap[1][1]))/den_summ_2;

double den_summ_3 = (x*(bp[0][0]+x+bp[0]1[1])+bp[1]1[0]*x+bp[1][1]);
den_summ_3 = den_summ_3 * den_summ_3;

736 double summ_3 =
(2+(2+ap[0][0]*x+ap[1][0]+ap[0]1[1]1)+(2+bp[0][0]*x+bp[1][0]+bp[0][1]))/den_summ_3;

= double den_summ_& = (x*(bp[0][0]+x+bp[0]1[1]1)+bp[1]1[0]*x+bp[1]1[1]);

T4 den_summ_4 = den_summ_4 * den_summ_4 * den_summ_&;
11
4 double aux_num_summ_4 = (2xbp[0]1[0]*x+bp[1]1[0]+bp[0][1]);
43 aux_num_summ_4 = aux_num_summ_& * aux_num_summ_4;
744
745 double summ_& =

X (2*aux_num_summ_s4*(x*(ap[0]1[0]+x+ap[0]1[1])+ap[1][0]*x+ap[1][1]))/den_summ_&;

4 double summ_5 = (2+al0][0])/(x*(b[0][0]+x+b[01[1])+b[1]1[0]+x+b[1]1[1]);

51 double den_summ_6 = (x*(b[0][0]+x+b[0]1[1])+b[1]1[0]*x+b[11[1]);
52 den_summ_6 = den_summ_6 * den_summ_6;

754 double summ_6 =
755 (2+b[0][0]+(x*(al0][0]+x+a[0]1[1])+a[1]1[0]+x+a[1][1]))/den_summ_6;

; double den_summ_7 = (x*(b[0][0]1+x+b[0]1[1])+b[1]1[0]*x+b[11[1]);
75 den_summ_7 = den_summ_7 * den_summ_7;

) double summ_7 =
1 (2«(2+al0][0]+x+al1]1[0]+al0][1])*(2«b[0][0]*x+b[1][0]1+b[0][1]))/den_summ_7;

763 double den_summ_8 = (x*(b[0]1[0]+x+b[0][1])+b[11[0]+x+b[1]1[1]);
764 den_summ_8 = den_summ_8 % den_summ_8 * den_summ_8;

¢ double aux_num_summ_8 = (2xb[0][0]*x+b[1]1[0]+b[0][1]);
aux_num_summ_8 = aux_num_summ_8 * aux_num_summ_8;

769 double summ_8 =
(2+aux_num_summ_8*(x*(a[0]1[0]+x+a[0]1[1])+al1][0]*x+a[1][1]))/den_summ_8;

return summ_1 - summ_2 - summ_3 + summ_4 + summ_5 - summ_6 - summ_7 + summ_8;

double NewtonRaphson(const Mat &A, const Mat &B,
777 const Mat &Ap, const Mat &Bp,
778 double init_guess){
779 double current = init_guess;
double previous;

782 double fx = myfunction(A,B,Ap,Bp, current);
783 double dfx = derivative(A,B,Ap,Bp, current);

cout << "\n\nPrimera aproximacion de z = " << current << " con derivada = " << fx << endl;

8¢ int iterations = 0;

do {
) previous = current;
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79( current = current - fx / dfx;

fx = myfunction(A,B,Ap,Bp, current);
dfx = derivative(A,B,Ap,Bp, current);

795 iterations++;
9€ } while (abs(fx) > le-15 &§& iterations < 150);
¢ // Double-precision values have 15 stable decimal positions
cout << "Aproximacion mejorada de z = " << current << con derivada = " << fx << "\n" << endl;
799 return current;

3 void optimizeRoot(const Mat &A, const Mat &B,
804 const Mat &§Ap, const Mat &Bp,
)5 Vec3d &§z){

double lambda = z[0];
09 z[0] = NewtonRaphson(A,B,Ap,Bp, lambda);

7; z[1] = 1.0;
811 z[2] = 0.0;

A.5. Source Listing of code/09.ipynb

In [I: %load_ext autoreload

%autoreload 2

# %aimport common

from common import =
plt.rcParams['figure.dpi'] = 180

# from common import save_jpeg_svg

In [J: import os

from tabulate import tabulate

from pathlib import Path

import sympy as sp

from scipy.optimize import minimize
import numpy as np

import scipy.signal

import skimage, skimage.io, skimage.filters, skimage.transform, skimage.color, skimage.feature, skimage.measure, skimage.morphology
import subprocess

import sys

import pickle

import json

figure_output_dir = os.path.abspath(os.path.join(os.getcwd(), '..", 'figures'))
figure_output_dir = Path(figure_output_dir)
data_dir = os.path.abspath(os.path.join(os.getcwd(), '..', 'data'))

data_dir = Path(data_dir)
print(figure_output_dir, data_dir)

Show manually selected point correspondences

In [J: my_imgl = skimage.io.imread(figure_output_dir/'my_img3.jpg"')
with open(data_dir/'my_img3.json') as infile:
my_imgl_kp = json.load(infile)
plt.imshow(my_img1)
for ind, (x, y) in enumerate(my_imgl_kp):
plt.plot(x, y, 'o', color='red")
plt.text(x - 25, y + 15, str(ind + 1), ha='right', color='red")
save_jpeg_svg(figure_output_dir/'my_img_points.svg', bbox_inches="tight')
In [0: my_img2 = skimage.io.imread(figure_output_dir/'my_imgs4.jpg"')
with open(data_dir/'my_img4.json') as infile:
my_img2_kp = json.load(infile)
plt.imshow(my_img2)
for ind, (x, y) in enumerate(my_img2_kp):
plt.plot(x, y, 'o', color='red")
plt.text(x - 25, y + 15, str(ind + 1), ha='right', color='red')
In [: my_imgl = skimage.io.imread(figure_output_dir/'my_img3.jpg"')
with open(data_dir/'my_img3.json') as infile:
my_imgl_kp = np.asarray(json.load(infile))
my_img2 = skimage.io.imread(figure_output_dir/'my_img4.jpg"')
with open(data_dir/'my_img4.json') as infile:
my_img2_kp = np.asarray(json.load(infile))
fig, ax = plt.subplots(1,1)
skimage.feature.plot_matches(
ax,
my_img1,
my_img2,
np.flip(my_imgl_kp, axis=1),
np.flip(my_img2_kp, axis=1),
np.stack([np.arange(my_imgl_kp.shape[0])] = 2, axis=1)
)
save_jpeg_svg(figure_output_dir/'my_img_correspondence.svg', bbox_inches="tight")
In []:

# export the key points for LoopAndZhang

manual_kp_strs = []

for kp in np.round(my_imgl_kp).astype(np.int32):
manual_kp_strs.append(f'origin.push_back(Point({kp[01},{kp[11}));")

for kp in np.round(my_img2_kp).astype(np.int32):
manual_kp_strs.append(f'destination.push_back(Point({kp[0]1},{kp[11}));")

print('\n'.join(manual_kp_strs))
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Estimating the fundamental matrix

In []: from scipy.optimize import least_squares

from scipy.spatial.transform import Rotation

# convert to homogeneous coordinates
def p_to_hc(points):
points = np.asarray(points)
assert points.ndim == 2
assert points.shape[1] ==
ones = np.ones((points.shape[0], 1), points.dtype)
return np.concatenate([points, ones], axis=1)

# convert to physical coordinates
def p_to_phy(points):
points = np.asarray(points)
assert points.ndim ==

assert points.shape[1] == 3

points = points.astype(np.float64)

points = points / points[:, -1, np.newaxis]
assert np.max(np.abs(points[:, -1] - 1)) < 1.0e-6
return points[:, :-1]

class EstimateF:

def __init__(self):
self.f = []

for i in range(3):
for j in range(3):
sym = sp.symbols('f_{%d%d}' % (i + 1, j + 1))
self.f.append(sym)

self.F = sp.Matrix(np.asarray(self.f, np.object_).reshape(3,3))
self.f = sp.Matrix(self.f)

self.sx, self.sy, self.sxp, self.syp = sp.symbols("x y x' y'")
self.x = sp.Matrix([self.sx, self.sy, 11)
self.xp = sp.Matrix([self.sxp, self.syp, 11)

self.eqn = (self.xp.T * self.F = self.x)[0]
self.eqn = sp.expand(self.eqn)

# extract the coefficients for each f (estimation from correspondences)

self.f_coef = []

for i in range(len(self.f)):
self.f_coef.append(self.eqn.coeff(self.f[i]))

self.config = dict()
self.state = None

@staticmethod
def cross_matrix(v):
assert v.ndim ==
assert v.size ==
return np.asarray([
o, -v[2], v[1]1,
[vl21, o, -v[ell,
[-v[1], v[el, o]
D

=+

def estimate_F_linear(self):
kpl = self.state['kpl'l]

kp2 = self.state['kp2']

assert kpl.shape == kp2.shape
assert kpl.ndim == 2
assert kpl.shape[1] == 2

eqns = []

# create a substitution dict
for i in range(kpl.shape[0]):
pl = kpi[il]
p2 = kp2[i]
sub = [(self.sx, pi[ol),
(self.sy, pi[1]),
(self.sxp, p2[0]),
(self.syp, p2[1D)]
f_coef = [x.subs(sub) for x in self.f_coef]
f_coef = np.asarray(f_coef, np.float64)
eqns.append(f_coef)

eqns = np.asarray(eqns)

# solve the linear system
u, d, vh = np.linalg.svd(eqns)
f_sol = vh[-1, :] # use the last column of the V matrix as the solution

f_sol = f_sol.reshape((3, 3))

# condition the result

u, d, vh = np.linalg.svd(f_sol)

d[2] = o

self.state[ 'linear_F'] = u @ np.diag(d) @ vh

# return left and right epiploes

def estimate_epipoles(self, F_name):
F = self.state[F_name]
u, d, vh = np.linalg.svd(F)
self.state[F_name+'_el'] = vh[-1, :]
u, d, vh = np.linalg.svd(F.T)
self.state[F_name+'_e2'] = vh[-1, :]

def build_canonical_P(self, F_name):
# P1: left camera
P1 = np.eye(3, 4, dtype=np.float64)

# P2: right camera

F = self.state[F_name]

e2 = self.state[F_name + '_e2']
s = self.cross_matrix(e2)



P2 = np.concatenate(
[s E F, e2[:, np.newaxis]], axis=1

# check rank of right matrix
u, d, vh = np.linalg.svd(P2)
if np.count_nonzero(np.abs(d) > 1.0e-6) < 3:

raise ArithmeticError(f'P2 is expected to have rank 3; the singular values are {repr(d)}')

self.state[F_name + '_P1'] = P1
self.state[F_name + '_P2'] = P2

@staticmethod
def find_world_point(P1, P2, x1, x2):

de

de

de

de

-

i

i

+

assert x1.ndim == 1 and x1.size ==
assert x2.ndim == 1 and x2.size == 3
# build A

A = np.asarray([
x1[0] = P1[2, :]1 - P1[o, :],
x1[1] = P1[2, :] - P1[1, :1,
x2[0] * P2[2, :1 - P2[o, :1,
x2[1] = P2[2, :] - P2[1, :]
D

assert A.shape == (4,4)

u, d, vh = np.linalg.svd(A)
return vh[-1, :] # use the last column of the V matrix as the solution

refine_P2(self, F_name):

P1 = self.state[F_name + '_P1']
P2 = self.state[F_name + '_P2']
kpl = self.state['kpl']

kp2 = self.state['kp2']

kpl_hc = p_to_hc(kp1l)

kp2_hc = p_to_hc(kp2)

def cost_func(P2_flat):
P2 = P2_flat.reshape((3, 4))

# find world point

wps = []

for i in range(kpl_hc.shape[0]):
wps.append(self.find_world_point(P1, P2, kpl_hc[il, kp2_hc[il))

wps = np.asarray(wps)

# back project them using P1, P2
kp1_bp = (P1 [@ wps.T).transpose()
kp2_bp = (P2 wps.T).transpose()

kp1_phy = p_to_phy(kpl_bp)
kp2_phy = p_to_phy(kp2_bp)

# construct the cost
kpl_d = kpl_phy - kp1
kp2_d = kp2_phy - kp2

kpl_c = np.linalg.norm(kpl_d, axis=1)
kp2_c = np.linalg.norm(kp2_d, axis=1)
assert kpl_c.shape[0] == kp2_c.shape[0] == kpl_d.shape[0]

return np.stack([kpl_c, kp2_c], axis=1).flatten()

P2_opt_result = least_squares(cost_func, P2.flatten(), method='1lm")
self.state[F_name + '_P2_refine_opt'] = P2_opt_result

P2_refined = P2_opt_result.x.reshape((3,4))

# normalize P2 (the last column needs to have norm 1)

P2_refined /= np.linalg.norm(P2_refined[:, -1])

self.state[F_name + '_P2_refined'] = P2_refined

refine_F(self, new_F_name, P2_name, P1_name='linear_F_P1'):
P1 = self.state[P1_name]

P2 = self.state[P2_name]

assert abs(1 - np.linalg.norm(P2[:, -1])) < 1.0e-8

# get the epipole
e = P2[:, -1]
new_F = self.cross_matrix(e) @ P2 @ np.linalg.pinv(P1)

self.state[new_F_name] = new_F

compute_right_H(self, P2):

# get epipole

e = P2[:, -1]

# compute angle

ang = np.arctan2(e[1], e[0])

# apply reverse rotation

R = Rotation.from_rotvec(-ang * np.asarray([0,0,1])).as_matrix()

e =R @ e

e_phy = e / e[2]

assert np.abs(e_phy[1]) < 1.0e-8
f = e_phy[o]

T = np.eye(3)
T[O, 2] = -self.state['img_shape']l[1] / 2
T[1, 2] = -self.state['img_shape'l[0] / 2

G = np.eye(3)
G[2,0] = -1/f

return G R @ T

compute_left_H(self, P1, P2, right_H):
M = P2 E np.linalg.pinv(P1)
Ho = right_H g M

kpl = self.state['kpl']
kp2 = self.state['kp2']
kpl_hc = p_to_hc(kpl)
kp2_hc = p_to_hc(kp2)

kpl_tf = (HO @ kpl_hc.T).transpose()
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kp2_tf = (right_H @ kp2_hc.T).transpose()
kpl_tf_phy = p_to_phy(kpl_tf)
kp2_tf_phy = p_to_phy(kp2_tf)

# add 1 to last col
kpl_tf_phy_1 = p_to_hc(kpl_tf_phy)

opt_result = np.linalg.lstsq(kpl_tf_phy_1, kp2_tf_phy[:, 0])
# # print(opt_result)

# def cost_func(args):
# a,b,c = args
# return a * kpl_tf_phy[:, 0] + b » kpl_tf_phy[:, 1] + ¢ - kp2_tf_phy[:, 0]

# opt_result = least_squares(cost_func, (1, 0, 0), verbose=2)
# # print(opt_result)

Ha = np.eye(3)
Ha[0, :] = opt_result[0]

return Ha E HO, opt_result

# kps are stored in (x, y) format
def run(self, kpl, kp2, img_shape):
self.state = dict(
kp1l=kp1,
kp2=kp2,
img_shape=img_shape

center_tf = np.asarray([img_shape[1], img_shape[0]], np.float64) / 2
self.state[ 'center_tf'] = center_tf

# translate kpl, kp2 to the center

self.state['kpl'] = self.state['kpl'] - center_tf

self.state[ 'kp2'] = self.state['kp2'] - center_tf

self.estimate_F_linear()
self.estimate_epipoles('linear_F')
self.build_canonical_P('linear_F')
self.refine_P2('linear_F')

# build a newer F

self.refine_F('refined_F', 'linear_F_P2_refined')

self.state[ 'right_H'] = self.compute_right_H(self.state['linear_F_P2_refined'])

left_H, left_H_opt = self.compute_left_H(self.state['linear_F_P1'], self.state['linear_F_P2_refined'], self.state['right_H'])
self.state['left_H'] = left_H

self.state['left_H_opt'] = left_H_opt

return self.state

# apply transformation H to the input image
def transform_one(self, img, H, r_range, c_range):

rr, cc = np.meshgrid(r_range, c_range, indexing='ij')
coords = np.stack([cc,rr], axis=2) # use x,y coords

coords_flat = coords.reshape((-1,2))

coords_hc = p_to_hc(coords_flat)

coords_tf = (np.linalg.inv(H) @ coords_hc.T).transpose()
coords_tf_phy = p_to_phy(coords_tf)

coords_tf_phy += self.state['center_tf']

coords_tf_phy = np.flip(coords_tf_phy, axis=1) # to r,c coords
coords_input = coords_tf_phy.reshape(coords.shape)
coords_input = np.transpose(coords_input, (2,0,1))

img = skimage.img_as_float32(img)
fill_colors = np.asarray([255, 254, 200]) / 255.0

assert img.ndim ==
channels = []
for i in range(img.shape[2]):
channels.append(skimage.transform.warp(img[:, :, i], coords_input, cval=fill_colors[i]))

return np.stack(channels, axis=2)

de

-

transform(self, img_left, img_right, r_range=None, c_range=None):
assert img_left.shape == img_right.shape

if r_range is None:
r_range = np.arange(img_left.shape[0])

if c_range is None:
c_range = np.arange(img_left.shape[1])

new_img_1 = self.transform_one(img_left, self.state['left_H'], r_range, c_range)
new_img_r = self.transform_one(img_right, self.state['right_H'], r_range, c_range)

# also transform the key points
def transform_kp(kp, H):
kp_hc = p_to_hc(kp)
kp_tf = (H @ kp_hc.T).transpose()
kp_tf_phy = p_to_phy(kp_tf)
kp_tf_phy = np.flip(kp_tf_phy, axis=1) # r, ¢
# convert to image coordinates
kp_tf_phy = kp_tf_phy - np.asarray([r_range[0], c_range[0]])
kp_tf_phy = kp_tf_phy / np.asarray([r_range[1] - r_range[0], c_range[1] - c_range[0]])
return kp_tf_phy

kpl = transform_kp(self.state[ 'kpl'], self.state['left_H'])
kp2 = transform_kp(self.state['kp2'], self.state['right_H'])

return new_img_1, new_img_r, kpl, kp2

In [J: print(est_f.state[ 'left_H']/est_f.state['left_H'1[2,2])

In [J: print(est_f.state[ 'right_H']/est_f.state['right_H'1[2,2])

In [1: est_f = EstimateF()

state = est_f.run(my_imgl_kp, my_img2_kp, my_imgl.shape)

print(state.keys())

img_1, img_r, kpl, kp2 = est_f.transform(my_imgl, my_img2,
r_range=np.linspace(-2500, 2500, 2000),
c_range=np.linspace(-4500, 500, 2000))
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#m = np.eye(3)
# m[1,1] = 0.5
# plt.imshow(est_f.transform_one(my_imgl, m, np.arange(my_imgl.shape[@]), np.arange(my_imgl.shape[1])))

In [I: # fig, axs = plt.subplots(1,2)

# axs[0].imshow(img_1)
# axs[1].imshow(img_r)
fig, ax = plt.subplots(1,1)
skimage.feature.plot_matches(
ax,
img_1,
img_r,
kp1, kp2,
np.stack([np.arange(kpl.shape[0])]+2, axis=1)
)

save_jpeg_svg(figure_output_dir/'img_rectification.svg', bbox_inches='tight')

Interest point extraction

In [J: import joblib

from scipy.spatial.distance import cdist
class InterestPoint:

def __init__(self):
self.state = None

def canny(self):
low_thres = 0.2
high_thres = 0.4
img_1 = self.state['img_1']
img_r = self.state['img_r']
assert img_l.shape == img_r.shape
self.state['img_1_gray'] = skimage.color.rgh2gray(img_1)
self.state['img_r_gray'] = skimage.color.rgh2gray(img_r)
self.state['img_1_canny'] = skimage.feature.canny(self.state['img_1_gray'], low_threshold=low_thres, high_threshold=high_thres)
self.state['img_r_canny'] = skimage.feature.canny(self.state['img_r_gray'], low_threshold=low_thres, high_threshold=high_thres)
def canny_clear_edge(img, r=3):
img = img.copy()
img[:r, :] = False
img[-r:, :]1 = False
img[:, :r] = False
img[:, -r:] = False
return img
self.state['img_1_canny'] = canny_clear_edge(self.state['img_1_canny'])
self.state['img_r_canny'] = canny_clear_edge(self.state['img_r_canny'])
def ssd(self):
img_1 = self.state['img_1']
img_r = self.state['img_r']
1_canny = self.state['img_1_canny']
r_canny = self.state['img_r_canny']
ssd_size = 5
ssd_size_2 = ssd_size // 2
ssd_norm_factor = ssd_size % 2
# first of all, pad the images
img_1_padded = np.pad(img_1, [(ssd_size_2, ssd_size_2), (ssd_size_2, ssd_size_2), (0,0)], mode='reflect')
img_r_padded = np.pad(img_r, [(ssd_size_2, ssd_size_2), (ssd_size_2, ssd_size_2), (0,0)], mode='reflect')
kp1 = []
kp2 = []
ssd = []
for i in range(img_1.shape[0]):

i

# extract the valid regions
1_regions = []

r_regions = []

# use canny edge result to mask out unwanted pixels
1_pos = np.where(1_canny[i])[0]
r_pos = np.where(r_canny[i])[0]

indl = slice(i, i + 2 » ssd_size_2 + 1)

for j in 1_pos:
ind2 = slice(j, j + 2 * ssd_size_2 + 1)
1_regions.append(img_1_padded[ind1, ind2].flatten())

for j in r_pos:
ind2 = slice(j, j + 2 * ssd_size_2 + 1)
r_regions.append(img_r_padded[ind1, ind2].flatten())

# compute pairwise SSD
if len(1l_regions) > 0 and len(r_regions) > 0:
1_regions = np.asarray(l_regions)
r_regions = np.asarray(r_regions)
#print(i, 1_regions.shape, r_regions.shape)
assert 1_regions.shape[1] == ssd_norm_factor * img_l.shape[2]
1r_ssd = cdist(1_regions, r_regions) / ssd_norm_factor

while True:
min_loc = np.unravel_index(np.argmin(lr_ssd), lr_ssd.shape)
min_val = lr_ssd[min_loc[6], min_loc[1]]
if min_val == np.inf:
break

# put this in as a match
kpl.append((i, 1_pos[min_loc[0]]))
kp2.append((i, r_pos[min_loc[1]]))
ssd.append(min_val)

# mask out values

lr_ssd[min_loc[0], :]1 = np.inf
lr_ssd[:, min_loc[1]] = np.inf
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In []:

In [1:

self.state['kpl'] = np.asarray(kpl) # r,c
self.state['kp2'] = np.asarray(kp2) # r,c
self.state['kp_ssd'] = np.asarray(ssd)

de

>

run(self, img_1l, img_r):

self.state = dict(
img_l=img_1,
img_r=img_r

self.canny()
self.ssd()

ip = InterestPoint()
ip.run(img_1, img_r)

fig, axs = plt.subplots(1,2)
axs[0].imshow(ip.state['img_1_canny'], cmap='plasma')
axs[1].imshow(ip.state['img_r_canny'], cmap='plasma')
save_jpeg_svg(figure_output_dir/'canny.svg', bbox_inches="tight")

plt.hist(ip.state['kp_ssd'], bins=50)
plt.xlabel('ssD')
save_jpeg_svg(figure_output_dir/'ssd_hist.svg', bbox_inches='tight"')

matching_kp_mask = ip.state['kp_ssd'] < 0.02
matching_kpl = ip.state['kpl']l[matching_kp_mask]
matching_kp2 = ip.state['kp2'][matching_kp_mask]

fig, ax = plt.subplots(1,1)

skimage.feature.plot_matches(
ax,
ip.state['img_1'],
ip.state['img_r'],
matching_kpl, matching_kp2 ,
np.stack([np.arange(matching_kpl.shape[0])]*2, axis=1)[::200],
only_matches=True

)

save_jpeg_svg(figure_output_dir/'ip_matching.svg', bbox_inches="tight')
print('kp shape:', kpl.shape)

# # also, plot the set of points

# draw_r = 2

# def get_kp_img(kp, img):

# ret = np.zeros((img.shape[0], img.shape[1]), np.bool_)

# for i in range(kp.shape[0]):

# rr, cc = skimage.draw.disk((kp[i,0], kp[i,1]), draw_r, shape=ret.shape)
# ret[rr,cc] = True

# return ret

£

fig, axs = plt.subplots(1,2)
# axs[0].imshow(get_kp_img(kpl, ip.state['img 1']))
# axs[1].imshow(get_kp_img(kp2, ip.state['img_1']))

from mpl_toolkits.mplot3d import proj3d
from matplotlib.patches import ConnectionPatch

lines_to_show = [
(1,2),
(1,4),
(3,4),
(4,5),
(1,6),
(2,3),
(5,6),
(8,9),
(8,11),
(7,8),
(7,13),
(9,10),
(10,11),
(10,12),
(11,13),
(12,13)

colors = {
(1,4): 'c1',
(4,5): 'c1',
(5,6): 'cl',
(1,6): 'cl',
(8,11): 'c2',
(11,13): 'c2',
(7,13): 'c2',
(7,8): 'c2',
(8,9): 'c3',
(10,11): 'c3',
(12,13): 'c3',
(9,10): 'c4',
(10,12): 'c4',
(1,2): 'c5',
(3,4): 'c5',
(2,3): 'c5'

lines_to_show = np.asarray(lines_to_show) - (1,1)

subsample_fac = 100
matching_kpl = ip.state['kp1l'][::subsample_fac]
matching_kp2 = ip.state['kp2'][::subsample_fac]

# convert the location of kps back to the image plane
def convert_kp_image_plane(kp, H):
kp_hc = p_to_hc(kp)
kp_tf = (np.linalg.inv(H) E kp_hc.T).transpose()
return kp_tf
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m_kpl_img_plane = convert_kp_image_plane(matching_kpl, est_f.state['left_H'])
m_kp2_img_plane = convert_kp_image_plane(matching_kp2, est_f.state['right_H'])
wps = []
for i in range(m_kpl_img_plane.shape[0]):
wp = est_f.find_world_point(
est_f.state['linear_F_P1'],
est_f.state['linear_F_P2_refined'],
m_kp1l_img_plane[i]
m_kp2_img_plane[i]
)
wps .append(wp)

wps = np.asarray(wps)
wps = wps / wps[:, -1, np.newaxis]

fig = plt.figure(figsize=(6,8))

ax = fig.add_subplot(311)
aximgl = ax
ax.imshow(img_r)
for i1, i2 in lines_to_show:
pl = kp2[i1]
p2 = kp2[i2]
c = colors[(i1+1,i2+1)].upper()
ax.plot([p1[1], p2[111, [p1[o], p2[0]], color=c)

ax = fig.add_subplot(312, projection='3d")
ax3d = ax
ax.scatter(wps[:, 0], wps[:, 11, wps[:, 2], marker='o', s=1)

m_kpl_img_plane = convert_kp_image_plane(kpl, est_f.state['left_H'])
m_kp2_img_plane = convert_kp_image_plane(kp2, est_f.state['right_H'])

world_points = dict()

# plot lines
for i1, i2 in lines_to_show:
p11, p12 = m_kpl_img_plane[il], m_kpl_img_plane[i2]
p21, p22 = m_kp2_img_plane[il], m_kp2_img_plane[i2]
wpl = est_f.find_world_point(
est_f.state['linear_F_P1'],
est_f.state['linear_F_P2_refined'],
p11,
p21

wp2 = est_f.find_world_point(
est_f.state['linear_F_P1'],
est_f.state['linear_F_P2_refined'],
p12,
p22

wpl = wpl / wpl[-1]
wp2 = wp2 / wp2[-1]

world_points[il] = wpl
world_points[i2] = wp2

¢ = colors[(il+1,1i2+1)].upper()

ax.plot(
[wp1[0],wp2[0]],
[wp1[1],wp2[1]],
zs=[wp1[2],wp2[2]],
color=c
)
#ax.plot([p1[1], p2[1]], [p1[e], p2[e]], color=c)

a
a
a

>

.set_x1im(63.450801013861366, 77.69490092256974)
.set_ylim(25.885132020740006, 51.55057465037077)
.set_z1lim(-0.0002303183327774123, -0.00014524106430428713)

x X

ax = fig.add_subplot(313)
ax.imshow(img_1)
aximg2 = ax
for i1, i2 in lines_to_show:
pl = kp1[i1]
p2 = kpi[i2]
c = colors[(i1+1,i2+1)].upper()
ax.plot([p1[1], p2[111, [p1[0], p2[0]], color=c)

>

added_artist = []
for i, azim in enumerate(np.linspace(0, 360, 10)):

for artist in added_artist:
artist.remove()
added_artist.clear()

ax3d.view_init(elev=160, azim=azim)
# now, connect lines
# transform world points to 2d
world_points_2d = dict()
for key, val in world_points.items():
world_points_2d[key] = proj3d.proj_transform(+val[:3], ax3d.get_proj())[:2]

for key, val in world_points_2d.items():
xyA = np.flip(kpllkey]l)
con = ConnectionPatch(xyA=xyA, xyB=val, coordsA="data", coordsB="data",
axesA=aximg2, axesB=ax3d, color="red", linestyle='--', linewidth=0.5)
added_artist.append(ax.add_artist(con))
xyA = np.flip(kp2[key])
con = ConnectionPatch(xyA=xyA, xyB=val, coordsA="data", coordsB="data",
axesA=aximgl, axesB=ax3d, color="red", linestyle='--', linewidth=0.5)
added_artist.append(ax.add_artist(con))

save_jpeg_svg(figure_output_dir/'recon_w_points'/f'{i}.svg', bbox_inches="tight")

In [J: from mpl_toolkits.mplot3d import proj3d
from matplotlib.patches import ConnectionPatch

lines_to_show = [
(1,2),
(1,4),
(3,4),
(4,5),



(1,6),
(2,3),
(5,6),
(8,9),
(8,11),
(7,8),
(7,13),
(9,10),
(10,11),
(10,12),
(11,13),
(12,13)

colors = {
(1,4): 'c1',
(4,5): 'c1',
(5,6): 'c1',
(1,6): ‘'cl',
(8,11): 'c2',
(11,13): 'c2',
(7,13): 'c2',
(7,8): 'c2',
(8,9): 'c3',
(10,11): 'c3',
(12,13): 'c3',
(9,10): 'c4',
(10,12): 'c&',
(1,2): 'c5',
(3,4): 'c5',
(2,3): 'c5’

lines_to_show = np.asarray(lines_to_show) - (1,1)

subsample_fac = 50
matching_kpl = ip.state['kpl'][::subsample_fac]
matching_kp2 = ip.state['kp2'][::subsample_fac]

# convert the location of kps back to the image plane
def convert_kp_image_plane(kp, H):
kp_hc = p_to_hc(kp)
kp_tf = (np.linalg.inv(H) E kp_hc.T).transpose()
return kp_tf

m_kpl_img_plane = convert_kp_image_plane(matching_kpl, est_f.state['left_H'])
m_kp2_img_plane = convert_kp_image_plane(matching_kp2, est_f.state['right_H'])

fig = plt.figure(figsize=(6,8))

ax = fig.add_subplot(211, projection='3d")

ax3d = ax

# ax.scatter(wps[:, 0], wps[:, 1], wps[:, 2], marker='o', s=1)

m_kpl_img_plane = convert_kp_image_plane(kpl, est_f.state['left_H'])
m_kp2_img_plane = convert_kp_image_plane(kp2, est_f.state['right_H'])

world_points = dict()

# plot lines
for i1, i2 in lines_to_show:
pl1, pl12 = m_kpl_img_plane[il], m_kpl_img_plane[i2]
p21, p22 = m_kp2_img_plane[il], m_kp2_img_plane[i2]
wpl = est_f.find_world_point(
est_f.state['linear_F_P1'],
est_f.state['linear_F_P2_refined'],
p11,
p21

wp2 = est_f.find_world_point(
est_f.state['linear_F_P1'],
est_f.state['linear_F_P2_refined'],
p12,
p22

wpl = wpl / wpl[-1]
wp2 = wp2 / wp2[-1]

world_points[il] = wpl
world_points[i2] = wp2

c = colors[(i1+1,i2+1)].upper()

ax.plot(
[wp1[0],wp2[0]],
[wp1[1],wp2[1]],
zs=[wp1[2],wp2[2]],
color=c
)
#ax.plot([p1[1], p2[1]], [p1[e], p2[6]], color=c)

print(ax.get_xlim())
print(ax.get_ylim())
print(ax.get_zlim())

ax = fig.add_subplot(212)
ax.imshow(img_1)
for i1, i2 in lines_to_show:
pl = kp1[i1]
p2 = kpi[i2]
c = colors[(il+1,1i2+1)].upper()
ax.plot([p1[1], p2[11], [p1[e], p2[0]], color=c)

added_artist = []
for i, azim in enumerate(np.linspace(0, 360, 10)):

for artist in added_artist:
artist.remove()
added_artist.clear()

ax3d.view_init(elev=10, azim=azim)
# now, connect lines

# transform world points to 2d
world_points_2d = dict()



Process the results from LoopAndZhang

In []:

In []:

for key, val in world_points.items():

world_points_2d[key] = proj3d.proj_transform(+val[:3], ax3d.get_proj())[:2]

for key, val in world_points_2d.items():
xyA = np.flip(kpl[keyl)

con = ConnectionPatch(xyA=xyA, xyB=val, coordsA="data", coordsB="data",
axesA=ax, axesB=ax3d, color="red", linestyle='--', linewidth=0.5)

added_artist.append(ax.add_artist(con))

save_jpeg_svg(figure_output_dir/'recon_wo_points'/f'{i}wo.svg', bbox_inches="'tight"')

imgl = skimage.io.imread(data_dir/'LoopAndZhang'/'build'/'lnz_img_1_dst.png')

imgl = skimage.transform.rescale(imgl, 0.3, multichannel=True)
skimage.io.imsave(figure_output_dir/'lnz_img_1_dst.jpg', imgl)

img2 = skimage.io.imread(data_dir/'LoopAndZhang'/'build'/'lnz_img_2_dst.png')

# rescale to the same height
scale = imgl.shape[0]/img2.shape[0]

img2 = skimage.transform.rescale(img2, scale, multichannel=True)
skimage.io.imsave(figure_output_dir/'lnz_img_2_dst.jpg', img2)

Census Transform

In []:

In []:

In [1:

class CensusTransform:

def __init__(self,
max_disparity=10,
window_size=5

return np.pad(img, [(self.window_size_2, self.window_size_2)] * 2, mode='reflect')

)8
self.max_disparity=max_disparity
self.window_size = window_size
assert self.window_size % 2 ==
self.window_size_2 = self.window_size // 2
def pad_img(self, img):
assert img.ndim ==
@staticmethod

def transform_window(win):
h = win.shape[0] // 2
return win > win[h, h]

def estimate_row_disparity(self, img_l_pad, img_r_pad, row_ind):
col_size = img_1_pad.shape[1] - 2 * self.window_size_2

disp_candidate = np.arange(self.max_disparity)

ret = []

for j in range(col_size):
# compute valid disparity values
right_col_loc = j - disp_candidate

good_right_col_loc = np.bitwise_and(right_col_loc >= 0, right_col_loc < col_size)

good_disp_candidate = disp_candidate[good_right_col_loc]

win_1 = img_1_pad[row_ind : row_ind + self.window_size, j

assert win_l.size == self.window_size #x 2
assert win_l.shape[0] == win_1.shape[1]
win_1_bin = self.transform_window(win_1)

disp_ret = []

for disp in good_disp_candidate:

: j + self.window_size]

win_r = img_r_pad[row_ind : row_ind + self.window_size, j - disp : j - disp + self.window_size]

assert win_l.shape == win_r.shape

win_r_bin = self.transform_window(win_r)

disp_ret.append((disp, np.count_nonzero(win_l_bin != win_r_bin)))

best_disp, _ = min(disp_ret, key=lambda x: x[1])

ret.append(best_disp)

return np.asarray(ret)

de

-

run(self, img_1l, img_r):

assert img_l.shape == img_r.shape
assert img_l.ndim ==

img_1_pad = self.pad_img(img_1)
img_r_pad = self.pad_img(img_r)

all_disp = [self.estimate_row_disparity(img_1_pad, img_r_pad, i) for i in range(img_1l.shape[0])]

return np.asarray(all_disp)

dm_ground_truth = skimage.io.imread(data_dir/'Task3Images'/'disp2.png')

assert dm_ground_truth.dtype == np.uint8
dm_ground_truth = dm_ground_truth.astype(np.float32)
dm_ground_truth /= 4.0

dm_ground_truth = dm_ground_truth.astype(np.uint8)
print(dm_ground_truth.max())

dm_img_1 = skimage.io.imread(data_dir/'Task3Images'/'im2.png')
dm_img_r = skimage.io.imread(data_dir/'Task3Images'/'im6.png"')

ct = CensusTransform(window_size=7, max_disparity=52)
disp = ct.run(
skimage.color.rgb2gray(dm_img_1),
skimage.color.rgb2gray(dm_img_r)
)
non_black_mask = dm_ground_truth > 0
diff = np.abs(dm_ground_truth - disp)

acc = np.count_nonzero(diff[non_black_mask] < 2) / np.count_nonzero(non_black_mask)

print(acc)
plt.imshow(disp, cmap='jet')
plt.colorbar()
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save_jpeg_svg(figure_output_dir/'disp_win7.svg"')
plt.close()

# error mask

error_mask = np.zeros_like(non_black_mask)
error_mask[diff < 2] = True
error_mask[np.bitwise_not(non_black_mask)] = False
plt.imshow(error_mask, cmap='gray')
save_jpeg_svg(figure_output_dir/'disp_error_win7.svg')

In [I: dm_img_1 = skimage.io.imread(data_dir/'Task3Images'/'im2.png')
dm_img_r = skimage.io.imread(data_dir/'Task3Images'/'im6.png')
ct = CensusTransform(window_size=9, max_disparity=52)
disp = ct.run(
skimage.color.rgb2gray(dm_img_1),
skimage.color.rgb2gray(dm_img_r)
)
non_black_mask = dm_ground_truth > 0
diff = np.abs(dm_ground_truth - disp)
acc = np.count_nonzero(diff[non_black_mask] < 2) / np.count_nonzero(non_black_mask)
print(acc)
plt.imshow(disp, cmap='jet')
plt.colorbar()
save_jpeg_svg(figure_output_dir/'disp_win9.svg')
plt.close()
# error mask
error_mask = np.zeros_like(non_black_mask)
error_mask[diff < 2] = True
error_mask[np.bitwise_not(non_black_mask)] = False
plt.imshow(error_mask, cmap='gray')
save_jpeg_svg(figure_output_dir/'disp_error_win9.svg"')

In [1: plt.imshow(dm_ground_truth, cmap='jet')

plt.colorbar()
save_jpeg_svg(figure_output_dir/'disp_gt.svg', bbox_inches="tight')

In [1:
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